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Abstract. Global climate change is correlated not only with variation in extinction rates, but also with
speciation rates. However, few mechanisms have been proposed to explain how climate change may
have driven the emergence of new evolutionary lineages that eventually became distinct species. Here,
we discuss a model of range extension followed by divergence, in which the same climate oscillations
that resulted in the extinction of coastal species across the Atlantic/Indian Ocean boundary in south‐
western Africa also sowed the seeds of new biodiversity. We present evidence for range extensions and
evolutionary divergence from both fossil and genetic data, but also point out the many challenges to the
model that need to be addressed before its validity can be accepted.
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Introduction
Past effects of climate change on biodiversity are
of increasing interest because contemporary
global warming may result in increased extinction
rates (Mayhew et al. 2008). Although there is so
far only weak evidence of extinctions linked to
contemporary climate change, enhanced extinc‐
tion rates are a logical probability and prediction
(Thomas et al. 2004, Botkin et al. 2007). In con‐
trast, our understanding of the mechanisms that
have resulted in the originations of new evolution‐
ary lineages and how these might be influenced
by contemporary climate change is incomplete.
Periglacial marine refugia, in which formerly wide‐
spread species survived glaciations and diverged
in isolation, are commonly invoked as the main
explanation for the emergence of new lineages at
higher latitudes (Wares and Cunningham 2001,
Maggs et al. 2008). Additionally, land bridges that
formed or became disconnected as a result of cli‐
mate oscillations are likely to have been impor‐
tant in shaping modern marine biodiversity (e.g.,
Jeffrey et al. 2007). In regions where there was no

glaciation and in which lowering of sea levels did
not result in the formation of land bridges, it is
more difficult to explain how climate change may
have driven genetic divergence. Examples of such
regions include the coastlines of Florida (Avise
1992), southern California (Dawson et al. 2001),
central/northern Chile (Martin et al. 2007) and
South Africa (Gersonde et al. 2003, Teske et al.
2011b).
Here, we discuss a model explaining how
millennium‐scale climate oscillations may have
driven the evolution of new evolutionary lineages
in coastal regions that lack absolute dispersal bar‐
riers, using the Atlantic/Indian‐Ocean boundary in
south‐western Africa as an example. This mecha‐
nism was introduced in Teske et al. (2007a) and
further elaborated (Teske et al. 2011a, 2011b). It
involves range extension into formerly inhospita‐
ble habitat during a period of climate change (e.g.,
climatic warming), followed by isolation and adap‐
tation of the new population when environmental
conditions return to their original state (e.g., cli‐
matic cooling). Interglacial range extensions asso‐

This manuscript is part of the proceedings of the Workshop on the Biogeography and Phylogeography of Atlantic Fish
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ciated with geographic shifts of marine bio‐
geographic disjunctions are well documented, par‐
ticularly in the fossil record of south‐west African
molluscs (Kensley 1985), but subsequent isolation
is harder to explain. Isolation must result from the
establishment of barriers that reduce gene flow to
the point where populations are effectively iso‐
lated, and/or from a selective sweep, after which
the new populations are unable to re‐establish
themselves in the habitat of their sister popula‐
tion.

Present‐day oceanography and biogeography
The Atlantic/Indian Ocean boundary in southern
Africa is a biodiversity hotspot. Not only do biotic
elements from the two oceans overlap in this re‐
gion, but it also hosts large numbers of endemic
species (e.g., Griffiths et al. 2010). The region is
influenced by two major boundary currents, the
warm Agulhas Current and the cold Benguela Cur‐
rent.
The Agulhas Current flows to the southwest
along the eastern seaboard of South Africa, fol‐
lowing the 200 m isobath of the continental shelf
from southern Mozambique to the tip of the Agul‐
has Bank (the wide continental shelf south of
Cape Agulhas, Figure 1). Further west, the current
undergoes a retroflection, turning back towards

the Indian Ocean as the Agulhas Return Current
(Lutjeharms 2006). About once every two months,
the retroflection loop closes on itself, forming a
retroflection eddy (or Agulhas ring) about 320 km
in diameter, which moves in a north‐westward
direction towards the South Atlantic (Lutjeharms
2006). In contrast, the coastal environment of
western South Africa, Namibia and southern An‐
gola is profoundly influenced by the Benguela Cur‐
rent, which transports cool water from the South
Atlantic northwards to central Namibia, where the
main flow is deflected away from the coast to the
northwest (Wedepohl et al. 2000). These two cur‐
rents each define a bioregion, the warm‐
temperate Agulhas province on the south coast
and the cool‐temperate Namaqua province on the
west coast. An abrupt drop in mean sea surface
temperature (SST) occurs west of Cape Agulhas
(Figure 2), and the gradient in ocean temperatures
between the provinces is steepest during summer
upwelling on the west coast (Dufois and Rouault
2012).
Although the major mechanisms for ex‐
change between the Indian and Atlantic Oceans
are Agulhas rings and filaments that originate
from the retroflection of the Agulhas Current
(Beal et al. 2011) these pockets of warm water
drift into the South Atlantic and very rarely affect

Figure 1. Ocean currents
off south‐western Africa.
Surface flow is shown as
arrows: BC = Benguela
Current; AC = Agulhas
Current; AR = Agulhas
Retroflection; ARC = Agul‐
has Return Current; AL =
Agulhas Leakage; STC =
Subtropical Convergence.
The broken line indicates
the southernmost posi‐
tion of the coastline dur‐
ing the last glacial phase.
The flow path of the Agul‐
has Current did not differ
between glacial and inter‐
glacial phases (Franzese et
al. 2006).
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Figure 2. Monthly aver‐
aged (2009‐2011) SSTs at
the Atlantic/Indian Ocean
boundary with a 4 km
resolution and retrieved
from the Moderate Reso‐
lution Imaging Spectrora‐
diometer‐Aqua (MODIS‐
Aqua) dataset, available
from the National Aero‐
nautics Space Administra‐
tion (NASA) Goddard
Earth Sciences (GES) Data
and Information Services
Center (DISC). Visualiza‐
tion was performed using
Giovanni, a web‐based
application developed by
the GES DISC.

the west coast of Africa (Rae et al. 1996). The dis‐
persal of planktonic larvae between the regions
probably occurs via surface water from the Agul‐
has Bank that drifts in a westward direction west
of Cape Agulhas (Figure 1; Shannon and Chapman
1983, Zardi et al. 2011a, Jackson et al. 2012). The
influx of warm water from east to west is highest
during the summer months when south‐easterly
winds predominate. However, these same winds
also result in maximum upwelling and offshore
Ekman transport on the west coast (Lutjeharms
and Meeuwis 1987) that reduces the chances of
passively dispersing organisms from the Indian
Ocean reaching the west coast.
Each south‐west African marine province
has its own assemblage of species, with the area
between approximately Cape Point and Cape
Agulhas (Figure 2) sometimes being considered a
biogeographic transition zone (Bolton and Ander‐
son 2009). Although a large number of species are
present on both coasts, many comprise distinct
evolutionary lineages associated with the two
provinces (Teske et al. 2011b). The ranges of some
of these sister lineages overlap in the transition
zone (Teske et al. 2007b), but in other taxa, this
region is inhabited by evolutionary lineages that
are distinct from those on both the west and
south coasts (Teske et al. 2007a, 2007b, Von der
Heyden et al. 2011).
50

Contemporary oceanographic conditions in
south‐western Africa undoubtedly play a role in
maintaining the intraspecific genetic structure and
the distinctiveness of the species assemblages
associated with the region’s marine biogeographic
provinces. However, as there are no absolute bar‐
riers to dispersal, contemporary oceanography
cannot explain the origin of regional phy‐
logeographic breaks. Previous studies have
stressed the importance of historical events in
driving genetic structure in south‐western African
marine broadcast spawners (Teske et al. 2007b,
Von der Heyden et al. 2008), but the exact role of
past geological and oceanographic changes has
remained elusive. Below, we elaborate on a model
of range extension followed by isolation and in‐
vestigate how various historical factors could ex‐
plain the split of ancestral populations into geneti‐
cally distinct west and south coast populations.

The “range extension‐divergence model”
Fossil data indicate that some marine organisms
presently associated with the warm‐temperate
south coast and the subtropical east coast estab‐
lished themselves on the west coast during par‐
ticularly warm phases, such as those prevalent
during the previous (Eemian) interglacial (Kensley
1985) and at the beginning of the present intergla‐
cial (Clark et al. 2009). While most of the species
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that are presently numerically dominant on the
west coast not only persisted but even outnum‐
bered the warm‐water species, occasional extinc‐
tions of cool‐temperate species have been re‐
ported. For example, the gastropod Crepidula cap‐
ensis praerugulosa, a west coast endemic that is
the most abundant shore‐dwelling species in the
Eemian fossil record, was no longer found at fossil
sites postdating the last interglacial (Kensley
1985). Colonisation of the west coast by warm‐
temperate species would have been facilitated by
input of Agulhas water, coupled with reduced up‐
welling and reduced offshore advection (Siegfried
et al. 1990). Conditions favouring such large‐scale
gene flow from the south coast to the west coast
have been reported during several recent warm
temperature anomalies (Branch 1984, Roy et al.
2001, Dufois and Rouault 2012; Figure 3) and are
strongly correlated with local wind speed anoma‐
lies and El Niño events (Dufois and Rouault 2012).
The range extension component of our
model is relatively well explained by the fossil re‐
cord and by present‐day proxies, but explaining
genetic divergence remains difficult. Below, we
discuss the relative merits of the two main hy‐
potheses explaining divergence among west and
south coast populations. One assumes that popu‐
lations were effectively isolated, and we explore a
number of putative

physical or physiological barriers that could have
contributed to this. The other assumes divergent
selection in the face of ongoing gene flow.

1. Isolation hypothesis
Following the particularly warm deglaciations at
the beginning of interglacial phases, the amount
of gene flow between populations on the west
and south coasts of South Africa is likely to have
decreased and for several thousand years may
have resembled present‐day conditions. Although
the direct influence of warm Agulhas water on the
west coast was reduced and environmental condi‐
tions became less favourable for warm water
fauna, genetic data (Von der Heyden et al. 2008,
Bester‐van der Merwe et al. 2011) and recruit‐
ment data (Branch 1984) from various marine or‐
ganisms support the idea that there remains some
contemporary gene flow. As conditions during
interglacials were probably similar to those ob‐
served today and thus unlikely to drive genetic
divergence by isolating the regional populations, it
seems most appropriate to consider environ‐
mental conditions that were prevalent during gla‐
cial phases, in particular during glacial maxima.
We explore the merits of the following interlinked
historical factors in explaining divergence: a) the
formation of a physical barrier, as much of the

Figure 3. Examples of
warm SST anomalies that
occurred in February 2003
(austral summer) as puta‐
tive proxies of oceano‐
graphic conditions during
historical warm phases.
Period selection was
based on monthly data
reported in Dufois and
Rouault (2012) and as‐
sessed as in Figure 2.
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continental shelf south of the present‐day coast‐
line was exposed during glaciation; b) reduction in
the intensity of the Agulhas Current and c) lower
water temperatures and intensified upwelling in
south‐western Africa, which would have reduced
the survival of the larvae of warm‐temperate spe‐
cies, and further increased larval loss through off‐
shore advection.
a) Exposure of the continental shelf
During the Last Glacial Maximum (LGM; ~20.0–
26.5 thousand years ago (kya); Clark et al. 2009),
the sea level was approximately 120–140 m lower
than it is today (Ramsay and Cooper 2002) and
much of the continental shelf to the south of the
African continent (today’s Agulhas Bank, see Fig‐
ure 1) was exposed. Von der Heyden et al. (2011)
proposed that this resulted in a replacement of
much of the region's rocky shore habitat by sandy
beaches, thus driving divergence of populations
inhabiting the remaining isolated rocky shores.
We can find no published evidence of this, but if it
is indeed the case, it would be particularly rele‐
vant to low‐dispersal species in which genetic
structure follows a pattern of isolation by dis‐
tance, as geographically isolated populations of
planktonic dispersers can maintain high levels of
gene flow (Teske et al. 2011a).
An alternative explanation is that the pole‐
ward extension of the southern tip of the African
continent as far south as 36oS (Figure 1) brought it
in close geographic proximity to the Subtropical
Convergence (STC), which shifts equatorwards
during glacial phases, and that this created a geo‐
logical‐physiological dispersal barrier. However,
while the northward shift of the STC resulted in
the replacement of temperate taxa with cold‐
water taxa elsewhere in the southern hemisphere
(e.g., Tasmania; Barrows and Juggins 2005), gene
flow should still have been possible south of the
African continent. The position of the STC re‐
mained south of 36oS, and Agulhas rings and fila‐
ments continued to pass through the gap between
the two putative barriers (Rau et al. 2002).

weaker and cooler in summer, and it may have
been completely replaced by subtropical water in
the south‐western Indian Ocean during winter
(Hutson 1980). As a consequence, Agulhas Leak‐
age into the South Atlantic was significantly re‐
duced (Franzese et al. 2006). However, weakening
of the current during glacial periods may have
been of little consequence in terms of reducing
the amount of gene flow between the regions,
because even under contemporary conditions, the
Agulhas Current rarely affects the west coast (Rae
et al. 1996, Demarcq et al. 2003).
c) Reduced sea surface temperatures and intensi‐
fied upwelling
Low water temperatures can decrease the
amount of gene flow between regions because
they can reduce the survival of planktonic larvae,
either because temperatures are below a thresh‐
old beyond which larvae cannot complete devel‐
opment, or because the slower larval develop‐
ment increases the chances of predation or star‐
vation (e.g., Anger 2001). Interestingly, there is no
compelling evidence for drastic cooling in south‐
western Africa during the LGM, but instead sub‐
stantial ocean warming occurred from 41–18 kya
(Sachs et al. 2001). Data from the northern Ben‐
guela upwelling region confirm that conditions
were comparatively warm during the LGM and
that the easterly winds that were prevalent during
this time were not conducive to upwelling
(Summerhayes et al. 1995). However, sea surface
temperatures in this region were coldest and up‐
welling most intense just before 41 kya. Seasonal‐
ity of upwelling presently differs for the northern
and southern portions of the cool‐temperate west
coast, but increases in the strength and zonality of
the trade wind system result in intensified upwell‐
ing along the entire region (Little et al. 1997). This
suggests that climatic conditions prior to the LGM
could have created a significant dispersal barrier
to passively dispersing organisms originating from
the warm‐temperate south coast.

2. Diversifying selection hypothesis
b) Reduction in Agulhas Current intensity
During glacial phases, the Agulhas Current was
52

Diversifying selection may represent an alterna‐
tive explanation for genetic divergence in the ab‐
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sence of absolute dispersal barriers. Theory pre‐
dicts that adaptive divergence between popula‐
tions within a species will often reflect a balance
between the diversifying effects of local selection
and the homogenizing effects of gene flow
(Lenormand 2002, Garante et al. 2007). Gene flow
generally retards speciation by reducing genetic
divergence among populations (Kawecki and Ebert
2004, Garante et al. 2007), although intermediate
levels of gene flow may increase genetic variation
and therefore adaptive divergence (Kirkpatrick
2001, Swindell and Bouzat 2006).
Strong selection across steep environmental
gradients acting on a well‐defined adaptive trait
can maintain distinct genetic and morphological
taxa in the face of substantial gene flow (e.g., Slat‐
kin 1987, Postma and van Noordwijk 2005, Zardi
et al. 2011b). Under such conditions, gene flow is
restricted between populations locally adapted to
one environment and maladapted to contrasting
environments, as admixed individuals may experi‐
ence reduced fitness and consequent elimination
by selection (Garante et al. 2007).
Unlike the disjunctions among marine bio‐
geographic provinces in other regions (Teske et al.
2008, Pelc et al. 2009, Teske et al. 2011a), which
are characterised by steep environmental gradi‐
ents that persist throughout the year, the differ‐
ences between the cool‐temperate and warm‐
temperate provinces in South Africa undergo sea‐
sonal fluctuation, decreasing during winter when
upwelling on the west coast is less intense or dur‐
ing summer anomalies (Demarcq et al. 2003; Fig‐
ure 3).
It is possible that physiological stress associ‐
ated with frequent upwelling events, perhaps dur‐
ing glacial phases, may have resulted in a selective
sweep in the west coast populations of some spe‐
cies. Migrants from the south coast that settled on
the west coast would then not only have experi‐
enced increased environmental stress, but would
also have been competitively excluded from west
coast habitats by better‐adapted sister lineages.
No physiological experiments have yet been con‐
ducted on evolutionary lineages of coastal inverte‐
brates from the west coast vs. those from the
south coast, but the fact that numerous south

coast species with high dispersal potential are ab‐
sent from the west coast supports the idea that
these lack the physiological adaptations required
to tolerate periods of low water temperature and
establish themselves there in the long term. Even
if diversifying selection did not play a role in driv‐
ing divergence between the evolutionary lineages
from the two regions, it is likely that it is impor‐
tant in maintaining genetic structure.

Challenges to the model
While the “range extension‐divergence model”
seems to explain the existence of genetically dis‐
tinct sister lineages across the Atlantic/Indian
Ocean boundary, and the occurrence of range ex‐
tensions are confirmed by fossil data, several
points challenge the model.

Shortcomings of genetic data
To confirm the model convincingly, genetic data
sets would ideally exhibit a distinct east‐to‐west
pattern of range extension, but few of the data
sets generated to date show this clearly. West
coast lineages that are nested within south coast
lineages in phylogenetic trees (Figure 4a; Teske et
al. 2007b, 2009), or west coast clusters that are in
derived positions in haplotype networks (Teske et
al. 2007a) represent particularly strong support
for the idea that westward range extensions re‐
sulted in the formation of new evolutionary line‐
ages. In these species, the new west coast popula‐
tion was likely initially small, carrying only a frac‐
tion of the genetic diversity of its source popula‐
tion, and for that reason their establishment on
the west coast can be more adequately described
as a colonisation event rather than a range exten‐
sion.
In the majority of cases, however, so much
time has passed since the divergence event that
lineage sorting is complete and phylogeographic
breaks are deep. In these cases, the two regional
populations are represented as completely dis‐
tinct lineages that form a dichotomy (e.g.,Teske et
al. 2009, Figure 4b). In other cases, species’ dis‐
persal potential is so high that the westward
range extension may have resulted in the forma‐
tion of a large population that not only main‐
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Figure 4. Maximum clade credibility (MCC) trees with location states (the most probable geographic location of each
branch in the tree) based on COI sequence data (third character positions only) from three southern African coastal
decapod crustaceans: (a) a west coast lineage is nested within a south coast lineage, (b) the two lineages form a di‐
chotomy, (c) panmixia, but as lineage sorting proceeds, a dichotomy as in (b) may evolve. Trees were reconstructed
in BEAST 1.6.1 (Drummond and Rambaut 2007) using the spatial diffusion method (Lemey et al. 2009) with default
settings, and are not drawn to scale.

tained most of the genetic diversity of its source
population (e.g., Banks et al. 2010), but also main‐
tained high levels of gene flow with it. In the early
stages of divergence, this would be indistinguish‐
able from a pattern of panmixia (Figure 4c), but as
lineage sorting proceeds, it may eventually resem‐
ble a dichotomy in which neither lineage can be
clearly identified as being younger or older (as in
Figure 4b).
Another challenge to the model is the fact
that none of the molecular estimates of diver‐
gence times calculated from the data sets gener‐
ated to date can be clearly linked to the time fol‐
lowing interglacial periods because they are based
on a small number of loci and are thus highly inac‐
curate (Felsenstein 2006), a problem that is exac‐
erbated by uncertain calibration rates. In the ex‐
amples in Table 1, divergence times estimated
from mtDNA COI data predate, coincide with, or
postdate, the previous interglacial, approximately
116–127 kya (Kaspar et al. 2005), and confidence
intervals span several glacial and interglacial
phases. The lower estimates for data sets based
on the most variable third character positions
54

(calibration methods c and d) further indicate that
published mutation rates are likely affected by
saturation (see also Marko 2002). The generation
of multilocus data is thus required to improve the
accuracy of estimates, but for the many non‐
model organisms studied to date, this has been a
major challenge because primers are available for
very few loci (Teske and Beheregaray 2009).

Shortcomings of fossil data
At deeper phylogenetic levels, fossil data and ge‐
netic data tend to complement each other, but in
lineages that diverged during the Holocene or
Pleistocene, morphological differentiation tends
to lag behind genetic divergence. In the southern
African marine realm, the species examined that
are present in more than one marine bio‐
geographic province are subdivided into evolu‐
tionary lineages of varying depth (Teske et al.
2011b), but morphological differences have been
identified in very few of these (Ridgway et al.
1998, Teske et al. 2008). Therefore, it is not possi‐
ble to distinguish the fossils of a distinct west
coast lineage from those of a warm‐water lineage
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COI character
positions

Dating
method

Species
Upogebia africana

Palaemon peringueyi

Callianassa kraussi

1‐3

a

593 (295–1 023)

302 (189 – ?)

384 (61 – 951)

1‐3

b

492 (245 – 853)

363 (156 – ?)

324 (52 – 801)

3

c

301 (132 – 602)

220 (91 – ?)

56 (10 – 287)

3

d

320 (140 – 642)

229 (92 – ?)

59 (11 – 305)

Table 1. Divergence times (in thousand years) among west coast and south coast populations of three southern Afri‐
can decapod crustaceans. Results are reported as means and 95% highest posterior density intervals (in brackets)
using mutation rates estimated from published sequence data.
Divergence times were estimated in IMa2 (Hey 2010) using a generation time of one year and mutation rates for COI
sequences based HKY distances among geminate sister species that were assumed to have diverged as a result of the
closure of the Central American Seaway ~ 3.1 million years ago (Coates et al. 1992); (a) 0.8% per million years;
Sesarma spp. (Schubart et al. 1998); (b) 1.0% per million years, Alpheus spp. (Knowlton and Weigt 1998); (c) 3.9% per
million years (third character positions of Sesarma spp.); (d) 3.7% per million years (third character positions of Al‐
pheus spp.). Question marks indicate that likelihood curves did not return to zero after having reached a peak.

that did not establish itself in the long term, or
from those of a now‐extinct older west coast line‐
age. In addition, many of the species that estab‐
lished themselves on the west coast during warm
climatic phases are presently represented in mul‐
tiple warm‐water marine provinces and are likely
to represent multiple cryptic species, so that the
exact origin of thermally anomalous fossils is un‐
certain (Kensley 1985). Future research aimed at
reconstructing the evolutionary history of coastal
biotas would benefit greatly from identifying mor‐
phological characters useful for distinguishing be‐
tween the evolutionary lineages identified by
means of genetic data. Particularly an increased
focus on taxa that are well represented in the fos‐
sil record (e.g., molluscs) can be expected to im‐
prove the integration of genetic and fossil data.
Another shortcoming of the fossil data is that,
while the fossil record of coastal species from in‐
terglacial phases (in particular from the previous
interglacial and the period of deglaciation at the
beginning of the present interglacial) is fairly infor‐
mative (Tankard 1975, Kensley 1977, 1985, Comp‐
ton 2001), almost nothing is known about species’
distributions during glacial phases (Henshilwood
et al. 2004). Most fossil sites from these periods
are very difficult to access because they are lo‐
cated on the continental shelf.

Discrepancies between historical and contem‐
porary consequences of climate change
Recent environmental changes are intensifying
the warm‐to‐cold SST transition between the In‐
dian and Atlantic Oceans (Figure 5) rather than
eroding it, as documented for historical deglacia‐
tions. While Rouault et al. (2010) reported a cool‐
ing trend on the south coast, including Cape Agul‐
has, over the last three decades, this was based
on analysis of satellite data with low spatial reso‐
lution. Using finer resolution, we identified signifi‐
cant warming trends in coastal waters between
20°07′E and 21°22′E, while flanking shores
did not experience significant changes in SST
(Figure 5). Thus environmental trends indicate
that the cline in SST from the warm‐temperate
south coast to the cool‐temperate west coast will
become more pronounced, possibly enhancing
local adaptation and divergence of populations
inhabiting these contrasting shores.

Conclusions and future issues
The model discussed in this review suggests that
historical increases in SST on the Atlantic coast of
southern Africa have not only resulted in the ex‐
tinction of some species, but that they may also
have facilitated the colonisation of this region by
warm water species originating from the Indian
Ocean. During subsequent climatic cooling, the
new populations established in this way would
have been subjected to a combination of direc‐
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Figure 5. Average SST trends over the last three decades (ΔºC/decade; 1982‐2011) based on AVHRR, NOAA Optimum
Interpolation ¼ Degree Daily Sea Surface Temperature Analysis data (Lima and Wethey 2012). Significant values are
depicted in white and calculated as in Lima and Wethey (2012).

tional selection and reduced gene flow with their
source populations, putting them on the path to
speciation. While the model is supported by both
fossil and genetic data, numerous challenges re‐
main to establish its validity. Future experimental
approaches could allow explicit tests for signs of
local adaptation between lineages subjected to
different thermal selective regimes. Recent ad‐
vances in DNA sequencing technology (Next‐
Generation Sequencing) and statistical analyses of
genetic data hold great promise not only for iden‐
tifying gene regions that are under diversifying
selection between provinces, but also for provid‐
ing improved resolution to date divergence events
across the Atlantic/Indian Ocean boundary accu‐
rately, and to test hypotheses concerning the di‐
rection of range extensions. Lastly, the present
intensification rather than erosion of the west‐to‐
east temperature gradient suggests that contem‐
porary global warming will have a comparatively
56

greater selective effect on the region’s biota than
historical deglaciation events. The resulting
changes in biodiversity will thus not be directly
comparable, highlighting the fact that extrapolat‐
ing from past to future trends requires a thorough
understanding of the mechanisms involved.

Acknowledgements
We thank Rita Castilho, Michael Dawson and two
anonymous reviewers for comments that im‐
proved the quality of this manuscript. PRT was
supported by a postdoctoral research fellowship
from Rhodes University and by Flinders University,
and GIZ was supported by a postdoctoral fellow‐
ship from FCT, Portugal (SFRH/BPD/42007/2007).
This research was funded by project PTDC/BIA‐
BEC/103916/2008 from FCT (to GIZ) and sup‐
ported by an award from the South Africa Re‐
search Chairs Initiative (SARChI) of the Depart‐
ment of Science and Technology/National Re‐

frontiers of biogeography 5.1, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society

Peter R. Teske et al.

search Foundation (to CMQ). It represents publi‐
cation no. 50 of the Molecular Ecology Group for
Marine Research (MEGMAR) at Flinders Univer‐
sity.

References
Anger, K. (2001) The biology of decapod crustacean larvae.
Swets and Zeitlinger B.V., Lisse.
Avise, J.C. (1992) Molecular population structure and the
biogeographic history of a regional fauna: a case his‐
tory with lessons for conservation biology. Oikos, 63,
62–76.
Banks, S.C., Ling, S.D., Johnson, C.R., Piggott, M.P., William‐
son, J.E. & Beheregaray, L.B. (2010) Genetic structure
of a recent climate change‐driven range extension.
Molecular Ecology, 19, 2011–2024.
Barrows, T. & Juggins, S. (2005) Sea‐surface temperatures
around the Australian margin and Indian Ocean dur‐
ing the last glacial maximum. Quaternary Science
Reviews, 24, 1017–1047.
Beal, L.M., De Ruijter, W.P.M., Biastoch, A. & Zahn, R. (2011)
On the role of the Agulhas system in ocean circulation
and climate. Nature, 472, 429–436.
Bester‐van der Merwe, A., Roodt‐Wilding, R., Volckaert, F.M.
& D’Amato, M. (2011) Historical isolation and hydro‐
dynamically constrained gene flow in declining popu‐
lations of the South‐African abalone, Haliotis midae.
Conservation Genetics, 12, 543–555.
Bolton, J.J. & Anderson, R.J. (2009) Correlation between inter‐
tidal seaweed community composition and sea water
temperature patterns on a geographical scale.
Botanica Marina, 33, 447–458.
Botkin, D.B., Saxe, H., Araujo, M.B., et al. (2007) Forecasting
the effects of global warming on biodiversity. BioSci‐
ence, 57, 227–236.
Branch, G.M. (1984) Changes in intertidal and shallow‐water
communities of the south and west coasts of South
Africa during the 1982/1983 temperature anomaly.
South African Journal of Science, 80, 61–65.
Clark, P.U., Dyke, A.S., Shakun, J.D., Carlson, A.E., Clark, J.,
Wohlfarth, B., Mitrovica, J.X., Hostetler, S.W. &
McCabe, A.M. (2009) The Last Glacial Maximum. Sci‐
ence, 325, 710–714.
Coates, A.G., Jackson, J.B.C., Collins, L.S., Cronin, T.M.,
Dowsett, H.J., Bybell, L.M., Jung, P. & Obando, J.
(1992) Closure of the Isthmus of Panama: the near‐
shore marine record of Costa Rica and western Pa‐
nama. Geological Society of America Bulletin, 104,
814–828.
Compton, J.S. (2001) Holocene sea‐level fluctuations inferred
from the evolution of depositional environments
from the southern Langebaan Lagoon salt marsh,
South Africa. The Holocene, 11, 395–405.
Dawson, M.N., Staton, J.L. & Jacobs, D.K. (2001) Phylogeogra‐
phy of the tidewater goby, Euclylogobius newberryi
(teleosei, gobiidae), in costal California. Evolution, 55,
1167–1179.
Demarcq, H., Barlow, R.G. & Shillington, F.A. (2003) Climatol‐
ogy and variability of sea surface temperature and
surface chlorophyll in the Benguela and Agulhas eco‐

systems as observed by satellite imagery. African
Journal of Marine Science, 25, 363–372.
Drummond, A. & Rambaut, A. (2007) BEAST: Bayesian evolu‐
tionary analysis by sampling trees. BMC Evolutionary
Biology, 7, 214.
Dufois, F. & Rouault, M. (2012) Sea surface temperature in
False Bay (South Africa): Towards a better under‐
standing of its seasonal and inter‐annual variability.
Continental Shelf Research, 43, 24–35.
Felsenstein, J. (2006) Accuracy of coalescent likelihood esti‐
mates: do we need more sites, more sequences, or
more loci? Molecular Biology and Evolution, 23, 691–
700.
Franzese, A.M., Hemming, S.R., Goldstein, S.L. & Anderson,
R.F. (2006) Reduced Agulhas Leakage during the Last
Glacial Maximum inferred from an integrated prove‐
nance and flux study. Earth and Planetary Science
Letters, 250, 72–88.
Garante, D., Forde, S.E. & Hendry, A.P. (2007) The multifari‐
ous effects of dispersal and gene flow on contempo‐
rary adaptation. Functional Ecology, 21, 434–443.
Gersonde, R., Abelmann, A., Brathauer, U., et al. (2003) Last
glacial sea surface temperatures and sea‐ice extent in
the Southern Ocean (Atlantic‐Indian sector): A multi‐
proxy approach. Paleoceanography, 18, 1061.
Griffiths, C.L., Robinson, T.B., Lange, L. & Mead, A. (2010)
Marine biodiversity in South Africa: an evaluation of
current states of knowledge. PLoS ONE, 5, e12008.
Henshilwood, C., d'Errico, F., Vanhaeren, M., van Nieker, K. &
Jacobs, Z. (2004) Middle Stone Age beads from South
Africa. Science, 304, 404.
Hey, J. (2010) Isolation with migration models for more than
two populations. Molecular Biology and Evolution, 27,
905–920.
Hutson, W.H. (1980) The Agulhas Current during the Late
Pleistocene: analysis of modern faunal analogs. Sci‐
ence, 207, 64–66.
Jackson, J.M., Rainville, L., Roberts, M.J., McQuaid, C.D. &
Lutjeharms, J.R.E. (2012) Mesoscale bio‐physical in‐
teractions between the Agulhas Current and the Agul‐
has Bank, South Africa. Continental Shelf Research,
49, 10–24.
Jeffrey, B., Hale, P., Degnan, B.M. & Degnan, S.M. (2007)
Pleistocene isolation and recent gene flow in Haliotis
asinina, an Indo‐Pacific vetigastropod with limited
dispersal capacity. Molecular Ecology, 16, 289–304.
Kaspar, F., Kühl, N., Cubasch, U. & Litt, T. (2005) A model‐data
comparison of European temperatures in the Eemian
interglacial. Geophysical Research Letters, 32,
L11703.
Kawecki, T.J. & Ebert, D. (2004) Conceptual issues in local
adaptation. Ecology Letters, 7, 1225–1241.
Kensley, B. (1977) A second assemblage of Pliocene inverte‐
brate fossils from Langebaanweg, Cape. Annals of the
South Africa Museum, 72, 189–210.
Kensley, B. (1985) The faunal deposits of a Late Pleistocene
raised beach at Milnerton, Cape Province. Annals of
South African Museum, 95, 111–122.
Kirkpatrick, M. (2001) Reinforcement during ecological speci‐
ation. Proceedings of the Royal Society B, 268, 1259–
1263.
Knowlton, N. & Weigt, L.A. (1998) New dates and new rates

frontiers of biogeography 5.1, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society

57

climate change at the Atlantic/Indian boundary
for divergence across the Isthmus of Panama. Pro‐
ceedings of the Royal Society B, 265, 2257–2263.
Lemey, P., Rambaut, A., Drummond, A.J. & Suchard, M.A.
(2009) Bayesian phylogeography finds its roots. PLoS
Computational Biology, 5, e1000520.
Lenormand, T. (2002) Gene flow and the limits to natural
selection. Trends in Ecology and Evolution, 17, 183–
189.
Lima, F.P. & Wethey, D.S. (2012) Three decades of high‐
resolution coastal sea surface temperatures reveal
more than warming. Nature Communications, 3, 704.
Little, M.G., Schneider, R.R., Kroon, D., Price, B., Bickert, T. &
Wefer, G. (1997) Rapid palaeoceanographic changes
in the Benguela Upwelling System for the last 160,000
years as indicated by abundances of planktonic fo‐
raminifera. Palaeogeography, Palaeoclimatology,
Palaeoecology, 130, 135–161.Lutjeharms, J.R.E.
(2006) The Agulhas Current. Springer Verlang Berlin,
Heidelberg
Lutjeharms, J.R.E. & Meeuwis, J.M. (1987) The extent and
variability of South‐East Atlantic upwelling. South
African Journal of Marine Science, 5, 51–62.
Maggs, C.A., Castilho, R., Foltz, D., et al. (2008) Evaluating
signatures of glacial refugia for North Atlantic benthic
marine taxa. Ecology, 89, S108–S122.
Marko, P.B. (2002) Fossil calibration of molecular clocks and
the divergence times of geminate species pairs sepa‐
rated by the Isthmus of Panama. Molecular Biology
and Evolution, 19, 2005–2021.
Martin, T., Erasmo, M., Enzo, A., et al. (2007) The Humboldt
Current System of Northern and Central Chile Ocean‐
ography and Marine Biology. CRC Press, pp 195–344.
Mayhew, P.J., Jenkins, G.B. & Benton, T.G. (2008) A long‐term
association between global temperature and biodi‐
versity, origination and extinction in the fossil record.
Proceedings of the Royal Society B, 275, 47–53.
Pelc, R.A., Warner, R.R. & Gaines, S.D. (2009) Geographical
patterns of genetic structure in marine species with
contrasting life histories. Journal of Biogeography, 36,
1881–1890.
Postma, E. & van Noordwijk, A.J. (2005) Gene flow maintains
a large genetic difference in clutch size at a small
spatial scale. Nature, 433, 65–68.
Rae, C.M.D., Garzoli, S.L. & Gordon, A.L. (1996) The eddy field
of the southeast Atlantic Ocean: A statistical census
from the Benguela Sources and Transports Project.
Journal of Geophysical Research, 101, 11949–11964.
Ramsay, P.J. & Cooper, J.A.G. (2002) Late Quaternary sea‐
level change in South Africa. Quaternary Research,
57, 82–90.
Rau, A.J., Rogers, J., Lutjeharms, J.R.E., Giraudeau, J., Lee‐
Thorp, J.A., Chen, M.T. & Waelbroeck, C. (2002) A 450
‐kyr record of hydrological conditions on the western
Agulhas Bank Slope, South of Africa. Marine Geology,
180, 183–201.
Ridgway, T.M., Stewart, B.A., Branch, G.M. & Hodgson, A.N.
(1998) Morphological and genetic differentiation of
Patella granularis (Gastropoda: Patellidae): recogni‐
tion of two sibling species along the coast of Southern
Africa. Journal of Zoology, 245, 317–333.
Roy, C., Weeks, S., Rouault, M., Nelson, G., Barlow, R. & Van
der Lingen, C. (2001) Extreme oceanographic events

58

recorded in the Southern Benguela during the 1999–
2000 summer season. South African Journal of Sci‐
ence, 97, 465–471.
Sachs, J.P., Anderson, R.F. & Lehman, S.J. (2001) Glacial sur‐
face temperatures of the southeast Atlantic Ocean.
Science, 293, 2077–2079.
Schubart, C.D., Diesel, R. & Hedges, S.B. (1998) Rapid evolu‐
tion to terrestrial life in Jamaican crabs. Nature, 393,
363–365.
Shannon, L.V. & Chapman, P. (1983) Suggested mechanism
for the chronic pollution by oil of beaches east of
Cape Agulhas, South Africa. South African Journal of
Marine Science, 1, 231–244.
Siegfried, W.R., Crawford, R.J.M., Shannon, L.V., Pollock, D.E.,
Payne, A.I.L. & Krohn, R.G. (1990) Scenarios for global
‐warming induced change in the open‐ocean environ‐
ment and selected fisheries of the west coast of
Southern Africa. South African Journal of Science, 86,
281–285.
Slatkin, M. (1987) Gene flow and the geographic structure of
natural populations. Science, 236, 787–792.
Summerhayes, C.P., Kroon, D., Rosell‐Melé, A., Jordan, R.W.,
Schrader, H.J., Hearn, R., Villanueva, J., Grimalt, J.O. &
Eglinton, G. (1995) Variability in the Benguela Current
upwelling system over the past 70,000 years. Progress
in Oceanography, 35, 207–251.
Swindell, W.R. & Bouzat, J.L. (2006) Gene flow and adaptive
potential in Drosophila melanogaster. Conservation
Genetics, 7, 79–89.
Tankard, A.J. (1975) Thermally anomalous late Pleistocene
mollusks from the south‐western Cape Province,
South Africa. Annals of the South Africa Museum, 69,
17–45.
Teske, P.R. & Beheregaray, L.B. (2009) Intron‐spanning prim‐
ers for the amplification of the nuclear ANT gene in
decapod crustaceans. Molecular Ecology Resources,
9, 774–776.
Teske, P.R., Von der Heyden, S., McQuaid, C.D. & Barker, N.P.
(2011b) A review of marine phylogeography in South‐
ern Africa. South African Journal of Science, 107, 514–
511 Teske, P.R., Winker, H., McQuaid, C.D. & Barker,
N.P. (2009) A tropical/subtropical biogeographic dis‐
junction in southeastern Africa separates two evolu‐
tionarily significant units of an estuarine prawn. Ma‐
rine Biology, 156, 1265–1275.
Teske, P.R., Papadopoulos, I., McQuaid, C.D., Newman, B.K. &
Barker, N.P. (2007a) Climate change, genetics or hu‐
man choice: why were the shells of mankind’s earliest
ornament larger in the Pleistocene than in the Holo‐
cene? PLoS ONE, 2, e614.
Teske, P., Papadopoulos, I., Newman, B., Dworschak, P.,
McQuaid, C. & Barker, N. (2008) Oceanic dispersal
barriers, adaptation and larval retention: an interdis‐
ciplinary assessment of potential factors maintaining
a phylogeographic break between sister lineages of
an African prawn. BMC Evolutionary Biology, 8, 341.
Teske, P.R., Papadopoulos, I., Zardi, G.I., McQuaid, C.D., Ed‐
kins, M., Griffiths, C. & Barker, N. (2007b) Implications
of life history for genetic structure and migration
rates of southern African coastal invertebrates: plank‐
tonic, abbreviated and direct development. Marine
Biology, 152, 697–711.

frontiers of biogeography 5.1, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society

Peter R. Teske et al.
Teske, P.R., Papadopoulos, I., Mmonwa, K.L., Matumba, T.G.,
McQuaid, C.D., Barker, N.P. & Beheregaray, L.B.
(2011a) Climate‐driven genetic divergence of limpets
with different life histories across a southeast African
marine biogeographic disjunction: different proc‐
esses, same outcome. Molecular Ecology, 20, 5025–
5041.Thomas, C.D., Cameron, A., Green, R.E., et al.
(2004) Extinction risk from climate change. Nature,
427, 145–148.
Von der Heyden, S., Prochazka, K.I.M. & Bowie, R.C.K. (2008)
Significant population structure and asymmetric gene
flow patterns amidst expanding populations of Clinus
cottoides (Perciformes, Clinidae): application of mo‐
lecular data to marine conservation planning in South
Africa. Molecular Ecology, 17, 4812–4826.
Von der Heyden, S., Bowie, R.C.K., Prochazka, K., Bloomer, P.,
Crane, N.L. & Bernardi, G. (2011) Phylogeographic
patterns and cryptic speciation across oceanographic
barriers in South African intertidal fishes. Journal of
Evolutionary Biology, 24, 2505–2519.

Wares, J.P. & Cunningham, C.W. (2001) Phylogeography and
historical ecology of the north Atlantic intertidal. Evo‐
lution, 55, 2455–2469.
Wedepohl, P.M., Lurjeharms, J.R.E. & Meeuwis, J.M. (2000)
Surface drift in the south‐east Atlantic Ocean. African
Journal of Marine Science, 22, 71–79.
Zardi, G., Nicastro, K., McQuaid, C., Hancke, L. & Helmuth, B.
(2011a) The combination of selection and dispersal
helps explain genetic structure in intertidal mussels.
Oecologia, 165, 947–958.
Zardi, G.I., Nicastro, K.R., Canovas, F., Ferreira Costa, J., Ser‐
rão, E.A. & Pearson, G.A. (2011b) Adaptive traits are
maintained on steep selective gradients despite gene
flow and hybridization in the intertidal zone. PLoS
ONE, 6, e19402.

Edited by Michael N Dawson and Rita Castilho

frontiers of biogeography 5.1, 2013 — © 2013 the authors; journal compilation © 2013 The International Biogeography Society

59

