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ABSTRACT

Physiological processes that set an organism’s thermal limits
are in part determining recent shifts in biogeographic distri-
bution ranges due to global climate change. Several character-
istics of the heat-shock response (HSR), such as the onset,
maximal, and upper limit of heat-shock protein (Hsp) syn-
thesis, contribute to setting the acute upper thermal limits of
most organisms. Aquatic animals from stable, moderately var-
iable, or highly variable thermal environments differ in their
HSR. Some animals living in extremely stable thermal envi-
ronments lack the response altogether. In contrast, rocky in-
tertidal animals that experience highly variable thermal con-
ditions start synthesizing Hsps, that is, the onset of synthesis,
below the highest temperatures that they experience. Thus,
these organisms experience thermal conditions in their envi-
ronment that are close to the upper thermal limits in which
they can defend themselves against cellular thermal insults by
employing the HSR. Subtidal animals are characterized by mod-
erately variable thermal environments, and their cells start syn-
thesizing Hsps above the highest temperatures that they ex-
perience. The upper thermal limits against which they can
defend themselves are thus much higher than the highest body
temperatures they currently experience. Furthermore, the abil-
ity to acclimate to changing thermal conditions seems greatest
among animals from moderately variable environments and
limited in animals from stable and highly variable environ-
ments. Thus, these findings suggest that organisms with the
narrowest (stenothermal) and the widest (highly eurythermal)
temperature tolerance ranges live closest to their thermal limits
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and have a limited ability to acclimate, suggesting that they will
be most affected by global climate change.

Introduction

Global climate change is causing many organisms to shift their
biogeographic distribution ranges (Barry et al. 1995; Walther
et al. 2002; Root et al. 2003; Harley et al. 2006; Parmesan 2006).
Physiological processes that set thermal tolerance limits are
thought to determine or at least contribute to some of the shifts
that have been observed. Although very few studies have di-
rectly linked physiological tolerance limits to current range
shifts (Portner and Knust 2007), a number of studies have
estimated the temperature difference that correlates with adap-
tive variation between closely related organisms found in dif-
ferent geographic areas in protein thermal stability, enzyme
kinetic properties, membrane composition, gene and protein
expression, and heart rate function (Hochachka and Somero
2002). Thus, we are able to estimate the minimal amount of
change in average or maximal temperature that is necessary for
natural selection to act on physiological processes.

In addition to evolutionary comparisons, physiological stud-
ies on two other timescales—hours to several days and weeks
to months—have provided us with insights into how animals
cope with acute and chronic heat stress. By exposing animals
to acute stress (hours to several days), we can compare the
range over which a physiological stress response is observed
with the actual body temperatures animals experience under
field conditions. Such experiments provide an estimate of the
risk that an animal will experience temperatures that are close
to or even above a critical threshold, such as protein denaturing
conditions. Although such thresholds can shift under chronic
stress or acclimation, in general they indicate that those tem-
peratures are stressful and are likely to be energetically costly,
thereby affecting fitness and presumably causing range shifts
(a chain of causal events that cannot be covered in detail in
this perspective).

Recent predictions of the increase in future temperatures due
to global climate change indicate that such physiological thresh-
olds have already been reached (IPCC 2007). Because I am
focusing on marine organisms, it is important to mention that
global ocean temperatures have increased less than air tem-
peratures due to the greater heat capacity of water (IPCC 2007;
Sutton et al. 2007). Between 1961 and 2003, the world oceans
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have warmed by about 0.1°C (with a range of 0.0°-0.5°C, de-
pending on depth) and have absorbed 84% of the observed
warming at the global level (Levitus et al. 2005; IPCC 2007).
Ocean basins differ in the degree of warming and the depth to
which warming has penetrated (Barnett et al. 2005; Pierce et
al. 2006). Most of the warming has occurred in the top 300
m. Using a multimodel ensemble (IPCC 2007), it has been
predicted that ocean temperatures will increase between 0.5°
and 2.5°C by the end of the twenty-first century. Air temper-
atures over the oceans are projected to increase between 1.4°
and 3.9°C (IPCC 2007) over the next 80 yr. Although many
uncertainties still exist about the projected change in ocean and
coastal temperatures, intensity, frequency, and duration of heat
waves are predicted to increase (IPCC 2007) and are likely to
affect near-shore coastal environments such as intertidal zones.
Given the current status of our knowledge, there is no evidence
for a future change in the variability or amplitude of the El
Nifio Southern Oscillation (IPCC 2007). Prolonged warmer
time periods over weeks or months will be accompanied by
acute extremes, and thus, this scenario will resemble studies in
which physiologists conduct (laboratory) acclimations or (field)
acclimatizations that are followed by acute exposures to heat
stress. In order to better understand how marine organisms
will respond to global climate change, researchers will need to
determine the capacity of organisms to cope with increasing
temperatures specifically by describing the extent to which or-
ganisms can modify acute responses while adjusting to changing
temperature conditions over longer time periods—an animal’s
acclimatization or acclimation ability. Interestingly, the long-
held assumption that more eurythermal organisms are also
characterized by a greater ability to acclimate has being chal-
lenged by several recent studies.

Here, I will focus on studies that have investigated the re-
lationships among the body temperatures that marine organ-
isms experience in the field, their acute heat-shock (or stress)
response (HSR), and their ability to modify the response fol-
lowing acclimation in the laboratory or acclimatization in the
field. I then will present the hypothesis that organisms from
environments that vary widely in thermal tolerance will be
affected differently by an increase in temperature, as is predicted
to occur due to global climate change.

The Heat-Shock Response: Background

The HSR is characterized by the preferential and highly induced
synthesis of heat-shock proteins (Hsps), a group of molecular
chaperones, in response to heat and other stressors and has
been found to be particularly important for coping with ther-
mal stress (Feder and Hofmann 1999; Hoffmann et al. 2003).
The importance of molecular chaperones for thermal tolerance
is due to the thermal sensitivity of protein conformation (So-
mero 1995; Feige et al. 1996; Frydman 2001; Hartl and Hayer-
Hartl 2002; Somero 2004). Under nonstressful conditions, Hsps
act as molecular chaperones and bind to newly synthesized
polypeptides to keep them in folding-competent conforma-

tions. Under stressful conditions, Hsps bind to hydrophobic
side chains that are exposed as thermally sensitive proteins
begin to unfold. Hsps thus initially stabilize the unfolding pro-
tein, preventing further denaturation. Then Hsps assist the pro-
tein to refold to its native conformation. If folding is not pos-
sible, Hsps help ensure that irreversibly damaged proteins enter
the cell’s proteolytic cycle. In sum, Hsps are important folding
catalysts for protein maturation under nonstressful conditions
and are stabilizers of protein integrity under acute stress con-
ditions. Under both conditions, Hsps play a key role in con-
trolling protein homeostasis and are among the main indicators
of stress-induced protein damage.

Variation in the Heat-Shock Response

A number of studies have shown that closely related organisms
that occupy different thermal niches vary in their HSR after
acclimation to common thermal conditions (Ushakov et al.
1977; Sanders et al. 1991; Dietz and Somero 1993; Hofmann
and Somero 19964; Tomanek and Somero 1999, 2000, 2002;
Nakano and Iwama 2002; Sorte and Hofmann 2005). Fur-
thermore, it has been established that the HSR can vary ac-
cording to the thermal history of an organism. For example,
acclimatization to seasonal temperature changes can modify
the onset temperature (T,,,) of the stress response in intertidal
bivalves such as Mytilus californianus (Roberts et al. 1997) and
Crassostrea gigas (Hamdoun et al. 2003). Of particular interest
have been the questions of how eurythermal and stenothermal
species differ in their HSR and how acclimation of Hsp syn-
thesis varies. The comparison of closely related species within
a genus (congeners) has been shown to be a well-suited ap-
proach to address these questions (Sanders et al. 1991; Dietz
and Somero 1993; Leroi et al. 1994; Hofmann and Somero
19964; Tomanek and Somero 1999, 2000, 2002; Nakano and
Iwama 2002; Tomanek 2002; Sorte and Hofmann 2005). For
example, differences have been found in the ability of eury-
thermal and stenothermal congeneric snail species of the genus
Tegula (recently renamed Chlorostoma; Carlton 2007) to shift
T, after acclimation to elevated temperatures (Tomanek and
Somero 1999). The low-intertidal to subtidal congeners but not
the mid- to low-intertidal congeners showed a shift in T,
toward higher temperatures with increasing acclimation tem-
perature. Although the explanations for such interspecific var-
iations in the acclimatory plasticity of the response are complex,
acclimation-induced modifications of Hsp synthesis within a
species can be in part explained by the cellular thermometer
model of the transcriptional regulation of Hsp expression
(Dietz and Somero 1992; Roberts et al. 1997; Tomanek and
Somero 2002). Attempts to characterize the underlying mech-
anisms and specifically the transcriptional regulatory steps that
change during the modification of the onset of the HSR have
been few (Buckley et al. 2001; Tomanek and Somero 2002).
Among the factors that have been proposed to be important
is heat-shock transcription factor 1 (HSF1), whose activity is
normally repressed under nonstressful conditions through
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binding to a chaperone complex that consists of several Hsps
(Morimoto 1998). Under stressful conditions, these chaperones
bind to unfolding proteins instead and thus release HSF1 to
activate Hsp transcription.

Ecologists who are interested in assessing the degree to which
environmental stress limits species’ distributions have regarded
Hsps as useful indicators to quantify the stress levels organisms
experience under natural conditions. However, very little is
known about the temporal variation of Hsp levels following
thermal stress (Hofmann and Somero 1995, 1996b; Tomanek
and Somero 2000; Nakano and Iwama 2002; Todgham et al.
2006). Although it is tempting to assume the adaptive impor-
tance of the interspecific variation in the HSR in species that
occupy environments of widely varying thermal characteristics,
there are very few studies that have actually demonstrated this
assumption under field conditions (Tomanek and Sanford
2003). Hsp expression also varies over narrow to broad spatial
scales. For example, variation has been found due to orienta-
tion—that is, the angle of the rock face of mussels at one site
in the intertidal zone (Helmuth and Hofmann 2001)—Dbetween
two sites in Oregon that are only 30 mi away from each other
(Halpin et al. 2002) and between populations that are hundreds
of miles apart (Sorte and Hofmann 2004; Osovitz and Hofmann
2005; Sagarin and Somero 2006).

Despite limitations in testing the adaptive significance of
variability in the HSR, several of the comparative studies cited
above provide insights not only into the cellular properties that
limit temperature tolerance but also into how global climate
change may differently affect species from environments of
varying thermal characteristics. Together, the results of these
studies lead to the hypothesis I present here, that organisms
from environments characterized by either stable or highly var-
iable temperatures will be more affected by global climate
change than organisms from environments of only moderate
thermal variation.

The Heat-Shock Response and an Animal’s
Temperature Range

The above hypothesis may best be illustrated by using studies
of the HSR (for a broader meta-analysis of HSR studies, see
Barua and Heckathorn 2004). Antarctic fish represent one ex-
treme because their environment is very stable, and they rarely
or never experience thermal stress. Antarctic fish of the sub-
order Notothenioidei are known for their unique adaptations
to a stably cold environment (e.g., antifreeze proteins; Petri-
corena and Somero 2007) and for having lost physiological
functions to cope with a thermally fluctuating environment
(e.g., absence of Hsp synthesis in response to acute heat stress;
Hofmann et al. 2000). The existence of an HSR in response to
acute temperature stress is almost ubiquitous among animals,
and its absence in antarctic fish is remarkable. The lack of a
response is most likely a consequence of the very stable envi-
ronment that these fish have evolved in over the past 14 m.yr,,
since it has been shown that the response is induced in their

cold-temperate New Zealand relatives upon heat stress (Hof-
mann et al. 2005). Thus, any physiological response in No-
tothenioids to an increase in Antarctic Ocean temperatures due
to global warming will have to do without this important cel-
lular defense mechanism. However, antarctic fish synthesize
Hsps constitutively, that is, as molecular chaperones (Hofmann
et al. 2005), and it is possible that, depending on the rate of
warming, upregulation of constitutive levels of Hsps may enable
these fish to adapt.

Another example of evolutionary variation in the HSR is
found in the freshwater cnidarian species Hydra oligactis, which
was shown to lack an HSR and to be extremely sensitive to
minor thermal variations (Bosch et al. 1988; Gellner et al. 1992).
Its congener Hydra vulgaris, in contrast, tolerates a greater ther-
mal range, shows inducible thermal tolerance after Hsp syn-
thesis, and copes well with thermal variation. Among marine
fish, several temperate species that occur in environments in
the midrange of thermal variability have been shown to have
robust HSRs. The short-term variation in temperature and a
moderately wide ecological temperature range correlate with
an onset temperature of the HSR that is just above frequently
experienced body temperatures (Dietz and Somero 1993; Zak-
hartsev et al. 2005). Fish and invertebrates from the rocky
intertidal, however, experience extreme thermal variations
(Dietz and Somero 1992; Helmuth 1999) and will activate the
response at temperatures that they frequently experience under
natural conditions (Sanders et al. 1991; Hofmann and Somero
1995). In other words, data from recent studies indicate that
species experiencing a very narrow (or stable) thermal range
(both short-term and over their distribution range) may either
not have the HSR or rarely activate it. In contrast, species from
environments with high variability in temperature (over a short
time period) can and do activate the HSR within the upper
range of temperatures they experience. Finally, organisms from
moderately variable thermal environments induce the HSR
rarely if ever and only at temperatures above those they com-
monly experience (Fig. 1). Thus, organisms from thermal en-
vironments that are highly variable have maximized the tem-
perature range that they can occupy by recruiting the protective
power of the HSR, and any further increase in habitat tem-
perature is going to push these organisms beyond the thermal
range they can tolerate, potentially forcing range shifts, range
contractions, or, in the worst case, extinction. Alternatively,
intrinsic (e.g., primary sequence) and extrinsic (e.g., compatible
osmolytes) factors may stabilize proteins and thereby extend
the thermal range an organism is able to occupy (Hochachka
and Somero 2002; Yancey 2005; Burg and Ferraris 2008). The
evolutionary forces that favor one over the other scenario are
complex and require a broader comparison than can be given
here. Organisms from stable thermal environments are not
adapted (or are very limited in their ability) to cope with an
increase in temperature. Therefore, these two groups face the
greatest threat from global warming. In contrast, animals from
environments with limited variability will be able to extend
their thermal range because the HSR is activated at tempera-
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tures above their current typical body temperatures and there-
fore can protect them from increasing temperatures. However,
because I have based my conclusion mainly on marine and not
terrestrial organisms, it may be possible that there are eury-
thermal species that do not live close to their lethal tempera-
tures under natural conditions and can evolve to tolerate higher
temperatures.

Acclimation Ability of the Heat-Shock Response
and Thermal Tolerance

Eurythermal species may not simply be living closer to tem-
peratures that induce an HSR; their ability to acclimate may
also be limited in part because they may not be able to further
adjust to temperatures even higher than the ones with which
they are already coping. To test this hypothesis, we examined
three temperate marine snail species of the genus Tegula that
occupy the subtidal and intertidal zone of rocky shores along
the Pacific Coast in California, environments with differing
degrees of thermal variability. Of the three species we examined,
Tegula funebralis occurs highest, from the mid- to the low-
intertidal zone, and relative to low-intertidal and subtidal spe-
cies, experiences greater maximum temperatures (up to at least
33°C) as well as greater changes in body temperatures (19°C
within a tidal cycle) due to frequent emersion during low-tide
periods (Riedman et al. 1981; Tomanek and Somero 1999).
Tegula brunnea and Tegula montereyi occur farther down, from

the low-intertidal to the subtidal zone, and are rarely exposed
to air and thus experience lower (<24°C) and less variable (~7°C
range) body temperatures than T. funebralis.

We acclimated individuals of each species to 13°, 18°, and
23°C, a range extending from the middle of the subtidal species’
habitat temperature range up to a temperature experienced by
T. funebralis only during emersion. After acclimation to 13°C,
the preferential and strongly enhanced synthesis of several pro-
teins with a molecular mass of 70-71, 77-78, and 88-90 kDa
became apparent in all species with increasing incubation tem-
perature as evidenced by one- and two-dimensional gel elec-
trophoresis. Hsp70 was the most highly expressed of these pro-
teins (Figs. 2, 3; Tomanek and Somero 1999; Tomanek 2005).
After the 13°C acclimation, the low-intertidal to subtidal T.
brunneaand T. montereyi showed alower T, of Hsp70 synthesis
than snails of the midintertidal T. funebralis (24° vs. 27°C). In
addition, both subtidal species showed lower temperatures of
maximal Hsp70 synthesis (T,,,) and the upper thermal limits
of Hsp70 synthesis (T,q). Thus, T,, T,
sistently lower in the more heat-sensitive subtidal species in
comparison with the heat-tolerant, midintertidal zone species
T. funebralis (Fig. 2). In addition, the T, s in T. brunnea and
T. montereyi were above the temperature range these congeners

, and T, ; were con-

normally experience; the T,, of T. funebralis, however, was at
least 6°C below the highest temperatures it experiences.
After 18° (data not shown) and 23°C acclimation, we eval-
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Figure 2. Relative induction (compared with the 13°C control) of
Hsp70 in the three temperate Tegula congeners Tegula funebralis, Tegula
brunnea, and Tegula montereyi after acclimation to 13° and 23°C for
30-34 d; T,, indicates the onset temperature, T, indicates the tem-

perature of maximal induction, and T, indicatpes the cessation tem-
perature of Hsp synthesis. Data are means = 1 SEM (N = 5) for all
data points except for 13°C-acclimated T. funebralis at 36°C, 23°C-
acclimated T. funebralis at 33°C, and T. brunnea at 13°C. (Modified
after Tomanek and Somero 1999.)

uated how elevated temperatures modify the stress response
(Fig. 2). The increase in acclimation temperature from 13° to
23°C did not modify T, and T, of Hsp70 synthesis in T.
funebralis (T,, = 27°C); T,.,, however, shifted from 33° to
36°C. In contrast, both T,, and T, of Hsp70 synthesis in-
creased by 3°C in T. brunnea and T. montereyi; T, however,
did not shift. These changes were confirmed using two-
dimensional gel electrophoresis (Fig. 4; Tomanek 2005).

The results of these studies illustrate that the acclimation
ability of the more eurythermal intertidal Tegula congener is
limited, probably because it is already living close to the highest
temperatures it can tolerate. Tegula brunnea and T. montereyi
rarely if ever experience body temperatures of 24°C or higher,
the T,, of Hsp70 synthesis in these congeners, and therefore
are unlikely to activate the response under natural conditions
(Fig. 1). In contrast, T. funebralis activates the HSR at 27°C, a
temperature it experienced for at least several hours on one-
third of the days during a month-long measurement of body
temperatures in the spring at a central Californian location
(Tomanek and Somero 1999).

The above discussion focuses on T, rather than on T,g, the

upper temperature at which Hsps are synthesized, as a physi-
ological measure of plasticity caused by acclimation for two
reasons. First, T, is higher than T, (by 9° and 11°C in 13°C-
acclimated specimens) and therefore less relevant under natural
conditions. Second, at any temperature above T, Hsp syn-
thesis cannot match the increasing cellular thermal insult, again
suggesting that T,’s relevance is limited under natural con-
ditions even if acute thermal tolerance (LT,,) correlates closely
with T, (Tomanek and Somero 1999). It is interesting, how-
ever, that T, values are fixed between species and did not
change with acclimation to higher temperatures.

The above data show that T. funebralis has limited ability to
modify Hsp synthesis in response to acute heat stress during
acclimation to elevated temperatures in comparison with T.
brunnea and T. montereyi (for another intertidal invertebrate
example, the barnacle Balanus glandula, see Berger and Emlet
2007). Similarly, T. funebralis can only narrowly adjust stand-
ing-stock levels of two Hsp70 bands, Hsp90 and the HSF1,
components of the chaperone transcription factor complex
thought to regulate Hsp transcription (Tomanek and Somero
2002). On the other hand, the capacity of T. funebralis to syn-
thesize Hsps over a wider temperature range (Fig. 2), to recover
from a heat shock at a faster rate (Tomanek and Somero 2000),
and to cope with the thermally more variable conditions in the
midintertidal zone better (Tomanek and Sanford 2003) all show
that it is adapted to a wider range of thermal conditions than
its two subtidal congeners. Thus, in Tegula congeners, the in-
creased tolerance to heat correlates positively with the thermal
range of Hsp synthesis and negatively with the ability to further
modify the HSR. A similar pattern has been found that suggests
that heart rate function, too, is modified more in low-intertidal
to subtidal than in midintertidal congeners of the porcelain
crab genus Petrolisthes (Stillman and Somero 2000) and of Teg-
ula (Stenseng et al. 2005).

If the function of the acclimation response is to protect the
organism from the possibility that the environment will become
even hotter, as speculated (Leroi et al. 1994; Huey et al. 1999),
a limited capacity to acclimate the HSR may simply be a con-
sequence of the greater ability to cope with a wider range of
temperatures. This limited capacity to acclimate Hsp synthesis
suggests a possible cellular explanation for the limited ability
of more heat-tolerant organisms to further increase tolerance
to even greater heat stress (Ushakov et al. 1977; Hoffmann et
al. 2003; Stillman 2003). A limited capacity to modify Hsp
synthesis in heat-tolerant organisms in response to heat stress
has consequences for how species with varying adaptation tem-
peratures will respond to increasing temperatures due to global
climate change. Although more eurythermal species are poised
to cope better with thermal extremes under current climate
conditions, their physiological limits are already close to the
highest body temperatures they experience, and they have a
limited capacity to modify these limits further, thus making
them particularly vulnerable to any further increase in tem-
perature (Fig. 1).
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Geographic Variation of the Heat-Shock Response
and Global Climate Change

Species’ ranges are moving toward the poles due to climate
change (Parmesan 2006), suggesting that populations at the
southern edges (in the Northern Hemisphere) are experiencing
a greater level of stress as well as greater competition from
more warm-adapted species. Although some studies on inter-
tidal organisms show higher levels of Hsp70 toward the south-
ern limits versus the center of an animal’s distribution range
(Sorte and Hofmann 2004), other studies show a reverse or a
more complex pattern (Osovitz and Hofmann 2005; Sagarin
and Somero 2006) and thus support the hypothesis that the
patterns of thermal stress in the intertidal zone along the Pacific
coast of North America may coincide with daytime occurrence
of low tides rather than a latitudinal thermal cline (Helmuth
et al. 2002).

Although populations at the southern range limits or in lo-
cations that see daytime low-tide extremes are expected to live
closer to their upper thermal limits, specimens from cooler
subtidal environments within the range of a species tend to be
more sensitive to heat shock, which is reflected in higher levels
of induced Hsp and transcript (Osovitz and Hofmann 2005;
Fangue et al. 2006). So where are thermal extremes affecting
populations the most: in colder areas, where animals are more
sensitive to heat stress, or in warmer areas, where animals live
closer to their thermal limits? Nothing so far suggests that
colder populations, although more sensitive to heat stress, can-

not acclimatize to warmer conditions. In contrast, populations
from warmer regions may be limited in their ability to acclimate
to even warmer conditions, especially in intertidal organisms.
Although there are costs associated with acclimating or accli-
matizing to more extreme thermal conditions, it is likely that
reaching the upper thermal limits presents a greater risk of
affecting populations. The balance between these two risks (or
costs) to an organism’s fitness is likely to differ between subtidal
and intertidal species.

Conclusion

How are physiological temperature limits determining the re-
sponse of organisms to global climate change? Studies on the
HSR, its evolutionary variation, and ecological importance
show one surprising outcome: some of today’s most euryther-
mal organisms may be at a great risk of being the most affected
by an increase in temperature. The extent to which physiolog-
ical systems as a whole will limit the ability of organisms to
cope with increasing thermal stress, however, remains unclear.
We will be able to address this uncertainty by applying a systems
approach, using transcriptomics and proteomics tools that can
provide us with a more comprehensive perspective of physi-
ological changes to temperature (Tomanek 2005; Teranishi and
Stillman 2007). Additionally, in order to understand the com-
prehensive organismal response to global climate change, we
will have to study how abiotic and biotic factors interact by
integrating ecological and physiological research programs in
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Figure 4. Normalized volumes (relative to total spot volume) of acute
synthesis of Hsp71.1 in response to temperature in 13°- and 22°C-
acclimated specimens of Tegula funebralis, Tegula brunnea, and Tegula
montereyi. Shown are means * 1 SEM. An asterisk near a symbol
(above or below) indicates a statistically significant interaction effect
(P<0.05 or P<0.10) between acclimation (13° and 22°C) and in-
cubation (24°, 27° or 30°C) temperature for this species. (Modified
after Tomanek 2005.)

a collaborative research effort (Harley et al. 2006). Matching
systems biology with the real world may be the most challenging
and revealing path for development of accurate predictions of
how organisms will respond to a warming planet.
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