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Sub-lethal and sub-specific temperature effects
are better predictors of mussel distribution than
thermal tolerance
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ABSTRACT: Three classes of mussel, the invasive Mytilus galloprovincialis and 2 genetic lineages
of the indigenous Perna perna, show partially overlapping distributions along a large-scale temperature gradient in South Africa. We asked whether their physiological tolerances explain their
distributional limits, investigating the effects of acute temperature change on heart rate, oxygen
consumption and anaerobic end-product accumulation in air and water in the laboratory. For all 3
classes, heart rate and oxygen consumption were significantly reduced in air and were not correlated with temperature. During immersion, temperature had powerful effects on metabolic rate,
but the ranking of heart rates reversed between heat and cold stress. The eastern P. perna lineage
had higher heart rates with rising temperatures, while M. galloprovincialis showed higher heart
rates during cooling. Despite no difference in upper thermal limits among mussel classes, their
Arrhenius activation energies differed significantly, in parallel with their warm to cool distributions in the order P. perna east > P. perna west > M. galloprovincialis. The results indicate that the
eastern lineage of P. perna is better adapted to warm temperatures and M. galloprovincialis is better adapted to high shore conditions. Upper thermal limits gave only a crude approximation of the
effects of temperature stress. Although the thermal limits of these populations were similar, their
overall responses to stress differed markedly, reflecting their distributions and potentially affecting their competitive interactions. We suggest that thermal limits offer poor explanations for species distributions, and highlight the critical importance of both sub-lethal effects and sub-specific
differences in physiology.
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Physiological adaptation to temperature plays an
important role in establishing the biogeographic distributions of both aquatic and terrestrial species
(Somero 2005, Braby & Somero 2006). The identification of thermal limits can help us to understand biogeographic patterns and explain the dynamics governing the distributions of native and invasive
species (Lockwood & Somero 2011). Physiological
adaptations are particularly important for intertidal
organisms, which are subject to strong thermal and
desiccation stresses during low tide periods (Connell

1972). Intertidal organisms experience important
variations in body temperature between immersion
and emersion, and evidence suggests that both air
and seawater temperature can affect the physiological functions and biogeographic distributions of such
species (Helmuth et al. 2006).
In South Africa, intertidal mussel populations exist
on the lower shore and are dominated by the invasive Mytilus galloprovincialis Lmk. on the cool-temperate west coast and the indigenous Perna perna L.
on the subtropical east coast (Zardi et al. 2007). The 2
species coexist on the warm-temperate south coast
where they compete with one another (Rius &
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McQuaid 2006, 2009) and show clear vertical separation. M. galloprovincialis and P. perna dominate the
upper and lower mussel zones, respectively, with an
area of overlap and mixed species beds in the midmussel zone (Bownes & McQuaid 2006).
The geographic expansion of M. galloprovincialis
along the coast from its point of introduction on the
west coast appears to have reached at least temporary limits (Robinson et al. 2005), and it is present
from Lüderitz in southern Namibia to East London on
the south coast of South Africa (Zardi et al. 2007).
P. perna is abundant along the entire east and
south coasts of South Africa, but has never been present along about 1000 km of the west coast (Fig. 1),
which is strongly affected by the Benguela upwelling
system, where M. galloprovincialis has replaced
other indigenous species as the dominant mussel
(Branch & Steffani 2004). Analysis of mitochondrial
DNA reveals that P. perna comprises 2 genetic lineages with a non-sister relationship along the South
African coast (Cunha et al. 2014). Divergence of the 2
lineages appears to be very recent (310 kyr) and
there is no clear morphological differentiation between them (Cunha et al. 2014). The western lineage
includes individuals from both Namibia and the
south coast of South Africa. The eastern lineage
includes individuals from the southeast and east
coasts of South Africa. The 2 lineages overlap for ca.
200 km on the southeast coast in the region where M.
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Fig. 1. Sampling sites in South Africa for Perna perna east
(A, Kei Mouth) and for Mytilus galloprovincialis and P.
perna west (B, Saint Francis Bay) and species geographic
distribution pattern

galloprovincialis reaches its eastern limit in southern
Africa. For convenience, we refer to Mytilus and the
2 lineages of Perna as ‘classes’.
Despite the ability of mussels to disperse through a
planktonic larval stage, geographic differences in the
species and genetic composition of communities are
common (Ladoukakis et al. 2002). Previous studies
investigated several possible mechanisms that may
explain the geographic distribution of M. galloprovincialis and the 2 P. perna lineages, and hydrodynamic conditions are shown to be a possible barrier to larval dispersion on different parts of the South
African coast (McQuaid & Phillips 2000, Zardi et al.
2011). Laboratory experiments reveal that the 2
lineages of P. perna have different physiological
responses to high temperatures and different tolerances to sand stress (Zardi et al. 2011). Although the
invasive M. galloprovincialis has weaker attachment
strength, it can maintain higher recruitment and
growth rates than P. perna (van Erkom Schurink &
Griffiths 1993, Nicastro et al. 2010a), and these characteristics can help explain the great capacity of the
invasive species to compete for space (Erlandsson et
al. 2006). The study of thermal limits of the 2 species
and the 2 lineages living on the South African coasts
is limited to the analysis of mortality rates (Zardi et al.
2011). Data from studies performed in several other
countries (Hicks & McMahon 2002) suggest that M.
galloprovincialis is more adapted to cold conditions
than P. perna but, unfortunately, few details of thermal tolerance or metabolic responses are available
for low temperature and emersion conditions.
We tested the hypothesis that the distributions of
M. galloprovincialis and the 2 P. perna lineages are
driven by their physiological and metabolic thermal
adaptations. To do this, the effects of warming and
cooling stress were studied in the laboratory under
conditions of both emersion and immersion using
different temperature ramping protocols. The thermal limits of Mytilus and the 2 Perna lineages were
studied by applying 2 different ramping protocols
and monitoring the heart rate responses. A third
protocol focused on acute temperature changes to
allow a better understanding of the metabolic mechanisms involved in response to thermal stress by
quantifying 3 physiological parameters: heart rate,
oxygen consumption and anaerobic end-product
production. We hypothesized that the invasive species, M. galloprovincialis, has a greater ability to tolerate cold stress and that P. perna is better adapted
to warm conditions, with the eastern lineage being
more tolerant of high temperatures than the western
lineage.
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MATERIALS AND METHODS
Sampling
As the 2 genetic lineages of Perna perna do not
show morphological differences, we selected sites
where each lineage exists in isolation from the other
(Fig. 1), based on their distributions and that of
Mytilus galloprovincialis as described by Zardi et al.
(2007). The heart rate of P. perna belonging to the
eastern lineage (hereafter P. perna east) was measured for mussels sampled at Kei Mouth (Site A in
Fig. 1; 32° 42’ 17” S, 28° 22’ 23” E). Mussels from the
western lineage (P. perna west) and M. galloprovincialis were collected at Saint Francis Bay (Site B in
Fig. 1; 34° 10’ 15” S, 24° 50’ 05” E). Both sites are semiprotected shores with a similar semi-diurnal tidal
regime and with a spring-tide amplitude of about
2 m. The annual average air and water temperatures
at the 2 sites are, respectively, 18.0 and 18.6°C in Kei
Mouth, and 17.6 and 17.9°C in Saint Francis Bay
(unpubl. data from in situ temperature loggers).
Mussels of similar size (3 to 4 cm) were collected
and transported to the laboratory within 4 h, in air
while being kept damp. In the laboratory, individuals
were cleaned of epibionts and allowed to recover
from sampling stress for at least 48 h in a constant
temperature room at 18°C, in seawater tanks with a
simulated natural tidal cycle. Seawater was continuously aerated using an aquarium air pump and mussels were fed daily with a commercial phytoplankton
mix (PhytoGreen-M, Brightwell Aquatics). Mussels
were kept in 20 l tanks, each containing about 50
individuals at any given time, for a maximum of 7 d.
A preliminary test of stability of pH, temperature and
oxygen conditions indicated that cleaning the tanks
and replacing a quarter of the seawater every third
day avoided significant pH changes. Temperature
was checked daily and oxygen level in the seawater
was checked every 2 to 3 d. Each individual was subjected to only 1 treatment.

Temperature ramping
The thermal tolerance limits of Mytilus and the 2
Perna lineages were estimated using 2 ramping protocols (A and B) in order to test the effects of different
treatments on their heart rates. Previous studies of
the thermal limits of intertidal organisms have used
ramping rates varying from 0.02 to 0.3°C min−1
(Walther et al. 2009, Fangue et al. 2011), while studies on mussels have used ramping rates between 0.10
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and 0.13°C min−1 (Braby & Somero 2006, Logan et al.
2012). Field estimations of body temperatures, using
biomimetics or robomussels, indicate that on hot days
mussel body temperatures can rise at approximately
10°C h−1 (data used as the basis for Zardi et al. 2011);
consequently, we used a ramping rate of 5°C per
30 min (0.17°C min−1). The ramping rate was the
same for the 2 ramping protocols, in order to allow
comparison of the results, and mussels were exposed
to ramping temperatures using a programmable
water bath (Grant GP200, Grant Instruments), in
which the individuals were kept in aerated seawater
or in air at 100% humidity.
For the first protocol (Protocol A), mussels were collected between August and September 2013, and the
ramping protocol was performed under both
emersed and immersed conditions. Temperature in
the water bath was increased from 18 to 45°C or
decreased from 18 to 0°C while heart rates were
recorded continuously.
The second ramping protocol (Protocol B) subjected mussels to a more extreme treatment. Individuals were collected between July and August 2014
and, in order to perform a continuous ramping protocol from 7 to 45°C on the same individuals, they were
gradually cooled from 18 to 7°C over the course of
6 d. After collection, mussels were kept at 18°C for
the first day and subsequently transferred to a second room at 15°C for a further 2 d, before being
transferred to a water bath programmed for cooling
from 15 to 7°C at a rate of 2°C d−1, while being kept
in aerated natural seawater and fed daily.
Heart rate was monitored using a non-invasive
technique introduced by Depledge et al. (1996) and
modified by Burnett et al. (2013). A sensor (CNY-70),
consisting of an infrared emitter and phototransistor,
was permanently glued next to the mid-dorsal posterior hinge area that corresponds to the position of the
heart. Preliminary tests showed that the heart rate
signals stabilized 10 to 15 min after handling, so the
mussels were left undisturbed for about 15 min after
attachment of the sensor, to recover before the start
of recording. The signal was amplified, digitized
using a data acquisition system (PowerLab 4/30,
ADInstruments) and recorded with the associated
software (LabChart 7.0, ADInstruments) at a rate of
200 samples per second. The temperature in the
water bath was recorded using a T-type thermocouple probe connected to the data acquisition system. Aerial and underwater experiments were alternated during the day, following the natural tidal
regime. As mussels were subjected to high levels of
stress during the ramping protocol, each individual
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was used for only 1 treatment (cooling or heating).
Previous studies found that the automated counting
of heartbeats can introduce errors, as heartbeat signals differ among individuals (Burnett et al. 2013). At
the same time, manual counting is time consuming
and can also be questionable in terms of reliability
(Kaufmann et al. 2011). For these reasons, we used a
software package able to combine both automatic
peak detection and manual detection of artefacts
(ARTiiFACT) (Kaufmann et al. 2011). Manual correction was applied after automatic detection in order to
eliminate miscounting where small sections of the
signal were clearly aberrant, reflecting animal movement rather than heartbeats. Heart rate was monitored continuously and the individual heartbeat (HR,
beats per minute) was estimated using the following
3 steps: first, a global threshold criterion was applied
to the raw data to automatically calculate the interbeat interval; second, errors in the automatic calculation of beats due, for example, to body movements or
equipment noise were corrected manually; third, an
instantaneous heartbeat was calculated and averaged per minute.

Acute temperature exposure
An acute temperature exposure protocol (Protocol
C) was applied to compare the physiological responses of mussels exposed to different temperatures
for the same amount of time under emersed and submersed conditions. For this third protocol, HR, oxygen consumption and anaerobic end-product concentration were measured in mussels that were
collected between August and September 2013
under 4 temperature conditions (9, 18, 27 and 36°C)
both in air (100% humidity) and in natural seawater.
This protocol involved 2 steps. First, temperature
was increased or decreased at different ramping
rates from 18°C (average ambient temperature at the
2 sites during the sampling period) to reach 9, 18, 27
or 36°C within 30 min. Second, temperature was kept
stable at the target value (each of the above 4 temperatures) for 30 min, after which heart rate and oxygen consumption were measured simultaneously for
the same individuals.
Heart rate was measured using an infrared sensor
integrated with the respiratory chamber as described.
Respirometry was performed in polyethylene terephthalate (PET) plastic jars in which the seawater or
air was circulated using a micropump (D200S, TCS
Micropumps) in a closed circuit. Oxygen concentration was measured at the beginning and end of the

30 min incubation using a FIBOX 3 (Presens) with a
sensor spot attached to the inside wall of the plastic
jar. At the end of the experiment, shell length and
shell-free dry weight were obtained by drying the
mussel flesh at 60°C for 24 h. Oxygen consumption
was calculated as the difference between the beginning and the end concentrations (average of 1 min
recording with a sampling rate of 1 value per second)
and the results were expressed per gram of dry biomass (µmol O2 h−1 [g dry wt]−1).
The same acute temperature exposure protocol
was applied to different individuals in order to perform an analysis of succinic acid accumulation. Succinic acid is the most significant end-product of
anaerobiosis in mussels and exhibits a strong rhythmic pattern correlated with emergence and immersion (Connor & Gracey 2012). Previous studies on
intertidal bivalves suggest that the adductor muscle
accumulates succinic acid more rapidly than other
tissues and is an appropriate model for the study of
metabolites (de Zwaan et al. 1982, Michaelidis et al.
2005). After incubation under emersed or immersed
conditions, mussels were quickly dissected on a bed
of broken ice and the posterior adductor muscle was
excised, closed in an Eppendorf tube and immediately shock-frozen in liquid nitrogen. Samples of
muscle were preserved at −80°C before being
lyophilized for 10 h. The dry tissue was then ground
to powder, weighed and a sample of approximately
20 to 40 mg was deproteinized by the addition of 1 M
ice-cold perchloric acid. The homogenate was centrifuged for 10 min with a Spectrafuge Mini (Labnet
International). The supernatant from the perchloric
acid extraction was neutralized to a pH of about 8
with 1 M potassium hydroxide (measured by dropping a few microlitres of sample onto pH paper;
Hydrion, Sigma-Aldrich), kept on ice for 30 min and
then centrifuged again as above. The extract was
stored at −80°C before analysis. The concentration of
succinic acid was assayed using a commercial kit
(Megazime, International Ireland) according to the
manufacturer’s instructions. The succinic acid assay
procedure applies the method of succinyl-CoA synthetase, pyruvate kinase and lactate dehydrogenase,
according to Beutler (1989).

Data treatment
Arrhenius plots were utilized to evaluate the effect
of temperature on heart rates following this equation:
ln HR = ln a −

Ea 1
×
R T
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where HR is the individual heartbeat (beats min−1), a
is a normalization constant, Ea is the activation
energy (J mol−1), R is the ideal gas constant (8.31 J K−1
mol−1) and T is the absolute temperature (K).
The Arrhenius breakpoint temperature (ABT) was
determined only for the warming protocol (no clear
breakpoints were found for the cooling protocol)
using piecewise regression with a Quasi-Newton
estimation method (STATISTICA v. 12, Statsoft). Differences in breakpoints among Mytilus and the 2
Perna lineages were tested by 1-way ANOVA (n = 5
individuals per mussel class).
Linear regressions were calculated from the Arrhenius plot, excluding HR data higher than the breakpoint, and the R2 values for each class or treatment
are expressed as a mean ± SE.
Inter-individual variability in the linearized Arrhenius plots was tested for each experimental population using ANCOVA. Differences among Mytilus and
the 2 Perna lineages and among treatments for Protocols A and B (again excluding HR data higher than
the breakpoint) were tested by applying a generalized linear model (GLM) using a type III regression
for unbalanced data.
Differences among mussel classes, temperatures
and immersion/emersion were tested using ANOVA
followed by the post hoc Tukey’s HSD test on the
data obtained with Protocol C. All statistical tests
were performed with STATISTICA v. 12 (Statsoft).
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ferences for all classes (ANCOVA, p < 0.001), a GLM
considering individual variability was used to compare Mytilus and the 2 Perna lineages. The heating
experiment revealed significant differences in slope,
with P. perna east having a higher slope than the
other 2 mussels (F = 30.6, p < 0.0001; Tukey’s HSD,
p < 0.001) (Table 1), while during the cooling treatment the only differences were between P. perna
west and M. galloprovincialis, with the slope being
greater for P. perna west (F = 4.5, p < 0.05; Tukey’s
HSD, p < 0.05) (Table 2). Under constant heating
(Protocol A), the limits of heart rate performance
were similar among both P. perna lineages and M.
galloprovincialis, and the temperature eliciting a
sharp drop in cardiac performance (ABT) did not differ significantly among them (1-way ANOVA, p > 0.5)
(Table 1). No breakpoint was detectable for the cooling treatment, but no heart rate was detectable at
temperatures below 5°C, even though the mussels
were alive and able to recover when subsequently
warmed (Arrhenius parameters in Table 2).
As heart rate was not correlated with temperature
during emersion, only data from immersion were
analysed for ramping Protocol B (Fig. 4). The cardiac
activity of mussels exposed to an increasing ramp
from 7 to 45°C was strongly correlated with temperature (Table 3). The ABT was not significantly different between M. galloprovincialis and either lineage
of P. perna (1-way ANOVA, p > 0.5), but the GLM
showed significant differences among Mytilus and
the 2 Perna lineages in the slopes of the Arrhenius
plots (F = 139.9, p < 0.0001; Tukey’s HSD, p < 0.001)
(Table 3).

Ramping protocol
Ramping Protocol A revealed obvious and important differences in heart rates between immersion
and emersion (Fig. 2). Arrhenius plots from Protocol
A (Fig. 3) showed that, in air, heart rate was poorly
correlated with temperature when the temperature
was increased from 18 to 45°C (R2 < 0.5 for all studied
individuals). When the temperature was decreased
from 18 to 0°C in air, the correlation between heart
rate and temperature was slightly stronger, particularly for Mytilus galloprovincialis and Perna perna
west (mean of 5 individuals, R2 = 0.70 ± 0.32 for M.
galloprovincialis, 0.80 ± 0.12 for P. perna west and
0.36 ± 0.36 for P. perna east). In contrast, when heart
rate was measured in water, there was a strong correlation with temperature for all 3 classes of mussel
in both heating and cooling ramping experiments
(Tables 1–3). As the Arrhenius plots calculated for
immersion revealed significant inter-individual dif-

Acute temperature exposure
Cardiac response to acute temperature exposure
strongly reflected temperature and medium, with
Mytilus and the 2 Perna lineages reacting in a similar
way to these factors (Table 4). The post hoc Tukey
test revealed that, during aerial exposure, there were
no significant differences among mean HR values at
the 4 tested temperatures (Fig. 5). Conversely, the
temperature effect was strong during immersion.
Mytilus and the 2 Perna lineages showed a similar
pattern of increasing HR from 9 to 27°C and a decline
at 36°C. Although the effects of temperature and
emersion on HR were similar for M. galloprovincialis
and both lineages of P. perna, the heart rate of M.
galloprovincialis was significantly lower than those
of the 2 P. perna lineages, which did not differ (post
hoc tests, α = 0.05).
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Fig. 2. Effect of mean temperature increase and decrease from 18°C (ramping Protocol A) in air (s) and underwater (d) on
heart rate of Mytilus galloprovincialis, Perna perna west and P. perna east (mean ± SD; n = 5 for each group)

Oxygen consumption during acute temperature exposure was similarly strongly affected by emersion
with higher average rates in water than air (Table 4).

During emersion, temperature had no significant
effect on the oxygen consumption for any of the studied mussel classes (Fig. 6). In contrast, post hoc Tukey

Table 1. Mean (± SE) values for Arrhenius plot regression parameters from the results from the immersion heating Protocol A
(a: normalization constant; Ea: activation energy, J mol–1; R: ideal gas constant, 8.31 J K–1 mol–1), R2 for the linear regression of
ln heart rate on the inverse of absolute temperature and Arrhenius break point temperature (ABT). Post hoc results indicate
homogenous groups identified by GLM analysis of slopes of Arrhenius plots. n = 5 individuals per treatment

Mytilus galloprovincialis
Perna perna west
Perna perna east

Mean ln (a)

Mean Ea /R

Mean R2

Mean ABT

Post hoc

25.38 ± 2.90
28.63 ± 2.34
31.74 ± 4.98

6.43 ± 0.86
7.37 ± 0.71
8.28 ± 1.45

0.95 ± 0.05
0.98 ± 0.01
0.94 ± 0.06

30.25 ± 1.10
30.21 ± 1.85
30.51 ± 3.10

a
a
b
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Fig. 3. Arrhenius plot for the heart rate against mean temperature for Mytilus galloprovincialis, Perna perna west and P. perna
east (mean ± SD; n = 5 for each group). Temperature has been increased and decreased from 18°C (ramping Protocol A) in air
(s) and underwater (d). Average regression parameters are presented in Tables 1 & 2

tests indicated that, during immersion, the oxygen
consumption of M. galloprovincialis and P. perna east
increased significantly at high temperatures (Fig. 6).

ANOVA indicated that values for the 3 classes differed, with significantly higher values for M. galloprovincialis than the Perna lineages (Table 4). The in-

Table 2. Mean (± SE) values for Arrhenius plot regression parameters from the results from the immersion cooling Protocol A,
R2 for the linear regression of ln heart rate on the inverse of absolute temperature. Post hoc results indicate homogenous
groups identified by GLM analysis of slopes of Arrhenius plots. n = 5 individuals per treatment

Mytilus galloprovincialis
Perna perna west
Perna perna east

Mean ln (a)

Mean Ea /R

Mean R2

Post hoc

36.63 ± 5.6
45.46 ± 6.91
43.63 ± 13.74

9.68 ± 1.62
12.26 ± 2.01
11.75 ± 3.96

0.87 ± 0.07
0.97 ± 0.02
0.85 ± 0.19

a
b
ab
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Fig. 4. Relationship between mean temperature and heart rate during continuous heating (ramping Protocol B) for Mytilus
galloprovincialis, Perna perna west and P. perna east (mean ± SD, n = 5 for each group)

teraction between mussel class and the factor immersion/emersion was statistically significant, suggesting
that the oxygen metabolism of Mytilus and the 2

Perna lineages reacted differently to aerial exposure.
Post hoc Tukey tests revealed that oxygen consumption during immersion was significantly higher than

Table 3. Mean (± SE) values for Arrhenius plot regression parameters from the results from the immersion Protocol B, R2 for
the linear regression of ln heart rate on the inverse of absolute temperature and ABT. Post hoc results indicate homogenous
groups identified by GLM analysis of slopes of Arrhenius plots. n = 5 individuals per treatment

Mytilus galloprovincialis
Perna perna west
Perna perna east

Mean ln (a)

Mean Ea /R

Mean R2

Mean ABT

Post hoc

27.58 ± 3.26
31.91 ± 3.84
36.61 ± 5.36

7.09 ± 0.96
8.34 ± 1.14
9.79 ± 1.50

0.96 ± 0.03
0.97 ± 0.03
0.84 ± 0.10

29.08 ± 0.77
27.91 ± 2.48
28.95 ± 4.12

a
b
c
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Table 4. Results of GLM model applied to heart rate, oxygen consumption and succinate content data (Protocol C) with class,
temperature and immersion/emersion as factors. ***p < 0.0005, **p < 0.005, *p < 0.05; ns: not significant

F
Class
Temperature
Immersion/emersion
Species × temperature
Species × immersion/emersion
Temperature × immersion/emersion
Species × temperature × immersion/emersion

Heart rate
df
p

215
47
223
1
1
23
0

during emersion at 27°C for all 3 classes and at 36°C
for both M. galloprovincialis and P. perna east (Fig. 6).
ANOVA of succinic acid concentrations showed
that the factors temperature and immersion/emersion
strongly affected anaerobic metabolism (Table 4).
There was no effect of mussel class as a main factor,
but class interacted significantly with both other factors, indicating different reactions to the same stresses
(Table 4). While M. galloprovincialis and P. perna
west had similar responses to temperature, P. perna
east showed the lowest succinic content at 9°C and
statistically higher values at 27 and 36°C (Tukey’s
HSD, p < 0.0005; Fig. 7). Post hoc tests on the interaction between class and immersion/emersion revealed no differences between immersion and emersion for M. galloprovincialis (Tukey’s HSD, p > 0.5),
while succinic acid concentrations were significantly
different between emersion and immersion for both
P. perna lineages (Tukey’s HSD on interaction, p <
0.0005).

DISCUSSION
The obvious interpretation of correlations between
species distributions and temperature regimes is that
distribution is set by the limits of thermal tolerance,
but here we show that sub-lethal effects may be better predictors. Additionally, we show that sub-lethal
effects are linked not only to species distributions,
but that they can differ at the sub-specific level
among genetic lineages of the same species.

Aerial exposure
Thermal stress and desiccation are particularly
acute problems for marine species living an intertidal
existence and strongly affect species distributions

2
3
1
6
2
3
6

*
***
***
ns
ns
***
ns

Oxygen consumption
F
df
p
25
13
138
1
16
16
1

2
3
1
6
2
3
6

***
***
***
ns
***
***
ns

Succinate content
F
df
p
1
56
24
5
5
3
2

2
3
1
6
2
3
6

ns
***
***
***
**
ns
ns

and survival in rocky intertidal habitats (Somero
2002). Some intertidal molluscs are able to maintain
similar metabolic performances during low and high
tide (McMahon 1990, Stillman & Somero 1996,
Huang et al. 2015), but this seems not to be a generalized physiological adaptation to intertidal life
(McMahon et al. 1991, Sokolova & Pörtner 2001,
Tagliarolo et al. 2012), and our species showed the
more typical responses. Both Perna perna and
Mytilus galloprovincialis showed a dramatic reduction of heart rate and oxygen consumption combined
with an increase of anaerobic end-product concentration during emersion. In air, cardiac activity and
oxygen consumption were poorly correlated with
temperature, especially at high temperatures, for
both the ramping and acute temperature exposure
protocols. Ramping Protocol A showed that HR was
strongly affected by aerial exposure and the reduction noticed after 2 h in air indicates that physiological responses during low tide may be more strongly
affected by desiccation.
During emersion, P. perna and M. galloprovincialis
have different behavioural responses; P. perna periodically opens and closes the shell valves (gaping),
while M. galloprovincialis is a non-gaping species
(Nicastro et al. 2010b). Valve closure in bivalves
restricts gas exchange, resulting in hypoxia, hypercapnia and an increase in the acidity of the mantle
cavity water (Burnett 1988). Previous studies suggest
that gaping behaviour allows P. perna to avoid accumulating metabolites during hypoxia and facilitates
gas exchange so that aerobic respiration can be
maintained during aerial exposure (Coleman & Trueman 1971, McMahon 1988, Marshall & McQuaid
1993). P. perna individuals exhibited gaping behaviour during our experiments as soon as they were
exposed to air, as observed by Nicastro et al. (2010b),
and earlier studies on these species show that gaping
can increase humidity and decrease temperatures in

Mar Ecol Prog Ser 535: 145–159, 2015

154

70

140

M. galloprovincialis

60

*
*

ab

a

70

a

a

10

a
A

A

A
A

0

Heart rate (beats min-1)

70

P. perna west

*

60

c

bc

50
40

* ab

30
a

20
10

A

A

A
A

0
70

*

P. perna east

c

60

* bc

50

35

A
A

A
A

0
140

P. perna west

105
70

*a
a

35
a

A

a
A

A

A

0
140

P. perna east

*

105

a

*

40
b
A
A

20

ab

A

35

A
b

a

A

a

70

30

10

Oxygen consumption (µmol O2 h-1 [g dry wt]-1)

30
20

b

105

*

40

*

* ab

b

50

M. galloprovincialis

A

A
A

0

0
9

18

27

36

Temperature (°C)

9

18

27

36

Temperature (°C)

Fig. 5. Heart rate of Mytilus galloprovincialis, Perna perna
west and P. perna east submitted to acute temperature stress
for 30 min (Protocol C) in air (white bar) and water (black
bar) conditions. Data represent mean + SE for n = 4 mussels
per treatment. Capital letters indicate significant differences
among temperatures in air; lowercase letters indicate significant differences among temperatures in water (Tukey’s
HSD, p < 0.05). *Significant differences (Tukey’s HSD, p <
0.05) between emersed and immersed values measured at a
specific temperature

Fig. 6. Oxygen consumption of Mytilus galloprovincialis,
Perna perna west and P. perna east submitted to acute temperature stress for 30 min (Protocol C) in air (white bar) and
water (black bar) conditions. Data represent mean + SE for
n = 4 mussels per treatment. Capital letters indicate significant differences among temperatures in air; lowercase
letters indicate significant differences among temperatures
in water (Tukey’s HSD, p < 0.05). *Significant differences
(Tukey’s HSD, p < 0.05) between emersed and immersed
values measured at a specific temperature

dense groups, though not solitary individuals (Nicastro et al. 2012). On the other hand, gaping increases
water losses and the risk of desiccation, and can be
considered an adaptation only for species living in
the low intertidal (Nicastro et al. 2010b). Our study
measured oxygen consumption and succinate concentration in air and water, and the results suggest
that gaping by P. perna does not increase aerobic
respiration during emersion, as oxygen consumption

in air did not differ among Mytilus and the 2 Perna
lineages; indeed, values were slightly (but not significantly) higher for M. galloprovincialis.
Succinate is an intermediate end-product of the
glucose and aspartate pathways, and is found in different marine bivalve species (Michaelidis et al.
2005, Babarro et al. 2007, Connor & Gracey 2012).
Our study focused only on succinate production, as it
is recognized as a good indicator of anaerobic meta-
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bolism during the first hours following emergence
(Connor & Gracey 2012). Bivalves possess muscle
fibres that can remain contracted for prolonged periods with minimal energy expenditure (Mellon &
Mpitsos 1967, Livingstone & Bayne 1977), but vigorous muscle activity can still require instantaneous
energy supply through anaerobiosis (Lee & Lee
2011). The presence of higher succinate concentra-
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tions in the adductor muscles of P. perna could also
be due to muscular activity associated with gaping
behaviour, and further studies analysing different tissues and other possible anaerobic end-products such
as alanine, malate and propionate would clarify the
anaerobic pathways used by these species.
Our experiments performed during emersion suggest that Mytilus and the 2 Perna lineages were able
to modulate their metabolism through metabolic
depression to survive during low tide aerial exposure. M. galloprovincialis was the only class that did
not show significant differences in succinate production between emersion and immersion, indicating
that 1 h of air exposure produced minimal metabolic
stress on this species. The fact that M. galloprovincialis exhibited the lowest cardiac activity and no
succinic acid accumulation at all studied temperatures suggests a greater capacity for thermally insensitive metabolism and possibly metabolic depression,
which would increase survival during prolonged
exposure to air (Sokolova & Pörtner 2001, Marshall et
al. 2011). These metabolic characteristics, coupled
with high heart rates during immersion, indicate that
M. galloprovincialis is better adapted than P. perna to
grow and survive at higher shore levels. Low metabolic rates during emersion would allow M. galloprovincialis to withstand longer aerial exposure and
its higher metabolism in water would allow it to compensate for shorter submersion periods, when feeding, calcification and elimination of the anaerobic
end-products accumulated during low tide occur
(Bourget & Crisp 1975, Connor & Gracey 2012). This
offers a physiological basis for the observed vertical
segregation of these populations, with M. galloprovincialis extending higher up the shore than P.
perna and showing better survival and stronger competitive abilities in the upper mussel zone in translocation experiments (Bownes & McQuaid 2006, Rius
& McQuaid 2009).
The experiments performed in air revealed important differences between the 2 P. perna lineages.
Exposure to air affected P. perna east more strongly
than P. perna west, as seen in greater anaerobic endproduct accumulation at high temperatures and
slightly, though not significantly, higher heart rates.
P. perna east seemed to show poor modulation of its
metabolism as reductions of oxygen consumption in
air were compensated for by a higher anaerobic contribution. The east and west coasts are characterized
by different tidal conditions; the mean range of neap
tides is greater on the west coast and the mean range
of spring tides is higher on the east coast (South
African Navy Hydrographic Office 2014). Those tidal
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conditions could potentially cause more frequent
exposure to air for individuals living on the west
coast, which could explain why the western lineage
seems better adapted for survival in air. Alternatively, different vertical positioning on the shore
could be correlated with the fact that P. perna east is
less well adapted to aerial conditions. Indeed, recent
studies indicate that the upper limit for P. perna east
occurs significantly lower on the shore than that of
the western lineage (G. I. Zardi & C. D. McQuaid
unpubl. data).

Immersion
The experiment performed underwater indicated
that the thermal limits for our populations were very
similar and ranged between around 5 and 30°C. The
use of a ramping protocol to estimate thermal limits
in ectotherms is shown to be strongly dependent on
the experimental protocol used (Rezende et al. 2011).
To evaluate the effect of different ramping protocols
on the calculated thermal limits, we compared the
heart rates obtained using 2 ramping protocols and
an acute temperature exposure experiment to derive
a robust estimation of the physiological limits of M.
galloprovincialis and P. perna. The critical thermal
maxima calculated showed similar results, which
indicated that the upper thermal limits of M. galloprovincialis and both P. perna lineages were between
27 and 31°C.
Several studies emphasize the importance of
thermal and physiological limits in explaining the
biogeographical distributions of closely related species, but laboratory experiments are unfortunately
strongly dependent on the speed of the ramping and
can generally be considered only an approximation
of the real thermal limits experienced by the individuals under natural conditions (Stillman 2002, Braby &
Somero 2006, Jones et al. 2009, Kuo & Sanford 2009).
An alternative way to compare species’ thermal sensitivities is to use the Arrhenius activation energy
(Ea). Previous studies show that warm-acclimated
species show higher Ea values, indicating that the
metabolic rate increases more strongly with rising
temperature (van Dijk et al. 1999, Somero 2004). Our
study demonstrated that, even though M. galloprovincialis and the 2 P. perna lineages showed very
similar upper thermal limits, their metabolic responses
to temperature variation and the stress of aerial
exposure differed. During immersion, the heart rates
of the 2 P. perna lineages were generally similar, but
P. perna east showed a significantly higher Ea than

the other 2 species during heating experiments. P.
perna east is found only on the southeast and east
coasts of South Africa, that is, broadly within a subtropical biogeographic province characterized by
seawater temperatures ranging between 16 and 22°C
in winter and 18 and 27°C in summer (Smit et al.
2013). The difference in metabolism between the 2
lineages indicates that P. perna east can maintain
higher metabolic rates and probably grow faster than
the western lineage under conditions of warm water.
A common garden experiment assessing genetically
controlled differences in growth rate of the 2 lineages
could validate this hypothesis (Chiba et al. 2007).
Our results from experiments on acute temperature stress in water revealed cardiorespiratory failure above 27°C for Mytilus and both Perna lineages,
coupled with an increase in anaerobic end-products.
This pattern is consistent with the recent theories of
oxygen and capacity limited thermal tolerance
(OCLTT) that emphasize the collapse of aerobic
scope and the onset of anaerobiosis in the pessimum
temperature range due to the limited capacity of
oxygen uptake and transport (Pörtner 2012,
Sokolova et al. 2012). In our study, the individuals
immersed in 9°C seawater also showed a decrease
in cardiac rate but the contribution of the anaerobic
pathway was very limited, suggesting a temporary
limitation and suppression of the metabolism. Moreover, during emersion heart rates were thermally
insensitive and only P. perna showed temperaturedependent succinic acid production. These findings
indicate that M. galloprovincialis seems to compensate for the loss of aerobic energy by exploiting
metabolic depression and passive tolerance more
effectively than P. perna, which seems to compensate for the loss through anaerobiosis. M. galloprovincialis showed the highest oxygen consumption rates and had generally higher heart rates
during immersion, especially during cooling from 18
to 5°C. P. perna was absent from the upwellingdominated Benguela system of the west coast of
South Africa even before the arrival of M. galloprovincialis, and previous studies suggest that this
reflects the lower water temperatures there (Zardi
et al. 2007, 2011). Our results show that, even if M.
galloprovincialis seems better adapted to cold conditions, both P. perna lineages are able to survive
and maintain efficient metabolism in cold seawater,
as their oxygen consumption and heart rates at 9°C
were similar to those of M. galloprovincialis. Other
mechanisms such as larval intolerance of low temperatures or post-settlement mortality may be better
explanations for the absence of P. perna from the
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