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Abstract Understanding patterns of gene flow, selection
and genetic diversity within and among populations is a
critical element of predicting how long-term changes in
environmental conditions are likely to affect species dis-
tribution. The intertidal mussel Perna perna consists of two
distinct genetic lineages in South Africa, but the mecha-
nisms maintaining these lineages remains obscure. We
used regional oceanography and lineage-specific responses
to environmental conditions as proxies for gene flow and
local selection, respectively, to test how these mechanisms
could shape population genetic structure. Laboratory
experiments supported the field findings that mussels on the
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east coast (eastern lineage) are physiologically more tol-
erant of sand inundation and high temperatures than those
on the south coast (western lineage). Temperature loggers
mimicking mussel body temperatures revealed that mussels
experience higher body temperatures during aerial expo-
sure on the subtropical east coast than on the temperate
south coast. Translocations showed that, on the east coast,
the western lineage suffered higher mortality rates than
local individuals, while on the south coast, mortality rates
did not differ significantly between the lineages. Nearshore
drogues showed remarkably little overlap between the
trajectories of drifters released off the south coast and those
released off the east coast. Physiological tolerances can
thus explain the exclusion of western individuals from the
east coast, but they cannot explain the exclusion of the
eastern lineage from the south coast. In contrast, however,
ocean dynamics may limit larval dispersal between the two
lineages, helping to explain the absence of eastern indi-
viduals from the south coast. We emphasise the importance
of a multidisciplinary approach in a macro-ecological
context to understand fully the mechanisms promoting
evolutionary divergence between genetic entities. Our
results suggest that phylogeographic patterns of Perna
perna may be maintained by a combination of local con-
ditions and the isolating effect of the Agulhas Current that
reduces gene exchange.

Keywords Local adaptation - Genetic entities -
Biogeographic region - Gene flow - Larval dispersal
Introduction

Sharp breaks in the genetic structure of broad-ranging
species tend to coincide with recognised biogeographic
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boundaries (Avise 2000). In marine ecosystems, genetic
differentiation among contiguous coastal populations can
be caused by barriers to dispersal (e.g., currents, upwelling)
and environmental gradients through the regulation of
interpopulation connectivity or natural selection (Gaylord
and Gaines 2000; O’Hara and Poore 2000; Sotka et al.
2004; Teske et al. 2008). The model of Pringle and Wares
(2007) indicates that genetic structure in species with high
dispersal requires strong selection and/or alongshore vari-
ation in currents or habitat quality. In order to eliminate the
competing hypothesis that such genetic discontinuities
arise from stochastic processes, it is therefore necessary to
integrate methods from different fields (genetics, physiol-
ogy and oceanography) and to use different experimental
procedures, such as common garden and reciprocal trans-
plant experiments (Chown and Gaston 2008; Prada et al.
2008; Teske et al. 2008). In the study reported here, we
apply such an integrated approach in an attempt to explain
the phylogeographic structure exhibited by the intertidal
mussel Perna perna in South Africa.

The South African coastline covers a wide range of cli-
matic and oceanic conditions and can be divided into bio-
geographic regions that support different intertidal biota
(Emanuel et al. 1992; Harrison 2000). Based on an analysis
of rocky shore invertebrates, Emanuel et al. (1992) divided
the South African coast into three zoogeographic regions: a
cool-temperate Namaqua Province (from Liideritz in
Namibia to Cape Point), a warm-temperate Agulhas Prov-
ince (from Cape Point eastward to East London), and a
subtropical Natal Province (from East London north to
Mozambique; Fig. 1). P. perna is an abundant habitat-
forming species found across all three of these biogeo-
graphic regions. Although this mussel species has plank-
totrophic larvae with high dispersal potential, an earlier
study indicated that it is genetically structured along the
South African coast. In particular, analyses of mitochon-
drial DNA (mtDNA)sequences indicated a phylogeographic
break on the south-east coast (Zardi et al. 2007). A western
lineage of P. perna includes animals from both the Nami-
bian coast and south coast of South Africa. This is striking
because P. perna is absent from the upwelling-influenced
Benguela region on the west coast of South Africa so that
this lineage spans a lacuna in the distribution of P. perna of
some 1,000 km. The second, eastern lineage includes
individuals from the south-east and east coasts of South
Africa. The two lineages overlap in their distributions on the
south-east coast over a distance of approximately 200 km.
This description of the phylogeography of P. perna is based
on a single genetic marker, and different genes can have
unique histories so that the mitochondrial and nuclear
genome of the same individual may exhibit different pat-
terns because of their different forms of inheritance and the
effects of non-neutral processes (Gompert et al. 2008).
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Consequently, genetic structure can result from multiple
interacting factors, and a much more robust understanding
emerges from examining multiple genetic markers and
multiple species (Sotka and Palumbi 2006).

In the case of P. perna, our confidence in the validity of
these lineages is strengthened by several other studies that
have used a variety of genetic markers and approaches to
demonstrate similar genetic clines in other organisms along
this part of the coastline. These involved a range of species
with different modes of reproduction, living in different
marine environments, including limpets (Ridgeway et al.
1998) and a variety of crustaceans (Teske et al. 20006,
2007a, b). Importantly, phylogeographic studies of crusta-
ceans demonstrating the separation of major groupings in
the same region revealed congruence between morphology
and mtDNA in the case of a crab (Edkins et al. 2007) and
between mitochondrial and nuclear makers in the case of a
prawn (Teske et al. 2009). Consequently, despite the
potential limitations of a description of phylogeography
based on a single genetic marker, evidence from other
studies supports the interpretation presented here.

Multiple mechanisms may be at play in establishing the
observed distribution of P. perna lineages. Phylogeography
can be strongly affected by hydrodynamics, and currents
can play a crucial role in regulating larval dispersal and,
consequently, the degree of connectivity among local adult
populations (Chiswell et al. 2003; Sotka et al. 2004). The
effects of hydrodynamics are not simple, as the interaction
of propagule behaviour with water movement can be
extremely complex, particularly because hydrodynamics
affect propagule dispersal across an enormous range of
spatial scales (Pineda 2000; Shanks et al. 2003) and
because different larval stages of the same species may
differ in their behaviour or position in the water column
(Gallager et al. 1996; Tapia and Pineda 2007). There is
even evidence that conspecific larvae from different pop-
ulations can behave differently (Manuel and O’Dor 1997),
with the potential of altering their dispersal. Nevertheless,
there appear to be robust links between scales of dispersal
and the duration of the planktonic phase of the life cycle of
benthic organisms (Kinlan and Gaines 2003). The warm
Agulhas Current is the primary oceanographic feature on
the east and south coasts of South Africa (Fig. 1). It flows
to the southwest at rates of 10-20 km day ', following the
200-m isobath of the continental shelf from Maputo
(Mozambique) to the tip of the Agulhas Bank in South
Africa (Lutjeharms 1998) where the current undergoes a
dramatic retroflection, moving hundreds of miles away
from the mainland. The inshore thermal front of this cur-
rent varies both geographically and in time. On the east
coast, it usually lies 14-38 km offshore, but it lies much
closer inshore near the transition between the temperate
and subtropical region (0—1 km offshore; Goschen and
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Fig. 1 Float patterns for drifters released on the south coast (blue)
and on the east coast (red) of South Africa between 2002 and 2007.
Dashed lines are the continental shelf bathymetry (—500 and

Schumann 1990), consequently influencing the along-shore
transport of larvae in this area (Lutjeharms 2004). On the
south coast, where the shelf is wider, the Agulhas Current
still influences an extensive area of the shelf (Goschen and
Schumann 1988), although wind is the main forcing
function (McQuaid and Phillips 2000).

Similarly, biogeographic distribution patterns can be
driven by pre- and post-settlement mortality (e.g., Such-
anek et al. 1997; Braby and Somero 2006). We examined
the potential roles of oceanography (primarily the Agulhas
Current) and environmental factors (specifically tempera-
ture) in forming and maintaining the phylogenetic structure
indicated by mtDNA in P. perna. We used manipulative
experiments and the release of oceanographic drifters to
test the following hypotheses: (1) the south-flowing
Agulhas Current lies close inshore in the region of overlap
between the two lineages and acts as a physical barrier,
limiting the dispersal of larvae from west to east and car-
rying larvae that originate on the east coast offshore so that
they cannot reach a suitable habitat; (2) the environmental
conditions experienced in the different biogeographic

I I I T I I
26 28 30 32 34 36

—1,000 m). Black dots indicate the position of release, and numbers
refer to drifters named in the text. Location of coastal cities are
indicated by white dots

regions (warm-temperate and subtropical provinces) help
to maintain the genetic structure seen by subjecting adult
P. perna populations to different selective forces.

Materials and methods
Field experiments
Transplants

Transplant experiments were run twice because during the
first experiment one of the sites was heavily affected by
sand inundation. Data obtained from the two experiments
were treated separately. Each experiment involved three
treatments, each with four replicates. The treatments
were: undisturbed (U), where quadrats were marked in
situ, with no disturbance of the mussels within the marked
quadrat; transplant (T), in which mussels were taken from
their site of origin and translocated to a second site;
disturbed (D), where mussels were translocated between
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locations within the same site. The study sites have
similar environmental conditions (i.e., same tidal range,
wave exposures, same orientation towards the incoming
waves, same shoreline angle), with the exception of dif-
ferences in temperature.

The first experiment was performed for 1 month in the
summer of 2006 (November) at two locations (Fig. 1):
Hougham Park (HP) on the south coast and Haga Haga
(HH) on the east coast. There were two sites at each
location, about 10 km apart (HP: 33°44'12"S, 25°48'24"E;
33°46/58"S, 25°43'01”E; HH: 32°46/51"S, 28°12'01"E;
32°44'58"S, 28°16’49"E). After 1 month, HP was inun-
dated with sand due to the construction of a nearby har-
bour, resulting in the burial of the animals used for the
experiment. Nevertheless, mortality rates were recorded at
HP and used to investigate tolerance to sand stress of the
two lineages. Mortality rates at HH were not recorded. As
the experimental site at HP was disrupted by sand inun-
dation, the experiment was repeated. The second experi-
ment took place at two locations, Cape Recife on the south
coast (CR: 34°01'53"S, 25°42'07"E; 34°02'28"S,
25°32'01"E) and again at HH on the east coast (Fig. 2).
This experiment ran for 45 days at the end of the 2007
summer (March to April).

20+
(a) Cape Recife Undisturbed (U)
m Disturbed (D)
OTransplant (T)
10

-
o
o

(b) Haga Haga

Cumulative mortality (%)
o

Fig. 2 Cumulative mortality rates of Perna perna mussels [mean
percentage + standard deviation (SD); sites pooled] at 15, 30 and
45 days after treatment initiation [disturbed (D), transplanted (T) and
undisturbed (U)] in transplant experiment 2 performed at Cape Recife
on the south coast (a) and Haga Haga on the east coast (b)

@ Springer

Mortality of mussels was assessed to be due to a failure
to close the valves when disturbed and was recorded after
30 days for experiment 1 (end of the experiment) and at 15,
30 and 45 days for experiment 2. In experiment 1, mor-
tality data were analysed using two-way analysis of vari-
ance (ANOVA) with treatment (U, D, T) as a fixed factor
and sites (A, B) nested in treatment. In experiment 2,
mortality data for the last measurement were analysed as
above for each location separately (CR, HH).

At each site, mussels (shell length 4-5 cm) were col-
lected from the mid-mussel zone and kept immersed in a
controlled environment chamber at 19°C (+0.5°C) under a
12/12-h (light/dark) photoregime for 2 days before being
returned to the field. For each D and T treatment at each
site, 50 mussels were placed in five metal quadrats (n = 10
each quadrat) and covered with a coarse plastic mesh
(2 cm) so that they could re-attach firmly. The temperature
experienced by mussels with and without the mesh was the
same, based on the results of tests using two temperature
loggers (see description below), one covered and the other
uncovered by mesh, for a period of 1 month (data not
shown). Treatment U involved five patches of ten mussels
attached on rocks at the same tidal level that were tagged in
situ but otherwise left undisturbed. These mussels were
tagged with a paint dot (diameter approx. 3 mm), which
was fixed to the shell by covering it with superglue. Mor-
tality for this treatment was recorded as number of survi-
vors minus the number of mussels tagged at the beginning
of the experiment.

Body temperature loggers

Temperature loggers (Tidbit V2 Dataloggers; Onset
Computer Corp, Pocassett, MA) were encased in artifi-
cial mussels with a length of approximately 7 cm and
made of resin in order to mimic the thermal character-
istics of living mussels (as described in Helmuth et al.
2002 and Fitzhenry et al. 2004). These biomimetic log-
gers (robomussels) were deployed in the mid-mussel
zone at each study site, adjacent to the mussels used in
the transplant experiment. The robomussels were glued
to the rocks using epoxy (Z-Spar A-788), and they were
placed vertically within natural mussel beds to mimic the
natural growth position of the surrounding mussels as
closely as possible. Previous tests with the comparably
sized mussel Mytilus californianus have shown that
robomussel temperatures are, on average, within 2°C of
the temperature of living mussels, and both are often
quite different from the surrounding air temperature
(Fitzhenry et al. 2004). Data from the loggers were used
to estimate average aerial and total body temperatures at
the two sites; rapid temperature drops in the tempera-
ture records (diagnostic of wave splash) were used as
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indicators of submergence and emersion (see Harley and
Helmuth 2003).

Laboratory experiment

Mussels (shell length 4-5 cm) of both lineages were
collected from the mid mussel zone at the study sites.
Before the experiments, all individuals were acclimated
in oxygenated seawater for 17 days in a controlled
environment chamber at 19°C under a 12/12-h (light/
dark) regime.

Mussels were then exposed to air in a controlled envi-
ronment chamber set at 19°C (£0.5°C) and 60% humidity
(n = 10 of each lineage at each site, four replicates). The
temperature of the chamber was raised at a rate of 1°C
every 10 min until 45°C was reached and then kept at this
temperature for 20 min, simulating the body temperatures
recorded by the temperature loggers in the field at HH (see
body temperature loggers in “Results”). At the end of the
experiment, the percentage of mussel mortality was
checked, based on the failure to close valves when
disturbed.

The experiment was also performed at 40, 35 and 19°C
(for each temperature, n = 10 of each lineage at each site,
four replicates). When the experimental temperature was
reached, it was maintained until total exposure time at that
temperature was 280 min. Mortality rates were analysed
using three-way ANOVA, with lineage (western, eastern)
and temperature (45, 40, 35 and 19°C) as a fixed factor and
sites nested in lineage.

Oceanographic drifters

The trajectories of 17 satellite drifters released between
2002 and 2007 were used to determine circulation patterns
in the surface layer of the oceans around the South African
coastline. The drifters were of the holey-sock type, and
design criteria met WOCE standards (Niiler et al. 1995)
that minimise wind-induced slip. Ten drifters (numbered
1-10, Fig. 1) were released on the south coast between
Plettenberg Bay and Port Alfred (Fig. 1); all were deployed
within 10 km of the coast in less than 100 m of water,
except for drifters 1 and 2, which were deployed 35 km
offshore. On the east coast, seven drifters (11-17, Fig. 1)
were deployed north of Durban, all beyond the shelf break
in the region of Maputo Bay, except for one deployment
that took place in the same region 5 km off the Sodwana
Bay coast. The drifters were deployed throughout the year
and communications lasted between 6 and 173 days. GPS
positions were obtained through the Inmarsat Indian Ocean
Region Satellite and interpolated using a cubic spline
interpolation.

Results
Field experiments
Transplants

Data obtained from the two experiments were treated
separately. In experiment 1, at HP (sand inundated site),
mortality rates were significantly different among the three
treatments (p < 0.01; data not shown). Undisturbed (U)
and disturbed (D) treatments showed a significantly higher
mortality rate than the transplanted treatment [T; Student—
Newman—Keuls (SNK) test p < 0.01], but U and D mor-
tality rates were not significantly different.

In experiment 2, there was no treatment effect
(p = 0.65) at CR (Fig. 2a). At HH (Fig. 2b), the U and D
treatments showed significantly lower mortality than the T
treatment (SNK test p < 0.01), but there were no signifi-
cant differences between U and D (i.e., western lineage
mussels suffered a higher mortality than eastern lineage
individuals native to HH, and disturbance had no effect).

Body temperature loggers

During the 45-day experiments, maximum temperatures
recorded by the loggers occurred during emersion and were
higher at HH (maximum 45.09°C; Fig. 3a) than at CR
(maximum 37.6°C; Fig. 3b). At CR, low tide temperatures
rose above 35°C on only one occasion, while at HH tem-
peratures peaked over 35°C on several occasions. During
emersion, average body temperature was 20.25 and
18.38°C for HH and CR, respectively, while the overall
average was 19.9 and 19.19°C, respectively.

Laboratory experiment

While the Western lineage had significantly greater mor-
tality rates than the Eastern lineage at both 45 and 40°C (40
and 29% more; SNK test p < 0.001; Fig. 4), no differences
were observed at 35 or 19°C (lineage x temperature
interaction, p < 0.001).

Oceanographic drifters

There was remarkably little overlap between the trajecto-
ries of drifters released off the south coast and those
released on the east coast (Fig. 1). Ocean-surface drifter 8
landed on the south coast in the vicinity (about 10 km) of
its release point. Drifters 9 and 10 released off Port Alfred
repeatedly drifted north and eastwards to Kidd’s Beach and
were then caught by the Agulhas Current and moved pri-
marily offshore and towards the southwest (Figs. 1, 5).
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Fig. 3 Daily average (white bars) and maximum (black bars) body temperature of mussels during three time periods (0-15, 16-30 and
31-45 days) and throughout experiment 2 at Cape Recife (CR, rop row) and Haga Haga (HH, bottom row)
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Fig. 4 Cumulative mortality rate of mussels (mean + SD, n = 4)
from Eastern and Western lineages when exposed to heat stress of 35,
40 and 45°C for 280 min in the laboratory

Drifters 1-7 flowed in the south-west direction along the
continental shelf off the south coast and finally entered
the Agulhas Current flux. These trajectories seem to follow
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Kidd’s Beach

Port Alfred 10

Fig. 5 The trajectory of drifter number 10, released at Port Alfred
along the south coast, during a 20-day period

the energetic, meandering and eddying flow of the Agulhas
Current. None of the drifters released off the south coast
between 2002 and 2007 moved close to the east coast.
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Surface drifters released on the east coast (11-17) were
caught by the Agulhas Current, moved southwards away
from the coast and never landed on the south coast. Only
drifter 11 flowed relatively near (less than 10 km) the
coastline north of Port Alfred.

Discussion

Although our recognition of a phylogeographic break in
P. perna is based on a single mtDNA marker (Zardi et al.
2007), field and laboratory experiments have identified
strong differences between the two lineages in terms of
their physiological tolerances. The eastern lineage was
physiologically more robust, being more tolerant than
western individuals of sand burial as well as high aerial
body temperatures. Nevertheless, physiological mecha-
nisms alone are not sufficient to explain the geographic
separation of eastern and western lineages, and it is nec-
essary to invoke the effects of oceanography.

Sediments can have several adverse effects on benthic
organisms (Abelson and Denny 1997). Coarse sediments,
such as sand and gravel, may scour surfaces and abrade
tissue from organisms or remove the organism completely
from a reef. Suspended particles may interfere with filter
feeding of benthic invertebrates, and the deposition of fine
sediments can interfere with settlement, growth and pho-
tosynthetic activity of organisms (Airoldi 1998; Cheung
and Shin 2005). Consequently, sand inundation can
strongly shape intertidal ecosystems (e.g., Littler et al.
1983; McQuaid and Dower 1990; Airoldi 2003) and has
been shown to affect habitat segregation among species
(Marshall and McQuaid 1989; Zardi et al. 2008). Our data
show that, under field conditions, the two genetic lineages
of mussels studied here have a different tolerance to sand
stress. In particular, the eastern lineage had lower mortality
rates when subjected to sand burial on the south coast than
mussels from the local population. While sand inundation
is widespread on the South African and other coasts (Bally
et al. 1984; Zardi et al. 2000), it is essentially site-specific.

There are two additional environmental conditions that
are pervasive but which differ between these two regions:
air and sea water temperature. Exposure to air involves
both desiccation and exposure to high daytime tempera-
tures and is a primary limiting factor in the distribution of
intertidal organisms in general (Newell 1979) and mussels
in particular (Tsuchiya 1983; Braby and Somero 2006).
During low tide, we found that the maximum and average
body temperatures in the regions occupied by the two
lineages differ, and our results show that the western
lineage is much more vulnerable to high temperatures
under laboratory conditions, experiencing higher mortality
rates at 40 and 45°C. In contrast, at lower temperatures,

mortality rates were very low or nonexistent (a single dead
mussel at 35°C) in the western lineage and not significantly
different from that of the eastern lineage.

While submerged, an ectothermic invertebrate is likely
to have a body temperature similar to that of the sur-
rounding water, and studies have shown strong impacts on
growth and survival in mussels (e.g., Bayne et al. 1976).
However, temperature extremes experienced by intertidal
organism during low tide can far exceed those experienced
during submersion (Helmuth 1998), so that even though
metabolic rates are lower during aerial exposure, aerial
body temperature is nevertheless an important driver of
selection (Harley 2008). Natural populations of Mytilus
trossulus experience maximum body temperatures during
periods of tidal emersion (Hofmann and Somero 1995), and
mass mortalities due to thermal stress are mainly the result
of temperature extremes experienced during low tide
(Suchanek 1978; Tsuchiya 1983; Williams and Morritt
1995). Likewise, mass mortalities of P. perna on the study
coast can follow the appearance of hot dry conditions
known as berg winds (CMcQuaid personal observation). A
limited food supply may also have an effect on the mus-
sels’ ability to handle thermal stress (Braid et al. 2005;
Schneider et al. 2010). It has been suggested that low tide
thermal stress events may have a greater effect on survival
when they occur after periods of low food availability than
they would when food was abundant (Schneider 2008;
Schneider et al. 2010). However, along the South African
coast, the biomass of intertidal filter-feeders is not related
to intertidal primary production. At a local scale, filter-
feeder biomass is known to be strongly influenced by wave
action, implying that the local-scale water movements
over-ride any effects that large-scale gradients of primary
production may have on filter-feeders (Bustamante et al.
1995). As described in “Materials and methods”, the
transplant sites were carefully chosen to have similar wave
exposure, and therefore food probably has a less relevant
role. Recent evidence suggests that physiological damage
experienced during low tide can have significant conse-
quences for metabolic and stress-related processes during
high tide (Place et al. 2008). When extreme environmental
conditions occur during aerial exposure at low tide, they
can create such high metabolic demands that these effects
continue to affect animals during high tide (Place et al.
2008). Thus, body temperatures both in the air and in water
are important to growth and survival, and they may interact
to drive the physiological responses of intertidal organisms
(e.g., Pincebourde et al. 2008).

Analysis of the data from the body temperature loggers
(robomussels) revealed that the highest body temperatures
are experienced during air exposure. Our two study areas
are approximately 300 km apart and, critically, maximum
temperatures were significantly higher on the east than on
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the south coast. During air exposure, P. perna displays
“gaping behaviour” (periodically opening and closing of
valves; Nicastro et al. 2010), and the robomussels used in
these experiments are unable to mimic this behaviour.
Previous studies with Mytilus have shown, however, that
despite the increase in water loss, periodic gaping does not
appear to have a significant influence on body temperature
through evaporative cooling (Bayne et al. 1976; Elvin and
Gonor 1979; Fitzhenry et al. 2004), so that gaping is
probably aimed at increasing aerobic respiration rather than
evaporative cooling (Lent 1969; Moon and Pritchard 1970;
Bayne et al. 1976). Results from earlier studies indicate
that robomussels provide realistic measurements of body
temperatures in the field (Fitzhenry et al. 2004). Therefore,
while it is possible that temperatures recorded by the
instruments overestimated the temperature of animals in
the field, the error would have been similar at both sites.

On the east coast, transplanted mussels suffered massive
mortality in the first 15 days of the experiment, probably
due to extreme body temperatures (over 40°C). In partic-
ular, more than 80% of transplanted mussels died and
mortality rates were significantly higher than those of local
individuals, even when these had been similarly disturbed.
Likewise, on the south coast, most mortality occurred
during the first part of the experiment; however, mortality
rates were substantially lower than on the east coast and
there was no significant difference between lineages. While
it is possible that slow acclimation of mussels transplanted
from the temperate south coast to the subtropical east coast
could have resulted in lower levels of survival, these
results, coupled with the laboratory results suggest the
existence of distinct physiologically differences between
the two lineages.

Thus, the combined field measurements of body tem-
peratures and laboratory results correlated well with mor-
tality during translocation in the absence of sand
inundation. The experimental design showed no artifacts
due to translocation, and individuals of the eastern lineage
showed good survival both in their native environment and
when moved westwards onto the south coast. In contrast,
western lineage individuals survived well in their home
environment but showed high mortality when moved
eastwards. Taken together, the results from the field and
laboratory experiments suggest that extreme temperatures
occurring on the east coast are responsible for excluding
the western lineage from this region, while adults of the
eastern lineage are capable of surviving on the cooler south
coast. Critical to testing whether this indicates that the
observed phylogeographic structure derives from the action
of environmental selection would be an examination of
survival of the two lineages in the 200-km overlap region.
Despite the wider latitudinal distribution of the western
lineage than the eastern lineage, it is still unknown if
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western lineage animals are able to extend into subtropical
and tropical areas of the south coast of Angola. An
extended study further up the western African coastline is
needed to determine if the presence of a similar transition
zone (temperate—subtropical transition) as between the
South African south-east coast results in an analogous
genetic cline.

Apart from the mortality measured here, environmental
stressors could also have sub-lethal physiological effects
that could enhance the differences between the two genetic
entities. In mussels, high aerial temperatures during low
tide can lead to protein damage (e.g., Helmuth and
Hofmann 2001; Halpin et al. 2002; Place et al. 2008) and
reduced growth (e.g., Menge et al. 2002). In addition,
environmental stressors, such as high temperature, can
negatively affect the ability of organisms to reproduce
because animals re-allocate energy away from gamete
production and towards defense and repair mechanisms
(e.g., Michalek-Wagner and Willis 2001; Petes et al. 2003;
Place et al. 2008). The thermal stress-response can also
alter the timing of reproduction with potential conse-
quences for asynchrony and overall decreased fertilisation
and recruitment success (Walther et al. 2002; Philippart
et al. 2003; Petes et al. 2007) as well as rates of feeding
(Pincebourde et al. 2008). All of these factors can lead to a
decreased number of propagules and thus decrease species
colonisation potentials (Minchinton and Scheibling 1991;
van Erkom Schuring and Griffiths 1991; Balch and
Scheibling 2000). Such effects could reduce the repro-
ductive potential of the western lineage in populations
living towards its eastern limit.

Thus, correlations among environmental temperatures to
which the two lineages are exposed and their laboratory
and field survival rates can explain the exclusion of the
western lineage from the eastern part of the coast where it
shows low survival. The converse is not true, however, and
eastern adults translocated to the west have a survival rate
equal to that of local individuals. Of course, this ignores
sub-lethal effects and the possibility that larvae or newly
settled eastern juveniles cannot survive in the west, but we
can also seek explanations for the failure of the eastern
lineage to occur farther west in terms of larval dispersal so
that oceanography also plays a role. Oceanic fronts repre-
sent sharp discontinuities of physical and biochemical
variables that are likely to represent barriers to larval dis-
persal and hence genetic exchange between populations
(e.g., Palumbi 1994; Galarza et al. 2009). We have no
evidence of any such discontinuities, but drifter trajectories
showed very limited connection between waters originat-
ing on the east and south coasts. Drifters dispersed hun-
dreds of kilometres within 10 days, yet over the long-term
(months) there was remarkably little overlap between the
trajectories of drifters released to the north and south of our
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genetic cline. When overlap was observed, it occurred
outside the continental shelf, hundreds of kilometres off-
shore. Geographic trajectories of oceanic drifters suggest
that ocean currents potentially contribute to maintaining
the geographical patterns of gene flow found in previous
studies (e.g., Zardi et al. 2007; Teske et al. 2007a, b).
Mitochondrial haplotype frequencies indicate high levels
of gene flow within lineages, but very limited flow between
lineages (Zardi et al. 2007). The major oceanographic
influence on the east and south coasts of South Africa is the
Agulhas Current. This warm, powerful current flows to the
southwest along the eastern seaboard of South Africa at
rates of 10-20 km day ™', following the 200-m isobath of
the continental shelf from Maputo in Mozambique to the
tip of the Agulhas Bank, some hundreds of kilometres
offshore of the South African coast (Fig. 1; Lutjeharms
1998, 2004).

The inshore thermal front of this current varies geo-
graphically and in time (Goschen and Schumann 1990).
Inshore, between the Agulhas front and the coastline,
cooler pockets of water flow parallel to the coast, but in the
opposite direction to the Agulhas Current (i.e., towards the
north-east; Lutjeharms 2004). In the region of the genetic
break, on the south-east coast, the shelf width is minimal
and the Agulhas Current lies close to the coast at 0—1 km
offshore (Goschen and Schumann 1990). Lutjeharms
(2004) showed that the counter currents are squeezed close
to the shore and are often overpowered by the Agulhas. The
trajectories of two drifters (9 and 10) released on the south
coast support these results. After being released offshore of
Port Alfred, they remained close to the shore (1-2 km
offshore). Over the course of a few days, they showed a
repeated pattern of drifting north-east before stopping in
the vicinity of Kidd’s Beach (Fig. 1) and returning south-
westwards again. They were finally caught in the Agulhas
flux and carried hundreds of kilometres offshore.

It is increasingly clear that larvae need not behave as
passive particles (Sponaugle et al. 2002) and that
assumptions of passive dispersal indicate potential rather
than realised dispersal (Roberts 1997). Drifter trajectories
make no allowance for larval behaviour, which can pro-
foundly influence dispersal trajectories (e.g., Shanks and
Brink 2005), and so cannot fully represent how planktonic
larvae disperse in the nearshore region. Nonetheless, these
results strongly suggest that a high proportion of larvae that
approach the region of the break from both west and east
become entrained in the Agulhas Current, are transported
away from the coast and are unable to return to the inter-
tidal zone. The trajectory of drifter 11 in particular supports
this conclusion. It was released north of the genetic break
and although it flowed southwards and close (less than
10 km) to the coastline north of Port Alfred, it was flushed
offshore by the current without reaching the coast.

Data from other species of mussels also support our
results. Mytilus galloprovincialis is invasive in many parts
of the world, occurring in temperate regions of both
hemispheres (McDonald et al. 1991; Hilbish et al. 2000).
After its arrival on the west coast of South Africa, it spread
eastward along the south coast for 15 years (McQuaid and
Phillips 2000), but its range extension has virtually ceased
in the region of genetic disjunction in P. perna (Robinson
et al. 2005). While this could be coincidental, it seems
probable that the factors responsible for maintaining geo-
graphic separation of the two lineages of P. perna may also
limit the demographic expansion of M. galloprovincialis,
an invasive species with similar dispersal potential.

In conclusion, we show that two lineages of P. perna
identified using mtDNA show different tolerances of
environmental conditions that are correlated with their
survival when translocated among regions. The results of
our laboratory and field experiments suggest that this
indicates local adaptation of the two lineages. This can
explain the distribution of the western lineage, but not of
the eastern lineage, and our study illustrates the value of
using an approach of laboratory and manipulative experi-
ments combined with oceanographic studies as indicators
of evolutionary divergence between genetic entities. It has
been traditionally assumed that marine range limits result
primarily from strong gradients in water properties, such as
water temperature that arise at oceanographic discontinu-
ities (e.g., Hedgpeth 1957; Hayden and Dolan 1976;
Suchanek et al. 1997; but see Clarke 1993). However, this
view may overlook the possibility that ocean flows them-
selves may generate distributional patterns (e.g., Gaylord
and Gaines 2000). Because it tends to advect larvae away
from the coast, the Agulhas Current may inhibit gene flow
along a linear coast. We suggest that, combined with
environmental clines, this current helps to shape the
genetic structure of P. perna. Our study underlines the
importance of an integration of laboratory and field
experiments in a macrophysiological context and on a
spatially explicit basis to understand fully the relationship
between species distributions and the environment and
possibly to forecast distributional shifts under various cli-
matic change scenarios.
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