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a b s t r a c t
One of the most signiﬁcant biological impacts of global climate change is through alterations of organismal
body temperature, which ultimately drives almost all physiological processes. Using a simple heat budget
model ground-truthed using ~5 years of in situ temperature data collected using biomimetic sensors, we
explored the sensitivity of aerial (low tide) mussel body temperature at three tidal elevations to changes in air
temperature, solar radiation, wind speed, wave height, and the timing of low tide at a site in central California,
USA (Bodega Bay). Results suggest that while increases in air temperature and solar radiation can signiﬁcantly
alter the risk of exposure to stressful conditions, especially at upper intertidal elevations, patterns of risk can
be substantially reduced by convective cooling such that even moderate increases in mean wind speed
(~ 1 m s−1) can theoretically counteract the effects of substantial (2.5 °C) increases in air temperature.
Simulations further suggest that shifts in the timing of low tide (+ 1 h), such as occur moving to different
locations along the coast of California, can have very large impacts on sensitivity to increases in air
temperature. Depending on the timing of low tide, at some sites increases in air temperature will primarily
affect animals in the upper intertidal zone, while at other sites animals will be affected across all tidal
elevations. Field measurements and model predictions show that animal temperatures are often high even
when air temperatures are not, conﬁrming the importance of solar radiation in the heat budgets of intertidal
ectotherms. Conversely, body temperatures are not always elevated even when low tide air temperatures are
extreme due to the combined effects of convective cooling and wave splash. The results of these simulations,
coupled with ongoing ﬁeld measurements, suggest that the timing and magnitude of warming will be highly
variable at coastal sites, and can be driven to a large extent by local oceanographic and meteorological
processes. Moreover, they strongly caution against the use of single environmental metrics such as air
temperature as indicators of past, current and future physiological stress on the west coast of North America,
and instead advocate for approaches that consider the interactive roles of multiple physical drivers.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Virtually every physiological process is affected by the temperature
of an organism's body, and the ﬁeld of marine physiological ecology
has experienced a revitalization in recent years with the advent of new
molecular and biochemical techniques for studying organismal
responses to thermal stress (e.g. Hofmann and Place, 2007; Somero,
2010; Pörtner, 2010; Lockwood and Somero, 2011-this issue).
Concomitantly, there has been a renewed interest in the effects of
temperature extremes on the ecology and physiology of organisms
given the observed and forecasted impacts of global climate change
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(Kearney and Porter, 2004; Helmuth et al., 2006a; Lima et al., 2006;
Mieszkowska et al., 2006; Harley and Paine, 2009; Jones et al., 2009).
However, particularly in studies of intertidal ecosystems, there is often
a potential disconnect between measurements of the “environment”
and the actual drivers of physiological performance, i.e. body
temperature (Kearney, 2006; Broitman et al., 2009; Helmuth, 2009;
Denny et al., 2011-this issue). For example, many ecological studies,
and particularly those focused on climate change impacts, have relied
on measurements of air and water temperature as proxies for
environmental stress (e.g., Jones et al., 2009; Fodrie et al., 2010; Lesser
et al., 2010; van der Wal et al., 2010). In some instances, the disparity
between these large-scale measurements of the environment and
what the organism actually experiences at the cellular level may be
relatively minor: in a well-mixed water column, sea surface temperature may be very similar to water temperature a few m beneath the
surface. Likewise, the body temperature of animals in shaded
environments may be similar to that of the surrounding air or rock.
In contrast, body temperature can be signiﬁcantly different from the
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temperature of the surrounding air or surface when organisms are
directly exposed to solar radiation (Bell, 1995; Williams and Morritt,
1995; Williams et al., 2005; Denny and Harley, 2006; Marshall et al.,
2010), for example when invertebrates and algae are aerially exposed
at low tide. Subtidally, tissue temperatures can be hotter than water
temperature when water ﬂow is sufﬁciently slow (Fabricius, 2006;
Jimenez et al., 2008), and depending on the levels of mixing and
surface heating, temperature gradients of several degrees can occur
over depths of only a few m (Leichter et al., 2006). The question
remains, therefore, when can we use environmental data such as air or
sea surface temperature as effective indicators of environmental stress
for marine organisms, and when must we instead model or measure
the body temperatures of organisms? (Kearney, 2006).
On the east coast of North America, air and water temperature
have been used as an effective indicator of physiological stress in
intertidal mussels, and have been used to successfully reconstruct
current and historical range boundaries (Jones et al., 2009, 2010). In
contrast, measurements and models of intertidal animal temperature
(Helmuth et al., 2002, 2006b) and concomitant measurements of
physiological stress (Place et al., 2008) conducted over geographic
scales on the west coast of North America suggest that patterns of
body temperature are at odds with patterns of air or water
temperature. Speciﬁcally, because of the complex interplay of
multiple environmental drivers – air and water temperature, wave
height, wind speed, cloud cover, solar radiation, and the timing of low
tide – in determining body temperature, intertidal animals on the
west coast of North America (Helmuth et al., 2006b), and likely in
other parts of the world (Finke et al., 2007; Mislan et al., 2009;
Pearson et al., 2009) may exist over a series of “thermal mosaics”
rather than simple latitudinal gradients that cannot be explained
based upon measurements of air or water temperature. Exploring the
relative importance of each of these drivers is therefore a key
consideration if we are to understand how changes in any of these
physical factors are likely to affect intertidal populations.
The use of heat budget modeling has long been used in terrestrial
systems as a highly effective means of moving from large-scale
measurements of the environment (air temperature, solar radiation,
wind speed, etc.) to physiologically-relevant measurements such as
body temperature and water balance (e.g. Porter and Gates, 1969;
Mitchell, 1976; Kearney and Porter, 2009). These methods have been
applied successfully in intertidal systems as well (Johnson, 1975; Bell,
1995; Helmuth, 1998; Denny et al., 2006; Wethey, 2002; Denny and
Harley, 2006; Finke et al., 2009), albeit far less frequently. Here we use
a simple heat budget model to explore the effects of changing weather
conditions on the physiological performance of an ecologically
important species of intertidal mussel, Mytilus californianus. We do
so using 5 years of meteorological and oceanographic data from a
single site in central California, combined with in situ measurements
representative of mussel body temperature collected using biomimetic sensors. Our goal is to tease apart the relative importance of
various drivers of body temperature as a means of exploring how
future changes in those parameters may alter the survival and
performance of this ecologically important species both at this site
and at other locations along the Paciﬁc coast of North America.
2. Modeling approach and ﬁeld validation
We used a steady-state model of heat ﬂux to calculate the hourly
body temperatures of moderately-sized (L = 7.5 cm) mussels
(M. californianus) at a wave-exposed site in Bodega Bay, California,
US. The model assumes that animals reach equilibrium within an hour,
which is probably a reasonable assumption given measured time
constants of 20–30 min for animals of this size (Helmuth, 1998). The
model calculates the surface temperature of a horizontal bed of
mussels of uniform size using hourly average weather data as inputs,
and estimates emersion and wave splash from measurements of

nearshore signiﬁcant wave height (Harley and Helmuth, 2003; Gilman
et al., 2006a). Based upon a model ﬁrst presented in Helmuth (1999)
and expanded upon in Kearney et al. (2010), the model is explained in
detail in an online Appendix, where an executable Microsoft Excel
version is also provided.
Weather data (wind speed, air temperature, and direct solar
radiation) were obtained from the University of California Davis
Bodega Ocean Observing Node (BOON) system (bml.ucdavis.edu/
boon). Tidal height estimates were acquired from X-Tide, operated by
the Wethey laboratory at the University of South Carolina (tbone.biol.
sc.edu/tide). Wave data were obtained from the NOAA National Data
Buoy Center (Station 46013; www.ndbc.noaa.gov). Simulations were
not run for days lacking four hours or more of weather or wave data. A
wind ﬂoor of 0.25 m s−1 was set for wind speed reported at the BOON
sensor (height of ~20 m) because we assumed that wind was never
truly still, and to account for free convection.
The model was used to predict the hourly aerial body temperatures
of mussels at a mid intertidal height of Mean Lower Low Water
(MLLW) + 1.5 m from January 1, 2004 to December 31, 2008. Daily
maximum, minimum and average values during aerial exposure were
then compared against comparable measurements made at this site
during the period April 14, 2004–December 31, 2008, with gaps in the
data from 8/29/06 to 9/25/06 and 4/28/08 to 9/19/08 due to instrument
failure and loss. Biomimetic sensors (n= 3) designed to replicate the
thermal characteristics of living M. californianus (technique described in
Fitzhenry et al., 2004; and Helmuth et al., 2006a, 2006b) were deployed
in natural growth position in mussel beds at the same tidal elevation.
Data were collected at 10 min intervals, and instruments were
downloaded approximately every 6 months. Each biomimetic sensor
consisted of a Tidbit temperature logger (Onset Computer Corporation)
embedded in polyester resin of similar size, shape, and color to a living
mussel with a shell length of approximately 7.5 cm. Previous comparisons of these sensors against living mussels have shown that the
instruments record temperatures within ~2 °C of living mussels, as
opposed to unmodiﬁed Tidbits which were on average 14 °C different
from living animals (Fitzhenry et al., 2004). Because topography in the
rocky intertidal habitats can be highly variable, very large differences in
temperature can occur between microsites, for example between
shaded and unshaded surfaces (Helmuth and Hofmann, 2001, also see
Denny et al., 2011-this issue). Sensors were therefore placed on
horizontal, unshaded microsites as a means of standardizing for the
effects of topography. A sample size of three microsites is likely
insufﬁcient to capture all of the variability within a site, especially
when variability in substrate orientation is considered (see Denny et al.,
2011-this issue). Therefore, the temperatures reported here should be
considered as realistic examples of temperatures of animals on
horizontal surfaces at a ﬁxed tidal height, but not as representative of
the full range of variability at the site.
Data were archived along with those from other study sites on a
searchable database that separates aerial temperatures from aquatic
temperatures based on still tidal height. Users of the database
(climate.biol.sc.edu/data.html) are able to access data through a
map-based interface, and can download summary data at intervals
ranging from 10 min (raw data) to 24 h. Spatial standard deviations of
records from the three loggers are also reported.
We used this database to calculate the maximum, minimum and
average daily aerial temperature recorded by the temperature loggers.
Each metric was recorded daily as the spatial average of all loggers
(thus, for example, for each day we calculated the average of the daily
maxima for all loggers). These spatial averages of daily maxima and
minima are thus to some extent an underestimate of extreme
temperatures; for example, in some cases loggers varied by 5 °C or
more on hot days. For each day for which data were available (some
instrument loss occurred), we calculated, for daily maxima, average,
and minima, the average difference between the model and loggers,
the absolute value of the difference between the model and the
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loggers, and the root mean square error (RMSE). The average across
all days was then used as a measure of model error.
As with previous attempts to model intertidal organisms (e.g.,
Gilman et al., 2006b; Denny and Harley, 2006; Szathmary et al., 2009),
on average the model performed quite well in predicting daily
average, maximum, and minimum values, although on some occasions predicted values could be substantially off. For example, we
interpret many of the data points where predicted model temperatures are high but logger temperatures are ~12 °C as days when
loggers were splashed by waves that were not accounted for in the
model (Fig. 1A). Overall, however, average absolute error was
reasonably small (~2 °C for average daily aerial temperature and
~2.8 °C for daily maximum temperature; Table 1), and the frequency
distributions of values of maximum daily temperatures estimated from
the model were similar to those measured in the ﬁeld, especially at
temperatures above 24 °C (Table 1, Fig. 1B). The comparatively large
number of days with temperatures in the range of 12–15 °C is again
likely an indication of times when the model failed to account for wave
splash (Fig. 1B). Thus, the error in the model was similar to the ability of
the instruments themselves to predict the temperature of living animals
(Fitzhenry et al., 2004), and comparable to the spatial variability among
instruments and living animals on hot days (Gilman et al., 2006b). The
ability of the model to predict estimated mussel temperatures, and
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Fig. 1. Comparison of model predictions (daily maximum values) to biomimetic logger
measurements (average of 3 loggers). (A) Daily maximum temperatures recorded by
biomimetic sensors in mussel beds at MLLW + 1.5 m plotted as a function of model
predictions. (B) Frequency distributions of logger temperatures and model outputs.
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Table 1
Comparison of model simulations to ﬁeld measurements collected using biomimetic
sensors. A positive value in average difference indicates that the model overestimated
logger (mussel) temperatures.

Average difference
Abs (Avg diff)
RMS error

Daily maximum

Daily avg

Daily minimum

− 0.22
2.82
3.60

− 0.68
1.98
2.50

− 2.29
2.67
3.13

particularly daily maximum temperatures (R2 = 0.55), was therefore as
good as our ability to record them in the ﬁeld, despite daily ﬂuctuations
of 20 °C or more. Notably, the error in this relatively simple model
compared very favorably to more sophisticated models (e.g. for daily
maximum, average difference = −0.22, RMSE = 3.60 as compared to
Gilman et al., 2006b: average difference = −1.71, RMSE = 4.12); it
should be noted however that unlike the model presented in Gilman et
al. the applicability of this model to sites other than Bodega Bay has not
been veriﬁed.
During the period 2004–2008, air temperatures ranged from ~0 to
27.5 °C, maximum solar radiation recorded was ~1075 W m−2 and
wind speed at a height of 20 m ranged from near still (assumed as
0.25 m s−1) to N20 m s−1 with an average of 4.3 m s−1. The tidal range
at this site over the ﬁve years examined was MLLW −0.6 m to MLLW +
2.15 m, and signiﬁcant wave heights ranged from 0 to 9.7 m with an
average of 2.2 m. The maximum predicted mussel temperature over the
time period examined was 35.8 °C; on that same day (May 15, 2008) the
average daily maximum of the three loggers was 32.0 °C, although one
of the three biomimetic sensors recorded temperatures in excess of
36 °C. Notably, maximum air temperature on this day was 27.2 °C, with
a high level of solar radiation (939 W m−2), average mainstream wind
speed (4.1 m s−1) and average to low signiﬁcant wave height (1.7 m).
The highest temperature recorded by the biomimetic sensors
(average of all loggers) was 35.3 °C on May 8, 2007; on this day the
model predicted a maximum temperature of 34.2 °C. On this day
maximum recorded air temperature was 18.5 °C and solar radiation
was ~ 930 W m−2 during a period of low tide (0.1 m) coupled with
low wind (1.2 m s−1) and low wave height (1.3 m).
We also compared biomimetic logger data against air temperatures recorded at the BOON station to determine the degree to which
air temperature could serve as an indirect proxy for elevated body
temperatures. A comparison of daily maximum logger temperature to
daily maximum air temperature showed that mussel temperature
differed substantially from air temperature (R2 = 0.14), with differences (Air-logger) ranging from −19 to +11 °C, with an average of
−3.7 °C and an average absolute error of 4.3 °C (Table 2). Errors
actually increased when only air temperatures during predicted low
tide were considered (Table 2), although a higher coefﬁcient of
determination was observed (R2 = 0.26). We also examined the
relationship between air temperature during low tide and logger
temperature for days in which maximum logger temperature
exceeded 30 °C (i.e., “When mussels are hot, does this only occur on
days when air temperatures are high?”) Results showed that high
Table 2
Comparison of maximum air temperatures and maximum air temperatures recorded at
predicted low tide to maximum mussel temperatures recorded by biomimetic loggers.
Also shown are error statistics for the difference between air temperature during
predicted low tide and logger temperatures for days when logger temperatures
exceeded 30 °C (n = 24), and statistics for when air temperature at predicted low tide
exceeded 20 °C (n = 14). In all cases a negative value in the average difference indicates
that the logger was hotter than air temperature.

Average difference
Abs (Avg diff)
RMS error

Daily max.
air temp

Max air at
low tide

Low tide air,
logger N 30 °C

Low tide air,
air N 20 °C

− 3.72
4.33
5.84

− 4.30
4.52
5.98

− 15.23
15.23
15.42

− 0.63
4.77
5.72
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mussel temperatures occurred on days with a wide range of air
temperatures. Low tide air temperatures during periods when loggers
were hot (N30 °C) ranged from 11.9 to 24.5 °C with an average of
16.2 °C, and loggers were on average 15.2 °C warmer than the air
(Table 2). We also examined periods when air temperatures were
unusually warm (N20 °C) to ask, “when air temperatures are high
during low tide, will mussels always be hot?” Note that the two
questions are explicitly not the same: while the former asks, “when
mussels are hot, does it only occur on days when air temperature is
hot? (If A then B)”, the second asks, “can high air temperatures be
used as a reliable indicator of high mussel temperature? (If B then A)”.
When air temperatures at predicted low tide were above 20 °C
(average of 21.8 °C), the average temperature of the loggers was
21.59 °C, and ranged between 13.7 and 33.4 °C. Notably, loggers
exceeded 30 °C on only two days when air temperature at predicted
low tide exceeded 20 °C; the other 22 recorded instances all occurred
when air temperatures at low tide were below 20 °C. Moreover, 16/24
of the events in which temperatures of 30 °C were recorded occurred
in 2007 and 2008, years in which summer air temperatures were on
average lower than in the preceding 3 years.
In contrast, there was a fairly strong correlation (R2 = 0.51)
between maximum daily logger temperature and maximum solar
radiation at low tide. The correlation between maximum solar
radiation at low tide and maximum air temperature at low tide was
considerably lower (R2 = 0.13), likely a reﬂection of the tendency of
wind to blow onshore at this site.
3. Simulations
We used environmental data from January 1, 2004 to December 28,
2008 (as described above) to conduct a series of sensitivity analyses in
order to examine the separate and interactive inﬂuences of changes in
air temperature, solar radiation, wind speed, and nearshore wave
height on mussel body temperature for animals at tidal elevations of
MLLW + 1 m, 1.5 m and 2 m, corresponding roughly to the “midlower”, “mid” and “upper-mid” regions of the mussel bed at this site,
respectively. We used the predicted number of days in which body
temperature was expected to exceed 30 °C as an indicator of “high
risk” because this temperature is sufﬁcient to cause the production of
heat shock proteins and to cause cellular damage (Halpin et al., 2004).
We also tracked the number of days in which temperatures were
predicted to exceed 38 °C, the approximate lethal temperature for
acute exposures (Smith, 2010; also see Denny et al., 2011-this issue),
although as described below these body temperatures only occurred
under extreme scenarios. While an effort was made to select ranges of
environmental parameters values that fell within expected values for
the next century, the goal of these simulations was to determine
sensitivity to various environmental parameters that change not only
in time but in space along the coast (e.g. due to patterns of local fog,
timing of low tide, changes in wave height, etc.). Thus, no attempt was
made to generate explicit predictions for Bodega Bay, but rather to
explore the relative importance of various physical drivers, and how
their importance might change with tidal elevation. We recognize that
the choice of ﬁxed thresholds for all tidal heights is simplistic, and that
lower shore intertidal animals are likely to have lower lethal thresholds than upper intertidal animals (Tomanek and Sanford, 2003).
Likewise, thresholds will likely change as animals acclimate throughout the year. However, ﬁxing values of 30° and 38 °C allowed a direct
comparison of sensitivity to changing environmental conditions
without the additional confounding role of thermal history.
Perhaps not surprisingly, all environmental factors examined
inﬂuenced body temperature. However, several notable patterns
emerged. Increases in air temperature and solar radiation signiﬁcantly
increased the predicted number of days N30 °C and were most
pronounced at tidal elevations of MLLW + 1.5 and 2 m. At extreme
levels predicted temperatures exceeded 38 °C (Fig. 2A,B).

Interestingly, even a modest (0.75–1 m s−1) increase in wind speed
resulted in a signiﬁcant decrease in the number of stressful days
(Fig. 2C), primarily at the upper two tidal elevations tested. However,
convective cooling via increased wind speed appeared to have an
asymptotic effect and could not eliminate days N30 °C, even though air
temperatures recorded at this site were always at least several degrees
below 30 °C. Increased wave height had only a modest effect on the
number of “risky days” (i.e., days with body temperatures N30 °C) at
the lowest and highest elevations, although increases in wave heights
above 1 m were predicted to lead to a fairly substantial decrease in risk
at the MLLW+ 1.5 m elevation site (Fig. 2D).
The timing of low tide had a very signiﬁcant impact on risk of
exposure to high body temperatures at MLLW + 1 m and + 1.5 m, but
fairly little impact on animals in the upper portions of the mussel bed
(Fig. 3). For example, a shift in the timing of low tide of minus one
hour led to little change in relative levels of risk at the three tidal
elevations (Figs. 2A and 3A) so that, with increasing air temperatures,
mussels at upper elevations were expected to experience signiﬁcant
increases in stress, whereas animals at lower elevations were
predicted to experience only modest increases in risk of temperatures
N30 °C. Thus, at Bodega Bay and at sites where the timing of low tide is
shifted back by one hour, the difference in thermal stress between the
high and low portions of the bed is expected to increase with
increasing air temperatures. In stark contrast, with a plus one hour
shift (Fig. 3B), mussels at MLLW + 1 m and + 1.5 m were expected to
experience much higher levels of stress than those under the tidal
conditions at Bodega Bay (Fig. 2A, “zero level”); however, the
MLLW +2 m site was relatively unaffected. Thus, at sites with a + 1 h
shift, the difference in thermal stress between the upper and lower
portions of the bed was signiﬁcantly reduced. Moreover, under
scenarios of increased air temperature, levels of stress at the site with
a + 1 h tide increased at all tidal elevations, in contrast to predictions
for Bodega Bay (Fig. 2A) or at sites with a −1 h shift (Fig. 3A). Thus, at
sites with a slightly different tidal cycle (+ 1 h), such as occur at other
sites along the coast, the difference in the number of days with
temperatures N30 °C between upper and lower portions of the
mussel bed is likely much smaller than it currently is at Bodega Bay.
For example, in an embayment where the tide is delayed by one hour,
mussels lower in the bed would be expected to experience more
severe responses to increases in air temperature than animals at the
same tidal elevation at a site where low tide occurs one hour earlier.
Similarly, as tide cycles change with an ~ 18.6 year cycle at Bodega
Bay (Denny and Paine, 1998), patterns of exposure to elevated body
temperature may change as well. This effect has been previously
described for other sites along the west coast of North America
(Helmuth et al., 2002) and likely reﬂects the total amount of exposure to midday solar radiation.
Simulations examining the combined effects of increased air
temperature and altered wind speed show the efﬁcacy of convective
cooling. Even under a scenario in which air temperature was
increased by 2.5 °C, increases in wind speed of ~ 0.75–1 ms−1 were
sufﬁcient to drop the number of risky days to levels comparable to
where they were with no increase in air temperature (as indicated by
“X”s in Fig. 4). Notably, air temperatures recorded during the ﬁve year
period only reached 27.5 °C on one day, so that an addition of 2.5 °C
brought air temperature to 30 °C only once. The observation that a
number of risky days nevertheless occurred even under fairly high
wind speeds is therefore a strong indication of the role of solar
radiation in maintaining mussel body temperature well above
ambient air temperature, and suggests that while convective heat
exchange plays an important role in lowering mussel temperature,
under days with high solar radiation, it cannot completely eliminate
the incidence of high body temperatures. Conversely, however, results
emphasize that days with low wind speed are likely to be highly
stressful, particularly because they are likely to be correlated with
conditions of low wave splash.
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Fig. 2. Predicted number of “stressful days” as a function of changes in (A) air temperature, (B) solar radiation, (C) wind speed and (D) signiﬁcant wave height. Data points indicate
predicted number of days over a 5 year period where mussel temperature exceeded 30 °C; vertical bars stacked on top of lines (also noted by numbers) indicate additional days in
which mussel temperatures were predicted to exceed 38 °C, the approximate lethal limit for acute exposures.
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mussels may be spared from signiﬁcant risk of extreme temperatures,
while at other sites, they may experience marked increases in risk
along with upper intertidal organisms. At sites with tidal cycles shifted
forward by just one hour relative to Bodega Bay, animals in the middle
of the bed are predicted to experience extremes in body temperature
that are nearly comparable to those in the upper portions of the mussel
bed, and lower bed animals likewise are predicted to experience very
high levels of potential stress (Fig. 3B). This pattern is in striking
contrast to animals at Bodega Bay (Fig. 2A) or at sites where the tide is
one hour earlier (Fig. 3A), where lower bed animals are predicted to
experience substantially fewer incidences of elevated body temperature than upper bed animals. The ecological consequences of these
contrasting levels of asymmetry in physiological stress between lower
and higher portions of the mussel bed remain relatively unexplored
(but see Engel et al., 2004) but predictions that they may be enhanced
with climate change suggest that further exploration is certainly
warranted.
These unusual patterns are mirrored in long-term data collected at
Bodega Bay and other sites in California using biomimetic sensors
(Fig. 5). For example, interannual variability in maximum temperatures (here quantiﬁed as the average of the daily maxima for the
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It is well established that the body temperatures of ectotherms
such as intertidal invertebrates are driven by multiple interacting
environmental factors. For example, previous models have shown the
effectiveness of convective heat exchange on reducing body temperature, provided that body temperature is above that of the surrounding
air (e.g. Helmuth, 1998; Lactin and Johnson, 1998; Denny and Harley,
2006). While many studies of the effects of climate change still tend to
focus on large-scale measurements of air, land and sea surface
temperature, and rely on correlations between these “habitat” level
parameters and current and future species distributions (Pearson and
Dawson, 2003; Hampe, 2004), a growing body of literature has
promoted the use of modeling and measuring the effects of weather
and climate at the level of the organism (Kearney, 2006; Kearney and
Porter, 2004, 2009). These more mechanistic approaches take into
account the role of an organism's behavior, morphology and
physiological tolerances, and, perhaps most importantly in the context
of determining patterns of exposure to extreme conditions, generally
use high frequency spatial and temporal data as inputs (Denny et al.,
2009; Harley et al., 2009). In contrast, models that use monthly or even
seasonal environmental data as inputs not only ignore the potential for
organisms to modify or perceive those large scale signals in different
ways, but they forego any possibility of detecting the coincidence of
extreme events unless they co-occur over those same coarse temporal
and spatial domains (e.g., as described in Kearney, 2006; Broitman
et al., 2009; Denny et al., 2009; Helmuth, 2009).
Here we have shown that air temperature, solar radiation, wind
speed, wave splash, and the timing of low tide all contribute to
patterns of “risk” in intertidal ecosystems. Importantly, while solar
radiation appears to be the dominant driver of body temperature, no
single parameter is the sole determinant of organism temperature, and
many variables potentially covary with one another (Denny et al.,
2009). It is perhaps not surprising that mussels in the lower portions of
the bed, which spend considerably less time in air than upper bed
animals, are less affected by variation in weather conditions during
aerial exposure at low tide. What is notable is that the sensitivity of
animals to these parameters was drastically affected by the timing of
day-time low tide (Helmuth et al., 2002; Finke et al., 2007). These
results therefore suggest that altered climates not only will have very
site-speciﬁc effects that will depend on local meteorological and
oceanographic conditions, but that differential impacts across the
intertidal zone will vary from site to site. At some locations, lower bed
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collected between May and September of that year due to instrument failure and loss.
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hottest month of each year) is not always consistent between tidal
elevations within a site (Fig. 5A), or between sites (Fig. 5B). Moreover,
the timing of when the hottest month occurs varies from year to year
and between tidal elevations; at Bodega Bay, the hottest month for
lower bed mussels tends to be in April or May, as compared to July in the
upper portions of the bed (Fig. 5A). These measurements point to the
difﬁculty of knowing when to expect maximal levels of thermal stress
to occur; because thermal extremes are driven by the interaction of
multiple factors, the timing of when they are most likely to occur will
vary between sites, between years, and even between tidal elevations.
The results of this study emphasize the complexity of interpreting
the ecological impact of changes using single environmental
parameters. For example, a 1 °C change in air temperature at one
location or tidal elevation may have very different consequences
than the same change at another location or elevation. Moreover,
comparisons of data from ﬁeld instruments against weather data
(Appendix Table A) suggest that high air temperatures are not
necessarily a prerequisite for high animal temperatures, and point to
the importance of solar radiation in driving body temperature
(Marshall et al., 2010). Thus, for example, loggers were hot during
periods when solar radiation was high and wind was blowing
onshore such that the temperature of the air, which had not yet
interacted with land, was a poor proxy for mussel temperature (Table
A). Conversely, days with high air temperatures do not always
correspond to extreme animal temperatures, likely because of
unaccounted-for wave splash or changes in still tidal height due to
variability in atmospheric pressure.
In many ways our results seem to contrast with those of Jones et al.
(2009, 2010), who used both air and water temperature to
successfully hindcast shifts in the distribution of the mussel Mytilus
edulis on the east coast of the US. However, Jones et al. (2010)
acknowledge that the use of air temperature as a proxy for aerial body
temperature neglects the role of solar radiation (and other drivers),
and therefore was only likely an effective proxy for animals in shaded
environments. Their results suggested that air temperatures were
sufﬁciently hot that even animals in the shade were expected to die in
some instances; therefore animals in the sun would have died as well.
Thus, air temperature may work as an effective proxy for body
temperature when it is hot enough to kill both shaded animals and
animals exposed to full sunlight but a modeling approach such as the
one presented here is necessary when air temperatures are not that
extreme.
Importantly, these analyses highlight the concept that while
many physical parameters drive risk of extreme exposures, elevated
risk occurs when several factors are in phase with one another
(Denny et al., 2009; Firth and Williams, 2009; Helmuth et al., 2010).
Thus, for example, an increase in air temperature per se does not
increase the risk of lethal exposures, but rather it increases the risk
that a sufﬁciently high air temperature will coincide with a period of
low tide, low wave splash and high solar radiation. Our results thus
caution strongly against the use of single parameters such as air
temperature as indicators of physiological stress, or at the very least
that this assumption must be tested. Our results also point to the
importance of considering the interaction of multiple physical
drivers when assessing the future impacts of climate change (Mislan
et al., 2009; Marshall et al., 2010).
For example, largely as a result of the differential heating of land
and the sea surface, mean wind speeds are expected to increase
substantially (Snyder et al., 2003; Checkley and Barth, 2009). Such
increases may offset much of the effects of increased air temperature
through convective cooling, as may additional wave splash due to
higher waves. These mechanisms will of course come at a cost: many
species such as intertidal algae are at risk of desiccation and so may
suffer damage despite reduced temperatures (Bell, 1993, 1995).
Likewise, increased wave heights may increase rates of dislodgement
and breakage of intertidal invertebrates and algae (Carrington, 2002;
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Denny, 1995; but see Helmuth and Denny, 2003), but could potentially
enhance feeding.
In summary, this study emphasizes the complex interactions
between organisms and their environments, and cautions against
making projections of the impacts of climate change based on single
environmental variables, and against extrapolating from studies
conducted at only one ﬁeld site. A growing body of evidence conﬁrms
that coastal environments are spatially and temporally complex over a
wide range of scales, from microscopic to latitudinal (Underwood
and Chapman, 1996; Benedetti-Cecchi, 2001; Denny et al., 2004;
Benedetti-Cecchi et al., 2005; Habeeb et al., 2005), and that biological
and physical processes interact over these nested scales to drive
observed patterns of abundance and biogeography (Burrows et al.,
2009; Gouhier et al., 2010). Understanding the scales over which
physical processes operate to drive physiological and ecological
responses is therefore a key consideration if we are to forecast how
ecosystems are likely to respond to changes in the physical environment. Here we have used large-scale weather data to examine patterns
of “risk” at a series of ﬁxed tidal elevations and a single substratum angle
as a means of teasing apart the relative importance of multiple
environmental variables. In reality, we know that nature is far more
complex than this, and that subtle variability in the angle of the
substrate and in boundary layer dynamics can lead to signiﬁcant
changes in microhabitats. For example, we did not predict any mortality
events due to acute exposures (N38 °C) during the period 2004–2008.
However, Harley (2008) reported a large mortality event of
M. californianus at Bodega Bay in late April 2004. Our loggers recorded
maximum temperatures of ~29.0–29.5 °C on these days on horizontal
surfaces. However, as discussed by Harley, virtually all mortality
occurred on surfaces with higher angles of incidence (e.g. vertical
surfaces facing the sun). A true accounting of risk of mortality at an
intertidal site would therefore require keeping track not only of
physiological variability in susceptibility to stress, but also in variability
in substratum angle and thus heterogeneity in body temperatures (see
Denny et al., 2011-this issue). Moreover, an accurate accounting would
include cumulative impacts of environmental stress, as well as the
coupled effects of food supply (Kearney et al., 2010; Schneider et al.,
2010). Finally, whereas we examined the roles of air temperature, wind
speed, wave height, solar radiation, and the timing of low tide, changes
in water temperature and rainfall are also likely to play a signiﬁcant role
(Firth and Williams, 2009). While time consuming, our conﬁdence in
our predictions of how, where and when organisms and ecosystems are
most likely to respond to changes in climate will almost certainly
increase when we can quantitatively tease apart the mechanisms by
which organisms interact with their environment.
Supplementary materials related to this article can be found online
at doi:10.1016/j.jembe.2011.02.004.
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