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INTRODUCTION

According to predictions by the Intergovernmental
Panel for Climate Change (IPCC), average global tem-
peratures are expected to increase by as much as 3 to
6°C over the next 50 to 100 yr (IPCC 2001). Since the
local and geographic distributions of marine and ter-
restrial organisms are often determined by tempera-
ture, these possible increases have generated substan-
tial concern among ecologists, who have generated a
body of empirical data, theory and models predicting
major rearrangements of the world’s biota. In terres-
trial and marine ecosystems, respective changes in air
and surface water temperature over the last 50 to
100 yr have been related to changes in the abundance
and/or distribution of species, resulting in a model for
the biogeographic effects of global warming that
predicts a poleward shift in the distributions of organ-

isms (Castilla et al. 1993, Lubchenco et al. 1993, Barry
et al. 1995, Olive 1995, Southward et al. 1995, Viner et
al. 1995, Parmesan 1996, Davis et al. 1998, Easterling
et al. 2000, Beaugrand et al. 2002, Thompson et al.
2002, Burns et al. 2003, Chevaldonné & Lejeusne 2003,
Parmesan & Yohe 2003, Root et al. 2003, Sax & Gaines
2003). 

Rocky intertidal systems around the world have fre-
quently been used at the forefront of the production
and testing of ecological theories due to their relative
simplicity (Little & Kitching 1996). By definition the
rocky intertidal organisms spend a substantial amount
of time exposed to terrestrial conditions during low
tides (air vs. water, solar radiation, wind etc.) which
have been shown to impose substantial physiological
stresses on these organisms (Somero 2005, Helmuth
et al. 2006). These stresses, while frequently sub-
lethal (Hofmann & Somero 1995, 1996, Somero 2002,
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Tomanek 2002), suggest that many of these species are
living at, or at least very near, the edges of their phy-
siological tolerances (Somero 2002, Stillman 2002,
2003). As a matter of fact, one of the classic paradigms
of intertidal ecology is that the upper distributional limit
of intertidal species is delimited by desiccation and
thermal stress (Little & Kitching 1996). Therefore, by
spending substantial periods in and out of the water,
one can expect that the consequences of global climate
change would affect intertidal species through
changes in both air and water temperature. Since the
extreme temperatures perceived by intertidal organ-
isms generally occur during low tides, increased tem-
perature during periods of aerial exposure is assumed
to have a great effect on the survival, reproduction and
physiology of the post-larval phases of these organisms.

Improving our ability to predict the effects of climate
change depends crucially on having good descriptions
of how local environmental conditions, i.e. those per-
ceived by the organisms, vary over large areas, and
how they are modulated by global-scale atmospheric-
oceanographic changes (Hallett et al. 2004, Helmuth et
al. 2006). Considering the early emphasis on desicca-
tion and thermal stresses on intertidal organisms
(Orton 1929, Underwood 1978, Little & Kitching 1998,
Somero 2005), the scarcity of quantitative data describ-
ing intertidal environments over large areas is surpris-
ing. In recent articles, Helmuth et al. (2002, 2006)
have started to fill this gap, describing patterns of
thermal stress in the rocky intertidal zone of the Pacific
coast of North America (hereafter ‘PNA’). Their results
highlight the long overlooked importance of incorpo-
rating air temperature and tidal regime when predict-
ing effects of global warming on the geographical
boundaries of intertidal organisms. For instance, Hel-
muth et al. (2002) show that the geographic variation in
tidal regimes along the PNA generates predictions
about the effects of global change that contrast with
those from models based on sea surface temperature
(SST) alone. They show that by the time thermal condi-
tions are harshest, in the afternoon, the majority of
intertidal organisms are protected by a higher tide,
and that due to geomorphological factors that affect
tidal regimes, some localities have low tides in the
afternoon. When forecasted into climate change sce-
narios, this complex mosaic of ‘hot spots’ and ‘cold
spots’ can generate patterns of local extinction within
species boundaries that are not envisioned by the
simple range expansion-contraction models (Helmuth
et al. 2006).

Here, we expand on the results of Helmuth et al.
(2002) by quantitatively describing the physical system
of intertidal organisms in a global context, which con-
stitutes a critical first step towards exploring the effect
of climate on ecological systems (Helmuth et al. 2006,

Gilman et al. 2006). We use the tidal regimes as a
proxy for the thermal environment and the potential
for thermal stress and desiccation by quantifying the
exposure to terrestrial conditions during midday in
summer at 34 harmonic stations on 7 different coasts.
We discuss how the differences in the tidal regimes
may affect the distributions of species in the face of
potential global climate change.

MATERIALS AND METHODS

Tidal data were generated using the software Tides
for Windows (v. 3.8, available from www.arachnoid.com/
tides/) for a total of 34 harmonic stations (Fig. 1) at tem-
perate latitudes (between 23 and 50°) on 7 coasts: East
Australia, east and west coasts of the North and South
America, southwestern Africa and the west coast of
northern Africa–western Europe, at 10 min intervals
from 1985 to 2010. Between 4 and 6 sites (harmonic
stations) were selected on each coast, except for west-
ern Africa, where we found reliable information for
only 3 sites. Data for each station were scaled to a rel-
ative value representing the percent tidal height with
the reference to the highest high and the lowest low for
the station between 1980 and 2020. The harmonic sta-
tions were selected to be on the open coast and not
inside large topographic embayments to allow com-
parisons among coasts.

Cumulative midday aerial exposure was calculated
as the total time that heights of 75, 50 and 25% of the
total tidal range spend emersed throughout 90 d of
summer beginning on the summer solstice of the corre-
sponding hemisphere and year, 1 h before and 2 h after
solar noon. Solar noon was calculated as the midpoint
between daily sunrise and sunset data generated using
Tides (v. 3.8). Solar radiation is at its daily maxima at
solar noon and air temperature reaches the daily max-
ima approximately 1 h later. This 3 h window was
therefore selected because it is the period when ther-
mal conditions are harshest for marine organisms.

For a global analysis, and since some stations
showed a strong lunar nodical signal in the cumulative
midday aerial exposure, the mean of 18 yr (1993 to
2010) was calculated for each station, from which
regional means were calculated and tested via 2-way
ANOVA with tidal height (3 levels) and coast (7 coasts)
as fixed factors. Multiple post-hoc comparisons were
conducted with Tukey HSD tests when appropriate. 

RESULTS

Relative differences in aerial exposure among sites
and among regions over the 25 yr window examined
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were highly persistent, despite the existence of an
18.6 yr lunar nodical cycle at some sites, especially in
the northeastern Pacific (see Figs. A1 to A3 in Appen-
dix 1, available as Supplementry Material online at
www.int-res.com/articles/suppl/m343p057_app.pdf).
Other smaller amplitude cycles of about 4 yr were also
apparent at some sites and tidal heights, indicating
that although the ranking of sites and regions does not
change, the magnitude of the differences changes at a
scale of a few years. Averaging over 18 yr makes
results easier to interpret among sites. For a complete
time series of the cumulative mid-summer day aerial
exposure for the 3 tidal heights see Appendix 1.

A significant interaction between region and tidal
height was observed (F(12, 81) = 2.35, p = 0.0119), which
is produced by differences in the shape of the tidal
cycle in the different regions. Overall differences
among regions were significant (F(6, 81) = 19.67, p <
0.001), but the significant interaction shows that rela-
tive aerial exposure among regions changes, depend-
ing on the tidal height occupied by the organism. In
the high intertidal level (75% of the tidal range) aver-
age cumulative mid-summer day aerial exposure in all
coasts ranged from 190 to 270 h (Fig. 2A) and a Tukey
HSD test yielded 2 distinct groups. The first, consisting
of the Southwestern Pacific (SWP), Southeastern
Pacific (SEP) and Northeastern Pacific (NEP) was sig-
nificantly greater than the second, consisting of the
Southwestern Atlantic (SWA), Southeastern Atlantic

(SEA) and Northeastern Atlantic (NEA). The North-
western Atlantic (NWA) coast was not different from
either of the 2 groups.

At a height of 50% of the tidal range, average cumu-
lative mid-summer day aerial exposure was substan-
tially lower than in the higher intertidal, and the pat-
tern of differences was slightly different (Fig. 2B).
Tukey HSD tests showed that exposure along SWP was
greater than all coasts SEP and NWA, and that expo-
sure along SEP was greater than NEP. The remaining
groups were not significantly different. Interestingly,
NEP, which was among the most exposed in the high
intertidal, showed the lowest exposure of all 7 regions
in the mid-intertidal. In the low intertidal zone (25% of
the tidal range), cumulative day aerial exposure was
lower and the overall pattern was similar to that ob-
served in the mid-intertidal zone (Fig. 2C). 

In summary, the cumulative mid-summer day expo-
sure to air was highest in Eastern Australia (SWP) and
in Chile (SEP). The NEP was grouped with the greatest
exposure in the high intertidal zone, but with the low-
est in the mid- and low intertidal zones.

DISCUSSION

A few studies have documented the effects of
increases in SST on the geographical distributions of
rocky intertidal organisms. For example, Barry et al.
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Fig. 1. Location of the 34 harmonic stations along 7 different coastlines
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(1995) and Sagarin et al. (1999) showed that between
the 1930s and the 1990s, at Hopkins Marine Station in
Central California, USA, a large percentage of species
showed changes in abundance in accordance with
poleward shifts in their ranges of distribution following
an increase in SST. Similarly, Rivadeneira & Fernández
(2004) attributed minor changes in the southern end-
points of mollusk species distributions along the coast
of Chile to changes in SST.

Since air temperatures in temperate locations can
exceed SST by as much as 15°C or more (Helmuth
1998, 1999, Stillman & Somero 2000, Finke 2007), and
since physiological stresses are generally considered

to be substantially higher during low tides, it stands to
reason that the changes in the distribution and abun-
dance of adult stages of intertidal organisms can be
more affected by air temperature than changes in SST.
Along these lines, Southward et al. (1995) docu-
mented marked changes in intertidal community
structure at several sites in the western English Chan-
nel. They reported latitudinal shifts of up to 120 miles
(193 km) and increases or decreases of up to 2–3
orders of magnitude in abundance of species in
response to changes in mean global air temperature
from the early 1920s to the 1990s.

The results of the present study show that in the mid-
intertidal zones along the coasts of Chile and Eastern
Australia, organisms spend 50 to 70% of summer after-
noons exposed to terrestrial conditions. In comparison
with sites on the open coast from the Pacific coast of
North America (NEP), all Chilean and Australian sta-
tions showed 1.8 and 2.0 to 5.6 and 8.6 times greater
cumulative midday aerial exposure, for low and mid-
tidal heights, respectively. Considering only open
coast sites, there is no evidence for ‘hotspots’ (Helmuth
et al. 2002) along the Chilean coast, at least based on
patterns of aerial exposure. Contrarily, exposure at
Carelmapu in Chile was substantially lower than the
rest of the SEP coast (see Appendix 1), suggesting it
may be more of a ‘coolspot’ (sensu Helmuth et al.
2006). On the other hand, along eastern South America
(SEA), the station at 33° (Río Grande) showed substan-
tially greater exposure in the mid- and high intertidal
zones than the rest of the stations in the region, making
it a ‘hotspot’. Therefore, assuming relatively linear
clines in air temperature and solar radiation with lati-
tude, our results suggest that the potential effects of
global warming through increased body temperatures
during low tides will be substantially greater toward
lower latitudes along the SEP and SWP. In situ mea-
surements of microclimatic conditions experienced by
model organisms (e.g. Gilman et al. 2006, Helmuth et
al. 2006) are the logical next step to refine these broad
predictions. A 5 yr hindcast of modeled body tempera-
tures of the intertidal mussel Perumytilus purpuratus
in central Chile show that individuals reach body tem-
peratures >35°C on a regular basis, with average
monthly maxima of 34°C each summer (Finke 2007).
These results suggest that the high predicted aerial
exposure in this region during periods of peak solar
radiation does result in stressful conditions for
the organisms. 

The exposures in Australia and Chile were among
the highest out of the 7 regions studied at all 3 tidal
heights. The east coast of Australia consistently pre-
sented the greatest exposure. Interestingly, the expo-
sure in the SWA was consistently among the lowest.
Bertness et al. (2006) suggested that the coast of
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Fig. 2. Comparison of cumulative midday aerial exposure
during summer for temperate latitudes on 7 coasts. (A) High
intertidal (75% of tidal range), (B) mid-intertidal (50% of tidal
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Patagonia, southern Argentina, is where the greatest
desiccation stress in the intertidal zone occurs. These
authors based their conclusion on meteorological data,
but apparently did not take the tidal regime into
account. Although we show that the SWA presents
lower cumulative mid-summer day exposure to air
than many other regions, this does not entirely contra-
dict the findings of Bertness et al. (2006). Their conclu-
sion was based on the effect of the strong dry winds
coming off the South American mainland, which,
according to these authors, impose stringent desicca-
tion stresses. These winds are not likely to be related to
the tides and therefore conditions favoring desiccation
appear to occur at periods outside the 3 h d–1 window
chosen for comparison here, highlighting the need to
directly quantify microclimatic conditions.

Increases in body temperature have been shown to
increase the production of heat shock proteins (Hof-
mann & Somero 1995, Feder & Hofmann 1999, Halpin
et al. 2004, Sorte & Hofmann 2004), which may have
adverse effects on the energy left over for the mainte-
nance, growth or reproduction (Hofmann & Somero
1995, Feder & Hofmann 1999). We predict that species
inhabiting the Chilean and eastern Australian coasts
should be more resistant to heat stress and or present
marked physiological or behavioral adaptations. More-
over, for a given species and tidal height, heat shock
protein concentration should follow a latitudinal trend
in Chile, but not the NEP. Finally, in contrast with the
prediction for the NEP (Helmuth et al. 2002), one
could expect a poleward shift in the geographic limits
of Chilean and eastern Australian rocky intertidal
species.
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