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Abstract. In response to thermal stress, many rocky
shore organisms exhibit characteristic physiological
changes associated with increased tolerance to subsequent
high temperatures. Although presumably adaptive, activa-
tion of the heat-shock response requires a significant ener-
getic investment and therefore may impose a trade-off be-
tween survival and other life-history traits. We investigated
the effects of chronic heat stress and variation in food
availability on the relative allocation of resources to com-
peting demographic parameters in the California mussel,
Mytilus californianus. Our data support the idea that accli-
matory responses to temperature stress can drive trade-offs
among traits, as predicted by theory. Chronic heat stress
invoked a cost to individuals, expressed as a reduction in
shell growth or size-specific tissue mass in the field and
laboratory, respectively. At the same time, prior thermal
conditioning resulted in higher proportional survival after
acute exposure to more extreme temperatures. Overall, mus-
sels receiving less food exhibited poor condition and sur-
vival relative to individuals fed more, suggesting that indi-
viduals with limited access to resources are at greater risk
because they are less able to mitigate potential costs of
thermal stress through physiological mechanisms. Accu-
rately forecasting the effects of climate change in rocky
intertidal ecosystems will therefore require understanding
not just how organisms respond to different temperature
regimes, but also how variation in local resource availability
modifies those responses.

Introduction

Anthropogenic global warming is a major driver of cur-
rent and anticipated changes in population dynamics, spe-
cies interactions, and community structure from local to
global scales (Thomas et al., 2004). In addition to predicting
changes in climatic averages, global circulation models also
forecast significant increases in the intensity, frequency, and
duration of extreme weather events in many parts of the
world (Easterling et al., 2000). Increasing temperature vari-
ability increases the risk that species’ tolerance limits will
be exceeded, because even small changes in variance can
lead to substantial increases in observed maximum values
(Gaines and Denny, 1993). Maximum, rather than average,
environmental conditions determine the risk of physiologi-
cal stress to organisms (Denny et al., 2011), and short-term
“acute” exposure to high temperatures can result in very
high (e.g., 70%–100%) rates of mortality among affected
individuals (Jost and Helmuth, 2007; Harley, 2008; Gedan
et al., 2011). In contrast, longer term “chronic” or repeated
exposure to sublethal stressful conditions can lead to accli-
mation and increased tolerance of future extremes (Buckley
et al., 2001; Stillman, 2003), complicating our efforts to
predict how populations and communities will respond to
changing temperatures. Understanding the effects of fluctu-
ating environmental drivers on key demographic parameters
(e.g., survival, growth, and reproduction) has therefore been
recently recognized as a critical research priority (e.g.,
Benedetti-Cecchi, 2003; Boyce et al., 2006; Helmuth et al.,
2006).

Many organisms respond to environmental stress by pref-
erentially synthesizing molecular chaperones (so-called
heat-shock proteins (Hsps)) that stabilize and repair other
proteins damaged by high temperatures, osmotic stress, or
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low pH (Kültz, 2003). Although this heat-shock response is
associated with increased tolerance to subsequent thermal
challenges, its activation requires a significant energetic
investment in the production of new Hsps and the repair and
replacement of damaged proteins (Krebs and Loeschcke,
1994; Somero, 2002). Life-history theory predicts that an
increase in resources allocated to one physiological process
necessarily decreases the amount available for allocation to
others (Stearns, 1992), suggesting that activation of the
heat-shock response may impose a trade-off between in-
creased thermal tolerance and other life-history traits
(Somero, 2002). Organisms subjected to chronic sublethal
temperature stress are expected to exhibit reduced energy
storage, growth, or reproduction relative to unstressed indi-
viduals, but to have a higher probability of survival after
later exposure to even higher extreme temperatures.

For decades the wave-swept rocky intertidal zone has
been a model system for the experimental investigation of
environmental effects on organismal performance (e.g.,
Connell, 1961; Dayton, 1971; Menge, 1976; Bertness and
Leonard, 1997). The utility of intertidal shores as a natural
laboratory is due largely to the severity of the physical
environment and the consequent rapid turnover of individ-
uals in the community. Benthic organisms are particularly at
risk of physiological stress or mortality from extreme tem-
peratures and desiccation associated with aerial exposure
during low tide (Roberts et al., 1997; Harley, 2008; Gedan
et al., 2011). Fluctuations in body temperature of 20 °C or
more over the course of just a few hours are not uncommon
(Denny et al., 2011), and many organisms periodically
experience temperatures close to or exceeding their upper
thermal limits (e.g., Somero, 2002; Harley, 2008). Coinci-
dent with high temperatures, emersed organisms are also at
risk of CO2 accumulation and subsequent acidification of
tissues (Allen and Burnett, 2008) and oxidative stress re-
sulting from the production of reactive oxygen species as a
by-product of metabolism (Petes et al., 2008). Intertidal
invertebrates living higher on the shore or in more wave-
protected areas have been found to have higher levels of
inducible stress proteins and lower metabolism, growth
rates, and reproductive effort compared to individuals in
less stressful locations (Bertness and Leonard, 1997; Dahl-
hoff et al., 2001; Somero, 2002; Petes et al., 2007, 2008),
consistent with expectations of an energetic trade-off medi-
ated by activation of the heat-shock response.

Nevertheless, as the authors of these studies are careful to
point out, temperature and desiccation stress on rocky
shores are typically confounded with food availability. Sus-
pension-feeding organisms living in stressful locations in
the intertidal zone experience significantly reduced feeding
opportunities due to longer periods of emersion and lower
wave splash, while grazers must contend with reduced epi-
lithic microalgal productivity (Dahlhoff and Menge, 1996;
Dahlhoff et al., 2001; Denny et al., 2004). This makes it

difficult to unequivocally attribute observed reductions in
growth or reproduction to costs of activating the heat-shock
response, as food limitation would produce the same result.
Variation in food availability may also have important im-
plications for the total amount of resources individuals can
allocate toward physiological defenses against extreme con-
ditions. Theory suggests that in a heterogeneous environ-
ment, investment in survival of unsynchronized stresses
should increase if the cost of the defense decreases (Cohen
and Mangel, 1999). Increased access to food effectively
reduces the marginal cost of allocating energy toward the
heat-shock response, because individuals with more re-
sources at their disposal can spend more on defense without
having to reduce the amount allocated to competing demo-
graphic parameters (Tuomi et al., 1983). In this study, we
investigated the effects of chronic heat stress and variation
in food availability on the relative allocation of resources to
different life-history traits by the California mussel, Mytilus
californianus Conrad. We used manipulative experiments in
the field and laboratory designed to maximize our ability to
definitively partition treatment effects between temperature
stress, food ration, and their interaction.

On rocky shores along the west coast of North America,
M. californianus is the dominant competitor for primary
space in the mid-intertidal zone and provides structural
habitat for many other species (Seed and Suchanek, 1992).
Mussels are also an important component in coastal marine
food webs. They are a source of strong benthic-pelagic
coupling, moving large amounts of energy from the water
column to the benthos, and are themselves food for various
fishes, sea stars, whelks, and crabs (Seed and Suchanek,
1992). Not surprisingly, changes in the abundance and
distribution of M. californianus can result in widespread
and significant alterations to community structure and func-
tion in this ecosystem (e.g., Paine, 1966; Wootton, 1994).
Mussels are sessile and must rely on physiological tolerance
rather than behavioral avoidance of environmental stress
(Menge and Sutherland, 1987). As a consequence, M. cali-
fornianus exhibits a high degree of physiological plasticity
in response to variation in both temperature and food avail-
ability (Dahlhoff and Menge, 1996; Petes et al., 2008;
Menge et al., 2008; Krenz et al., 2011), making this species
a good candidate for investigating potential life-history
trade-offs induced by activation of the heat-shock response.

Here, we tested the hypothesis that relative to unstressed
individuals, mussels exposed to chronic sublethal tempera-
ture stress would exhibit a trade-off between thermal toler-
ance and growth or condition. We examined the relationship
between average daily maximum environmental tempera-
tures and mussel growth across a gradient of wave exposure
at a single tidal height in the field, complemented by an
experiment in which we manipulated food availability and
daily temperature stress to mussels under controlled condi-
tions in the laboratory. We then tested whether recent food
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ration or chronic sublethal heat stress influenced the prob-
ability of individual survival during a subsequent acute
high-temperature challenge. Finally, we investigated how
patterns of allocation to thermal defense varied among
individuals with differential access to food resources. We
predicted that mussels given more food would allocate
relatively more resources toward defense, because they
would be able to do so without compromising their level of
investment in other life-history traits.

Materials and Methods

Collection and maintenance of animals

All sampling and field experimentation was done in the
mid-intertidal zone on a rocky headland in Abalone Cove
Shoreline Park, Rancho Palos Verdes, California
(33°44�11�N, 118°22� 12�W) (Fig. 1). This site is charac-
terized by moderate wave exposure and a topographically
complex shoreline typical of many intertidal sites on the
west coast of North America. Mussels were sampled hap-
hazardly from a height of 1.4 to 1.8 m above mean lower
low water (MLLW) on a falling tide, placed in a cooler, and
returned to the California State University, Long Beach
marine laboratory for processing.

Temperature and mussel growth in the field

To quantify the relationship between temperature and
mussel growth in the field, we did a transplant experiment in

the fall and winter of 2011–2012. Heat stress during aerial
exposure is likely to be particularly important to southern
California rocky intertidal organisms during this time of
year, as warm sunny days are common and low tides typi-
cally occur midday when climatic conditions are most ex-
treme (Helmuth et al., 2002). On 14 October 2011, mussels
2–3 cm in length were collected from a relatively cool
wave-splashed location in the field, measured, and marked
with small plastic tags bearing unique combinations of color
and number (Queen Marking Kit; The Bee Works, Orillia,
ON, Canada) attached to their shell with cyanoacrylic ad-
hesive. Mussels were randomly assigned to one of 20 ex-
perimental plots along a horizontal transect 1.3 m above
MLLW (n � 20 mussels per plot). Plot locations were
haphazardly chosen to represent a range of thermal condi-
tions based on differences in wave exposure, compass ori-
entation, and slope (Harley, 2008; Denny et al., 2011). Tidal
heights were determined with a surveyor’s level, relative to
a benchmark where still tide height had been measured
repeatedly (authors’ unpubl. data). Maintaining a constant
shore height minimized potential differences in feeding time
due to variation in immersion regimes. Mussels were placed
ventral side down and covered with plastic mesh bolted to
the rock to facilitate byssal thread attachment (after Dahl-
hoff and Menge, 1996); the mesh was removed after 4
weeks. Relative (size-specific) mussel growth was esti-
mated at the end of 12 weeks as the difference between final

Figure 1. Map of California with the location of the study site on the Palos Verdes Peninsula marked in
the inset.
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and initial shell length, divided by initial length. Mussel
shell length was measured to the nearest 0.1 mm with digital
calipers.

Plot-specific temperatures were recorded with small data
loggers (Thermochron iButton; Maxim Integrated Products,
Sunnyvale, CA), each installed in a spherical brass housing
(2.5 cm diameter) painted matte black. iButtons were
wrapped in self-sealing film (Parafilm M; Pechiny Plastic
Packaging, Inc., Chicago, IL) and sealed into a drilled-and-
tapped hole in the housing with silicone caulk; housings
were then threaded onto a short polyvinylchloride rod
bolted to the substratum (see Denny et al., 2011, for details).
The spherical shape of the housing presents the same area
for solar heating regardless of the orientation of the mount-
ing, minimizing any effects of differential instrument place-
ment across locations. Temperatures were recorded every
15 min for the duration of the experiment; iButtons have a
precision of 0.5 °C and were calibrated prior to deployment
to improve accuracy. Although it would have been desirable
to use biomimetic loggers that were thermally matched to
our experimental mussels, the standard approach of embed-
ding iButtons in silicone caulk within a mussel shell (e.g.,
Helmuth and Hofmann, 2001; Jost and Helmuth, 2007)
would not have worked, given that the minimum mussel
length of 7–8 cm required to fit the datalogger was far larger
than the 2–3-cm-long individuals we used in our experi-
ment. In practice, the thermal mass of each housing is
approximately equal to that of a 7–8-cm mussel (Fitzhenry
et al., 2004; Denny et al., 2011). The thermal conditions in
each plot were characterized as the 12-week average of the
daily maximum temperatures recorded by each logger. This
metric provides an integrative measure of chronic high-
temperature stress experienced by mussels in each plot
during the experiment (Denny et al., 2011).

Food, temperature, and mussel growth in the laboratory

To test the relative effects of food ration and temperature
stress on mussel growth, mussels 3–4 cm in length were
collected on 01 June 2011, tagged, and acclimated for 4
weeks at 16 °C (ambient water temperature at the collection
site) in a 20,000-l recirculating seawater system exposed to
natural daylight cycles. Mussels were fed a daily ration of
cultured phytoplankton equivalent to the amount given in
the “high food” treatment in the experiment detailed below.
Following the acclimation period, mussels were randomly
assigned to one of four factorial treatment groups: low food
ration, low heat stress; low food ration, high heat stress;
high food ration, low heat stress; and high food ration, high
heat stress. During the following 8 weeks, mussels were
kept in 1-l beakers (n � 12 beakers per treatment group, 3
mussels per beaker) in a recirculating seawater table. Within
each beaker, mussels were placed in a small glass dish (5
cm � 1 cm, diameter � height) to facilitate their removal

for cleaning or exposure to daily temperature stress without
damaging their byssal threads. Each beaker was aerated
constantly and the water changed several times per day.
Beakers were arranged spatially in a randomized complete
block design, with 12 blocks total. Block locations on the
seawater table were rotated daily to minimize any potential
location effects through time.

Food ration was calculated as the daily amount of a
concentrated four-species mix of cultured marine microal-
gae (30% Isochrysis sp., 30% Thalassiosira weissflogia,
20% Pavlova sp., and 20% Tetraselmis sp.) added to each
beaker (Shellfish Diet; Reed Mariculture, Campbell, CA).
Mussels in the high-food treatment groups were given �185
�l of algal concentrate per gram of wet mussel tissue per
day, whereas those in the low-food groups were given �15
�l g–1 d–1. These values were derived empirically from a
preliminary study designed to identify ration levels that
would support positive mussel shell growth at high food
concentrations and zero growth (but no mortality) at low
concentrations. Because mussels were capable of clearing
their beaker of food within several hours, daily rations were
split into three equal portions delivered separately over the
course of each day. Mussel wet tissue mass per beaker was
estimated from a linear regression of tissue mass on shell
length for individuals from the initial collection (wet tissue
mass (g) � –1.90 � (0.0879 � shell length (mm)); r2 �
0.344, P � 0.001, n � 36); the r2 value was relatively low
due to the small variation in initial shell length. Our exper-
imental food values corresponded to chlorophyll a levels of
about 148 �g and 12 �g per mussel per day in the high- and
low-food groups, respectively. By comparison, nearshore
chlorophyll levels in the Southern California Bight can
range from 0.5 to 8 �g l–1 (Phillips, 2005; Blanchette et al.,
2007; Lucas et al., 2011). At the tidal height of plots in the
previously described field experiment, mussels at Abalone
Cove Shoreline Park are submerged and able to feed for
anywhere from 1 to 18 h per day depending on the tidal
cycle and local wave conditions, as calculated from historic
data available from the U.S. National Ocean Service’s Cen-
ter for Operational Oceanographic Products and Services
(NOS, http://tidesandcurrents.noaa.gov) and the U.S. Na-
tional Data Buoy Center (NDBC, http://www.ndbc.noaa.
gov). Assuming a filtration rate of 1 l h–1 for mussels of the
size we used (Bayne et al., 1976), our experimental food
levels spanned the range of daily chlorophyll values poten-
tially experienced by individuals in the field (although the
ration in the high-food treatment is likely an overestimate of
the amount of chlorophyll a assimilated, given that mussels
in this treatment group regularly produced pseudofeces).

All experimental mussels were subjected daily to a sim-
ulated 6-h low tide. During these periods of emersion,
mussels from each beaker (moved as a unit in their glass
dish) were assigned to one of 12 blocks on a laboratory
bench. As in the seawater table, block locations were rotated
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daily to minimize potential location effects through time.
Mussels in the high-stress groups were heated to a body
temperature of 32 °C under computer-controlled heat lamps
with 250-W ceramic emitters; the control box for each lamp
(Herpstat Pro, Spyder Robotics, Rochelle, IL) received in-
put from a dedicated temperature probe modified to mimic
mussel body temperature under that lamp. Probes were
embedded in silicone caulk within the shell of a mussel
similar in size to the experimental individuals (Helmuth and
Hofmann, 2001). Preliminary tests confirmed that probe
temperatures were typically within 1–2 °C of the body
temperatures of live mussels under the same lamp; we saw
no evidence that mussels were using gaping as a mechanism
for evaporative cooling (see also Fitzhenry et al., 2004). A
heating rate of 8 °C h–1 was chosen to be representative of
what mussels in the field might experience on a hot day
(e.g., Roberts et al., 1997; Denny et al., 2006). Once the
target temperature was reached it was maintained for 2.5 h,
at which point the heat lamps were turned off. Mussels were
returned to their beakers in the seawater table at the end of
6 h to recover. Mussels in the low-stress groups experienced
the same emersion regime, but with no additional heating.
Unheated ambient air temperatures during emersion were
typically 18–20 °C, and relative humidity was 50%–60%.

For logistical reasons, we did not attempt to mimic the
natural tidal cycle, but rather maintained the same daily
schedule throughout the experiment. Although repeatedly
exposing mussels to a single maximum body temperature
does not perfectly represent field conditions, our experimen-
tal design should give us some insight into how mussels
held under different food rations might respond to chronic
heat stress. We chose 32 °C as the target body temperature
in the high-stress treatments because it is above the thresh-
old that elicits the heat-shock response in M. californianus
(Roberts et al., 1997) but is not typically lethal (Denny et
al., 2011). After 8 weeks, mussel shell length was measured
to the nearest 0.1 mm with digital calipers and tissue mass
to the nearest 0.1 mg after drying until constant mass at 70
°C.

Acute heat stress and mussel survival

To test whether recent food ration or prior exposure to
chronic heat stress had a positive effect on the probability of
survival during a subsequent acute extreme temperature
event, at the end of the laboratory experiment described
above a subset of mussels from each treatment group (n �
8 mussels per group, each from a different beaker) were
exposed to body temperatures of 36, 39, or 42 °C for a
single “low tide” event, and their post-stress survival was
quantified. We followed the same heating procedures as in
the chronic stress experiment, but with higher peak temper-
atures. At the end of each trial, mussels were placed back in
the seawater table to recover, and their status was assessed

after 24 h; mussels that gaped maximally and did not
respond to prodding or squeezing of their valves both in and
out of water were scored as “dead.” Mussels that closed
easily or exhibited only slight gaping were scored as
“alive.” We did the trials on three days with one peak
temperature per day, challenging each mussel only once.
We recognize that this experimental design confounds peak
temperature with time, limiting our ability to make infer-
ences about differences in survival across temperatures
(“pseudoreplication” sensu Hurlbert, 1984). It does, how-
ever, provide greater statistical power to detect differences
among treatment groups, which was our primary question of
interest.

Statistical analyses

We tested the relationship between relative mussel
growth and average daily maximum temperature in the field
with simple linear regression. Mussel growth was compared
among treatments in the laboratory experiment with a gen-
eral linear model that included block as a random nuisance
factor, initial shell length as a covariate, food ration and heat
stress as fixed main effects, and their interaction. Size-
specific mussel dry tissue mass was compared with a similar
model, but with final shell length as the covariate. Beakers
were used as the error component in both models (Winer et
al., 1991). Visual inspection of residuals was done for every
analysis, and the assumption of homogeneity of slopes was
checked prior to fitting relevant models. Where variances
showed significant heterogeneity or departures from nor-
mality were detected (e.g., mussel shell length and tissue
mass), the data were transformed using a ln(x � 1) function.
Tukey’s HSD post hoc tests were used to identify differ-
ences among appropriate means when the main test was
statistically significant. Differences in mussel survival fre-
quencies among treatments, holding temperature constant,
were assessed with the Cochran-Mantel-Haenszel (CMH)
statistic. We did not formally test for differences among
temperatures given the limitations of the experimental de-
sign. All statistical analyses were done with SAS software,
ver. 9.3 (SAS Institute, Inc., Cary, NC).

Results

Temperature and mussel growth in the field

At a single tidal height in the field, daily maximum plot
temperatures varied substantially, even among locations at
small spatial scales, due to differences in wave splash,
compass orientation, and slope (see also Harley, 2008;
Denny et al., 2011). During the study, the dataloggers
recorded average daily maximum temperatures ranging
from 18.7 to 27.5 °C and absolute maximum temperatures
from 29.0 to 45.0 °C; the two measures were highly corre-
lated across plots (r � 0.92, P � 0.001, n � 18). Across the
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horizontal transect, mean size-specific mussel shell growth
within plots was negatively related to average daily maxi-
mum plot temperature, a pattern that was statistically sig-
nificant (growth � 0.115 – (0.004 � temperature); P �
0.019, r2 � 0.30, n � 18; Fig. 2). Loggers in the hottest
locations along the gradient of wave exposure recorded
temperatures higher than 30 °C on 29 days, whereas max-
imum temperatures recorded in the coolest locations were
lower than 30 °C over the entire experimental period. Syn-
thesis of Hsps is induced in Mytilus californianus after
exposure to temperatures ranging from 15 to 30 °C, depend-
ing upon prior thermal history (Roberts et al., 1997; Halpin
et al., 2004), suggesting that the reductions in mussel
growth we observed in the hotter plots likely occurred
concurrently with induction of the heat-shock response.
Although we were able to recover the majority of trans-
planted mussels in most plots, two plots had no mussels
remaining and several plots had only a few individuals.
There was a relatively large wave event at Abalone Cove
Shoreline Park in the days immediately following the re-
moval of protective plastic mesh from the mussels at the
one-month mark. Most of the missing individuals were gone
immediately thereafter, suggesting that the strength of their
byssal thread attachment was insufficient to withstand the
resulting hydrodynamic forces. Other than a few instances
of whelk predation (indicated by drill holes), survival was
close to 100% during the rest of experiment.

Food, temperature, and mussel growth in the laboratory

With the exception of two individuals that died near the
beginning, there was no mortality during the 8-week labo-
ratory experiment; however, most mussels did not increase
in shell length. We observed measurable shell growth in
mussels of this size in a preliminary experiment, so the lack
of growth this time was surprising as the only difference in
protocol was that mussels in the earlier study were im-
mersed the entire time (although Schneider (2008) reported
a similar result in that mussels immersed continuously grew
better than those with a 6-h immersion cycle, despite com-
parable food rations). Presumably, the daily emersion cycle
experienced by mussels in the current study was enough to
tip the balance of “scope for growth”—energy available for
growth after basic metabolic needs are met (Widdows and
Johnson, 1988)—from positive to neutral or negative, either
due to decreased feeding time (unlikely as the mussels were
generally able to clear the available food each day) or
increased stress during aerial exposure unrelated to temper-
ature (e.g., hypoxia and associated hypercapnia [elevated
CO2]; Burnett and Stickle, 2001). For this reason, we did
not compare shell growth among treatment groups, but
instead used size-specific dry tissue mass (i.e., physiological
condition) with a general linear model incorporating final
shell length as a covariate. One concern with such an
approach is that if shell and soft tissue do not grow simul-
taneously, a condition index based on tissue mass adjusted
to a standard length may not represent true productivity
levels (Hilbish, 1986). This should not be a problem in our
study, as there was no measureable shell growth in any of
the treatments, and our statistical results and conclusions
were unchanged when we removed mussel length as a
covariate from the model.

Individuals receiving a low food ration or exposed to
chronic heat stress during daily emersion had significantly
less tissue mass at the end of the experiment than mussels
given a high food ration or exposed to low stress. There was
also, however, some evidence of an interaction between
food and temperature (Table 1; Fig. 3). Although mussels in
both food groups exhibited a reduction in tissue mass when
exposed to chronic heat stress, the decrease was not statis-
tically significant in the low-food group and was propor-
tionally smaller than the decrease observed in the high-food
group (9% vs. 15%, respectively). Mean dry tissue mass
(adjusted for minor differences in final shell length) of
mussels in the high-food, low-stress treatment was signifi-
cantly greater than that of mussels in any of the other
treatment groups and was comparable to that of mussels
collected from the field at the beginning of the experiment.
In other words, although mussels in this treatment group did
not grow, neither did they lose tissue mass. We ignored
block as a factor in the final model since there was no
evidence of an effect (F11, 32 � 0.85, P � 0.595; Winer et

Figure 2. Mean size-specific growth of the California mussel, Myti-
lus californianus, in the mid-intertidal zone (n � 1–16 individuals per plot)
as a function of local plot temperatures (average daily maximum; 15
October 2011–14 January 2012). Size-specific growth was calculated for
each mussel as change in shell length/initial shell length. The line repre-
sents the least squares regression equation: growth � 0.115 – (0.004 �
temperature), P � 0.019, r2 � 0.30, n � 18 plots.

210 L. FITZGERALD-DEHOOG ET AL.



al., 1991). Although observed reductions in size-specific
tissue mass in some treatments could in principle indicate
spawning rather than negative scope for growth, this is
unlikely as the mussels in our experiment were probably not
yet of reproductive size (Suchanek, 1981) and we saw no
evidence of gonad development or gamete release during
the entire period.

Acute heat stress and mussel survival

At the end of the experiment manipulating food ration
and chronic heat stress, there were significant differences

among treatment groups with respect to survival following
subsequent exposure to more extreme body temperatures
(CMH Chi-Square � 11.78, df � 3, P � 0.008; Fig. 4). In
general, access to greater food resources and prior exposure
to heat stress were associated with higher frequencies of
survival. Across experimental temperatures, mussels in the
high-food, high-stress group survived the best, whereas
those in the low-food, low-stress group did the worst. Over-
all survival decreased with increasing peak body tempera-
ture. Our observation that only a few mussels died after
exposure to 36 °C, but most died after exposure to 42 °C,
matches well with lethal thermal tolerance limits for this
species measured on field-collected individuals (Denny et
al., 2011).

Discussion

This study provides support for the idea that acclimatory
responses to sublethal temperature stress can drive a trade-
off between survival and competing life-history traits, as
predicted by theory. Intertidal mussels experiencing higher
average daily maximum temperatures during aerial expo-
sure in the field grew less than those living in cooler
locations on the shore, and individuals exposed to daily heat
stress in the laboratory exhibited a decrease in size-specific
tissue mass relative to unstressed individuals. At the same
time, prior thermal conditioning resulted in higher propor-
tional survival following acute exposure to more extreme
temperatures, indicative of successful activation of the heat-
shock response. Experimental mussels in the high-food,
high-stress group had condition levels comparable to those
of mussels in the low-food groups but survived at a much
higher rate, consistent with the idea that individuals paying
lower marginal costs will allocate more energy to defense
when necessary (Cohen and Mangel, 1999). Overall, mus-
sels receiving less food had poor condition and survival
relative to individuals fed more, suggesting that individuals
with limited access to resources are less able to mitigate
potential costs of thermal stress through physiological
mechanisms (see also Krebs and Loeschcke, 1994; Schnei-
der et al., 2010). Expected increases in air and water tem-
peratures (Kordas et al., 2011) coupled with potential de-
creases in phytoplankton productivity (Behrenfeld et al.,
2006) over the coming decades could therefore pose a
significant physiological challenge to many species.

The responses of intertidal organisms to variation in
temperature and food are complex, however. Recent studies
have found growth rates of mussels to be positively related
to local seawater temperature (Blanchette et al., 2007), food
availability (Krenz et al., 2011), or both (Menge et al.,
2008); and negatively related to maximum temperature dur-
ing aerial exposure (Schneider, 2008; this study). Positive
effects of higher water temperature on growth likely repre-
sent physiological rate effects, changes in the rates of bio-

Table 1

General linear model of the effects of food ration and chronic
temperature stress on mean dry tissue mass of California mussels after
8 weeks, with final shell length as a covariate

Source df MS F P

Shell length 1 1.486 6.66 0.013
Food ration 1 2.080 9.33 0.004
Temperature stress 1 1.730 7.76 0.008
Food � temperature 1 0.858 3.85 0.056
Residual 43 0.223 – –

Data (shell length and tissue mass) were transformed with a ln(x � 1)
function to remove variance heterogeneity and the assumption of homo-
geneity of slopes tested prior to analysis.

Figure 3. Size-specific dry tissue mass of mussels (mean � SE; n �
12 experimental units (beakers) per treatment group, 3 mussels per beaker)
as a function of prior thermal history during daily aerial exposure and food
ration (low stress [18–20 °C; open bars]; high stress [32 °C; hatched bars];
low food [�12 �g chl a per mussel per day; white bars]; and high food
[�148 �g chl a per mussel per day; gray bars]). Different letters indicate
significant differences among treatment groups at the � � 0.05 level with
Tukey’s HSD test following a significant test of main effects in a general
linear model with final shell length as a covariate.
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logical processes due to nonstressful thermal effects at the
molecular and cellular levels (Sanford, 2002). In contrast,
negative effects of high temperatures during emersion are
presumably caused by stress (e.g., Dahlhoff et al., 2002;
Pincebourde et al., 2008). Temperature and desiccation
stress have also been implicated in observed reductions in
reproductive effort by intertidal mussels higher on the shore
relative to those at lower elevations (Petes et al., 2007,
2008), although potential effects of differential food avail-
ability cannot be discounted. At the same time, individuals
living in more stressful locations tend to exhibit higher
levels of heat-shock proteins and are more tolerant of tem-
perature extremes (Helmuth and Hofmann, 2001; Somero,
2002; Dong et al., 2008), as expected if trade-offs exist.
Such changes in the relative allocation of resources to
important demographic rates can have dramatic effects on
individual fitness, population growth trajectories, and the
direction and intensity of interactions among species (Cas-
well, 2001; Boyce et al., 2006; Pincebourde et al., 2008).

Along with temperature, food availability is one of the
most important environmental predictors of mussel growth
(Winter, 1978; Bayne and Newell, 1983; but see Phillips,
2005). Multiple factors interact to determine food availabil-
ity to mussels, including local primary productivity, water
flow rates, population densities, and for intertidal organ-
isms, time spent immersed (Bayne and Newell, 1983; Seed
and Suchanek, 1992; Allen and Williams, 2003). Spatial
and temporal variation in food quality (e.g., particle size
distribution, biochemical composition, and inorganic seston
load) also influences mussel energy budgets, with higher
growth rates generally associated with higher quality food
(Bayne and Worrall, 1980; Navarro and Thompson, 1995).
One approach to quantifying the combined effects of envi-
ronmental temperatures and resource availability on organ-
ismal performance is dynamic energy budget (DEB) mod-

eling. DEB models describe the rates at which organisms
acquire and use energy for physiological processes (Kooij-
man, 2010). Researchers have recently begun combining
DEB models that use body temperatures and local food
availability as input parameters to determine individual
fluxes and pools of energy, with biophysical ecological
(BE) approaches (e.g., heat budget models; Helmuth, 1998;
Denny and Harley, 2006) that produce body temperatures as
outputs based on water temperature, solar radiation, air
temperature, ground temperature and wind speed (Kearney
et al., 2010; Sarà et al., 2011). By parameterizing coupled
DEB and BE models from archived weather and chlorophyll
a data, Sarà et al. (2011) were able to successfully predict
the presence, absence, and maximum size of intertidal and
subtidal individuals of Mytilus galloprovinciales at three
Mediterranean sites. Oceanographic models explaining
variation in phytoplankton quantity and quality could be
similarly incorporated. Although many details remain to be
worked out, this sort of integrative approach has the poten-
tial to substantially improve our understanding of the mech-
anistic linkages between local environmental conditions and
individual physiology and demography.

Not all studies on rocky shores have found negative
correlations between different life-history traits in response
to stress. In an experimental manipulation of food and heat
stress to intertidal whelks, Dahlhoff et al. (2002) showed
that snails in warm wave-protected areas with access to prey
had both higher metabolic rates and levels of Hsp70 expres-
sion compared to individuals without access to food, con-
trary to predictions of a trade-off. Similarly, seaweeds ex-
posed to similar temperature and desiccation stress but with
more time for daily photosynthesis exhibited the same or
higher survival, growth, reproduction, and anti-herbivore
chemical defenses as individuals with less time to gain
energy (Dethier et al., 2005). Intertidal blue mussels (Myti-

Figure 4. Proportion of mussels surviving for 24 h after an acute exposure to body temperatures of 36, 39,
or 42 °C during a simulated low tide (n � 8 individuals per group) at the end of the 8-week chronic stress
experiment. Mussels varied with respect to prior thermal history and food ration (low stress [open bars]; high
stress [hatched bars]; low food [white bars]; and high food [gray bars]). The observed association between
treatment group and survival, controlling for temperature, was statistically significant (CMH Chi-Square �
11.78, df � 3, P � 0.008).
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lus edulis) at sites characterized by high temperature and
food availability expressed more inducible stress proteins
compared to mussels at cooler sites with less food, but they
were also in better condition and exhibited higher growth
potential (Lesser et al., 2010). These (and our) observations
suggest a conceptual model of the relationship between
local resource availability and patterns of allocation among
individuals (Fig. 5; after van Noordwijk and de Jong, 1986).
Given a finite amount of resources, increasing allocation to
one physiological process decreases the amount available
for others, leading to negative correlations between levels of
trait expression (Fig. 5a; Stearns, 1992). However, such
trade-offs need not occur across resource levels, as individ-
uals with more resources at their disposal can allocate
greater amounts to all aspects of their life history (Fig. 5b;
Tuomi et al., 1983). An important implication of this idea is
that forecasting the effects of climate change in rocky
intertidal ecosystems will require understanding not just
how organisms respond to different temperature regimes,
but also how variation in local resource availability modifies
those responses.

Ignoring variation in food resources, the impact of tem-
perature stress on individuals is a function of the frequency,
intensity, and duration of imposed environmental extremes
(Benedetti-Cecchi, 2003; Boyce et al., 2006; Denny et al.,
2009). Little is currently known, however, about the relative
importance of these factors or their interaction, and existing
data suggest that disentangling these effects will be difficult.
Although we found a positive effect of prior sublethal stress
on survival following a subsequent acute exposure, other
researchers have reported that repeated high-stress events
can lead to a rapid decline in temperature tolerance as
measured by LT50, the temperature lethal to 50% of the

individuals in a population (Jones et al., 2009; Sorte et al.,
2011). Pincebourde et al. (2008) found that acute exposure
to high (but sublethal) aerial body temperatures had positive
effects on feeding rates and no effect on growth of the
intertidal sea star Pisaster ochraceus, but that chronic ex-
posure had negative effects on both. Effects of chronic
exposure to high aerial temperatures on growth and survival
may also vary depending upon the water temperature to
which organisms are acclimated (Schneider, 2008). To com-
plicate matters further, observed differences in thermal
physiology among geographically separate populations may
be due to genetic variation (local adaptation), developmen-
tal canalization, or maternal effects, rather than to pheno-
typic plasticity (Kuo and Sanford, 2009; Logan et al., 2012).

Nevertheless, understanding how key species respond to
environmental variation at the individual level is critical if
we are to successfully anticipate the effects of future per-
turbations on the persistence of local populations, species’
geographic distributions, and the outcomes of species’ in-
teractions that determine community structure and function
(e.g., Helmuth et al., 2006; Denny et al., 2009; Kordas et
al., 2011). For example, it is likely that reduced growth of
mussels in response to low food availability or high stress
will affect multiple levels of biological organization. Lower
fecundity is an inevitable consequence of smaller body size
for many invertebrates, with potential negative conse-
quences for dispersal, recruitment, and long-term popula-
tion persistence (Seed and Suchanek, 1992; Ólafsson et al.,
1994). Rapid growth is also an important factor in deter-
mining the competitive dominance of mussels on rocky
shores, allowing them to overgrow other organisms and
offset mortality from predators or disturbance to maintain
spatial percent cover (Petraitis, 1995). Changes in compet-

Figure 5. Conceptual model of the relationship between local resource availability and observed patterns
of resource allocation; after van Noordwijk and de Jong (1986). Solid lines represent different levels of allocation
between two competing life-history traits (e.g., survival and growth) whereas dashed lines represent different
levels of resource availability. At a given level of resource availability, an increase in allocation to one trait
necessarily results in a decrease in allocation to the other, resulting in a negative relationship (gray arrows, Fig.
5a). In contrast, if the level of available resources varies such that some individuals have access to more than
others, they can allocate more resources to both traits, resulting in a positive relationship (gray arrows, Fig. 5b).
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itive hierarchies within rocky intertidal communities can
lead to rapid and large-scale reorganization, with dramatic
effects on ecosystem processes that include primary produc-
tivity, energy and nutrient cycling, and habitat provisioning
(Paine, 1966; Seed and Suchanek, 1992; Wootton, 1994).
Subsequent investigations should focus on quantifying the
effects of temperature stress and food availability on the
actual heat-shock response (e.g., with new approaches such
as proteomics; Tomanek and Zuzow, 2010), examining the
role of variation in thermal history on organismal perfor-
mance, and documenting the degree to which these factors
alter physiological and behavioral outcomes in the field.
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