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 Abstract. Limpets of the genus Lottia occupy a broad
 vertical distribution on wave-exposed rocky shores, a range
 that encompasses gradients in the frequency and severity of
 thermal and desiccation stress brought on by aerial emer
 sion. Using western blot analysis of levels of heat-shock
 protein 70 (Hsp70), we examined the heat-shock responses
 of four Lottia congeners: Lottia scabra and L. austrodigi
 talis, which occur in the high-intertidal zone, and L. pelta
 and L. scutum, which are restricted to the low- and mid

 intertidal zones. Our results suggest distinct strategies of
 Hsp70 expression in limpets occupying different heights
 and orientations in the rocky intertidal zone. In freshly
 field-collected animals and in specimens acclimated at am
 bient temperature (?14 ?C) for 14 days, the two high
 intertidal species had higher constitutive levels of Hsp70
 than the low- and mid-intertidal species. During aerial ex
 posure to high temperatures, the two low-shore species and
 L. austrodigitalis exhibited an onset of Hsp70 expression at
 28 ?C; no induction of Hsp70 occurred in L. scabra. Our
 findings suggest that high-intertidal congeners of Lottia
 employ a "preparative defense" strategy involving mainte
 nance of high constitutive levels of Hsp70 in their cells as a
 mechanism for protection against periods of extreme and
 unpredictable heat stress.
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 Introduction

 The rocky intertidal zone is among the most physically
 harsh environments on earth (Tomanek and Helmuth,
 2002). In this habitat, environmental conditions range from
 fully aquatic to fully terrestrial over vertical distances of a
 few meters or less. Temperature and desiccation potential
 change seasonally and daily, depending on the tidal cycle
 and ambient weather conditions (Helmuth, 2002). During
 low tide, thermal stress and desiccation due to aerial emer

 sion can affect growth, survival, and reproduction signifi
 cantly (Blanchette et al, 2007). The terrestrial conditions
 present at low tide thus can play an important role in
 determining the zonation patterns of intertidal animals
 (Hochachka and Somero, 2002; Somero, 2002; Tomanek
 and Somero, 2002; Denny and Harley, 2006; Denny et al,
 2006; Helmuth et al, 2006).

 Because the energy costs of cumulative sublethal thermal
 stress may play important roles in determining range bound
 aries, it is critical to elucidate the mechanisms contributing
 to these costs. Proteins have been a focal point of such
 analyses because their structures are thermally labile and
 show consistent temperature-related adaptive variation
 (Somero, 1995). A fine balance between stability and labil
 ity is a consistent feature of protein evolution, and the
 thermal stabilities of orthologous homologs almost invari
 ably are positively correlated with adaptation temperatures
 (Somero, 1995). When thermal stress is encountered, the
 fine balance between stability and lability in proteins is
 broken, and some proteins lose their higher-order structures
 and related functions. As a consequence of protein denatur
 ation, the synthesis of heat-shock proteins (Hsps) is initiated
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 to promote refolding of denatured proteins and prevent
 further protein unfolding and aggregation (Morimoto and
 Santoro, 1998; Feder and Hofmann, 1999). The biosynthe
 sis and chaperoning activities of Hsps are energetically
 costly, suggesting a tradeoff between thermal tolerance and
 use of metabolic energy for growth and reproduction (Som
 ero, 2002). Thus, it is commonly found that expression of
 inducible paralogs of Hsps occurs only above a certain
 threshold induction temperature (Sanders et al., 1991; Hof

 mann and Somero, 1996; Feder and Hofmann, 1999; To
 manek and Somero, 2000). In intertidal snails of the genus
 Tegula (now Chlorostoma), threshold induction tempera
 ture is correlated with vertical and biogeographic zonation,
 such that more cold-adapted species initiate Hsp expression
 at lower temperatures than warm-adapted congeners when
 exposed to heat stress in controlled laboratory conditions
 (Tomanek and Somero, 1999). However, little is known
 about the relationship between the vertical position of a
 species and the level of constitutive expression of heat
 shock proteins in the absence of thermal stress.

 To examine this relationship, we studied four congeners
 of limpets belonging to the genus Lottia that have different
 vertical distributions. Limpets are common on rocky shores
 throughout the world from the tropics to polar regions, and
 they play important roles in intertidal marine ecosystems
 (Castenholz, 1961; Dayton, 1971; Branch and Ne well,
 1978; Davies et al, 2007; Nakano and Ozawa, 2007).

 Extensive research has been carried out on the phylogeog
 raphy (Nakano and Ozawa, 2007), habitat partitioning
 (Shotwell, 1950; Haven, 1970), and thermal tolerance of
 limpets (Wolcott, 1973; Collins, 1977; Roland and Ring,
 1977). Recently, the limpet Lottia gigantea has been used to
 create a heat-budget model for predicting body temperatures
 in the field (Denny et al., 2006). Though many studies have
 been carried out on the heat-shock responses of intertidal
 animals to high temperatures (Roberts et al., 1997; To
 manek and Somero, 1999; Tomanek and Helmuth, 2002;
 Berger and Emlet, 2007), few of them have focused on
 intertidal limpets (Sanders et al., 1991).

 Limpets in the genus Lottia on the coast of California
 provide an opportunity to examine differences in stress
 tolerance among a group of closely related species that span
 the low- to the high-intertidal zones and represent a gradient
 in potential exposure to high temperature and desiccation
 stress. To investigate the heat-shock response of limpets
 inhabiting different intertidal zones, the levels of Hsp70
 were measured in freshly field-collected specimens, in ani
 mals held in the laboratory under conditions that were not
 thermally stressful (ambient seawater temperatures) for 2
 weeks to gauge constitutive levels of Hsp70 expression, and
 in individuals exposed to two types of aerial emersion

 meant to mimic realistic stress events in the field, as de
 scribed by Denny et al. (2006).

 The field and laboratory experiments described below test

 the hypothesis that congeners living higher on the shore
 maintain higher constitutive levels of Hsp70 and are able to
 mount a stronger heat-shock response, appropriate for the
 greater frequency and severity of thermal stress events they
 are likely to experience in their preferred habitat, relative to
 species from the mid- to low-intertidal zones.

 Materials and Methods

 Distribution, collection, and maintenance of animals

 Four limpet species, Lottia scabra Gould, L. austrodigi
 talis Murphy, L. pelta Rathke, and L. scutum Rathke were
 sampled in different intertidal zones as shown in Figure 1.
 L. scabra and L. austrodigitalis inhabit the high-intertidal
 zone, while L. pelta and L. scutum are restricted to the low
 and mid-intertidal zones. In the high-intertidal zone, L.
 scabra typically occupies horizontal surfaces fully exposed
 to the sun; L. austrodigitalis primarily occupies vertical or
 overhanging surfaces (Shotwell, 1950; Haven, 1970; Wol
 cott, 1973).

 L. austrodigitalis is the sibling species of L. digitalis, and
 the two species, which are difficult to distinguish on the
 basis of visually observable traits, have parapatric distribu
 tions that overlap in central California (Murphy, 1978;
 Crummett and Eernisse, 2007). Therefore, a genetic method
 was used to distinguish L. austrodigitalis and L. digitalis
 (Stephen Palumbi, Hopkins Marine Station, Stanford Uni
 versity; pers. comm.). Partial sequences of 16S mtDNA
 were amplified using specific primers 16sAr and 16sBr
 (Palumbi, 1996). The products were digested with the re
 striction enzyme Hae IL L. digitalis yields only the original
 uncut band (690 bp), and L. austrodigitalis yields two bands
 (171 and 520 bp). Among 191 individuals that we sampled
 around Hopkins Marine Station (HMS), Pacific Grove, Cal
 ifornia (36?36'N, 121?54'W), 12% of individuals were L.
 digitalis and 88% were L. austrodigitalis.

 Specimens of L. scabra were sampled on 8 August 2007
 and specimens of the other three species were sampled on
 17 August 2007 at HMS. After collection on a falling high
 tide, 10 individuals of each species were immediately frozen
 with liquid nitrogen and stored at -70 ?C for use as "field"
 samples. About 100 individuals of each species were accli
 mated at 14-17 ?C. During acclimation, limpets were im
 mersed twice daily in ambient seawater (^14 ?C) for 6 h to
 simulate the natural high tide. Air temperatures during ac
 climation were about 14-17 ?C, and conditions in the
 holding tank remained moist and cool even during the
 simulated low tide so that desiccation and temperature stress
 would be minimal. After acclimation for 14 days, indi
 viduals from all four species were sampled and frozen at
 -70 ?C as "control" specimens.
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 Figure 1. (A) Vertical distribution ranges of four Lottia species (L. scabra, L. austrodigitalis, L. pelta, and
 L. scutum); (B) L. scabra occupies primarily horizontal surfaces fully exposed to the sun, and L. austrodigitalis
 occupies primarily vertical or overhanging surfaces (after Shotwell, 1950; Haven, 1970; Wolcott, 1973).

 Heat shock

 Heat-shock treatments were carried out as described in

 Denny et al. (2006) (Fig. 2). The data from Denny et al
 (2006) indicate that limpets at HMS may experience two
 general types of stressful temperature exposures in the field,
 which the authors termed "abrupt" and "gradual." In an
 abrupt exposure, limpet body temperatures rise to a maxi
 mum level, after which the limpet is rapidly immersed by
 the rising tide and body temperature quickly equalizes with
 ocean temperature. Alternatively, in a gradual exposure,
 body temperature rises to the maximum value and then falls
 slowly back toward ocean temperature through the remain
 der of the low tide period, resulting in a longer overall
 emersion. We recreated these two exposure regimes using a
 temperature-controlled wind tunnel chamber in which air
 temperature, substratum temperature, and relative humidity
 of the air could be controlled separately to simulate the
 physical conditions in the field. Limpets were taken from
 the holding tank during "high tide" and placed on the wetted
 substratum of the wind tunnel chamber with initial air and

 substratum temperatures of 14 ?C, a typical water temper
 ature at HMS. The temperature of the substratum was in
 creased to designated temperatures (24, 28, 32, and 36 ?C)
 at a rate of 8 ?C per hour, a natural heating rate (Denny et
 al, 2006). In the "abrupt" exposure, the temperature, upon
 reaching the designated maximum, was held constant until
 a total time of 3.5 h had elapsed since the start of the
 exposure, after which the limpet was immediately returned
 to flowing seawater (14 ?C) to recover for 1 h. In the

 "gradual" exposure, after achieving the target temperature,
 the temperature was held at the designated level for the
 allotted time, and then decreased to 14 ?C at a rate of 8 ?C
 per hour, for a total exposure time of 7 h. Hereafter, we will

 refer to these two general exposure profiles in terms of the
 total duration of the aerial emersion, i.e., 3.5 h or 7 h.
 During the experiments, the humidity was maintained at
 50%-60%, and air temperature tracked the substratum tem
 perature up to a maximum of 30 ?C and then tracked
 substratum temperature back down to 14 ?C during 7-h
 exposures. The wind speed was held at a constant 0.25 m
 s-1 in all trials. After recovery in flowing seawater for 1 h,
 the limpets were frozen at -70 ?C until being analyzed for

 Hsp70 expression. For each species except L. austrodigi
 talis (n = 20), five individuals were heated in each treat

 ment. A larger sample of L. austrodigitalis was necessary
 because genetic identification could only be done after
 treatment. A non-heat-stressed group of five limpets from
 each species (n = 20 for L. austrodigitalis) was placed in
 the chamber and aerially exposed at 14 ?C for 3.5 h or 7 h,
 after which they were allowed to recover in seawater for 1 h
 and were then frozen.

 Preparation of foot muscle tissue samples

 About 50 mg of foot muscle tissue was homogenized in
 300 jllI of homogenization buffer (32 mmol l"1 Tris-HCl,
 pH 6.8; 2% SDS). Protease inhibitors were added following
 the protocol of the manufacturer (Complete-Mini, Roche,

 Mannheim, Germany). The samples were incubated at
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 Figure 2. Diagram of the heat-shock protocol. Limpets were accli
 mated at 14 ?C for at least 7 days. Five temperature regimes (14 ?C, 24 ?C,
 28 ?C, 32 ?C, and 36 ?C) were designed. Temperature increased from 14
 ?C to the designated temperature at a rate of 8 ?C per hour. After exposures
 of 3.5 h (A) and 7 h (B), 5 specimens per treatment were sampled and
 returned to 14 ?C seawater for 1 h of recovery.

 100 ?C for 5 min, and then homogenized for 2 min at a
 frequency of 25 s_1 using a Tissuelyser (Retsch GmbH,
 Haan, Germany). The homogenate was centrifuged at
 20,000 X g for 15 min, and the supernatants were trans
 ferred to new tubes. Samples were stored at -20 ?C. Protein
 concentration of the samples was determined using the BCA
 protein assay reagent (Pierce, IL, USA).

 Western blotting for Hsp70

 After boiling at 100 ?C for 5 min, samples were mixed
 1:1 (v/v) with Laemmli sample buffer (BioRad, CA, USA)
 plus 5% 2-mercaptoethanol. Equal amounts of protein (7.5
 j?Lg) were loaded in each lane and electrophoresed on 10%
 pre-cast Tris-HCl polyacrylamide gels (BioRad, CA, USA).

 After electrophoresis, proteins were transferred onto nitro
 cellulose membranes (MSI Nitrobind, 0.45 pun) using a wet
 transfer. Transfer was carried out at 80 V for 2.5 h or 30 V

 overnight with a transfer buffer containing 25 mmol l"1
 Tris-HCl, 193 mmol l"1 glycine, and 20% methanol. Fol
 lowing transfer, the membrane was blocked with 5% nonfat
 dried milk in Tris-buffered saline (TBS, 25 mmol l"1 Tris
 HCl and 150 mmol P* NaCl) for 2 h, and then incubated for
 1.5 h with the primary antibody solution of mouse anti
 Hsp70 monoclonal antibody (MA3-008, Affinity Biore
 agents, CO, USA) diluted 1:5000 in a solution containing
 2.5% bovine serum albumin in TBS/0.1% Tween. After

 being washed three times with TBS/0.1% Tween, the mem
 brane was incubated for 1 h with the secondary antibody
 (SAB-100, StressGen Biotechnologies British Columbia,
 Victoria, Canada) diluted 1:10,000. After six more washes
 with TBS/0.1% Tween, the western blot was developed
 using ECL detection (Amersham, Buckinghamshire, UK),
 and exposed to X-ray film (ISC BioExpress, UT, USA) for
 5-10 s. The films were scanned and the bands were quan
 tified using ImageJ ver. 1.38 (Abramoff et al, 2004). Sam
 ples were diluted to ensure that the band intensities fell
 within the linear range of the detection system.

 A total of 30 ng of human Hsp70 protein (NSP555,
 StressGen, Biotechnologies British Columbia, Victoria,
 Canada) was loaded in each gel and used as the standard for
 normalization within and among gels. Hsp70 levels in lim
 pets were expressed as values relative to the level of this
 standard sample (relative unit, RU; %).

 Statistics

 The data were analyzed using the SPSS 13.0 statistics
 package (Chicago, IL, USA). The assumption of homosce
 dasticity was tested with a Levene's test. To investigate
 interspecific differences in Hsp70 in the field and after
 acclimation (control), one-way ANO VA was performed. To
 investigate the effect of the different temperatures on Hsp70
 expression of the individual species, one-way ANO VA was
 performed followed by Duncan post hoc pairwise compar
 isons. To investigate the inter-specific differences in Hsp70,
 two-way ANOVA was performed. Differences were con
 sidered significant if P < 0.05.

 Results

 The antibody used in this study detected only a single
 band of Hsp70 in foot muscle of the four species of Lottia.
 The molecular weight of Hsp70 detected in limpets is sim
 ilar to that of the recombinant human Hsp70 isoform. Be
 cause the sole Hsp70 we detected exhibited changes in
 expression following heat shock, we designate the isoform
 as an inducible one, even though it is expressed constitu
 tively as well.

 In the field samples, the Hsp70 level of L. scabra was
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 Figure 3. Hsp70 levels in Lottia scabra, L. austrodigitalis, L. scutum, and L. pelta in field, control, and
 14 ?C treated samples. Control animals were acclimated for 14 days at 14 ?C. Values are mean ? 1 SE (n = 5).

 Letters indicate statistical significance between treatments within a species, based on Duncan post hoc compar
 isons (P < 0.05).

 significantly higher than that of the other three species (Fig.
 3). Hsp70 level of L. austrodigitalis was significantly higher

 than that of L. scutum and L. pelta (F(3 19) = 30.426, P <
 0.001, Duncan post hoc comparison), and there was no
 significant difference in Hsp70 between the two low-inter
 tidal congeners.

 After acclimation at 14 ?C for 14 days ("control" sam
 ples), Hsp70 levels of all species showed a slight decline
 relative to the field samples, though this was significant only
 in L. scutum (P = 0.028, Student's t test) (Fig. 3). The
 control samples for the two high-shore species, L. scabra
 and L. austrodigitalis, were not significantly different from
 each other, but Hsp70 levels of L. scabra and L. austrodigi

 talis remained higher than those of L. scutum and L. pelta

 (Fo, 19) = 4.433, P = 0.019), consistent with a higher level
 of constitutive (non-heat-induced) synthesis in the high
 intertidal congeners.

 After heat shock, two-way ANOVA results showed sig
 nificant differences among species in both exposure dura
 tions, as well as a significant effect of temperature in the 7-h
 exposures (Table 1). In the 3.5-h exposure, there was no
 significant difference in the levels of Hsp70 within a species
 across different exposure temperatures (Fig. 4A). However,
 levels of Hsp70 expression differed among species. The
 levels of Hsp70 in L. scabra and L. austrodigitalis were
 significantly higher than in L. scutum and L. pelta (F(3 99) =

 Table 1

 Two-way ANOVA on the effect of temperature on Hsp70 in the four Lottia species after exposure at 14 ?C, 24 ?C, 28 ?C, 32 ?C,
 and 36 ?C for 3.5 h or 7 h

 Source  Type III Sum of Squares  df  Mean Square  Sig.

 Hsp70 levels in 3.5-h exposure
 Species
 Temperature
 Species X temperature

 Hsp70 levels in 7-h exposure
 Species
 Temperature
 Species X temperature

 222785.957
 5634.062
 12058.871

 9.768
 4.475
 3.779

 3
 4
 12

 3
 4
 12

 74261.986
 1408.515
 1004.906

 3.256
 1.119
 0.315

 56.551
 1.073
 0.765

 20.768
 7.136
 2.009

 <0.001
 0.376
 0.684

 <0.001
 <0.001

 0.034
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 Figure 4. Hsp70 levels in Lottia scabra, L. austrodigitalis, L. scutum,
 and L. pelta after exposure to 14 ?C, 24 ?C, 28 ?C, 32 ?C, and 36 ?C for
 3.5 h (A) and 7 h (B). Values are mean ? 1 SE (n = 5 for data points
 except for the L. scutum samples at 28 ?C in the 7-h exposure, where n =
 4). An asterisk indicates the temperature at which Hsp70 is significantly
 higher than at a treatment temperature of 14 ?C (Duncan post hoc com
 parison).

 58.080, P < 0.001, Duncan post hoc comparison). The
 14 ?C treatment samples for L. austrodigitalis, L. pelta, and

 L. scutum all showed Hsp70 levels elevated over their
 acclimatized control samples, with the two low-shore spe
 cies showing a significant increase (F(3 19) = 3.722, P =
 0.033, L. scutum-, F(3 19) = 12.885, P < 0.001, L. pelta,
 Duncan post hoc comparison) (Fig. 3).

 In the 7-h exposure, the Hsp70 levels in L. scabra were
 similar to what was observed in the 3.5-h exposure (Fig.
 4B), and there was no significant difference among expo
 sure temperatures (F(4 2A) = 0.624, P = 0. 651, Duncan post
 hoc comparison). In the other three species, levels of Hsp70
 increased with increasing exposure temperature, and the
 relative increase in expression also differed among species.

 In L. austrodigitalis, post hoc comparisons showed that
 Hsp70 levels at temperatures of 28, 32, and 36 ?C were
 significantly higher than at 14 ?C and 24 ?C (F(4 24) =
 11.154, P < 0.001, Duncan post hoc comparison). In L.
 scutum, relative levels of Hsp70 at 28 ?C and 36 ?C were
 significantly higher than at 14 ?C (F(4 24) = 3.375, P =
 0.030, Duncan post hoc comparison). In L. pelta, Hsp70
 levels at 28, 32, and 36 ?C were significantly higher than at

 14 ?C (F(4 24) = 4.980, P = 0.006, Duncan post hoc
 comparison), and the maximum Hsp70 levels occurred at
 32 ?C.

 Discussion

 The four Lottia species in the present study occupy dif
 ferent heights in the intertidal zone and may also assume
 different orientations to the sun (Shotwell, 1950; Haven,
 1970; Wolcott, 1973), leading to the possibility of diverse
 levels of thermal stress among the four congeners. Though
 both L. scabra and L. austrodigitalis are found in the
 high-intertidal zone, the fine-scale distributions of these two
 species are different. L. scabra primarily occupies horizon
 tal surfaces fully exposed to the sun, whereas L. austrodigi
 talis typically occupies vertical or overhanging surfaces
 where exposure to solar radiation may be less than that
 encountered by individuals of L. scabra occurring at the
 same height (Denny et al., 2006). The two low-intertidal
 species, L. pelta and L. scutum, generally are not exposed
 for long periods during low tides and thus experience lower
 thermal stress than either of the two high-intertidal conge
 ners. Our data suggest that the heat-shock responses of the
 species reflect these differences in thermal stress encoun
 tered in their normal habitats.

 Numerous studies show that rocky intertidal animals'
 thermotolerance limits are related to their vertical zonation

 (Sanders et al., 1991; Tomanek and Somero, 1999; Stillman
 and Somero, 2000; Somero, 2002; Berger and Emlet, 2007).

 Wolcott (1973) used exposure methods similar to the ones
 used here to measure the lethal limits of some of the same

 species we tested, and found that high-intertidal species (L.
 scabra and L. digitalis) can tolerate higher temperatures
 compared to low- and mid-intertidal species (L. pelta and L.
 scutum). L. austrodigitalis can tolerate higher temperatures
 than L. digitalis (Y. Dong, unpubl. data). The LT50 values
 for L. digitalis and L. austrodigitalis were 39.50-40.72 ?C
 (95% confidence limits) and 40.50-41.72 ?C, respectively.
 Among the many types of adaptive physiological re

 sponses to thermal stress (Hochachka and Somero, 2002),
 the heat-shock response appears to play a pivotal and nearly
 ubiquitous role (Feder and Hofmann, 1999; S0rensen et al.,
 2003). Several studies have shown that the level of expres
 sion of heat-shock proteins is related to thermotolerance in
 a number of species occupying different tidal zones (Hof
 mann and Somero, 1996; Tomanek and Somero, 2000;
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 Buckley et al, 2001; Tomanek and Sanford, 2003; Sorte
 and Hofmann, 2005). However, most studies have only
 examined inducible synthesis in conspecifics in response to
 different levels of acute heat stress; little attention has been

 paid to whether levels of constitutively produced Hsps
 differ among species in concert with the intensity of heat
 stress they experience in their habitats. We used solid-phase
 immunochemical (western) analysis to investigate this ques
 tion.

 The antibody used in the present study (MA3-008) can
 detect several members of the mammalian hsp70 gene fam
 ily, including Hsp70 and Hsc70. However, only one Hsp70
 band was detected in congeners of Lottia. There are prece
 dents for heat-induced increases in expression of Hsp70
 paralogs that are normally expressed constitutively
 (Lindquist, 1986). Thus, the single isoform detected in
 congeners of Lottia may belong to a group of molecular
 chaperones that is expressed for normal "housekeeping"
 functions in protein biosynthesis yet is also up-regulated
 when needs for chaperone activity increase due to stress.

 The Hsp70 expression responses of the four congeners
 differed in both field and laboratory-acclimated specimens.
 In the field, the high-intertidal species (L. scabra and L.
 austrodigitalis) had higher constitutive levels of Hsp70
 compared to the mid- and low- intertidal species (L. scutum
 and L. pelta). These higher levels of expression in the
 higher-occurring species persisted after 14 days of acclima
 tion to 14 ?C, suggesting that the high levels found in field
 specimens were not simply a consequence of recent heat
 stress. Previous studies showed that the half-life of Hsp70 is
 rather short?6-9 h in Drosophila (Landry et al, 1982), 2
 days in Morris hepatoma 7777 cells (Lindquist, 1986).
 Therefore, the 14-day acclimation used in this study should
 have been long enough to allow for the decay of any Hsp70
 produced in response to thermal stress encountered shortly
 before the specimens were collected. We interpret the
 higher levels of Hsp70 in L. scabra and L. austrodigitalis to
 indicate that a relatively high potential for thermal denatur
 ation of proteins exists under field conditions and that these
 two species use a "preparatory defense" strategy to ensure
 that adequate levels of heat-shock proteins are available to
 cope with unpredictable but extreme periods of heat stress.
 This energetically costly strategy is not found in the two
 lower-occurring congeners.

 Induction of Hsp70 during laboratory heat stress also
 differed among species. All species except L. scabra
 showed increased levels of Hsp70 when exposure temper
 ature in the 7-h experiment reached 28 ?C. L. austrodigitalis
 induced Hsp70 more strongly than the low-shore species (L.
 scutum, L. pelta) did. The maximum Hsp70 expression in L.
 scutum and L. pelta occurred at 28 ?C and 32 ?C, respec
 tively. Levels of Hsp70 in L. austrodigitalis increased at
 28 ?C, and kept stable at 32 and 36 ?C. The Hsp70 level in
 L. austrodigitalis was higher than those of the two low- and

 mid-intertidal species (L. scutum and L. pelta) at high tem
 peratures. These results indicate that L. austrodigitalis can
 adapt to the harsh physical conditions in the high-intertidal
 area with a moderate level of constitutive Hsp70 and a high
 level of inducible Hsp70, and the low-intertidal species can
 express inducible Hsp70 in response to infrequent exposure
 to heat stress during extreme low tides. A difference in

 Hsp70 expression between high- and low-shore species has
 previously been demonstrated for mid- and low-shore spe
 cies of snails of the genus Tegula (Tomanek and Somero,
 1999), and reflects the separate evolutionary histories of
 these species.

 The finding that Hsp70 levels in L. scabra did not change
 with the increasing exposure temperatures could be a con
 sequence of the high levels of Hsp70 found normally in this
 species. Thus, according to the "molecular thermometer"

 model (Craig and Gross, 1991) for regulation of the heat
 shock response, high standing-stock levels of Hsp70 pro
 hibit the activation of the hsp70 gene. Likewise, the rela
 tively low standing-stock levels of Hsp70 in L. pelta and L.
 scutum may account for the strong induction of Hsp70
 synthesis at temperatures above ^24 ?C in the gradual 7-h
 exposure.

 In the 3.5-h exposure, by contrast, there were no signif
 icant changes in Hsp70 levels among temperature treat

 ments for any species. However, unlike in the 7-h exposure,
 low-shore limpet species (L. scutum and L. pelta) exposed
 to the 14 ?C treatment for 3.5 h showed Hsp70 levels
 significantly elevated over control acclimated animals (Fig.
 3). These elevated levels among 14 ?C treatment groups
 may obscure temperature-related changes in the other treat
 ments. The cause of these elevated levels of Hsp70 in
 limpets not experiencing thermal stress cannot be explicitly
 determined by this experiment, but may be related to des
 iccation: limpets moved from control conditions (14 ?C on
 the seawater table, where relative humidity was high and air

 movement was negligible) to the treatment chamber (50%
 60% relative humidity and wind velocities of 0.25 m s-1)
 would have experienced a sudden increase in desiccating
 conditions, possibly resulting in an initial spike in Hsp70
 synthesis. It is possible that such a desiccation-induced
 increase in Hsp70 would provide protection against thermal
 stress later in the tidal cycle.

 In conclusion, the congeneric limpets occupying different
 vertical positions in the intertidal zone and having different
 orientations to incoming solar radiation have different re
 sponses to heat stress. L. scabra, which occupies primarily
 horizontal surfaces fully exposed to the sun in the high
 intertidal zone, exhibits high constitutive levels of Hsp70,
 but no induced synthesis under the heat-stress conditions
 used in this study. L. austrodigitalis, which occupies pri
 marily vertical or overhanging surfaces in the high-intertidal
 zone, has a moderate level of constitutive Hsp70 in the field
 and high inducible synthesis of Hsp70 at high temperature.
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 The lower-occurring species (L. scutum and L. pelta) main
 tain low levels of Hsp70, but highly induce synthesis when
 exposed to heat stress. Although the energy costs of syn
 thesizing and utilizing Hsps as molecular chaperones have
 not been quantified in terms of their percentage contribution
 to cellular energy budgets, the higher levels of Hsp70 pro
 duction in high-intertidal congeners of Lottia are likely to
 lead to a different balance of energy allocation between
 growth, reproduction, and maintenance than is found in less
 thermally stressed low- to mid-intertidal species.
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