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A B S T R A C T

Organisms can mitigate the effects of long term variation in environmental conditions through acclimation,
which involves changes in various physiological responses. To elucidate the possible effects of temperature and
food concentrations on acclimation capacity, physiological responses of the mussel, Perna viridis, were measured
after individuals were held for six weeks under varying temperatures and food availability. Warm-acclimated
mussels experiencing higher food levels had significantly greater upper thermal limits than those maintained on
lower food levels. In contrast, the upper thermal limits of cold-acclimated mussels were not affected by food
levels. For warm-acclimated mussels, differences in upper thermal limits were likely due to rapid depletion of
energy storage as predicted by Dynamic Energy Budget model simulations for P. viridis exposed to lower food
levels. Clearance rates of cold-acclimated mussels were significantly lower than warm-acclimated mussels, re-
gardless of food availability. The impacts of lower food acquisition on energy storage, however, could be
compensated by lower metabolic rates of the cold-acclimated mussels. The availability and the ability to acquire
food are not, therefore, the main drivers differentiating between the upper thermal tolerances of cold- and warm-
acclimated mussels, but these differences are driven by the past thermal history the mussels experienced. The
temperature tolerance range of P. viridis showed a positive shift to tolerate higher temperatures after acclima-
tion. Such flexibility in thermal tolerance implies P. viridis has high capacity to acclimate to novel environments,
which will enhance its future success given its commercial importance as an aquaculture species.

1. Introduction

Marine environments are highly variable as a consequence of di-
verse environmental factors (solar radiation and precipitation etc.)
operating at different spatial and temporal scales (Harley and Helmuth,
2003; Helmuth et al., 2002). Such environments are especially variable
in localities which experience strong seasonal and daily variations (e.g.,
the west coast of North America and south coast of Japan; Denny et al.,
2006; Yoshida and Shimabukuro, 2017). Being on the fringes of the
tropics, the Hong Kong coastline also experiences marked seasonality,
driven by changes in monsoon systems (Kaehler and Williams, 1996;
Morton and Blackmore, 2001). Seawater temperatures in Hong Kong,
for example, generally vary between 17 and 27 °C and primary pro-
duction between 1 and 15 µg chlorophyll a L-1 during the hot and wet
season and cold and dry season (Chiu et al., 1994; Kaehler and
Williams, 1996). Marine organisms respond differently to changes in
such environmental conditions in terms of their physiological perfor-
mance (see Boero, 1994 for review) and often have the capacity to

tolerate a range of environmental conditions, depending on the time
scale and severity of these stresses, by invoking a variety of responses
(Huey et al., 2012; Kassahn et al., 2009).

Changing environment can greatly challenge organisms causing
physiological stress, damage, and even mortality (Huey and Bennett,
1990). When experiencing longer term, sublethal environmental var-
iation (e.g. such as seasonal changes), organisms can mitigate such ef-
fects by acclimation (sensu Lagerspetz, 2006), which involves shifts in
their physiological tolerance windows (Hoffmann, 1995; Hofmann and
Todgham, 2010; Horowitz, 2001; Layne et al., 1985; Pörtner, 2002).
Enhanced tolerance due to acclimation has been recorded in various
marine taxa such as bivalves (Chapple et al., 1998; Hicks and
McMahon, 2002), gastropods (Stenseng et al., 2005) and crustaceans
(Stillman and Somero, 2000; Tepolt and Somero, 2014). The brown
mussel, Perna perna, for example, survived for longer durations under
high temperatures (32 °C) when acclimation temperature was increased
by 15 °C (Hicks and McMahon, 2002). Acclimation, therefore, plays an
important role in longer-term stress tolerance, and is one of the key
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processes proposed to enable species to survive future environmental
scenarios (Somero, 2010). Such phenotypic responses are becoming of
increasing interest, given the changing conditions associated with cli-
mate change (Helmuth et al., 2014; Williams et al., 2016) and the
impacts this may have for ecologically and commercially important
species (Cochrane et al., 2009).

The flexibility to vary tolerance limits in response to changing en-
vironmental conditions, however, involves changes in multiple phy-
siological processes (e.g. heart, respiration, and filtration rates; Bayne
and Newell, 1983; Crawshaw, 1977; Newell et al., 1977; Segal, 1961)
which can disrupt the energy balance of organisms (Newell and Branch,
1980; Widdows and Bayne, 1971). Such alterations in physiological
responses can involve reorganization of metabolic pathways and acti-
vation of enzymes and protein synthesis to maintain cellular function
and are, therefore, energetically costly (Anestis et al., 2007, 2008,
2010; Bowler, 2005; Lagerspetz, 2006). To be able to meet these me-
tabolic demands, organisms need to either store or rapidly assimilate
energy (Sokolova et al., 2012). Understanding the energy reserves of
individuals can, therefore, give a better understanding of trade-offs by
which species can survive, and their subsequent performance, in vari-
able environments. The recent development of mechanistic Dynamic
Energy Budget (DEB) models (Kooijman, 2010) offers a reliable op-
portunity for revealing the effects of environmental changes on or-
ganisms’ bioenergetics. As a main difference with net production
models such as scope for growth, the DEB model includes a storage term
(the ‘energy reserve’) which allows for examination of time/history
effects. The innovative aspect of the DEB model is that it captures the
processes of energy acquisition and utilization in an organism under
varying environmental conditions such as temperature and food con-
centration and then how this energy is stored into the energy reserve for
subsequent allocation for various traits such as basal maintenance, re-
production and growth (Kooijman, 2010; see Filgueira et al., 2011).
DEB, therefore, offers a powerful tool to reconstruct or predict the en-
ergy reserve of an individual from past or future environmental data/
projections (Kooijman, 2010; Van der Meer, 2006).

Bivalve molluscs, being widely distributed and both commercially
and ecologically important species, are good candidates for assessing
the effects of environmental stressors and have previously used as
ecological ‘sentinels’ (Bayne et al., 1979; Widdows et al., 1990). The
green lipped mussel, Perna viridis, is widely distributed throughout the
Indo-Pacific region and is one of the most commercially and ecologi-
cally important bivalve species in SE Asia (Gutiérrez et al., 2003;
Rajagopal et al., 2006); whilst in North America the species is invasive
and competes with local species (Baker et al., 2007; Power et al., 2004).
P. viridis has, as a consequence of its commercial and ecological im-
portance, been increasingly studied to understand its physiological
tolerances to environmental challenges such as hypoxia, salinity and
heat stress (Goh and Lai, 2014; Huhn et al., 2016; Ma, 2013; McFarland
et al., 2015; Wendling et al., 2013). These studies, however, only fo-
cused on the acute effects of single rather than multiple environmental
factors, which limits their ability to provide a realistic picture of the
ability of P. viridis to acclimate to changing environmental conditions
(Gunderson et al., 2016; Sokolova, 2013; Todgham and Stillman, 2013).
This study, therefore, investigated the potential of subtidal individuals
of P. viridis to acclimate to seasonally variable environments by ex-
amining physiological responses of the mussel under different tem-
perature and food conditions. The physiological responses selected in-
cluded feeding and heart rate, acclimation capacity and thermal
tolerance range, which are important survival metrics since they are
closely associated with an individuals’ energy balance, and conse-
quently, ability to accommodate environmental stress (Schneider et al.,
2010; Sokolova, 2013; Widdows, 1978).

2. Materials and methods

2.1. Mussel collection and pre-treatment

Perna viridis (4–5 cm) were collected from fish rafts (~0.5–1m
below sea surface) at Port Shelter, Hong Kong (22°43′N, 114°29′E)
during the hot and wet season (August 2015, see Kaehler and Williams,
1996) when animals had a low GSI (Cheung, 1993) to avoid the pos-
sible confounding effects of gonad development during the experiment.
Mussels were cleaned of attached byssus and epibionts and habituated
in a closed filtered seawater (0.45 µm, ~30‰) system at
25 °C ± 0.5 °C (the same temperature of the collection site), for two
weeks prior to experimentation to eliminate the handling effects due to
transportation, cleaning and previous thermal history (Jost and
Helmuth, 2007); and fed with a monoculture of Isochrysis galbana on a
daily basis.

2.2. Exposure to varying acclimation conditions

To investigate the integrated effect of temperature and food avail-
ability on the physiological responses of Perna viridis, mussels (> 300
individuals) were allowed to acclimate to either the average seawater
temperatures during the cold and dry season (16 °C; C = cold tem-
perature) or hot and wet season (30 °C; W = warm
temperature,± 0.5–1 °C) of Hong Kong (Environmental Protection
Department, HKSAR Government 2011–2013) respectively for six
weeks in aquaria (25× 25× 25 cm (~15 L) with 18–20 mussels in
0.45 µm filtered, natural seawater, ~30‰). To achieve the desired
experimental temperatures, water was either warmed or cooled at a
rate of 1.5 °C per day using chillers or heaters. Within each temperature
treatment, mussels were fed on either a ‘high’ (H) or ‘low’ (L) food diet.
In the high food treatment mussels were fed excess (> 100,000 algal
cells mL-1) Isochrysis galbana, whereas in the low food treatment they
only received ~20,000 algal cells mL-1 (i.e. half of the optimal food
supply of P. viridis, = 4.9 μg chl a L-1; Cheng, 2016). Each treatment had
four replicate aquarium tanks (∑n= 2 temperature levels × 2 food
levels × 4 tanks = 16).

After six-weeks acclimation, cold-acclimated mussels had lower
mortality rates (~4%) as compared with warm-acclimated mussels
(~34–36%) irrespective of food rations. Subsequently, individuals were
randomly selected from each treatment for the determination of
Arrhenius breakpoint temperatures, as a measure of upper thermal
limits; clearance rates to determine feeding efficiency; and temperature
tolerance range. Data for water temperature and food density were
entered into a Dynamic Energy Budget model for Perna viridis to si-
mulate the change in energy reserves of the mussels under the different
acclimation conditions (see Cheng et al., 2018).

2.3. Arrhenius breakpoint temperatures

The Arrhenius breakpoint temperature indicates the temperature at
which an individual starts to suffer from heart failure due to loss of
aerobic scope (Frederich and Pörtner, 2000), and has been commonly
used as a stress metric (Anttila et al., 2014; Dong and Williams, 2011;
Jansen et al., 2009; Pörtner et al., 1999). Four mussels were randomly
selected from each replicate of each treatment and attached with non-
invasive infrared sensors on their shells above the heart (i.e. near the
mid-dorsal posterior hinge; see Burnett et al., 2013; ∑n=4 treatments
× 3–4 replicates = 15). Individual mussels, with sensors attached,
were placed into 200mL containers with filtered seawater (0.45 µm,
~30‰) and positioned haphazardly in a programmable water bath
(Grant GP200, UK) which allowed the water to be heated up at a fixed
rate (1 °C every 5min, after Williams et al., 2011). The sensors were
connected to amplifiers (Newshift, Portugal) and then to a Picoscope
(Pico Technology, UK), from which heart beat traces of individuals
could be recorded. Body temperatures of selected mussels were
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recorded by inserting thermocouples (Omega K-type, Teflon insulated,
tip diameter 0.25mm) connected to a digital thermometer (Lutron TM-
903A, Taiwan) into the mantle cavity of the mussels. Heart rates (Hz)
were counted every minute (i.e. every 0.2 °C increment). Arrhenius
plots were drafted, with natural-log heart rates (ln Hz) against the re-
ciprocal of body temperature of each individual in Kelvin (1000/K) and
fitted by segmented linear regressions using the segmented package in
R (Muggeo, 2017) using the highest coefficient of determination (r2).
The intercept of these regression lines, which indicates the point at
which there is a break in the increase in heart rate with increasing
temperature, was defined as the Arrhenius breakpoint temperature
(ABT; after Dahlhoff et al., 1991; Stillman and Somero, 1996).

2.4. Clearance rates

Four individuals of Perna viridis were randomly selected from each
treatment and were placed into 1 L beakers of precooled (16 °C for
animals which experienced cold temperatures) or preheated (30 °C; hot
temperature treatment) and well-aerated filtered seawater (Whatman
GF / F, ~30‰) with magnetic stirrers to mix the water to ensure stable
temperature and food concentrations (∑n= 4 treatments × 3–4 re-
plicates = 15). Water in both beakers was either heated or cooled to
25 °C with a ramping rate of 1.2 °C per hour and maintained at that
temperature throughout the experiment to compare the feeding rates of
mussels which had experienced different previous conditions. A fixed
concentration of algal solution determined from previous trials to en-
sure the number of algal cells did not decrease to a very low quantity to
affect the accuracy and reliability of counting (~80,000 cells mL-1 of
Isochrysis galbana) was then added into each beaker. The clearance rate
(CR) was measured as the volume of water cleared of suspended algal
cells over time (after Widdows et al., 1981). Before the experiment
commenced, 10mL of seawater was sampled from each beaker and then
every 30min over 2 h to determine the number of algal cells remaining
in the water column via counts using a haemocytometer (Neubauer,
Marienfeld, Germany). For each time interval, algal cells were counted
twice and the values averaged and used for subsequent calculation of
clearance rate. After the experiment, mussels were dissected and their
flesh was dried in an oven (Jeio Tech OF-01E, Korea) at 100 °C for 24 h
and then weighed (± 0.001 g, Shinko GS223, Japan) to acquire flesh
dry weights which were subsequently used to standardise CRs using the
formula:= × ×CR C C V n ∆tln( / ) /( )1 2

(Riisgård and Seerup, 2003)where C1 and C2 are the cell con-
centrations at the beginning and end of each interval, V is volume of
water (i.e. 1 L) and n is the number of individuals used in each beaker
(i.e. 1).

2.5. Dynamic energy budget model simulation

The Dynamic Energy Budget (DEB) model derived for Perna viridis
(Cheng et al., 2018, available at https://www.bio.vu.nl/thb/deb/
deblab/add_my_pet/entries_web/Perna_viridis/Perna_viridis_par.html)
was used to simulate the effect of acclimation in addressing the amount
of energy storage of P. viridis during six weeks under two different
environmental temperatures (i.e. 16 °C or 30 °C) and under two food
density conditions: one closer to almost unlimited food supply (function
response f = ~1) and one closer to, according to the DEB theory
(Kooijman, 2010) and based on the empirical data (Cheng, 2016) half
of the optimal food condition (f =0.5). For details of how the model
integrates food concentration and temperature for calculation of the
energy reserve refer to Sarà et al. (2013) and Kooijman (2010).

2.6. Thermal tolerance range

As there may be a deviation of mussel heart rates measured under

laboratory and field conditions (Tagliarolo and McQuaid, 2016), Perna
viridis were maintained in a constantly submerged condition (as ex-
perienced in the natural environment) and laboratory heart rates
measurements were conducted in water. To determine the thermal
tolerance range of Perna viridis, individuals from the four different
treatments were held under temperatures which Perna viridis may ex-
perience in the field, at 15 °C, 20 °C, 25 °C, 30 °C and 35 °C respectively
for 24 h (∑n= 4 treatments × 5 temperatures × 4 replicates = 80) to
eliminate the effects of feeding processes on physiological rates during
heart rate measurement (Wong and Cheung, 2001). Randomly selected
mussels with infrared sensors attached (see Section 2.3) were placed
into 0.7 L screw-capped chambers individually filled with precooled or
preheated (i.e. 15 °C or 30 °C, respectively), well-aerated and filtered
seawater (0.45 µm, ~30‰). Animals were held under constant condi-
tions for 10–15min and then were either heated or cooled at a rate of
1 °C every 30min as a more conservative heating rate compared to that
experienced in the intertidal environmental (Braby and Somero, 2006;
Lockwood et al., 2010) until the desired temperature was achieved.
Heart beats were counted every minute (beat min-1) for> 30min under
the different temperatures and averaged.

2.7. Statistical analysis

Two-way analysis of variance (ANOVA) was employed to in-
vestigate variation in mussel ABTs and CRs between different accli-
mation temperatures (16 °C and 30 °C; fixed factor) and food avail-
ability (high and low levels; fixed factor) and their interaction, using
SPSS 20.0 (IBM), followed by Student-Newman-Keuls (SNK) tests to
separate significant factors. Two-way ANOVA was also employed to
investigate variation in mussel heart rates measured at different tem-
peratures after 24 h among acclimation temperatures and food avail-
ability.

3. Results

3.1. Arrhenius breakpoint temperatures (ABT)

Heart rates of Perna viridis increased with temperature until the
individuals reached their ABTs at which maximal heart rates were re-
corded followed by a sudden drop at the point of heart failure (see
Fig. 1). There was a significant interaction (p < 0.05) between food
levels and acclimation temperatures on ABTs where warm-acclimated
mussels, fed on high food levels (WH), had significantly higher ABTs
than those fed on low food concentrations (i.e. WL; Table 1a; Fig. 2a).
Cold-acclimated mussels, in contrast, had similar ABTs at the two food
concentrations (Table 1a; Fig. 2a).

3.2. Clearance rates (CRs)

Calculation of clearance rates showed good fits to There was a
significant effect of acclimation temperature on mussel CRs, with the
CRs of warm-acclimated P. viridis being significantly higher (p < 0.05)
than those cold-acclimated (Table 1b; Fig. 2b). There was, however, no
significant effect of food level or interaction between acclimation
temperatures and food levels in mussel CRs (Table 1b), although the
average CRs of WL mussels were more variable, and approximately half
the rate of WH mussels (Fig. 2b).

3.3. Dynamic energy budget model simulation of energy reserves

Predicted energy reserves from warm-acclimated mussels at dif-
ferent food concentrations showed that mussels receiving high food
levels increased their energy reserve by ~10% after the acclimation
period, whereas those which received low food levels would have de-
pleted their energy reserve by ~19% during the acclimation period
(Fig. 2c). Generally, warm-acclimated mussels had much faster rates of
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energy reserve gain/depletion at both high and low food levels when
compared to cold-acclimated mussels (Fig. 2c).

3.4. Thermal tolerance range

At low temperature (i.e. 15 °C) cold-acclimated mussels had faster

heart rates than warm-acclimated mussels (two-way ANOVA, F1,12 =
15.8, p < 0.005), while warm-acclimated mussels had faster heart
rates at higher temperatures (i.e. 30 °C, two-way ANOVA, F1,11
= 108.7, p < 0.001; Fig. 3). The temperature tolerance range of
mussels under warm and cold acclimations differed, with cold-accli-
mated individuals having a more narrow range than those acclimated at
warm temperature. WL mussels showed a trend of increased heart rate
under all temperatures but exposure to high temperature (i.e. 35 °C),

Fig. 1. Illustrative example of change in heart rates (HR) with body tempera-
ture (top) and natural-log of HR in Hertz (Hz) of a mussel individual with in-
creasing temperature expressed as reciprocal of Kelvin times 1000 (1000/K) for
determination of Arrhenius breakpoint temperatures (ABT, bottom). ABT was
the point where the two regression lines intercepted (indicated by vertical
dashed line).

Table 1
Two-way ANOVAs to compare variation in (a) Arrhenius breakpoint tempera-
tures and (b) clearance rates of Perna viridis under different acclimation tem-
peratures (Temp: 16 and 30 °C) and food levels (Food: High and low). Data
passed tests for normality (Kolmogorov-Smirnov test) and homogeneity of
variances (Levene's test). Significant values (i.e. p < 0.05) are indicated in
bold and SNK tests were further conducted to separate significant factors (i.e.
p< 0.05).

Source of variation df MS F p

(a) Arrhenius breakpoint temperatures
Temp 1 166.329 122.363 <0.001
Food 1 4.572 3.363 0.094
Temp * Food 1 19.485 14.335 0.003
Error 11 1.359
SNK tests Temp 16 °C High food = Low food

30 °C High food > Low food
Food High food 30 °C > 16 °C

Low food 30 °C > 16 °C

(b) Clearance rates
Temp 1 29.945 12.216 0.005
Food 1 7.431 3.031 0.110
Temp * Food 1 3.104 1.266 0.284
Error 11 2.451

Fig. 2. (a) Arrhenius breakpoint temperatures, (b) clearance rates and (c) en-
ergy reserve simulation from Dynamic Energy Budget models of Perna viridis
held under different acclimation conditions. Values in parentheses indicate
replicate numbers. Error bars indicate standard deviation. (CH: acclimated at
16 °C with high food levels, CL: acclimated at 16 °C with low food levels, WH:
acclimated in 30 °C with high food levels and WL: acclimated at 30 °C with low
food levels).
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one out of four WL mussels died whereas all WH mussels survived.
Within these temperature ranges, the cardiac performance of warm-
acclimated Perna viridis could be assumed to peak at 30–35 °C; whereas
cold-acclimated mussels peaked at 25 °C, irrespective of food levels.

4. Discussion

Physiological phenotypes of an organism can alter over time
through acclimation to improve fitness under changing environments
(Horowitz, 2001; Scheiner, 1993; Schulte et al., 2011). During accli-
mation, organisms undergo subcellular adjustment which increases
metabolic maintenance costs (Bowler, 2005; Lagerspetz, 2006; Pörtner,
2001) at the expense of other traits such as growth and reproduction
(Widdows and Bayne, 1971; Kooijman, 2010). Due to these costs,
species may, therefore, suffer from increased mortality before they
successfully acclimate to new environmental conditions, particularly
under warmer environments (this study and Anestis et al., 2007). As an
indication of successful acclimation, warm-acclimated Perna viridis had
higher ABTs than cold-acclimated individuals (see Yu, 2014) as ob-
served in gastropods (Sokolova and Pörtner, 2003) and crustaceans
(Stillman and Somero, 1996). Warm-acclimated P. viridis which re-
ceived high food levels (WH), however, had higher upper thermal limits
(higher ABTs) than those which experienced low food levels (WL). As
such shifts in thermal tolerance invoke energetic costs (Hochachka and
Hayes, 1962; Hofmann and Todgham, 2010), the capacity to achieve
this is assumed to be dependent on the physiological/energetic state of
individuals (Newell and Kofoed, 1977). Under high temperatures, en-
hanced food availability has a positive influence on the physiological
tolerance of organisms, particularly, during thermally stressful periods
(Dahlhoff, 2004; Dahlhoff and Menge, 1996; Schneider et al., 2010).
Mussels,Mytilus species, acclimated at high thermal stress and receiving
low food rations, for example, had higher mortality rates as compared
to those which received high food levels (Fitzgerald-Dehoog et al.,
2012; Schneider et al., 2010) and the whelk, Nucella ostrina, living in an
area with high food levels, was more tolerant to thermal stress than
those living in a food-poor area (Dahlhoff et al., 2001).

Energy reserves of organisms are assumed to govern the ability to
tolerate higher levels of stress (Sokolova, 2013). Warm-acclimated
Perna viridis were better able to obtain energy through filter feeding
than cold-acclimated individuals (as recorded in other filter feeders
such as the gastropod, Crepidula fornicata; Newell and Kofoed, 1977).
Mussels held at the same temperature, but with reduced food supply,
however, had lower clearance rates, as also noted in the oyster, Cras-
sostrea gigas (Honkoop et al., 2003). The reduced feeding rate combined
with higher temperatures, resulted in rapid depletion of energy reserves
of warm acclimated mussels at low food levels as simulated by the DEB
model. Such reduction in energetic state coincided with the lower
thermal tolerance in WL mussels than WH mussels. The effects of re-
duced food acquisition on energy reserve could, however, be

compensated by relatively lower metabolic demands of cold-acclimated
mussels as compared to warm-acclimated individuals. P. viridis held
under colder conditions have lower feeding and metabolic rates, irre-
spective of food availability, when compared to mussels under warmer
environments (Wong and Cheung, 2001). Both studies suggest that food
availability seems to be less important for thermal tolerance in cold-
than warm-acclimated mussels. There is, therefore, a dynamic re-
lationship between food availability and the ability to acquire energy
which plays a critical role in the acclimation potential of P. viridis to
heat stress. It is, however, likely that other environmental conditions,
such as variation in salinity (e.g. in Mytilus Braby and Somero, 2006)
will also influence the performance of P. viridis and multiple, interacting
effects of environmental conditions should be considered in future
studies.

Differences in phenotypic responses also involve biochemical me-
chanisms at subcellular levels (Hochachka, 1991; Dahlhoff and Somero,
1993; Somero, 1995). The lower thermal tolerance of cold-acclimated
mussels is likely the result of the thermal history previously experi-
enced by the organisms as, they may induce different levels of gene
expression when exposed to increasing thermal stress (Giomi et al.,
2016). The Pacific oyster, Crassostrea gigas, sampled from warm en-
vironments, for example, shows higher levels of heat shock gene ex-
pression, and subsequent higher thermal tolerance, than those from
cold environments (Hamdoun et al., 2003). Composition of the mi-
tochondrial membrane lipids of warm-acclimated abalone, Haliotis spp.,
has also been shown to differ from cold-acclimated individuals and be
associated with their greater resistance to heat stress, and higher upper
thermal limits (Dahlhoff and Somero, 1993).

Cardiac performance also depended on food availability as de-
monstrated by the fact that WL mussels had lower heart rates than WH
mussels. This effect was also observed in the blue mussel, Mytilus edulis,
which when deprived of food had reduced heart rates (Widdows, 1973).
Such reduction in heart rates may be a sign of an energy conservation
strategy under a food-scarce environment (Sokolova, 2013) which P.
viridis may adopt to survive under increasing temperatures. In general,
cold-acclimated mussels perform better than warm-acclimated mussels
at lower temperatures until they reach their optimal temperature. Ac-
climation to cold environments can result in an increase in mitochon-
drial density to improve aerobic scope and thus ventilatory and circu-
latory systems under cold temperatures (Pörtner et al., 2005). Low
temperatures, however, depress biochemical reaction rates and, there-
fore, cold-acclimated organisms have lower optimal temperatures and
may perform relatively poorly at their optimal temperature as com-
pared to warm-acclimated individuals (Angilletta et al., 2009). A si-
milar pattern was demonstrated in the present study as, when mussels
were acclimated under warm conditions, the optimal temperatures
shifted to the right with increased optimal performance as compared to
cold-acclimated animals. Such changes in performance support the
importance of thermodynamic effects of temperature on reaction rates
(Knies et al., 2009).

The strong acclimation capacity of Perna viridis, implies that this
species can adjust its thermal window according to the environmental
conditions it experiences over a relatively short time scale (weeks). As a
consequence of this thermal flexibility, P. viridis is able to further shift
its tolerance window under warmer environments with higher optimal
temperatures and performance, which should be favoured by future
increasing environmental temperatures (Urian et al., 2011; Tepolt and
Somero, 2014). Whilst, in terms of aquaculture, increasing tempera-
tures when associated with high food levels can enhance the perfor-
mance and stress tolerance of P. viridis, suggesting this species may
become a more important commercial species in warm-temperate and
tropical waters. At the same time, warming climate also facilitates pa-
thogen virulence (Harvell et al., 2002) exerting extra energetic costs on
organisms for pathogen resistance which may impose severe repercus-
sions on commercially cultivated species (Hawkins, 1985; Bachère
et al., 2004). Identifying the acclimation potential and the pathogen

Fig. 3. Heart rates (HR) of mussel individuals from different treatments habi-
tuated under a range of water temperatures for 24 h. Error bars indicate stan-
dard deviation.
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risk of such commercially and ecologically important species is, there-
fore, a key step in our interpretation of future aquaculture scenarios.
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