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The interaction of climate and the timing of low tides along the West Coast
of the United States creates a complex mosaic of thermal environments, in
which northern sites can be more thermally stressful than southern sites. Thus,
climate change may not lead to a poleward shift in the distribution of intertidal
organisms, as has been proposed, but instead will likely cause localized ex-
tinctions at a series of “hot spots.” Patterns of exposure to extreme climatic
conditions are temporally variable, and tidal predictions suggest that in the next
3 to 5 years "hot spots” are likely to appear at several northern sites.

A central goal in exploring the consequences of
global climate change is to accurately predict
the alteration of thermal stresses on organisms
and the subsequent impact of stress on the
distribution patterns of species. Specifically, the
prediction that species distributions will shift
poleward as global warming continues depends
on the idea that thermal stresses are always
higher at their more-equatorial ends. Because
they are assumed to live very close to their
thermal tolerance limits (/—4), organisms in-
habiting the rocky intertidal zone have emerged
in recent years as potential harbingers of the
effects of climate change on species distribu-
tional patterns in nature (3--9). To explore these
patterns, scientists working in coastal environ-
ments typically rely on air and water tempera-

"University of South Carolina, Department of Biolog-
ical Sciences and Marine Sciences Program, Columbia,
SC 29208, USA. 2University of Washington, Depart-
ment of Zoology, Box 351800, Seattle, WA 98195,
USA. 3Stanford University, Hopkins Marine Station,
Pacific Grove, CA 93950, USA. “Oregon State Univer-
sity, Department of Zoology, Corvallis, OR 97331,
USA. 5Department of Ecology, Evolution and Marine
Biology. Marine Science Institute, University of Cal-
ifornia, Santa Barbara, CA 93106, USA.

*To whom correspondence should be addressed. E-
mail: helmuth@biol.sc.edu

www.sciencemag.org SCIENCE VOL 298

tures as proxies for body temperatures (5-10).
Although this approach is appropriate for sub-
tidal organisms (/0), the body temperatures of
intertidal organisms during aerial exposure at
low tide are, in contrast, driven by multiple
climatic factors, and can be very different from
air or water temperatures (//—18). Furthermore,
the mechanics of heat flux depend to a large
extent on organism morphology, material prop-
erties, and color; thus, two organisms exposed
to identical climatic conditions can display very
different body temperatures (//-16). Lastly,
whereas the temperatures of intertidal organ-
isms are driven by terrestrial climatic factors,
the timing of the alternating exposure to terres-
trial and marine environments is driven by the
dynamics of the tidal cycle. However, despite
the observation that body temperatures are of-
ten much higher during aerial exposure at low
tide than during immersion (/5-18), and
although (in temperate regions) thermal
damage of proteins occurs at temperatures
almost exclusively experienced during aer-
ial exposure (/9-22), most studies to date
have focused only on geographic patterns
of water temperature in setting the distri-
bution of intertidal species (5-10, 23). Un-
der such a model, climate change is pre-
dicted to cause a poleward shift in species
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distributions as temperatures at the equato-
rial end surpass the physiological toleranc-
es of the species in question (3, 6, 7).

We explore how thermal stress in rocky
intertidal habitats varies along a latitudinal gra-
dient, and we provide evidence that body tem-
peratures do not increase monotonically with
decreasing latitude. We focus on the intertidal
mussel Mytilus californianus, an abundant and
widely distributed species that is a competitive
dominant in the intertidal ecosystem (24); how-
ever, the issues that we describe apply to all
intertidal species (/6). We deployed a series of
temperature loggers modified to thermally
match living mussels (25) in mussel beds (26) at
eight sites spanning 14° of latitude ranging from
northern Washington to Point Conception, Cal-
ifornia (27). Sites were not chosen at random or
at fixed intervals; instead, we selected locations
where previous intertidal studies have been con-
ducted (17, 19-21, 24, 28-31) in an effort to
place these sites in a comparative framework
with one another with regard to thermal stress.

Data from each instrument were summa-
rized using two temperature metrics. The 99th
percentile of all temperatures recorded from
May to September at each site was calculated as
the summer maximum, a measure of “acute”
stress (/7, 32). The average daily maximum
[(ADM), the average of all daily peaks] was also
calculated for each month as a measure of
“chronic” high-temperature exposure (/7), and
the highest monthly value of ADM for each site
was considered as the peak ADM. Data were
analyzed using a Kruskal-Wallis test (Statview),
which was used to rank sites in descending order
from “hottest” to “coolest” for comparison with
the null model of monotonically increasing ther-
mal stress with decreasing latitude (33).

Results clearly indicated that body tempera-
tures did not become more thermally stressful
with decreasing latitude, and that the patterns of
stress varied to some extent with the tempera-
ture metric in question (Fig. 1). There was no
clear latitudinal pattern in either of the temper-
ature metrics. Whereas conditions were slightly
hotter at Jalama and Alegria, California, two
wave-protected sites near Point Conception
(Fig. 1), Boiler Bay and Strawberry Hill, Ore-
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Fig. 1. “Acute” (99th percentile of tempera-
tures) and “chronic” high-temperature (peak
ADM) exposures calculated at each site in
2001, collected using temperature loggers de-
signed to mimic the thermal characteristics of
real mussels along the West Coast of the Unit-
ed States. Sites are arranged in order of increas-
ing latitude (Tatoosh at the northern end).
Results of a Kruskal-Wallis test indicated that
levels of high-temperature stress do not change
monotonically with latitude: Acute tempera-
ture stress, H = 14.4, P = 0.05, Alegria >
Jalama > Boiler Bay > Piedras Blancas >
Strawberry Hill > Monterey Bay > Tatoosh >
Lompoc; Peak Average Daily Maximum, H =
178, P < 001, Alegria > jJalama > Boiler
Bay > Piedras Blancas > Strawberry Hill >
Monterey Bay > Lompoc > Tatoosh. An anal-
ysis of site means using linear regression con-
firmed that there is no trend in either temper-
ature metric with latitude (Acute stress: P =
0.40, r2 = 0.12; ADM: P = 0.21, r? = 0.25).

gon (two of the most northerly sites considered),
were also among the hottest sites measured.
Lompoc Landing, California, one of the more
southern sites, was thermally very similar to
Tatoosh Island, Washington, the northernmost
site where instruments were deployed. Data also
indicated that the timing of maximum stress
varied between sites. Acute temperature expo-
sures occurred from May to June at sites south
of Monterey, California, and from June to July
at sites north of Monterey.

Patterns in thermal stress based on body
temperatures experienced during aerial expo-
sure thus generate patterns that differ from
the monotonic decrease predicted from mea-
surements of sea surface temperature (6), and
such patterns have potentially important con-
sequences for how we view range boundaries
and the effects of climate change on intertidal
communities. Our results are consistent, for
example, with data reported by Sagarin and
Gaines (34, 35), who have shown that many
intertidal species, including M. californianus,
do not exhibit an “abundant center” distribu-
tion. Instead, they display a complex pattern
whereby peaks in abundance are shifted to-
ward one end of each species’ range, or else
show no clear pattern at all. Our results are
also supported by recent data from Gilman
(36), who found no relation between latitude
and temperature stress in a study of the north-
ernmost limit of an intertidal gastropod.
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Although variability in local climate and
wave splash undoubtedly plays an important
role in driving geographic patterns of thermal
stress during aerial exposure, perhaps the single
largest factor affecting these patterns is variabil-
ity in the timing of low tides. During summer
months at many northern sites in the Northeast
Pacific, extreme low tides (“spring” tides) often
occur midday, when climatic conditions are
hottest. In contrast, many summertime extreme
lows at more southern sites occur in the middle
of the night, and animals remain submerged
during the hottest parts of the day. As a result,
even if terrestrial climatic conditions become
progressively hotter as one moves south along
the West Coast, as they likely do, animals at
southern sites may be afforded considerable
protection by being submerged during the hot-
test parts of the day. Such interactions between
tidal cycle and terrestrial climate have been
noted (18, 37, 38), but these patterns have never
been explicitly tested.

To estimate how the patterns we observed
might be related to variability in tidal patterns,
still tidal height estimates were calculated at 20
stations ranging from Friday Harbor, Washing-
ton (48.55°N, 123.00°W), to Santa Barbara,
California (34.42°N, 119.68°W) (39). Previous
measurements and models of mussel body tem-
peratures (/5—18) have indicated that maximum
high-temperature stress in this species occurs
during midday (11:00 to 13:00), the period of
maximum solar insolation. As a result, all other
factors being equal, we consider midday expo-
sures during summer months to be the “riski-
est” in terms of exposure to extreme climatic
conditions. As a measure of the role of the tide
in exposing organisms to potentially damaging
thermal conditions, we calculated the total du-
ration of midday exposure for the months of
June, July, and August at each site for a period
of 25 years (1985-2009). Estimates were cal-

100 120 140

culated at 25-cm intervals of still tidal height,
from Mean Lower Low Water (MLLW) —1 m
to MLLW + 2.25 m, and were then normalized
to the tidal range of each site. Although spatial
and temporal patterns change with tidal height,
here we focus on midtidal heights most relevant
to mussel distribution.

As predicted from our temperature data,
during the climatically hottest times of year
in 2001 organisms at mid- to low tidal heights
(heights relevant to mussel beds) at most
southern sites experienced little or no midday
exposure (Fig. 2). Differences between sites
were most pronounced at lower tidal heights,
suggesting that the patterns we observed are
particularly relevant to mid- and low inter-
tidal species.

Analysis further indicated that the duration
of midday exposure can vary markedly over
time and that the magnitude of this temporal
variability changes from site to site (Fig. 3). As
described by Denny and Paine (40), tides dis-
play an 18.6-year cycle due to an oscillation in
the declination of the moon’s orbit relative to
the plane of Earth’s equator. Denny and Paine
showed that at one site (Tatoosh Island) this
variability was sufficient to cause observable
shifts in the zonation height of mussels (40).
Our analysis of the total summertime exposure
to midday environmental conditions shows that
not only does year-to-year variability differ in
amplitude from site to site but also that peaks in
midday exposure are slightly out of phase with
one another at the different sites (Fig. 3). For
example, at Friday Harbor, the total summer-
time midday exposure at a midtidal height var-
ies only slightly from year to year, ranging from
a low of 102 hours in 1994 to a maximum
cumulative exposure of 120.5 hours in 2003
(Fig. 3). In contrast, sites at Monterey show a
much greater variation from year to year, with a
low of 30 hours in 2008 to a high of 64 hours in
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Fig. 3. Change in midday exposure
during summer (June to August) at
select sites along the West Coast.
Data are shown for the mid (50%)-
range tidal height (scaled to the av-
erage tidal range for the period
1985-2004) at each site. Southern
sites (Monterey and Santa Barbara,
California) showed a high interan-
nual range, with peaks in exposure
occurring in the mid to late 1990s.
In contrast, peak midday exposures
at northern sites are not predicted
to occur until 2003.

Cumulative mid-day exposure (h)
(June-August)

1997 (Fig. 3). In general, sites in central and
southern California showed peaks in midday
exposure during the years 1997-98, and those
in central Oregon were at a maximum in 1999.
In contrast, examination of tidal heights pre-
dicts that maximum exposure at many northern
Washington sites will occur in 2003 (Fig. 3).
Indeed, large mussel mortality events occurred
in the summer of 2002 in both Washington (4/)
and Oregon (42). These results suggest that, all
other factors being equal, the relative level of
thermal stress observed between these sites will
vary markedly over time. If the mussel temper-
ature measurements described here had been
conducted in 1997, we may indeed have ob-
served an increase in thermal stress with de-
creasing latitude (although given the disparity
in exposure times, this is not a foregone con-
clusion). However, these projections indicate
that in the next 3 to 5 years, though summer
midday exposure will be near maximum at
many northern sites, exposure will approaching
a minimum at many southern sites (Fig. 3). As
a result, we are entering a period lasting the
next few years where a change in temperature
[whether through El Nifio—Southern Oscillation
(ENSO), climate change, or stochastic process-
es] is most likely to impact intertidal organisms
at northern “hotspots” and not necessarily at
more southern sites.

Thermal stress during aerial exposure is
not the only factor determining the distri-
bution of intertidal species along the West
Coast. Larval dispersal is likely to play an
important role (10), as are food supply (31)
and biotic interactions such as predation
and competition (4, 24, 43). Water temper-
ature also has been shown to have strong
physiological impacts on intertidal inverte-
brates. Sanford (44), for example, showed
that water temperature appears to drive the
rate of feeding and assimilation by seastars.
However, our results demonstrate that pre-
dictions of the effects of climate change
based on body temperatures generate pre-
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dictions that differ markedly from those
based only on air or water temperature. We
further show that because of the coupled
effects of the timing of aerial exposure with
terrestrial climate, latitudinal patterns of
thermal stress are not only highly complex
in space but also in time. Without a mech-
anistic, quantitative understanding of what
the temperatures of ectothermic organisms
are in nature, our ability to forecast the
effects of anticipated changes in climate on
organismal physiology and biogeography
will be severely limited.

References and Notes
. M. S. Doty, Ecology 27, 315 (1946).
. D. S. Wethey, Biol. Bull. 165, 330 (1983).
3. P. A Fields, ). B. Graham, R. H. Rosenblatt, G. N.
Somero, Trends Ecol. Evol. 8, 361 (1993).
4. M. D. Bertness, G. H. Leonard, j. M. Levine, ). F. Bruno,
Oecologia 120, 446 (1999).
S. A.).Southward, S. J. Hawkins, M. T. Burrows, J. Therm.
Biol. 20, 127 (1995).
6. ). Lubchenco, S. A. Navarrete, B. N. Tissot, . C.
Castilla, in Farth System Responses to Global Change,
H. A. Mooney, E. R. Fuentes, B. |. Kronberg, Eds.
(Academic Press, San Diego, CA, 1993), pp. 147-166.
7. ). P. Barry, C. H. Baxter, R. D. Sagarin, S. E. Gilman,
Science 267, 672 (1995).
8. R. D. Sagarin, J. P. Barry, S. E. Gilman, C. H. Baxter,
Ecol. Monogr. 69, 465 (1999). ’
9. P. W. Frank, Mar. Biol. 31, 181 (1975).
10. B. Gaylord, S. D. Gaines, Am. Nat. 155, 769 (2000).
11. W. P. Porter, D. M. Gates, Ecol. Monogr. 39, 245
(1969).
12. A. ). Southward, J. Mar. Biol. Assoc. UK 37, 49 (1958).
13. S. E. Johnson I, in Perspectives of Biophysical Ecology,
R. B. Schmerl, Ed. (Springer-Verlag, New York, 1975),
pp. 559-587.
14. E. C. Bell, J. Exp. Mar. Biol. Ecol. 191, 29 (1995).
15. B. S. T. Helmuth, Ecol. Monogr. 68, 51 (1998).
16. B. Helmuth, Integr. Comp. Biol., in press.
17. 8. S. T. Helmuth, G. E. Hofmann, Biol. Bull. 201, 374
(2007).
18. B. S. T. Helmuth, Ecology 80, 15 (1999).
19. G. E. Hofmann, G. N. Somero, Mol. Mar. Biol. Bio-
technol. 5, 175 (1996).
20. D. A. Roberts, G. E. Hofmann, G. N. Somero, Biol. Bull.
192, 309 (1997).
21. L. Tomanek, G. N. Somero, /. Exp. Biol. 202, 2925
(1999).
22. B. A. Buckley, M.-E. Owen, G. E. Hofmann, J. Exp. Biol.
204, 3571 (2001).

N =

23. B.R. Broitman, S. A. Navarrete, F. Smith, S. D. Gaines,
Mar. Ecol. Progr. Ser. 224, 21 (2001).

24. R. T. Paine, Oecologia 15, 93 (1974).

25. Logger design is described in detail in (77). A ther-
mistor-based temperature recorder (Tidbit logger,
Onset Computer Corp., Pocasset, MA) was fitted
inside an epoxy shell with a morphology and color
similar to that of an 8-cm mussel. At this size, the
product of mass*specific heat of the instrument
closely approximates that of a living animal, and
therefore has similar thermal properties. Tests of the
instrument indicate that it records temperatures that
are within approximately 2°C of living animals in the
field (77).

26. Instruments were deployed in approximate growth
position (posterior end upward) in mussel beds in the
midintertidal zone at each site. To eliminate the
effects of substratum angle on temperature (2, 77,
30), loggers were attached with epoxy to horizontal,
unshaded rock surfaces. Each instrument was pro-
grammed to record average temperatures at 10- to
15-min intervals at a resolution of 0.3°C and record-
ed continuously throughout the entire year of 2001.
Between 3 and 10 loggers were deployed at each site,
but instrument losses due to wave action were high
5o 2 to 6 loggers were recovered from each site.

27. Sites included (in decreasing order of latitude): Ta-
toosh Island, Washington (48.39°N, 124.74°W); Boil-
er Bay, Oregon (44.83°N, 124.05°W); Strawberry Hill,
Oregon (44.25°N, 124.12°W); Monterey Bay, Califor-
nia (Mussel Point; 36.63°N, 121.90°W); Piedras Blan-
cas, California (35.66°N, 121.29°W); Lompoc Land-
ing, California (34.72°N, 120.61°W); Jalama, Califor-
nia (34.50N, 120.50°W); and Alegria, California
(34.47°N, 120.28°W). instruments were deployed at
five additional sites, but temperature records did not
span the entire summer and so these sites are not
included here.

28. R. T. Paine, Marine Rocky Shores and Community
Ecology: An Experimentalist's Perspective (Oldendorf,
Germany, 1994).

29. B. A. Menge et al., Proc. Natl. Acad. Sci. U.S.A. 94,
14530 (1997).

30. J. T. Wootton, Ecol. Monogr. 67, 45 (1997).

31. E. P. Dahlhoff, B. A. Buckley, B. A. Menge, Ecology 82,
2816 (2001).

32. The 99th percentile of temperatures was used in-
stead of the single highest temperature recorded
during the entire season. This filter was intended to
place slightly more emphasis on the physiological
importance of long duration exposures to high-tem-
perature stress, rather than brief (10 to 20 min)
exposures (19, 22).

33. The acceptable level of alpha was adjusted sequen-
tially to reflect the number of tests conducted.

34. R. D. Sagarin, S. D. Gaines, J. Biogeogr. 29, 985
(2002).

3S. , Ecol. Lett. 5, 137 (2002).

36. S. E. Gilman, paper presented at the 35th Annual
Meeting of the Western Society of Malacologists,
Asilomar, CA, 21 to 23 July 2002.

37. J. H. Orton, J. Mar. Biol. Assoc. UK 16, 289 (1929).

38. E. C. Bell, thesis, Stanford University (1992).

39. Tidal height data were calculated at 10-min intervals
using the program Tides 4.01 (E. Wallner).

40. M. W. Denny, R. T. Paine, Biol. Bull. 194, 108 (1998).

41. G. E. Hofmann, unpublished data.

42. B. Menge, personal communication.

43. B. A. Menge, A. M. Olson, Trends Ecol. Evol. 5, 52
(1990).

44. E. Sanford, Science 283, 2095 (1999).

45. Supported by NSF grant IBN 9985878 (B.H.), and a
grant from the National Geographic Society for Re-
search and Exploration (B.H. and G.E.H.). Logistical
support was provided by the Partnership for Interdis-
ciplinary Studies of Coastal Oceans (PISCO), and we
wish to thank S. Gaines, M. W. Denny, G. N. Somero,
B. Menge, and R. T. Paine for assistance in accessing
field sites. We especially wish to thank C. Svedlund, T.
Fitzhenry, K. Gardner, C. Dryden, and M. Foley for
their help in the field, and M. W. Denny, J. Smith,
D. S. Wethey, and three anonymous reviewers for
their comments on the manuscript.

31 July 2002; accepted 25 September 2002

1017



