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ABSTRACT

Aim It is often assumed that species reach their highest densities in the centre of

their ranges and decline in abundance toward the edges of the range. Implicit in

this notion, which we call the abundant centre hypothesis, is the assumption that

the edges of the range are more stressful to organisms and are more likely to show

responses to climate change. However, an earlier review and empirical study of

patterns of abundance across the range of intertidal invertebrates show little

support for the abundant centre hypothesis and further demonstrated that few

studies have examined patterns in either abundance or stress across species

ranges. In part this gap is due to the logistical difficulties of sampling species

across large geographical ranges. Here we use intertidal invertebrates, which have

relatively simple linear latitudinal ranges, and heat-shock proteins, which have

been shown to be an integrative measure of organismal stress, to test the

hypothesis that species are more stressed at the edges of their range. We use

complementary data on population density to test the relationship between stress

proteins and overall species density across the species’ range.

Location Our sampling programme covered the southern half of the large

geographical ranges of two intertidal invertebrates on the Pacific Coast of North

America. Sites were spread between northern Baja California, Mexico and

Vancouver Island, Canada, a range of c. 22 degrees of latitude.

Method We sampled levels of heat-shock protein 70 (Hsp70) in eight to

12 individuals from each of 20 sites for the intertidal mussel Mytilus californianus

and 11 sites for the intertidal snail Nucella ostrina, spread throughout the

southern half of their geographical ranges. The relationships between levels of

Hsp70 in individuals from a site and (1) latitude of the site, (2) the site’s position

in the species’ range and (3) average population density were determined.

Results No significant relationship was found in either species between levels of

Hsp70 and latitude, position in the range or population density. Complex

patterns that did emerge may be explained by nonlinear gradients in

environmental conditions along the Pacific coast. Specifically, we observed peak

values of Hsp70 for both species in northern Oregon, where intertidal zones are

disproportionately exposed to daytime emersion (exposure to air) in the summer

months of collections. A second peak for M. californianus was found south of

Point Conception, California, which is marked by dramatic shifts toward warmer

sea temperatures and decreased wave exposure.

Main conclusions Patterns that emerged were not predicted by simple models

based on the abundant centre hypothesis. However, they are consistent with more

complex pictures of heat stress, organismal condition and abundance along a
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INTRODUCTION

The abundant centre hypothesis, which states that species

reach their highest abundance in the centre of their ranges and

suggests that the edges of ranges are physiologically stressful

areas relative to the centres, is widespread in the ecological

literature (Sagarin & Gaines, 2002a). These assumed geogra-

phical patterns of abundance and stress have been central to

key ecological and evolutionary hypotheses addressing the

causes of limits to a species’ range (Hengeveld, 1990; Curnutt

et al., 1996), the consequences of gene flow within ranges

(Antonovics, 1976; Kirkpatrick & Barton, 1997), the optimal

locations for habitat reserves (Lawton, 1993; Lesica &

Allendorf, 1995; Gaston et al., 2001) and the potential

responses of species ranges to climate change (Fields et al.,

1993; Lubchenco et al., 1993). Despite the prevalence of these

theories in the literature, empirical assessments of abundance

and stress across species ranges have rarely been undertaken,

and when such assessments have been made they provide only

weak support for the abundant centre hypothesis (Sagarin &

Gaines, 2002a).

A number of recent studies have examined the expression of

heat-shock (stress) proteins (Hsps) as an indicator of

physiological stress in organisms living in environments that

differ in thermal characteristics (Feder & Hofmann, 1999;

Halpin et al., 2002; Sorensen et al., 2003). Heat shock proteins

serve to restore the native structures of stress-damaged

proteins, allowing normal protein functions, such as enzymatic

activity, to continue. Organisms express Hsps in response to

many environmental stressors, including extremes of tempera-

ture, osmotic stress, heavy metals, hypoxia and organic

pollutants (Feder & Hofmann, 1999). The levels of Hsps in

cells can thus serve as integrated indicators of the past

exposure of organisms to one or more stressors, whose

intensities may vary over space and time.

Field studies have built up an understanding of variation of

Hsps in relation to natural environmental conditions from the

local to the geographical scale. Past studies have focused on

variation in expression of Hsps between species with different

geographical ranges and among conspecifics collected at

different seasons and at different positions along environ-

mental gradients (such as tidal height for intertidal inverte-

brates) (Hofmann & Somero, 1995, 1996; Roberts et al., 1997;

Tomanek & Somero, 1999; Dahlhoff et al., 2001). Typically,

although not invariably, levels of Hsps have been found to

reflect the level of heat stress likely to have been encountered

by the specimens prior to collection, so that congeners from

lower latitudes, collections from warmer seasons and species

from high in the intertidal range show elevated levels of Hsps.

Despite the large body of research on responses of Hsps in

natural situations, a question of high interest to ecological

biogeography – the variation in concentration of Hsps within a

species across its range – has not been adequately addressed.

Assessing levels of Hsps across a species’ range can test the

assumption that the edges of ranges are more stressful than

their centres. When combined with range-wide measures of

abundance, population demographics and other measures of

organismal condition, an empirically based picture of species

dynamics within ranges can emerge to supplant the assump-

tions of the abundant centre hypothesis.

Intertidal invertebrates on the eastern Pacific boundaries are

an attractive system for biogeographical studies of stress and

abundance, for two reasons. First, intertidal invertebrates

typically have broad geographical ranges which may span

thousands of kilometres and 30 or more degrees of latitude,

whereas their tidal height ranges may be restricted to tens of

metres and their longitudinal ranges restricted to a few degrees.

Such ranges, which can be approximated as one-dimensional

forms with two endpoints (rather than a continuous bound-

ary), provide simplified systems for drawing up hypotheses

about the responses of organisms to environmental gradients

and collecting and analysing data to test biogeographical

hypotheses (Sagarin & Gaines, 2002b). Second, a large body of

work on the natural responses of Hsps has been done on

north-eastern Pacific intertidal invertebrates, particularly mus-

sels in the genus Mytilus and snails in the genera Tegula and

Nucella. Thus a priori hypotheses about expected patterns of

Hsp concentration in relation to environmental stress can be

developed based on observations from smaller-scale studies.

Specifically, the abundant centre hypothesis predicts that

intertidal invertebrates will show lower population densities

and elevated levels of stress proteins at the edges of their ranges

relative to the centre.

Sorte & Hofmann (2004) have made important headway

into these questions by assessing both abundance and the

concentration of Hsp in the intertidal snail Nucella canaliculata

latitudinal gradient that have been demonstrated in recent studies. We suggest

that latitudinal complexity, species-specific differences and local effects must be

considered before generalizing the relationship between environmental stress,

abundance, range limits and responses of ranges to climate change.

Keywords

Abundant centre hypothesis, climate change, heat-shock proteins, intertidal

invertebrates, macroecology,Mytilus californianus, Nucella ostrina, species range

limits.
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at two sites near the centre and two sites near the southern

edge of its range. They found higher levels of Hsps and lower

population densities at the southern edge of the range,

consistent with the abundant centre hypothesis. However,

N. canaliculata has a crawl-away larva (as opposed to the more

common planktonic larva of most intertidal invertebrates) that

recruits into the local adult population so that we might expect

a closer relationship between local stress and local population

densities in this species. Osovitz & Hofmann (2005) examined

expression of Hsp70 mRNA in the sea urchin Strongylocen-

trotus purpuratus, which does have a planktonic larva, at two

widely spaced sites in its range, finding a higher induction

temperature for Hsp70 mRNA expression in the more

southern urchins. However, neither site was near the edges

of the urchin’s range, limiting the study’s ability to assess

physiological correlates to the abundant centre hypothesis.

Moreover, because of the potential for high variability within a

species’ range, tests of any biogeographical hypothesis with

data from a small number of sites such as these are of limited

power and may in some cases provide misleading results

(Sagarin & Gaines, 2002a; Murray & Lepschi, 2004; Thuiller

et al., 2004). In order to achieve a more general understanding

of the relationship between stress, population density, species

ranges and changes in those ranges, which is currently lacking

(Parmesan et al., 2005), studies must address both the diversity

of site characteristics and a diversity of life-history traits.

Here we expand on Sorte and Hofmann’s approach by

sampling Hsp concentrations and population densities in field

collections of Nucella ostrina, a congener of N. canaliculata

with similar life-history, and Mytilus californianus, a widely

distributed mussel on north-eastern Pacific rocky shores with a

planktonic larval phase, at multiple sites spread across large

portions of their geographical ranges. With this more detailed

view of stress protein and density distributions we discover

patterns that violate simple expectations of the abundant

centre hypothesis, but which are in concordance with recent

studies that reveal surprising complexity in latitudinal patterns

of thermal stress (Helmuth et al., 2002), organismal condition

(Garrido et al., 2003; Watkinson et al., 2003; Defeo & Cardoso,

2004), genetic population structure (Vucetich & Waite, 2003;

Williams et al., 2003) and abundance (Sagarin & Gaines,

2002b).

MATERIALS AND METHODS

Mytilus californianus was collected and assayed for Hsp70

concentrations from 20 sites between Baja California, Mexico

and British Columbia, Canada (Table 1; Fig. 1). Between eight

and 12 individuals were collected during periods of negative

low tides within 2 h of the lower of the two daily low tides

from May to July 2000. Samples taken between October and

December 1999 at some of the sites were used to make a

seasonal comparison for this species. Mytilus californianus

individuals were consistently collected from mussel beds in the

lower part of their vertical range. One of the two gills was

dissected in the field and immediately frozen in numbered vials

on liquid nitrogen. All tissue was stored at )70 �C until

prepared for protein analysis.

Nucella ostrina were collected at 11 sites spanning the

southern half of the species’ range from near Point Concep-

tion, California to British Columbia, Canada (Table 1; Fig. 1).

At each site eight to 12 individuals were collected from the

same mussel beds whereMytilus were collected during the May

to July 2000 sampling. Snails were crushed so that the soft

body could be removed and stored as with Mytilus. Gills were

later dissected in the laboratory to use for protein assays. It is

possible that some of our collections for the whelk N. ostrina

included both N. ostrina and its cryptic sister species

N. emarginata. These two recently clarified species apparently

overlap between Point. Conception and San Francisco Bay

(Marko, 1998). Although the whelks we collected more closely

resembled the ‘northern form’ described by Palmer et al.

(1990) and later named N. ostrina by Marko (1998), we cannot

be certain of their species without genetic analysis. Thus,

results from sites south of San Francisco Bay should be

interpreted with some caution.

Frozen tissue samples were placed in 300 lL of lysis buffer

[32 mm Tris-Cl (pH 7.1), 1 mm ethylenediaminetetraacetic

acid (EDTA) and 2% sodium dodecyl sulphate (SDS)

with 0.25 mg mL)1 Prefabloc, 10 lg mL)1 Pepstatin and

10 lg mL)1 Leupeptin]. Samples were twice boiled in a dry

bath for 5 min and homogenized with a hand-held Teflon

pestle homogenizer. Samples were spun for 20 min at 15,800 g.

Table 1 Collection sites and dates

Site

Latitude

(deg. min N)

Collection dates

Winter Summer

Punta Lobos, Mexico* 28.53 Oct. 1999

Punta Baja, Mexico* 29.57 Oct. 1999

Punta Clara, Mexico* 31.32 Oct. 1999 May 2000

El Zepelin, Mexico* 31.42 May 2000

Playa Encantada, Mexico* 32.18 May 2000

Crescent Bay, CA* 33.33 May 2000

Flat Rock Point, CA* 33.47 Dec. 1999 May 2000

Point Mugu, CA* 34.09 June 2000

Piedras Blancas, CA 35.40 June 2000

Hopkins Marine Station, CA 36.38 Nov. 1999 June 2000

Bodega Bay, CA* 38.18 Dec. 1999

Jug Handle, CA* 39.22 May 2000

Palmers Pt., CA 41.08 May 2000

South Cove, OR 43.18 May 2000

Boiler Bay, OR 44.50 May 2000

Falcon Pt., OR 45.46 May 2000

Point Grenville, WA 47.18 June 2000

Hole in the Wall, WA 47.57 June 2000

Sepping’s Island, BC 48.50 July 2000

Florencia, BC� 49.00 July 2000

Nawisnuk, BC 51.08 July 2000

*Mytilus californianus only.

�Nucella ostrina only.

All winter collections included only M. californianus.
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in a microcentrifuge. Forty microlitres were removed from

each supernatant and combined with 40 lL of a buffer

consisting of 95% Laemmli sample buffer (BioRad, Hercules,

CA, USA) and 5% 2-mercaptoethanol. For protein determin-

ation, an additional 10 lL of supernatant was removed and

mixed with 90 lL of deionized water. Samples were stored at

) 20 �C. Determination of the total protein in each sample

was conducted with a Micro BCA assay (Pierce, Rockford, IL,

USA). Protein separation was conducted by electrophoresis on

10% SDS-polyacrylamide gels in small format, Mini-Protean

III chambers (BioRad). In each gel one lane was dedicated to a

broad mass range of pre-stained markers. A second lane was

loaded with 0.1 lg of purified bovine heat-shock cognate-70

(Hsc70) (StressGen SPP-750, San Diego, CA, USA), which

allowed quantitative comparisons to be made among different

gels. The 13 remaining lanes were loaded with the samples

prepared from mussel or snail gill (15 lg total protein per

lane). Samples and standards were boiled for 5 min and mixed

by vortexing before loading onto gels. Gels were run at 200 V

until samples reached the bottom of the gel (c. 45 min).

Detection of Hsp70 was performed using methods applied

to Mytilus and Nucella congeners (Hofmann & Somero, 1996;

Roberts et al., 1997), adapted as follows. Proteins were trans-

ferred to 0.45 lm NitroBind nitrocellulose membranes

(BioRad) in a Trans Blot chamber (BioRad) for 1 h at 100 V.

Membranes were dried overnight and then blocked in c. 25 mL

of 5% non-fat dried milk solution for 1 h. Membranes were

rinsed twice for 2 min each in c. 50 mL of Tris-buffered saline

(TBS). Primary antibody incubation followed for 1.5 h using

anti-Hsp70 (rat, monoclonal IgG, MA3-001; Affinity BioRea-

gents) at a dilution of 1 : 2000 [5 lL antibody in 10 mL solution

of TBS with 2.5% bovine serum albumin (BSA) and 0.02%

sodium azide]. Membranes were rinsed three times for 5 min

each in TBS containing 0.1% Tween-20. A secondary antibody

(anti-rat immunglobulin G, no. AI4000; Vector Laboratories,

Burlingame, CA, USA) was added at a dilution of 1 : 2000

(7.5 lL in 15 mL TBS with 2.5% BSA) for 30 min followed by

another rinse. Membranes were then incubated in Protein

A : horseradish peroxidase for 1 h at a dilution of 1 : 4000

(5 lL in a 20 mL TBS with 2.5% BSA). Final rinses consisted of

three 5-min rinses in TBS containing 0.3% Tween-20 followed

by three 5-min rinses in TBS containing 0.1% Tween-20.

Membranes were exposed to an enhanced chemiluminescence

solution (ECL, GE Healthcare, Piscataway, NJ, USA) for 1 min,

then exposed to ECL Hyperfilm (GE Healthcare) for 20 s

(mussels) or 45 s (snails) and developed.

Films were analysed using Image Master 1D software (GE

Healthcare). The amount of Hsp70 in each lane was quantified

relative to the known amount of purified Hsc70 in the

standard lane on each gel. This method controls for variations

in optical density and background noise typically found

between blots.

A single-factor anova was conducted to test the effect of the

collection season on M. californianus Hsp70 concentrations.

For both species, linear regressions were run to examine the

relationship between Hsp concentration found in samples and

latitude or distance of the sample site relative to the centre of

the range, as determined from Morris et al. (1980).

Simultaneous with tissue collection, average population

densities for our focal species and 10 other intertidal inver-

tebrates were sampled using transect and quadrat methods that

have been previously published here (Sagarin & Gaines,

2002b). Pearson correlations between mean Hsp levels and

average mussel or snail density at each site were tested for

significance with Bartlett chi-square. All statistical analyses

were performed with systat software (Version 10, SPSS, Inc.,

Chicago, IL, USA).

RESULTS

The antibody used to detect Hsp70 revealed two bands

(isoforms) in almost all specimens of M. californianus

(Fig. 2), but this distinction was less clear and consistent in

N. ostrina. Although we did not quantify the molecular masses

Pacific Ocean

32 N 

46 N 

124 °W 

Baja California 

United States 

Canada

Alaska

Pt. Conception

Figure 1 Map of collection sites for Mytilus californianus (black

circles) and Nucella ostrina (white). Black and white triangles

indicate approximate range boundaries for M. californianus and

N. ostrina, respectively. The range for M. californianus extends

westward (not pictured) across the Aleutian Island archipelago

in Alaska.
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of these two bands, their migration rates relative to the

molecular mass standards run on the gels suggest that they

were the same upper and lower bands observed in M. califor-

nianus and M. trossulus (Hofmann & Somero, 1995; Roberts

et al., 1997) which represent constitutively expressed and

inducible forms of Hsp70, respectively. However, Sorte &

Hofmann (2005) show that total Hsp is a better predictor of

thermotolerance than inducible Hsp alone in Nucella species.

Thus, to avoid ambiguity and provide a measure that is likely

to be ecologically relevant we analysed total Hsp values relative

to the Hsc standard for both species.

Concentrations of Hsp70 in M. californianus from summer

collections were significantly higher than winter collections

(F ¼ 20.30, P < 0.001; Fig. 3) at the three sites (Hopkins

Marine Station, Flat Rock Point, Punta Clara) where collec-

tions were made in both seasons. For consistency, we used

results from summer collections for subsequent analysis.

Hsp70 in M. californianus showed high site to site variability

with peak concentrations near 31–32� N latitude (northern

Mexico border) and 45� N latitude (northern Oregon)

(Fig. 4). There was no consistent relationship between con-

centrations of Hsp70 and latitude (least squares linear

regression; R2 ¼ 0.002, P ¼ 0.625) or distance from the centre

of the range (least squares linear regression; R2 ¼ 0.006,

P ¼ 0.373) (Fig. 4). Earlier work showed no latitudinal

pattern in the distribution of abundance for M. californianus

(Sagarin & Gaines, 2002b) and in this study there was no

correlation between mean Hsp70 concentration and overall

average mussel density at each site (Bartlett chi-square 0.595,

P ¼ 0.441).

Hsp70 in N. ostrina also showed high site to site variability

with peak concentrations in northern Oregon, nearest the

centre of the range (Fig. 5). However, there was no consistent

relationship between concentrations of Hsp70 and latitude

Playa Encantada, 
Mexico 
32.18º N Hopkins Marine 

Station, CA 
36.38º N 

South Cove, OR 
43.18º N Boiler Bay, OR 

44.50º N 

Hole in the Wall, 
WA

47.57º N 

hsc 70 standard 

Figure 2 Mytilus californianus. Representa-

tive 20 s exposure of Western blot for Hsp70

from gill tissue. This blot shows Hsp bands

for samples of individual mussels collected

from five sites throughout their range.

Samples from each site were collected at the

same time and all samples shown were taken

in the summer months.
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Figure 3 Relative levels of Hsp70 inMytilus californianus samples

from the three sites in which mussels were collected in winter and

in summer. Levels of Hsp70 were higher in summer samples

(P < 0.001).

1000

2000

3000

4000

5000

30 35 40 45 50 55
0

10

20

30

40

50

0 5 10 15

Latitudeº N Distance from centre
(º Latitude)    

R
el

at
iv

e 
H

sp
70 A

vg. density Figure 4 Box plots of Mytilus californianus

patterns of relative Hsp70 concentration vs.

latitude (left panel) and distance from the
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represent value of average mussel density for

the site determined by Sagarin and Gaines

(Sagarin & Gaines, 2002b) in surveys taken at

the time of sample collection.
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(least squares linear regression; R2 ¼ 0.028, P ¼ 0.143) or

distance from the centre of the range (least squares linear

regression; R2 ¼ 0.025, P ¼ 0.168) (Fig. 5). Earlier work

showed a significant latitudinal pattern of increasingly higher

abundances from the southern to the northern edges of the

range (including sites north of those sampled for this study) in

N. ostrina (Sagarin & Gaines, 2002b). In this study, there was

no correlation between Hsp70 concentration and overall

average density at each site (Bartlett chi-square 0.461,

P ¼ 0.497).

DISCUSSION

This study represents the first attempt to examine patterns in

Hsp70 concentrations in conspecifics and different species

collected over the major portions of the species biogeograph-

ical ranges. To the extent that stress-related patterns of Hsp

expression observed in smaller-scale field studies of Mytilus

and Nucella congeners (see Introduction) can be expected to

scale up to species ranges, these data do not conform to

predictions of simple models that envision either a linear

gradient of stress across latitude, arising from a cline in sea

surface temperatures, or highest levels of stress at the edges of a

species’ biogeographical range. Rather, our data suggest that

the effects of nonlinear latitudinal gradients in environmental

conditions combined with species-specific differences in heat

shock responses and local differences in sampled populations –

all of which are poorly captured in simplistic models of species

ranges and responses to climate change – produce the complex

patterns of Hsp levels that we observed.

Latitudinal differences

At the geographical scale the patterns we find are more

consistent with emerging models and data which stress the

complexity of environmental conditions at the biogeograph-

ical scale and their effects on organisms in different parts of

their ranges (Sagarin & Gaines, 2002b; Helmuth et al., 2005).

Both species showed high levels of Hsp70 in the centre of

their ranges. Notably, peak values for both species corres-

ponded with the location of peak daytime emersion time

which occurs in northern Oregon. Here during the summer

months of our collections, there were 12–15 daytime negative

low tides (when tidal level fell below mean lower low water

between 8 am and 6 pm) per month, in contrast to southern

California which had between 0 and 3 daytime negative tides,

based on web-based tide models (http://tbone.biol.sc.edu/

tide/). This finding is consistent with recent analysis of

intertidal climatic conditions along a wide latitudinal range

along the Pacific coast of North America which demonstrated

that intertidal thermal conditions during low tides are often

significantly hotter at higher latitudes, rather than lower, in

part due to nonlinear variation in emersion time across

latitude (Helmuth et al., 2002).

Between the centres of the ranges and the southern range

boundaries from southern Oregon to central California both

species showed lower Hsp70 levels. This area corresponds to a

broad area of coastal upwelling (Schwing & Mendelssohn,

1997), where cool conditions prevail, wave intensities are

highest (providing additional cooling and protection from

desiccation for mussels and snails in the wave-exposed zone),

and daytime low tides are less common than in northern

Oregon.

Moving southward, M. californianus, but not N. ostrina,

showed a second peak with elevated Hsp70 values near the

edge of its range. Notably, the range of M. californianus, unlike

that of N. ostrina, extends south of Point Conception where

there is a well-documented and dramatic shift towards warmer

near-shore sea temperatures (consistently averaging 3–4 �C
warmer just south of the Point, see http://www.nodc.noaa.gov/

dsdt/cw/index.html) and greatly decreased wave exposure

(O’Reilly & Guza, 1993; Blanchette et al., 2002). Thus, a small

latitudinal difference in the location of a range boundary can

apparently confer large differences in the conditions experi-

enced by an organism. This observation provides grounds for

caution in generalizing predicted responses of species to

climate change as well as a warning that, in some cases, small

shifts in species ranges due to climate change may have

disproportionate effects on species physiology and popula-

tions.

35 40 45 50 55
0

5

10

15

20

25

0

10

20

30

40

50

0 5 10 15
Latitudeº N Distance from centre

(º Latitude)    

R
el

at
iv

e 
H

sp
70

A
vg. densityFigure 5 Box plots of Nucella ostrina pat-

terns of relative Hsp70 concentration vs.

latitude (left panel) and distance from the

centre of the range. In each panel black circles

represent value of average snail density for

the site determined by Sagarin & Gaines

(2002b) in surveys taken at the time of

sample collection.

Latitudinal patterns in heat-shock protein expression

Journal of Biogeography 33, 622–630 627
ª 2006 The Authors. Journal compilation ª 2006 Blackwell Publishing Ltd



Species-specific differences

At the same time, species-specific differences in responses

should not be underestimated. The low levels of Hsp70 for

N. ostrina near its southern boundary in contrast to M. cali-

fornianus would first seem explainable by the snail’s ability to

move into shaded crevices or between mussels during times of

heat stress, an option unavailable to the sessile mussel.

However, these low levels of Hsp70 also contrast with recent

observations of high levels of Hsp70 in N. ostrina’s congener

N. canaliculata at the same southern boundary site (Sorte &

Hofmann, 2004). These results, however, are potentially

consistent with results from acclimation experiments showing

greater thermotolerance in N. ostrina compared with

N. canaliculata (Sorte & Hofmann, 2005) because more

thermotolerant species have been shown to delay expression

of Hsps until higher temperatures are reached (Tomanek &

Somero, 1999; Tomanek, 2002). However, both congeners

must be sampled at the same time in this location to determine

if they do indeed respond differently. Curiously, while both

N. ostrina and N. canaliculata show higher densities at

more northern latitudes (Sagarin & Gaines, 2002b; Sorte &

Hofmann, 2004), they show opposite patterns in Hsp70 levels.

The difference in response of these closely related species

reminds us that generalizations about the relationship between

stress, population density, range boundaries and responses of

ranges to climate change may be misleading if developed from

studies of a limited set of taxa.

Species-specific differences might also be expected in the

relationship between stress and population density. In this

study we found no correlation of these variables for either

species. For M. californianus which has a planktonic larval

phase that may effectively decouple determinants of stress and

determinants of population density (because high recruitment

to a stressful site may result from high larval production at a

distant, less stressful site), the lack of relationship is not

surprising. For N. ostrina, however, which has a crawl-away

larva that recruits to the local population, we might expect a

closer relationship between local measures of stress and

population density. One possibility is that even elevated levels

of Hsps in N. ostrina do not indicate a sufficient level of stress

to reduce reproduction and, ultimately, population density.

Local variables

Alternatively, the lack of correlation between density and Hsp

levels may be explained by the fact that relative density

measures for each site were averages of transect surveys

covering the whole site, whereas collections for Hsp assays

were taken from a single location within the site. Indeed, local

differences that could not be controlled in this geographical-

scale study may affect the observed Hsp patterns. Although

samples in this study were taken at a similar height along the

intertidal gradient at all collection sites, several uncontrolled

variables such as recent thermal history of the animals, aspect

of the individual animals and shoreline relative to the sun, and

other Hsp-inducing factors such as osmotic or desiccation

stress may have contributed to the observed variability in Hsp

expression, as was demonstrated by Helmuth & Hofmann

(2001). A better understanding of which of these factors plays a

primary role in the stress responses of individuals will only

come with further integration of controlled observational

studies, better biophysical models of organisms in the

environment (Helmuth et al., 2005) and experimental eluci-

dation of the complexity of the heat-shock response.

Given these three major sources of variability in response to

environmental stress, biogeographical studies and models need

to be designed on the basis that proxies such as average

temperature gradients are not necessarily good predictors of

thermal stress, that species-specific variation in life history and

thermotolerance may alter the response of individuals to

environmental stress and that even fine-scale spatial variation

such as rock and body aspect can greatly influence body

temperature and stress. Ideally, other indices of physiological

condition such as reproductive output, growth rates, enzy-

matic activity and RNA : DNA ratios, which have been shown

to respond to heat and other stressors, should be used to

calibrate Hsp values observed in the field (Halpin et al., 2002;

Dahlhoff, 2004). As our understanding of the heat-shock

response improves, latitudinal studies of Hsp concentrations

may form a critical component of integrated geographical

studies on the distributions of species abundance, population

dynamics, population genetics and physical environmental

variables. Combining these complementary data sets would be

a novel method for testing hypotheses related to the causes of

boundaries of species ranges and the responses of species

ranges to climate change in a complex biogeographical

environment.
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