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Predicting wave exposure in the rocky intertidal zone: Do bigger waves always lead to

larger forces?
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Abstract

Hydrodynamic forces from breaking waves are among the most important sources of mortality in the rocky
intertidal zone. Information about the forces imposed by breaking waves is therefore critical if we are to interpret
the mechanical design and physiological performance of wave-swept organismsin an ecologically and evolutionarily
relevant context. Wave theory and engineering experiments predict that the process of wave breaking sets a limit
on the maximum force to which organisms can be subjected. Unfortunately, the magnitude of this limit has not
been determined on rocky shores. To this end, at a moderately exposed shore in central California, we measured
the maximum hydrodynamic forces imposed on organism-sized benthic objects and related these forces to nearshore
significant wave heights. At 146 of 221 microsites, there was a significant and substantial positive correlation
between force and wave height, and at 130 of these microsites, force increased nonlinearly toward a statistically
defined limit. The magnitude of this limit varied among sites, from 19 to 730 newtons (N). At 37 other sites, there
was no significant correlation between surf zone force and wave height, indicating that increased wave height did
not trandate into increased force at these sites either. At only 16 sites did force increase in proportion to wave
height without an apparent upper bound. These results suggest that for most microsites there is indeed a limiting
wave height beyond which force is independent of wave height. The magnitude of the limit varies substantially
among microsites, and an index of local topography was found to predict little of this variation. Thus, caution must

be exercised in any attempt to relate observed variations in ocean *‘ waviness’ to the corresponding rates of microsite

disturbance in intertidal communities.

Rocky intertidal invertebrates and algae live in aworld of
extreme environmental severity, and the risk of damage or
disodgment from wave-generated forces is thought to be
among the most important determinants of survival in this
habitat (e.g., Dayton 1971; Levin and Paine 1974; Koehl
1979; Paine 1979; Paine and Levin 1981; Sousa 1984; Den-
ny 1987, 1988; Carrington 1990, 2002; Bertness et al. 1991,
Hunt and Scheibling 1996; Blanchette 1997). Quantifying
the hydrodynamic forces acting on organisms, and how they
vary in space and in time, is therefore key to understanding
the evolutionary and ecological consequences of morpho-
logical design and the subsequent effects of wave-driven
forces on the dynamics of intertidal ecosystems (Denny
1988; Koehl 1996; Denny and Wethey 2001; Carrington
2002).

The use of engineering theory to study these issues has
proven fruitful and has led to a degper understanding of how
intertidal organisms are able to withstand the rigors of wave-
exposed shores (e.g., Koehl 1979; Denny 1988; Carrington
1990, 2002; Bell and Gosline 1996; Denny et al. 1998; Gay-
lord 2000). Understanding how organisms resist damage and
dislodgment, however, also requires an estimate of the hy-
drodynamic forces experienced by organisms in the field
(Denny 1995), and recent evidence has revealed how com-
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plex it can be to predict forces at spatial scales relevant to
organisms (Gaylord 1999, 2000).

Engineers have long been interested in the forces that
waves can exert, but their measurements have focused on
the pressures imposed as water strikes a breakwater or cy-
lindrical support member (e.g., Chan et al. 1995; Kobayashi
and Demerbilek 1995; Bird et a. 1998; Kobayashi 1999;
Bullock et al. 2001). The pressure field can be used to pre-
dict the load on the entire structure (the parameter of primary
importance to engineers) but is of little practical utility for
predicting the lift and drag forces that act on individual or-
ganisms.

Direct records of wave-induced forces have been obtained
at the scale of individual organisms (e.g., Jones and Deme-
tropoulos 1968; Koehl 1977; Bell and Denny 1994; Denny
1995; Gaylord 1999, 2000), but these measurements are dif-
ficult to conduct in this severe environment. An attractive
alternative approach is to generate predictions of forces from
measurements of nearshore wave height (Denny 1995; Car-
rington 2002). This latter approach is of particular interest
because wave height measurements are readily available
from buoys (e.g., those maintained by the U.S. Nationa Data
Buoy Center) and provide a potential means of comparing
widely spaced sites and of estimating forces over long pe-
riods of time. Usually, these data are reported using an index
of ocean ‘“waviness,” with H, the significant wave height.
H, is the average of the highest ¥ of wave heights recorded
during any particular interval (see Denny [1988, 1995] for
an explanation of significant wave height).

It has generally been assumed by intertidal ecologists that
the higher the waves are (i.e, the larger H, is), the larger the
forces imposed on intertidal organisms. Carstens (1968) and
Denny (1988, 1995) have pointed out, however, that both
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wave theory and engineering measurements predict that
wave-breaking sets an upper limit to this relationship. As
waves move into shallow water they become steeper (their
wavelength decreases and their height increases) and they
eventually become unstable. The timing of this instability
depends on avariety of factors (wave period and beach slope
are prominent). On shores with a gentle slope, waves typi-
cally break when their height is approximately haf the wa-
ter's depth (Thornton and Guza 1983). On the steep slopes
typical of rocky shores, waves generally break when their
height is approximately equal to the local water depth (Gal-
vin 1972). In either case, the higher the wave, the farther
offshore it breaks. Because exceptionally high waves typi-
cally break far from the shore, they are likely to have lost
much of their energy to turbulent dissipation by the time
they can interact with plants and animals in the intertidal
zone (Thornton and Guza 1983). In this fashion, wave break-
ing can set alimit to the ““wave exposure” of intertidal sites.

Although there can be little doubt that for each point on
the shore a limit exists to the wave-induced force that can
be imposed, the extreme complexity of water motion in
breaking waves currently precludes the prediction of an ac-
curate, site-specific limit to wave force. Indeed, this limit is
likely to be very sensitive to the local topography of the
shore and, therefore, could vary substantially from one point
to the next. Our current inability to predict maximum wave
forces solely from fluid dynamic principles, and the likely
variation among sites, hampers our understanding of inter-
tidal ecology.

Here, we describe a set of measurements in which we
relate maximum onshore forces (measured at a spatial scale
relevant to individual intertidal organisms) to maximum sig-
nificant wave height. We show that for most of the locations
at which measurements were conducted, there is indeed a
statistically definable upper limit to wave-induced force and
that increasing wave height does not aways lead to in-
creased onshore forces. The implications of this limit are
discussed.

Materials and methods

Measurements of organismally relevant forces were col-
lected at 221 microsites on the shore adjacent to the Hop-
kins Marine Station in Pacific Grove, California (36°36'N,
121°53'W), from October 1997 to May 1999. The term
“microsite’”’ is used here to differentiate the spatial scale
of our individual measurements (each of which encom-
passes a circular area approximately 10 cm in diameter)
from that of a‘‘site,”” which in much intertidal work refers
to an area measured in square meters to hundreds of square
meters. The majority of these microsites (175) were arrayed
on a 200-m-long horizontal transect situated 1.5 m above
mean lower low water (MLLW) in the midintertidal mussel
zone. The remaining microsites were on vertical walls in
the high intertidal zone. Site- and time-specific maximum
forces, F, were recorded using dynamometers based on the
design of Bell and Denny (1994) and described in Denny
and Wethey (2001). Briefly, the device records the maxi-
mum hydrodynamic force imposed on a roughened sphere
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(typically a Wiffle golf ball of diameter 40.8 mm), which
is connected to a spring via a string equipped with a slider.
The spring, string, and slider are housed in a plastic sleeve,
which isinserted into a hole drilled into the substratum and
secured with a threaded neck. Each dynamometer was de-
ployed for periods of 1 d to 2 weeks (usually 1-5 d), re-
cording the maximum force imposed on the ball during that
interval.

The distance over which the slider moved was calibrat-
ed using a series of weights, so that distance moved could
be translated into maximum force (measured in newtons).
Because dynamometers at the most exposed microsites
were frequently subjected to forces at or near the maxi-
mum force the instrument was capable of recording, the
standard wiffle golf balls at these sites were replaced with
smaller (diameter = 25.4 mm) polypropylene balls that
were roughened by machining grooves into their surfaces.
The drag force recorded by these smaller spheres was then
extrapolated to that which would have been recorded for
the larger balls by multiplying by the ratio of projected
areas for the two spheres. Measurements in a wind tunnel
at Reynolds numbers equivalent to those in the surf zone
(6 X 10* to 2 X 10°) showed that at over a range of ve-
locities, the average ratio of drag forces between small
and large balls (2.66 with a 95% confidence limit of 0.28)
was not significantly different from the actual ratio of pro-
jected areas (2.61). Smooth spheres in laminar flow are
subject to an abrupt decrease in drag coefficient in the
Reynolds number range 10*-10° (Sarpkaya and |saacson
1981; Vogel 1994). However, because of their rough sur-
face and the turbulence they encounter in the benthic
boundary layer, no such reduction in drag coefficient is
expected for the balls used here (Sarpkaya and Isaacson
1981), and none was observed.

Concurrently, a pressure transducer (Sea-Bird 26-03
Seagauge) was deployed in 10 m of water at a benthic site
~50 m offshore of the intertidal measurements. The wave
gauge recorded the significant nearshore wave height over
a period of ~9 min, every 6 h. The maximum significant
wave height for the period during which each dynamom-
eter was deployed was then calculated from the wave
height data. To avoid errors in the use of linear wave the-
ory to correct for pressure attenuation, the high-frequency
cutoff for the calculation of H, was set at 0.318 Hz, ap-
proximately three times the typical peak frequency of 0.11
Hz. In general, at this site, there is very little wave energy
at frequencies near 0.3 Hz, so any errors from transfor-
mation should be minor.

At least 20 measurements of maximum force, F, were
collected for each microsite (mean = 38, SD = 15). At each
microsite, forces were analyzed as a function of the maxi-
mum significant wave height recorded during the deploy-
ment period. This analysis allowed us to divide the micros-
ites into four categories.

Category 1 (nonlinear, bounded)—At these microsites,
there was a significant (p = 0.05) and substantial (r2 = 0.25)
correlation between force and wave height, and the data were
fit by amodel that incorporated an asymptote, supposing that
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Fig. 1. Relationship between onshore force (N) measured at the
level of intertidal organism as a function of nearshore maximum
significant wave height (H,, cm) for two microsites. For the two
examples shown, forces increase asymptotically with significant
wave height. At microsite 43, forces level off at wave heights above
~140 cm to a maximum force of 148 N. At a nearby site (microsite
92), forces increase much more slowly with wave height, and only
achieve amaximum of ~54 N, leveling off for wave heights greater
than ~275 cm.

above some wave height force no longer increased with in-
creasing wave height.
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This model is based on an equation often used by plant
physiologists to relate photosynthesis to irradiance. In our
case (as in theirs), an upper limit to a process is known to
exist; the task at hand is to define that limit. Here F is the
force predicted to be recorded by a dynamometer (in new-
tons, scaled to a 40.8-mm-diameter sphere), F, is the as-
ymptotic force, and H, is, again, the maximum significant
wave height (cm, Fig. 1). |, is the wave height at which
maximum onshore forces is within 37% (= 1/e) of F, (Fig.
1).

We conducted an additional test to confirm that a definable
limit to wave force does indeed exist at Category 1 sites.
First, we normalized the individua forces recorded at each
point on the rock, F, to the predicted asymptotic force at
that site, F,.

Fo= g @

The significant wave height corresponding to each F was
normalized to |,, at that site.

Hy =1 ©
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If our hypothesis is correct, at high H,, normalized wave
force will be independent of normalized wave height, where-
as at low H,, F, will increase with increasing H,. To test for
this behavior, the normalized data pairs (F,, H,) were divided
into two categories. those for which the normalized wave
heights were =2.5 (those within ~10% of the asymptote)
and those for which the normalized wave heights were <2.5.
A test for correlation was then conducted on each category.
The choice of H, = 2.5 as the dividing line between *‘low”
and “*high” is based on visual examination of the data. Any
value of H, = 2.5 could be used without affecting this result.

Category 2 (linear, unbounded)—For these microsites,
there was again a significant correlation between force and
wave height, but the data were better modeled by a regres-
sion that supposed that force at the substratum increased
linearly with increasing wave height and that the y-intercept
was equal to zero. Microsites were included in this category
if the r2 of the linear model was greater than the r2 for the
nonlinear model described above for Category 1.

Category 3—At these microsites there was no significant
correlation between force and nearshore wave height (p >
0.05). We interpret this lack of statistical dependence as an
indication that, for the purposes of prediction, forces were
effectively independent of wave height for the range of wave
heights encountered in this study. In other words, we sup-
pose that even at the lowest wave height encountered in this
study, these microsites are aready at their limit. Force at
each of these microsites was characterized by the average
value.

Category 4—At these microsites there was a significant
(p = 0.05) but not substantial (r? < 0.25) correlation be-
tween force and wave height. In these cases, we do not feel
comfortable drawing conclusions about the relationship of
intertidal forces to the wave height offshore, and these data
were removed from further consideration.

The F—H, relationships of Categories 1-3 were used to
generate predictions of maximum forces at each relevant mi-
crosite for a series of fixed significant wave heights spanning
the range of wave heights recorded at Hopkins Marine Sta-
tion (H, = 50-350 cm). These predictions were then used
to explore the potential correlation between topography and
the force experienced at each microsite.

The local topography of the substratum was measured at
each of the microsites. The objective of these measurements
was to create an index of the topographical potentia for a
given location to be exposed to wave-induced hydrodynamic
forces. Experience led us to believe that this index should
include (1) the azimuth of the location relative to the direc-
tion of wave approach, (2) the slope of the substratum at the
location, and (3) the presence or absence of offshore obsta-
clesin the path of wave approach. A location facing directly
into oncoming waves with a vertical slope and no offshore
obstacles has the greatest potential to encounter large forces,
whereas locations with lesser slopes facing obliquely to the
waves and sheltered by obstructions have less potential. We
propose that the following index appropriately quantifies
these idess:
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Fig. 2. Definitions related to the measurement of the blocking angle, ¢,. The angle is measured
in avertical plane passing through the site along the direction of wave approach and is taken relative
to the top of the nearest obstruction, as shown in examples A and B. Sightings are conducted using
the apparatus shown in example C. One sights down the vertical tube with the plane of the protractor
aligned with the prevailing direction of incoming waves. The vertical angle of this line of sight is
then adjusted by rotating a mirror attached to the protractor so that the image of the top of the
nearest obstacle (or the intersection of the water with the shore) is centered. The angle of the mirror
then provides a measure of ¢,. Note that a change of 2° in the blocking angle results in a change

of only 1° in the angle of the protractor.

_ [cos(6, — 6) Xsing] —csing,+1+cC 4
a 2+ 2 @

Here 6,, is the compass direction from which waves ap-
proach the shore and 6, is the compass angle of the hori-
zontal component of the location normal. Thus, 6, — 6, is
a measure of how obliquely the waves strike the site. ¢, is
the slope of the shore at the location, and ¢, is the ** block-
ing”’ angle, as shown in Fig. 2. Blocking angle is measured
by sighting along the line of wave approach and noting the
angle to the top of the nearest obstruction. In the absence of
obstructions, ¢, is measured to the point where the water
reaches the shore at mean lower low water. Thus, ¢, varies
from +90° for a site on a vertical wall facing away from the
waves to —90° for a site on a vertical wall facing into the
waves.

The index T varies between 0 and 1. As proposed, it is
highest for vertical locations (¢, = 90°) that face the oncom-
ing waves (6, = 6, without obstacles (¢, = —90°) and is
lowest for vertical locations on the down-wave sides of ob-
stacles.

The horizontal orientation of each location was measured
as follows. A plastic rectangle (15 X 8 cm) was held with
its flat face horizontal and its short edge held firmly against
the rock surface. A magnetic compass was then held against
the long face of the rectangle to measure the compass angle
of the horizontal component of the location normal (6,). The

T

vertical component of the vector normal to the substratum
at that location (¢, the local slope of the shore) was mea-
sured using an electronic inclinometer (Wedge |nnovations)
with a length of 15 cm. The blocking angle was measured
using the apparatus shown in Fig. 2C.

The value of c in Eq. 4 (which weights the contribution
of offshore obstacles to the index) is chosen to provide the
greatest correlation between T and the maximum wave force.
A value of ¢ = 0.4 was used here.

Results

Predicting onshore forces from nearshore waves—Of the
221 microsites, 184 (83%) showed a significant, positive
correlation with wave height (Categories 1, 2, and 4). At the
remaining 37 microsites (17%), intertidal force was not sta-
tistically dependent on wave height (Category 3).

Of the 184 microsites where inshore force was demon-
strably dependent on wave height, 146 (80%) showed a re-
lationship that was deemed to be substantial (r?2 = 0.25, Cat-
egories 1 and 2). At 16 of these 146 microsites (11%), wave
force appeared to increase linearly with increasing wave
height, without apparent limit (Category 2). However, at the
vast mgjority of these 146 microsites (n = 130, 89%), force
appeared to have a definable limit, presumably set by wave
breaking (Category 1). The asymptotic maximum force for
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Table 1. Summary statistics for division of microsites into four categories.

Mean sD Min Max

Category 1 (nonlinear, n = 130)
Sample size per site
Topography index (T)

I
r2
Relative error (%)
Absolute error (N)

Category 2 (linear, n = 16)
Sample size per site
Topography index (T)
Slope
r2
Relative error (%)
Absolute error (N)

40 15 20 80
0.64 021 0.08 0.94
105.10 105.90 19.10 730.00

0.45 024 019 1.50
0.41 010 025 0.66
11.01

22.13 5.06 44.86
9.09 532 171 30.79
41 14 31 70

0.72 0.08 055 0.84
0.39 013 020 0.55
0.54 015 035 0.81

Category 3 (Poor fit,* no significant regression,** n = 37)

Sample size per site
Topography index (T)

3061 473 2375 3959
1583 500 897 2379
32 6 21 48

0.48 025 012 0.84

Category 4 (Poor fit,* significant regression,** n = 38)

Sample size per site
Topography index

36 10 22 59
0.53 023 014 0.85

*r2 < 0.25.

** Regression of measured force (F) versus maximum significant wave height (H,).

the Category 1 microsites varied from 19 to 730 N, with a
mean of 105 N (Table 1). Values of r? for these regressions
ranged from 0.26 to 0.81, with a mean (+1 SD) of 0.43 =
0.11. The corresponding probability values of the curve fits
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Fig. 3. Data from al sites determined to display a *‘ Category
1" (asymptotic) curve fit, normalized to F, and |,, for each microsite.
Below a normalized wave height (H,) of 2.5 (open circles) thereis
a significant, positive correlation between normalized force, F,, and
normalized wave height, H,. Data above H, = 2.5 show no signif-
icant correlation.

ranged from effectively O to a maximum of 0.01, with a
mean of 0.0007 = 0.0020.

Average values of wave forces at Category 3 sites ranged
from 15 to 165 N, with a mean of 32.3 = 29.2 N. The
coefficient of variation (SD/mean) for data collected at Cat-
egory 3 microsites was fairly small (0.28 = 0.06), confirm-
ing that the averages of the data collected at these locations
were representative of an actual limit to wave forces. For
comparison, we also calculated the predicted F, for these
sites (with Eq. 1). These predicted asymptotic forces differed
from the average values by only ~9%, confirming that forc-
es at these microsites achieved a maximum, asymptotic val-
ue even at low wave heights. Note that the lack of correlation
between F and H, at the Category 3 sites was not due to
any constriction of the range of wave heights at which these
force measurements were conducted. Forces were measured
at these sites over the same range of wave heights as for
other sites.

Category 4 microsites (the locations for which there was
a significant, but not substantial, correlation with wave
height, n = 38) formed only 17% of all microsites. Signif-
icance values of the curve fits ranged from 0.001 to 0.04,
with a mean level of significance of 0.018 + 0.011.

Analysis of normalized Category 1 data confirmed a de-
finable asymptote to maximum force (Fig. 3). At scaled
wave heights <2.5, normalized forces showed a significant
correlation with wave height (n = 5,056; F, 5.ss = 8,483; p
< 0.0001, r2 = 0.63). At scaled wave heights =2.5, there
was no significant correlation between scaled force and
scaled wave height (n = 105; F,,,, = 0.34; p > 0.05, r2 =
0.003).

Accuracy of force predictions—Relative error: At the 146
Category 1 and 2 locations, relative error, defined as
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Fig. 4. Effect of topography index, T, on predicted maximum
force. The data shown are the predicted force (based on curve fits)
at a maximum significant wave height (H) of 250 cm. Predicted
force appears to increase exponentially with T, and a regression of
log (force) versus T at arange of maximum significant wave heights
shows a significant relationship (see Table 2).

[F - Fl

relative error = 100 F

©)
was typically not significantly correlated with wave height
(123 microsites, p > 0.05), although at a few microsites,
relative error decreased significantly (p = 0.05) with in-
creasing wave height (Category 1 microsites: mean slope =
—0.136, n = 15; Category 2 microsites. mean sope =
—0.174, n = 8; wave height for the regressions is in centi-
meters, relative error is percent).

Absolute error: Mean absolute error was slightly higher
at sites with linear fits (Category 2) than at sites with non-
linear fits (Category 1) (Table 1). Absolute error

absolute error = |F — F| (6)

was typicaly statisticaly independent of wave height (n =
105), although at a few microsites absolute error increased
significantly with increasing wave height (Category 1: mean
slope = 0.057, n = 34; Category 2: mean slope = 0.093, n
= 7; wave height for the regression is in centimeters, ab-
solute error is in newtons).

The ability of our models to predict relative error either
remained constant across wave heights or increased with
wave height, whereas our ability to predict absolute wave
forces either remained constant or decreased with wave
height. Both relative and absolute errors were higher for Cat-
egory 2 microsites (where force was linearly related to wave
height), as compared to Category 1 microsites (where force
was asymptotic) (Table 1).
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Table 2. Statistical results for regressions of log(F) versus T
over arange of H, (cm). n = 146.*

H, Intercept Slope r2 F1145 value

50 0.98 0.45 0.21 38.0
100 1.15 0.52 0.28 54.0
150 1.23 0.59 0.32 66.0
200 127 0.65 0.34 73.0
250 1.29 0.69 0.35 76.1
300 1.30 0.73 0.35 76.6
350 1.30 0.77 0.35 75.7

* Only Category 1 and 2 sites are included. All regressions, p = 0.0001.

Effect of microsite topography on wave exposure—For a
given significant wave height (H,), there was a positive trend
between the maximum force predicted at a microsite (F) and
the topographic index (T) of that site (Categories 1 and 2
only). This relationship appeared to be approximately ex-
ponential (Fig. 4), and regressions of log(F) vs. T showed a
significant, positive relationship at al values of H, consid-
ered (Table 2). Likewise, at Category 1 microsites, there was
a significant exponentia relationship between the asymptotic
force, F,, predicted for that site and T (regression of log[F,]
vs. T: F, 15, = 50.3, r2 = 0.29, p = 0.0001, n = 130). Sim-
ilarly, there was a significant (although not substantial) ex-
ponential relationship between I, and T at these sites (log[I,]
vs. T: Fp i = 14.6, r2 = 0.11, p = 0.0002, n = 130).

At any given wave height, there was considerable varia-
tion in the predicted force among our 221 microsites (Table
3). Within the 200-m stretch of shore used in these mea-
surements (a length of shoreline that ecologists might con-
sider to be a single, moderately exposed site), the force im-
posed on the most ““‘exposed’” microsite was between 11.4
and 19.7 times that imposed on the most ‘‘ protected” mi-
crosite, depending on wave height.

Discussion

The rocky intertidal zone has long served as an effective
testing ground for examining the interactive effects of biotic
and abiotic variables on community structure (Connell 1961;
Paine 1966; Dayton 1971; Menge 1976; Paine and Levin
1981; Wethey 1985; Dial and Roughgarden 1998; Carrington
2002). In particular, physical disturbance resulting from
wave-generated forces has been shown to be a key ecolog-
ical feature of exposed shorelines—it opens up space, there-
by permitting the settlement of competitively subordinate

Table 3. Predicted forces over a range of H, (cm) for Category
1-3 sites.

H, Max Min Average SD/Mean Max/Min

50 165.3 84 21.9 0.75 19.7
100 165.3 145 33.6 0.60 114
150 165.3 14.6 429 0.59 11.4
200 194.2 14.6 50.4 0.61 133
250 220.2 14.6 56.7 0.63 151
300 240.8 14.6 62.1 0.66 16.5
350 257.0 14.6 66.8 0.69 17.7
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primary space occupiers (Levin and Paine 1974; Paine and
Levin 1981; Dia and Roughgarden 1998) and alters the
strength of interspecific interactions (e.g., Menge 1976). Un-
derstanding the morphological, behavioral, and structural ad-
aptations that alow intertidal organisms to function and per-
sist in such a physically challenging environment therefore
has become the focus of many recent studies. This explo-
ration has been accelerated through the use of biomechanical
theory, which permits a rigorous, mechanistic, and quanti-
tative means of exploring how such factors as organism
shape, size, and material properties affect the risk of dis-
lodgment and mechanical failure (e.g., Koehl 1979, 1996;
Denny et al. 1985; Denny 1988; Carrington 1990, 2002; Bell
and Godline 1996; Denny and Gaylord 1996; Blanchette
1997; Denny et al. 1998). In order to place these studies into
an ecologicaly relevant context, however, we need a better
understanding of what forces are in the field, and how they
change over a range of spatial and temporal scales (Gaylord
1999, 2000).

Global change—The task of quantitatively predicting hy-
drodynamic forces takes on a particular relevance in light of
data showing that large areas of the world’s oceans have
become “wavier” in recent years (Goldenberg et a. 2001),
and that El Nifio-Southern Oscillation (ENSO) events (which
often are accompanied by unusualy large waves) have in-
creased in both frequency and intensity (Bacon and Carter
1991; Trenberth 1993; Wellington and Dunbar 1995). In this
regard long-term records of nearshore significant wave
height could serve as a potentialy invaluable resource for
examining temporal trends in the effects of wave climate on
the exposure on intertidal communities. But this utility of
long-term wave records can be realized only if we can ac-
curately predict intertidal forces from these wave heights.
The results of this study suggest that these predictions must
be made with caution.

First, our measurements clearly show that at most mi-
crosites (130 of 221, Category 1) intertidal forces under ex-
treme wave conditions cannot be predicted accurately by a
linear extrapolation from less severe conditions. Instead,
there appears to be a microsite-specific maximum force, pre-
sumably set by wave breaking. At the additional 37 Category
3 sites, force is apparently independent of wave height for
all wave heights encountered in this study, again aresult that
likely is due to the tendency of waves to break and dissipate
before reaching these microsites. Because of this behavior,
most of our 221 microsites showed virtually no increase in
force with significant wave height for H, > ~2-2.5 m. In
light of the fact that the average significant wave height at
open-coast sites in Washington, Oregon, and California is
aready 2-2.5 m (Denny 1995), if our results are at all typ-
ical, they suggest that any increase in waviness might have
little effect on the majority of intertidal microsites on the
west coast of North America

In contrast, at the minority of microsites where the as-
ymptotic force does not occur until a much larger significant
wave height (e.g., our Category 2 microsites), forces (and,
presumably, rates of mortality) could indeed increase as
waviness increases. Given this disparity in behavior among
microsites, increasing significant wave height from climate
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changeislikely to lead to an increase in spatial heterogeneity
in a wave-generated disturbance. For example, for H, > 50
cm, an increase in wave height leads to both an increase in
the range of wave-induced forces and a general increase in
the coefficient of variation (SD/mean) among the microsites
we examined (Table 3).

Measuring exposure of microsites—Our measurements
demonstrate that local topography can indeed play an im-
portant role in determining the potential *‘exposure’” of a
microsite (Fig. 4) but that our topographic index, T, can ex-
plain only 21-35% of the overall variation in force (r?, Table
2). This suggests that although high-T sites are in general
more likely to experience higher rates of wave disturbance
than are low-T sites, it could be exceedingly difficult for an
intertidal ecologist using this type of index to determine a
priori precisely which microsites are **exposed” and which
are “‘protected.” To obtain improved predictability, one must
take into account the topography of the shore along the en-
tire path of a wave leading up to the microsite, and quanti-
fying this topography using current technology is prohibi-
tively labor intensive.

Furthermore, the heterogeneity among microsites (noted
above) makes it difficult even to classify a site as to its
exposure. Is it the mean force among microsites, the maxi-
mum force among microsites, or the range of forces among
microsites that best characterizes a site? The answer to this
question is likely to involve substantial further experimen-
tation. Unfortunately, the results of this study demonstrate
that quantifying onshore forces at scales relevant to organ-
isms can be complex and time consuming. Clearly, knowl-
edge of offshore wave heights and a simple index of near-
shore topography can provide only a rough prediction of the
force that will be imposed at a given spot on the shore. As
a consequence, if we want to know intertidal forces, thereis
currently no substitute for measuring these forces directly at
the microsites of interest (e.g., an experimental plot or tran-
sect).

Our results suggest that a limit to inshore force indeed
exists, that it varies substantially among microsites, and that
caution therefore must be exercised in any attempt to relate
observed increases in ocean waviness to the corresponding
rates of disturbance in intertidal communities.
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