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Abstract

Species range boundaries are determined by a variety of factors of which climate is one
of the most influential. As a result, climate change is expected to have a profound effect
on organisms and ecosystems. However, the impacts of weather and climate are
frequently modified by multiple nonclimatic factors. Therefore, the role of these non-
climatic factors needs to be examined in order to understand and predict future change.
Marine intertidal ecosystems are exposed to heat extremes during warm, sunny, midday
low tides. Thus, the timing of low tide, a nonclimatic factor, determines the potential
contact intertidal invertebrates and algae have with heat extremes. We developed a
method that quantifies the daily risk of high temperature extremes in the marine
intertidal using solar elevations and spatially continuous tidal predictions. The fre-
quency of ‘risky days’ is variable over time and space along the Pacific Coast of North
America. Results show that at some sites the percentage of risky days in June can vary by
30% across years. In order to do a detailed analysis, we selected San Francisco as a study
site. In San Francisco, May is the month with the greatest frequency of risky
days, even though September is the month with the greatest frequency of high air
temperature, >30°C. These results indicate that marine intertidal organisms can be
protected from high temperature extremes due to the timing of tides and local weather
patterns. In addition, annual fluctuations in tides influence the frequency of intertidal
zone exposures to high temperature extremes. Peaks in risk for heat extremes in the
intertidal zone occur every 18 years, the length of the tidal epoch. These results suggest
that nonclimatic variables can complicate predictions of shifts in species ranges due to
climate change, but that mechanistic approaches can be used to produce predictions that
include these factors.
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Introduction

Geographic distributions of species are well-known to
respond to temperature (Hutchins, 1947; Darlington,
1957; Lewis, 1964; MacArthur, 1972); so, increases in
temperature associated with climate change were ex-
pected to significantly affect range distributions (IPCC,
2007) as has now been documented across very differ-
ent ecosystems (Helmuth et al., 2006b; Lima et al., 2006,
2007; Parmesan, 2006; Moritz et al., 2008). However,
species distributions and patterns of abundance are
often not simple correlates of trends in surface, water,
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and air temperature because of small-scale habitat
characteristics, physical interactions of organisms with
their habitats, behavioral and physiological adapta-
tions, and habitat degradation and loss (Burrows &
Hughes, 1989; Huey et al., 1989; Sala et al., 2000; Bonan,
2002; Helmuth et al., 2002, Holtmeier & Broll, 2005;
Franco et al., 2006; Kearney, 2006; Moore et al., 2007;
Poloczanska et al., 2008). In addition, the influences of
surface, water, and air temperature are complicated by
nuances in instantaneous weather conditions and long-
term climate trends which are often temporally non-
linear and/or spatially heterogeneous (Mantua et al.,
1997, Mantua & Hare, 2002; IPCC, 2007; Kenyon &
Hegerl, 2008). One such complication is that weather
variables other than temperature, such as wind and

© 2009 Blackwell Publishing Ltd


mailto:kas.mislan@gmail.com

TIDES, WEATHER, AND INTERTIDAL RISK 3057

precipitation, also affect species range boundaries both
as modulators of temperature and independently
(Helmuth, 1998; Korner, 1998; Wethey, 2002; Davies &
Johnson, 2006; Gilman et al., 2006b; Helmuth et al.,
2006a). Additionally, extreme weather events can exert
effects on organisms via ‘threshold’ effects (Wethey,
1985; Wethey, 1986; Easterling et al., 2000) so changes
in species distributions may occur suddenly.

Given these complexities, the use of models based on
weather and climate data as key tools to determine
the most influential biological and physical factors is
expanding. There are two main classes of models used
for this purpose, bioclimatic envelope models and
mechanistic models. Bioclimatic envelope models use
correlations between environmental variables and geo-
graphic distributions to determine the relative strength
of an individual environmental variable on an organism
(Pearson & Dawson, 2003; Thuiller, 2003). Mechanistic,
also called process-based, models isolate and character-
ize the most important environmental variables for a
particular species by using physical models of heat
exchange in combination with physiological and ecolo-
gical studies (Wethey, 1986, 2002; Morin et al., 2007,
2008; Poloczanska et al., 2008; Wethey & Woodin, 2008).
Information derived from both of these types of models
using past conditions can be used to make future
predictions (Pearson & Dawson, 2003; Aradjo et al.,
2005; Helmuth et al., 2006b; Pearson et al., 2006). Since
climate change is of utmost concern, scientists primarily
focus on the role climate change will have on future
biogeographic ranges when making predictions (Davis
et al., 1998; Sutherst et al., 2007). However, nonclimatic
factors may be key drivers of species range boundaries
and patterns of physiological stress (Denny & Paine,
1998; Sala et al., 2000; Helmuth et al., 2006b) or, alter-
natively, may enhance or lessen the impact of changes
in climate (Porter et al., 2002; Hsieh et al., 2008). Non-
climatic factors are aspects of the environment not
directly related to climate (geographical features, biolo-
gical interactions, and anthropogenic effects) that im-
pact an organism and should be investigated
simultaneously with climatic factors in order to prevent
overestimates or underestimates of changes in biogeo-
graphic ranges of species that are influenced by noncli-
matic factors.

The marine intertidal zone is an environment where
nonclimatic factors are influential because intertidal
organisms are only vulnerable to weather during aerial
exposure at low tide. Tides, a nonclimatic variable, are
daily changes in ocean height due to the movements of
the sun and moon in relation to the earth. Sedentary
intertidal organisms that live along the land-ocean
interface are submerged by ocean water during high
tide and subsequently emersed into the terrestrial

environment during low tide once or twice per day.
Intertidal organisms, which are ectotherms of marine
origin, have body temperatures driven by water tem-
perature when submerged during high tide and by local
weather conditions when emersed during low tide.
Body temperature extremes can be fatal to intertidal
organisms and usually occur during low tide — high
temperature extremes occur during mid-day low tides,
and cold temperature extremes occur during predawn
low tides (Bell, 1995; Helmuth et al., 2002).

Denny & Paine (1998) emphasized the need to con-
sider long-term trends in tide by demonstrating the
effect of the 18.6-year lunar cycle. They found cyclical
trends in both water temperature and daytime emersion
times associated with tides and were able to tie these
long-term trends to variability in intertidal commu-
nities. Spatial variation in tidal cycle has also been
analyzed, and the timing and duration of low tide
was found differ between sites on the same coastline
(Helmuth et al., 2002; Finke et al., 2007). Along the West
Coast of North America, Helmuth et al. (2002, 2006a)
linked spatial variation in mid-day emersion to patterns
of body temperature in intertidal mussels by showing
that mussel body temperatures were higher at sites with
more mid-day emersion during summer months even
though the sites with more mid-day emersion were
farther from the equator. This demonstrates that spatial
variability in the timing of low tides, a nonclimatic
factor, can override large-scale patterns of climate that
occur between the equator and poles (Helmuth et al.,
2006a, b).

Tides are a nonclimatic factor that may interfere with
the response of the intertidal community to long-term
changes in climate by decreasing the frequency of
exposure to harmful weather conditions. In this study,
we refer to tidally controlled contact with weather
conditions as ‘risk.” We determine risk for intertidal
organisms by using tidal predictions and solar move-
ments to estimate exposure to direct solar radiation
during ‘low tides when the sun is high in the sky.” This
risk metric was selected because exposure to direct solar
radiation, which in this case is partly controlled by
tides, is the major determinant of harmful body tem-
peratures (Helmuth, 1998; Wethey, 2002; Denny & Har-
ley, 2006; Gilman et al., 2006b; Burnaford & Vasquez,
2008). We developed a latitudinally adapted analysis
that uses solar elevations and spatially continuous tidal
predictions. This is a critical improvement over pre-
vious studies which used a metric of risk based on total
hours of mid-day exposure (11:00-13:00 hours) that was
not adjusted for latitude or sun elevation, and which
were restricted to sites with tide stations (Helmuth et al.,
2002; Finke et al., 2007). Moreover, we explore whether a
higher probability of risk leads to a greater frequency of
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high temperature exposures and vice versa. Our intent is
to examine the role of tidal cycles in driving past,
present, and future climate change risk in the intertidal
zone and provide a projection of the relative role of the
tidal cycle in determining the susceptibility of intertidal
ecosystems to increasing warming. Although this meth-
od can easily be employed on a worldwide basis, we
focus on the West Coast of North America because it is a
well-studied marine intertidal region (Ricketts & Calvin,
1939; Light et al., 1954; Schoch et al., 2006; Blanchette
et al., 2008; Broitman et al., 2008).

Data and methods

Tidal predictions were obtained using the Oregon State
University (OSU) Tidal Prediction Software (OTPS)
with the OSU Tidal Inversion Software (OTIS) regional
model of the West Coast of North America (Egbert et al.,
1994; Egbert & Erofeeva, 2002), and solar elevations
were obtained from the NASA Jet Propulsion Labora-
tory Horizons Ephemeris System (Giorgini et al., 1996).
These data were used to estimate hourly exposure to
direct solar radiation during ‘low tides when the sun is
high in the sky.” A high risk day was identified when
the following inequality was true for more than 2 hours
on a particular day.

(h—f(t)) cos(90 — g(t)) -s > 0

In this formula, & is the shore level (of the organism or
species boundary of interest) in meters above the re-
ference datum; f(t) is the tide height at time ¢ in meters
above the reference datum; g(t) is the sun elevation in
degrees at time t; and s is solar radiation on a clear day
in W/m?. The term [hi—f(t)] is inversely related to the
probability of cooling of the shore at height & by wave
splash. Thus, when f(f) is close to &, the risk of wave
splash is high and the risk of exposure to extreme
terrestrial conditions is low. Note that for the compara-
tive purposes examined here, wave height is considered
to be a constant term, although the inclusion of wave
splash in future applications of the equation may be
possible (Harley & Helmuth, 2003; Gilman et al., 2006a).
The term [cos(90—g(t))] modifies the intensity of direct
solar radiation on a horizontal surface as a function of
the angle of incidence to indicate time of day. The
highest values of [cos(90—g(t))] are at local solar noon
when the sun is highest in the sky and exposure to heat
extremes is most likely. Solar radiation, s, is set at a
constant value because this analysis is designed to look
at variation in tides, a nonclimatic variable. The units
of the inequality are W/m. Positive values indicate
that the intertidal community is potentially exposed to
thermally stressful conditions because the low tide
occurs at a time of day when the sun is high in the

sky. We will refer to 2+ hours per day of positive
values as ‘risky conditions’” throughout the rest of this
paper.

Specific parameters were selected for the risk analy-
sis. The shore level I was set at geoid sea level which is
approximately the midpoint of the tidal range (Robin-
son, 2004). Wave surge, on average, increases the still
tide height approximately 0.30m during summer
months along this coastline so i was adjusted to be
0.30m below geoid sea level (unpublished data). A
regional tide model was used because it provided
accurate water level predictions at a latitudinal resolu-
tion of 0.083° for shallow coastal waters. It included the
tidal constituents: m2, s2, k1, o1, n2, k2, p1, q1 (Egbert &
Erofeeva, 2002). Only solar elevations, g(t), >50° were
considered risky. Solar radiation on a clear day, s, was
approximated as a constant 1000 W m 2 We considered
a day to be ‘high risk” when the risky conditions
occurred for more than 2h. A time threshold was
necessary because it takes time for intertidal organisms
to heat up to harmful body temperatures from sea
surface temperature, the initial temperature of intertidal
organisms when first exposed by the tides (Helmuth,
1999; Wethey, 2002; Denny et al., 2006; Gilman et al.,
2006b). However, while we generically chose 2h as a
threshold, it is important to note that heating rate will
vary according to size and morphology of individual
organisms (Helmuth, 1999). Risk is presented as a
probability, with number of days with high risk divided
by total days, to reflect the fact that it is only a
possibility that intertidal ecosystem will be exposed to
high temperatures on a particular day. It is important to
note that this risk model is based on a cloud-free and
fog-free environment, and serves as a baseline from
which to measure risk due to mid-day low tide in the
absence of other mitigating factors. To the extent that
these factors vary seasonally and geographically, the
actual risk to intertidal organisms may differ from
model predictions.

We selected San Francisco, which has continuous
long-term air temperature data, as an example study
site to determine if long-term tidal variation can lead to
temporal variation in exposure to high air tempera-
tures. Air temperature was selected as a comparative
weather variable because there are extensive historical
records. Air temperature is not always equal to
ectotherm body temperature during low tide, and
ectotherm body temperatures can vary greatly based
on size, color, and morphology of individual organisms
(Southward, 1958; Porter & Gates, 1969; Etter, 1998;
Helmuth, 1998; Denny et al., 2006; Szathmary et al.,
2009). However, many of the same weather factors
including solar radiation, wind speed, and humidity
that determine air temperature also determine
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ectotherm body temperature during low tide. There-
fore, maximum daily air temperature was used as a
measure of general terrestrial weather conditions. Our
assumption was that ectotherm body temperatures
during low tide on days when the sun is high in the
sky were generally higher on days with higher air
temperatures (Denny et al., 2006).

Maximum daily air temperatures for the San Francis-
co International Airport (COOPID: 047769, WBANID:
23234, latitude: 37.617N, longitude: 122.400W) were
obtained from the National Climatic Data Center
(NCDC). These temperatures were compared with risk
data from corresponding outer coast coordinates
(37.665N, 122.500W). Maximum daily air temperatures
of >30°C were considered unusually high for San
Francisco. The >30°C threshold was selected because
29.72°C is the Tukey upper inner fence for maximum
daily air temperatures during the months with a risk
probability greater than zero, April through July. It was
necessary to use a statistical method for determining
outliers such as the Tukey upper inner fence in order to
determine an unbiased threshold for unusually high
temperatures. The Tukey upper inner fence was calcu-
lated as one and one-half times the interquartile range
above the upper quartile (Wilks, 2006). Statistics and

graphs were completed in R (http://www.r-project.
org), and the maps were made using the Generic Map-
ping Tool, GMT (Wessel & Smith, 1991). Risky months
vary by geographic locations (Helmuth, 2002). There-
fore, maps show the percentage of risky days in June
because it is a risky month for all geographic locations
shown in the map. In addition, June is a good month for
risk observations because solar elevations reach their
peak during the northern hemisphere summer solstice
which makes it a particularly interesting time of year to
observe the timing of low tide.

Results

The percentages of risky days in June are spatially and
temporally variable along the West Coast of North
America (Fig. 1). In terms of spatial variation, Oregon
(OR) has a much higher percentage of risky days at mid
shore level in June than Central and Southern California
(CA). The result indicates, that in the absence of miti-
gating factors like coastal fog or clouds, risk of thermal
extremes in June is higher in OR at this shore level than
elsewhere on the US west coast. Decadal variation in the
proportion of risky days, the main focus of this study,
varied over the period 1980-2019 from 0% to >30% of
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Fig. 1 Maps showing spatial and temporal variation in the intertidal risk probability (tidal effects) in June along the West Coast of
North America. The June risk analysis was conducted for the years 1980 through 2019, although only 5 years are depicted here. These 5
years were selected to represent variation in risk during the 18.6-year tidal epoch with the 2002 map depicting a higher risk year and the
2010 map depicting a lower risk year. Risk is only relevant for intertidal areas at the land-sea interface but is shown over large areas of
ocean for visualization purposes. The arrow labeled ‘SFO’ indicates the location of San Francisco, California. Abbreviations for the States

are “WA’, Washington; ‘OR’, Oregon; and ‘CA’, California.
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Fig. 2 A summary of the monthly variation in frequency of risk
and frequency of air temperatures >30°C from 1950 through
2006 in San Francisco, California. The top graph, labeled ‘Risk’,
has a different scale on the y-axis.

days in June at a single location, as is the case in Central
and Southern California (Fig. 1). The year 2009, repre-
sents a time of lower risk probability along the West
Coast of North America. Risk probability will not
dramatically increase again in June until 2015, which
will then be followed by several years of higher risk
probability. This variation is caused by the 18.6-year
lunar declination cycle (Brown et al., 2005).

In San Francisco, a monthly summary using data
from 1950 until 2006 shows an overlap between risk
and frequency of high air temperature, but the peaks
are not synchronized (Fig. 2). The decoupling of risk
and air temperature is presumably related to the sea-
sonality of coastal clouds and fog as well as the seasonal
variation in the timing of the lowest tides. The highest
risk probability is in May while greatest frequency of
high air temperatures, >30°C, is in September. May,
the highest risk probability month, also has a relatively
high frequency of high temperature days. Conversely,
there is no risk in September, the month with the
greatest number of high air temperature days because
aerial exposure during times of high temperature is
negligible. Annually, there is risk in the months of
March through July, and there are high air temperatures

in the months of April through October. Thus, there are
only 4 months, April through July, with both risk of
aerial exposure when the sun is high in the sky and
when air temperatures are high.

In order to analyze the interactive effects of tidal risk
and exposure to extreme air temperatures on an annual
basis, data from April through July, 122 days, were
combined and several probability statistics were calcu-
lated. Annual frequency of risky days ranged from a
maximum value of 41% to a minimum value of 28%
risky days. There is a 2.9% =+ 2.1 (£ SD) chance a given
day in the months April through July will be >30°C in
San Francisco. The intertidal zone will be likely to
experience high air temperatures on 1.24 + 0.13 (= SD)
days per year based on the joint probability of risky days
and hot days. Since there is typically one risky, high air
temperature day per year in San Francisco, we only
considered a year to be unusual if it contained greater
than one risky, high air temperature day. There were nine
unusual years between 1950 and the end of 2006 based
on the parameters selected for this study. Fig. 3a shows
that most of the unusual years tended to be years with a
greater percentage of risky days. One time, 1973, in over
50 years, high air temperatures occurred on risky days in
a year with a low percentage of risky days. However,
1973 was an unusual year because the number of high air
temperature days was >1 SD above the annual mean
(Fig. 3b). The greatest number of high air temperature
days occurred in 1976. However, 1976 was a year with
fewer risky days, 30%, and there were no risky, high
temperature days. The record number of hot, risky days
for a single year is 5 and occurred in 1985. Since oceanic
conditions can influence coastal climates, we tested
whether there was a correlation between risk and high
air temperatures. There was no significant correlation
between risk and high air temperatures (P =0.7591,
df =55, F =0.09496), which means that it was possible
to treat risk and high air temperature as independent
probabilities as we did in this analysis.

The ultimate goal of this modeling approach is to use
risk to help determine future impacts of weather and
climate on the intertidal ecosystem. In San Francisco, the
percentage of risky days will reach the next low point in
2012. Then, the percentage of risky days will increase
until 2019, the final year assessed by this study. 2015 has
the potential to be an important year because it has 33%
risky days, the historical threshold for an unusual num-
ber of risky, high temperature days (Fig. 3a).

Discussion

Hindcasts reveal that the timing of the tides has pro-
vided a theoretical measure of protection for intertidal
organisms living on the outer coast near San Francisco
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Fig.3 A long-term synthesis of risk and air temper-
ature >30°C in the months April through July in San Francisco,
California. In both graphs, the dotted vertical line represents
2006, the final year of air temperature data in this study. (a) Risk
probability for 1950 through 2019. The overlaying squares and
open circles indicate, respectively, the above average occurrence
of air temperatures >30 °C and the above average occurrence of
air temperatures >30°C on risky days. (b) Frequency of air
temperatures >30°C (grey line) and frequency of air tempera-
tures >30°C on risky days (black bars). The solid grey hor-
izontal line indicates the mean number of days >30°C. The
dotted grey horizontal lines indicate the SD for the mean number
of days >30°C.

from weather conditions associated with high air tem-
peratures. This protection is evident on both monthly
and decadal time scales. At the monthly scale, the
disjunction between the months with the greatest fre-
quency of risky days, May and June, and the month
with the greatest frequency of >30°C days means that
there are few risky, hot days in the intertidal zone in San
Francisco. Annual risk follows a decadal oscillation
pattern of several higher risk years followed by several
lower risk years that is related to changes in lunar
declination (Denny & Paine, 1998, Helmuth et al.,
2002). During the time period, 1950 through 2006, there
were three peaks in risk frequency: 1966, 1981, and 2001.
These peaks in risk frequency in San Francisco roughly
corresponded with the midpoints of the lunar declina-
tion cycle in 1964, 1982, and 2001, as the angle moved
from its minimum to maximum value (Giorgini et al.,

1996). The next time the lunar declination reaches this
point is in 2020. The 1980s time period had the most
risky, hot days because it also had more hot days
(April-July) than the other high risk time periods. In
addition, increased frequencies of hot temperatures led
to more risky, hot days in a year with low risk, 1973.
Climatological analysis, as used here, reveals historical
trends in weather conditions experienced by the inter-
tidal ecosystem so that unusual events can be identified
in the future.

The patterns of risk and air temperatures in San
Francisco are related to the general tidal and climatic
characteristics of the West Coast of North America. The
tides along the West Coast of North America are mixed
semi-diurnal which means that there are two high tides
and two low tides per day but the magnitude of one
high tide is larger than the other high tide and the
magnitude one low tide is smaller than the other low
tide (Brown ef al., 2005). The riskiest time period for
exposure to adverse weather conditions for animals
living near the midpoint of the tidal range is during
the lowest tide which occurs approximately once per
day. The timing of the lowest tide shifts over the 18.6-
year tidal epoch creating the variation in risk seen in
Fig. 1 between years. In contrast, coastlines with semi-
diurnal tides, including Europe and the East Coast of
North America, have two high tides and two low tides
of equal magnitude per day which means that shifts in
the timing of the low tides over the 18.6-year tidal epoch
do not cause as much annual variation in risk. In other
words, as one low tide shifts to later in the day, the other
low tide shifts to the middle of the day resulting in
smaller differences in risk probability between years
(unpublished data). In addition, it is important to
emphasize that the focus of this study is the midpoint
of the tidal range and risk will change depending on the
shore level of the organism. There will be more frequent
risk for organisms living at shore levels above the
midpoint and reduced risk for organisms living at shore
levels below the midpoint. The progression of change in
risk at shore levels above the midpoint of the tidal range
is an important area of future research.

The climate near San Francisco is shaped by the
geography of the region and patterns of coastal currents
(Elford, 1974). One of the most dominant characteristics
of the summer weather in San Francisco is the presence
of fog. Northwest winds drive the California Coastal
Current from north to south along the coast which
causes upwelling of cold water from deeper ocean
waters (Elford, 1974). Coastal fog forms as the warm,
moist air from the Pacific passes over the cold, upwelled
water and is pushed toward land by the northwest
winds (Elford, 1974). Fog keeps the temperatures cool
along the San Francisco coastline which is the main
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reason the frequency of >30°C days is greater in
September than in any of the summer months. In the
absence of fog, there would be many more >30 °C days
during the summer since the high pressure over the
Pacific deflects storms causing the air mass above the
fog to be clear and cloudless for most of the summer
(Elford, 1974). Therefore, in addition to tides and solar
elevation, fog also decreases exposure to weather con-
ditions that lead to high temperatures for intertidal
organisms.

The Pacific Decadal Oscillation (PDO) and El Nifo
also influence the marine intertidal region with cyclic
periodicities of warmer and cooler ocean temperatures
of 20-30 years and 2-7 years, respectively (Bridgman &
Oliver, 2006; Rohli & Vega, 2008). However, there does
not appear to be a direct connection between the
frequency of > 30 °C air temperature days or risky days
and either of these oceanic fluctuations despite their
influence on the regional climate. There are two clus-
ters, 1970-1976 and 1981-1985, of above normal fre-
quencies of >30°C days (Fig. 3a). The 1970-1976
cluster of >30°C days occurred during the cool phase
of the PDO and included only weak ‘El Nifio-like’
conditions. It also occurred during a period of reduced
annual risk so there was only one year with an above
average number of hot, risky days. However, the cluster
of >30°C days between 1981 and 1985 is consistent
with the warm phase of the PDO and includes the
strong 1982-1984 El Nifio event (Mantua et al., 1997;
Mantua & Hare, 2002; Bridgman & Oliver, 2006). The
1981-1985 cluster was during a period of higher relative
risk and included 3 years with above average numbers
of risky, hot days for the marine intertidal zone (Fig. 3a).
The frequencies of >30°C were only calculated for the
risky months, April through July, which may explain
the lack of a connection with the oceanic oscillations
which can vary seasonally (Chiba et al., 2006). The time
period 1981-1985 is particularly notable because of the
high frequencies of risky, hot days, and above average
ocean temperatures during the El Nifo which means
that marine intertidal organisms were experiencing
above normal temperature conditions during both low
and high tide. Changes in intertidal ecosystems were
observed following this time period and are believed to
be related to environmental stress (Dayton & Tegner,
1990; Raimondi et al., 2002).

No biological data were used in this analysis so it is
impossible to determine specific impacts, if any, of air
temperatures > 30 °C (Kearney, 2006). Organism body
temperature, determined by a suite of factors, is the
ultimate driver of temperature-related physiological
stress and mortality (Porter & Gates, 1969; Helmuth,
2002). External determinants of body temperature in-
clude air temperature, but other factors such as solar

radiation, organism morphology, and microsite are also
important (Helmuth, 1998). These factors must be con-
sidered before the consequences of risky, hot days can
be determined quantitatively for individual intertidal
organisms. The recent increase in the availability of
weather records can be matched to this type of risk
analysis to help evaluate some of the consequences of
high air temperature weather conditions. For example,
Harley (2008) observed increased mussel mortality at
Bodega Bay, which is located just north of San Francis-
co, following the unusual number of risky, >30°C days
in 2004 (Fig. 3). The risk analysis, in return, can provide
scientists with advance notice of when to be prepared to
observe heat-related mortality events in the marine
intertidal zone (Hannah et al., 2002).

There are several points to consider when deciding
whether to employ the intertidal risk analysis. A major
advantage to this analysis is that it can be applied on a
worldwide basis. The OTIS tide models are available for
all regions of the world because they include satellite
measurements. Air temperature is a commonly avail-
able weather parameter collected as part of long-term
datasets which is why it was chosen as a proxy for
evaluating weather conditions. Thus, this is meant to be
a broadly applicable method. However, there are likely
to be locations where the intertidal risk analysis will
require modification. The tide elevations generated by
models are predictions. Real tides deviate from tidal
predictions depending on wind, waves, and air pres-
sure. In particular, wave surge and wave splash can
blur tidal movement (Porter & Gates, 1969; Harley &
Helmuth, 2003). Air temperature is an effective proxy
for summer weather conditions in San Francisco be-
cause the climate is dominated by the Pacific Ocean —
foggy days have cooler air temperatures, and sunny
days have warmer temperatures (Elford, 1974).
Solar radiation is one of the major factors driving
intertidal organism body temperature making the rela-
tionship between air temperature and sunshine in San
Francisco meaningful (Porter & Gates, 1969; Helmuth,
1998, 1999; Wethey, 2002; Gilman et al., 2006b). There-
fore, solar radiation should also be considered if data
are available.

In summary, risk analyses of nonclimatic factors serve
as an effective means of generating broad scale hypoth-
eses that can then be tested in the field. They can
provide first order estimates of how mortality might
change over time, and are critical for addressing how
local, nonclimatic factors may overwhelm the effects of
large-scale gradients in climate. In order to adapt the
approach presented to specific organisms, additional
site- and species-specific modifications are needed
(Gilman et al., 2006b). Such approaches will become
increasingly important in the face of climate change, as
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results of these simulations suggest that nonclimatic
factors can play a significant role in modifying the
observed effects of climate change on intertidal com-
munities.
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