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Abstract 
Breaking waves impose large forces on intertidal organisms, and these forces are important in 

structuring wave-swept communities. Here a telemetry system is used to continuously record wave 
forces at an exposed site; the interpretation of one such record is presented as a case study of the 
nature of wave forces. For waves with a breaking height of 2-4 m, water velocities of at least 8 m 
s-l and accelerations of at least 400 m s-~ are present near the substratum. The forces imposed 
on organisms by these flows depend on the size and shape of the organism. For a limpet (CoZZzkeZIa 
pelta) an average force is about 0.6 N, a maximum about 3 N. The magnitude and direction of 
wave forces are unpredictable in both time and space over periods of seconds to hours, although 
predictability is possible over longer periods. A quantitative exposure index, based on an organism’s 
ability to withstand wave forces, shows that various organisms exposed to the same flow are at 
widely varying risks. No impact forces were observed during this study. 

Breaking waves subject intertidal organ- 
isms to large hydrodynamic forces (Denny 
1982, 1983; Denny et al. 1985), and these 
forces play an important role in many as- 
pects of intertidal existence. For example, 
filter- and suspension-feeding animals rely 
on waves to circulate water past them but 
must also cope with the forces imposed by 
flow (Koehl 1977, 1982, 1984). When wave 
forces are too severe, mobile predators (e.g. 
starfish and thaid snails) and herbivores (e.g. 
littorine snails and limpets) may be unable 
to forage (Menge 1972, 1978; Lubchenco 
and Menge 1978; Wright 1978; Quinn 1979). 
Wave forces can break or dislodge organ- 
isms, in the process opening patches of sub- 
stratum for settlement or invasion (e.g. 
Connell 1972; Paine and Levin 198 1; Den- 
ny et al. 1985). Disturbances caused in this 
manner may control various aspects of in- 
tertidal communities (e.g. Quinn 1979; 
Paine and Levin 198 1; Sousa 1984). In fact, 
it has been standard practice for many years 
to correlate the assemblage of organisms 
present on a shore with the “exposure” 
(Jones and Demetropoulos 1968; Ricketts 
et al. 1968; Lewis 1968; Newell 1979). The 
term exposure has generally been taken to 
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be some integrated index of the severity of 
the wave action. An exposed site is sub- 
jected to frequent, large wave forces, and it 
is assumed that these forces cause frequent 
disturbance to the communities present. A 
protected site, in contrast, is subjected less 
frequently to forceful wave action, with a 
concomitant decrease in wave-caused dis- 
turbance. 

As important as the wave-force environ- 
ment is in determining intertidal commu- 
nity structure, actual measurements of wave 
forces (and, therefore, of exposure) have 
been rare. Harger (1970) measured cumu- 
lative wave force using a small plate at- 
tached to a nail by a friction fitting and cor- 
related these measurements with several 
aspects of the biology of mussels, with some 
success in predicting adhesive tenacity, size, 
and growth rate. However, the cumulative 
nature of Harger’s measurements makes 
them a less-than-adequate measure of ex- 
posure because many small forces yield the 
same index of exposure as do a few large 
forces. However the action of many small 
forces, each presenting no physical danger 
to an organism, may have entirely different 
biological consequences from a few large 
forces capable of breaking or dislodging the 
organism. The converse problem is inherent 
in the method of force measurement used 
by Jones and Demetropoulos (1968). A re- 
cording spring scale was attached to a small 
disk and used to record the maximum force 
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Fig. 1. A. Tatoosh Island. B. The study site on 
Strawberry Island. Lines of equal depth are in meters. 

encountered over a series of tides. This tech- 
nique provides no information regarding the 
number of forces encountered or the direc- 
tion of their application. Both methods have 
the disadvantage of measuring the force on 
a thin, flat plate rather than that actually 
exerted on an organism. The turbulent na- 
ture of flow in the surf zone makes it difficult 
to interpret the results of these studies in 
terms either of the water velocity and ac- 
celeration which caused them or of the force 
imposed on a particular organism. There 
are also problems having to do with the long 
response time of these apparatus (see Denny 
1982, 1983). 

Two apparatus have been constructed to 
circumvent these problems. Koehl (1977) 
used a force platform situated in a surge 
channel to record the time-averaged forces 
imposed on the anemone Anthopleura xan- 
thogrammica. Although this apparatus can 
measure the force actually exerted on an 
organism, it does so only by measuring the 
average difference between forces on the 
platform with and without the organism 
present. Thus, the force due to a single wave 

cannot be measured. The response time of 
the apparatus is also likely to be too long to 
record transiently applied forces. Denny 
(1982) designed a telemetry system that can 
measure the components of force exerted 
by individual waves on organisms. The re- 
sponse time of this apparatus (about 8 ms) 
is sufficient to accurately record all but the 
most rapidly applied forces, and this tem- 
poral accuracy allows calculation of the flow 

velocities and accelerations causing wave 
forces. Using this apparatus, I continuously 
recorded individual wave forces through 
entire tidal cycles at an exposed site on the 
Pacific coast of Washington. The interpre- 
tation of one representative set of these rec- 
ords is presented here as a case study of the 
nature of wave forces. 

I thank R. T. Paine and the US. Coast 
Guard for the opportunity to conduct this 
research on Tatoosh Island. D. Ferrell, R. 
Reinstatler, F. Ward, and S. Palumbi pro- 
vided technical support. The manuscript 
profited from the comments of S. Gaines, 
C. Baxter, D. Lindberg, and an anonymous 
reviewer. S. Denny and K. Denny provided 
moral support. 

Methods 
Site-This study was conducted on Ta- 

toosh Island, off the tip of the Olympic Pen- 
insula (124”44’W, 48’23’N). The force 
transducers were emplaced on the south- 
west point of one of the subislands of Ta- 
toosh (Strawberry Island: Fig. 1) on a rough- 
ly planar section of rock inclined about 35” 
from the horizontal. 

The seafloor slopes irregularly down from 
this site (Fig. l), with depths of 10 m (below 
MLLW) within about 30 m. Waves im- 
pinging on the site are generally of the types 
termed “collapsing” or “surging” (Galvin 
1972); I have never observed a typical 
“plunging” breaker there. The site is fully 
exposed to the prevailing southwesterly 
swells. 

Holes for the emplacement of the telem- 
etry system force transducers were chiseled 
into the rock about 3.5 m above MLLW, in 
the middle of the Balanus gland&a zone 
(zone 1: Ricketts et al. 1968). Similar em- 
placements at the same site held maximum 
wave-force recorders at heights of 2.75 m 
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(just above the upper limit of a bed of Myt- 
ilus californianus) and at 1.65 m (in the low- 
er reaches of the mussel bed). 

Telemetry system -The wave-force te- 
lemetry system (Denny 1982) was used for 
all measurements of individual wave forces. 
Three force transducers were installed in a 
triangular array with their upper surfaces 
flush with the rock substratum. The dis- 
tance between transducers was 1 O-l 5 cm. 
Each transducer measured force in one di- 
rection; the two measuring forces in the plane 
of the substratum (shear forces) were ori- 
ented so that they measured force in either 
a shoreward-seaward direction or across the 
rock face (left-right as viewed from the sea), 
the third measured forces directed normal 
to the plane of the substratum (into or out 
of the rock). The voltage signal from each 
transducer was conducted by cable to the 
telemetry system above the surf zone and 
the signals were converted to frequency- 
modulated audio signals, combined, and 
transmitted as a radio signal to a receiver 
in the lighthouse on Tatoosh Island. The 
audio signal was tape recorded and the rec- 
ords returned to the lab for transcription 
onto an oscillographic chart recorder. The 
telemetry system was calibrated in the lab,- 
oratory (transducers at 8.5”C) immediately 
before we left for Tatoosh. 

Measurements were made with identical 
objects mounted on all three transducers. I 
used three types of objects: cast epoxy rep- 
licas of a limpet (CoZZiseZZa pelta) and an 
acorn barnacle (Semibalanus cariosus), and 
small (1.9-cm diameter) acrylic spheres. The 
primary results considered here were for the 
limpet replicas (C, = 0.45 at Reynolds 
number 105: Denny et al. 1985; C, = 1.68: 
Denny et al. 1985; terms defined in Eq. 1, 
2 below). The replicas were oriented on the 
shear-force transducers with the anterior- 
posterior axis of the shell parallel to the di- 
rection of the force being measured. Their 
base-to-peak height is 1.1 cm, so that the 
forces measured are due to flows very near 
the substratum. Denny et al. (1985) pro- 
posed that the boundary layer (a layer of 
fluid near the substratum with a retarded 
velocity) is maximally 0.5 cm; it is probably 
smaller in the types of flows encountered 
here (see also Nowell and Jumars 1984). 

L 

Fig. 2. A schematic representation of a breaking 
wave defining various terms. HB- Wave height at 
breaking; Z-water depth under a breaking wave; 
SWL-still-water sea level; D-the vertical height of 
the main body of the wave; MLLW-mean lower low 
water (chart datum for U.S. maps); H,-height of an 
organism on the shore; L-low tide level (shown here 
for a minus tide); A -amplitude of the tidal excursion. 
The wave shown here is a plunging breaker, but the 
same terms can be applied to surging and collapsing 
breakers. 

Thus the forces imposed on the limpet 
replicas are probably caused by essentially 
mainstream flows. 

Choice of sample record- During this 
study (18 tidal cycles, about 100 h of data 
recorded) low tides appropriate for the in- 
stallation of the telemetry system did not 
coincide with any major storms, so that the 
wave forces recorded are not the maximum 
likely to occur at this site. The records from 
the roughest day (evening, 19-20 Novem- 
ber 1980) are used as the primary data base. 
Waves visually estimated to have peak-to- 
trough heights at breaking (HBi Fig. 2) of 
2-4 m were common during this period, 
comprised of both sea and swell. The pres- 
ence of short-period, locally produced seas 
resulted in an average wave period of 6-8 
s, somewhat below that typical of Pacific 
swell (1 O-l 4 s: U.S. Army Corps of Eng. 
1977). The wave direction was generally 
from the southwest, and waves broke di- 
rectly on the study site. 

Direction and magnitude of maximum 
force- In addition to the measurements 
made with the telemetry system, I made a 
series of measurements with a device ca- 
pable of recording the direction and mag- 
nitude of the maximum wave force en- 
countered during a high tide (Denny 1983). 
Small spheres (1.9-cm diameter) were 



1174 Denny 

mounted on three recorders installed at each 
of three heights (1.65, 2.75, and 3.50 m 
above MLLW) on seven tides during June, 
July, August, and September 1980. Addi- 
tional measurements were made at the mid- 
level emplacement throughout the study. 
The average direction and radial distribu- 
tion of directions were calculated as sug- 
gested by Zar (1974). 

Interpretation of results-The data gath- 
ered here concern the force exerted on a 
replica limpet and other shapes. The use- 
fulness of these data can be extended by 
viewing the forces in terms of theflow which 
caused them. A brief discussion of the na- 
ture of flow-induced forces is thus in order. 

At the high Reynolds number values en- 
countered in the wave-swept environment 
(typically 1 04-1 0% see Vogel 198 1 for a dis- 
cussion of the Reynolds number), the forces 
exerted on nonstreamlined objects are pri- 
marily of three sorts. 

First, drag. The flow pattern around an 
object results in a difference in pressure be- 
tween the upstream and downstream sides 
of the object, with the pressure higher up- 
stream. The pressure difference is propor- 
tional to the dynamic pressure of the mov- 
ing fluid (0.5pU2) where p is the density of 
seawater (about 1,025 kg m-3) and U is the 
water velocity. The force caused by the pres- 
sure difference is equal to the pressure dif- 
ference times the area over which it acts. In 
this case the area is that projected in the 
direction of flow, S (Vogel 198 1). The pres- 
sure drag is thus proportional to 0.5pU2S. 
In addition to the drag caused by a pressure 
difference, there is a drag (friction drag) due 
directly to the sliding of a viscous fluid (e.g. 
seawater) past the object. The combination 
of pressure and friction drags can be related 
to the dynamic pressure through the inclu- 
sion of an appropriate coefficient of pro- 
portionality, the drag coefficient, Co: 

Drag = 0.5pU2SCI,. (1) 
Drag acts in the direction of flow. 

Second, the acceleration reaction. If the 
flow past an object changes velocity through 
time, the object experiences a force pro- 
portional to the water’s acceleration. Unlike 
pressure drag, which is proportional to pro- 
jected area, this acceleration reaction is pro- 

portional to the volume of water displaced 
by the object, I? 

Acceleration 
reaction = p V(d U/dt)C, 

(2) 

where C, is a coefficient of proportionality 
determined largely by the shape of the ob- 
ject. For stationary objects such as those 
examined here, CM = 1 + C,, where CA is 
the added mass coefficient (Batchelor 1967; 
Sarpkaya and Isaacson 198 1; Daniel 1982, 
1984). The acceleration reaction acts along 
the direction of flow and, depending on 
whether the flow is accelerating or deceler- 
ating, may add to or subtract from the pres- 
sure drag. 

To a first approximation, the total force 
in the direction of flow is the sum of the 
pressure drag and the acceleration reaction 
(Sarpkaya and Isaacson 198 1): 

Force in 
direction = o.5pu2sc, 

of flow + p V(d U/dt)C,. 
(3) 

Third, lift. If the morphology of the object 
is such that a layer of water (or any other 
material capable of transmitting hydrostatic 
pressure, i.e. guts) is present between the 
object and the substratum, the flow pattern 
may be such that the object experiences a 
force perpendicular to the direction of Aow- 
a lift. As with pressure drag, lift is caused 
by a pressure difference across the object, 
and the equation describing lift is therefore 
similar to that for drag: 

Lift = 0.5pU2SBCL (4) 
where S, is the area of the object projected 
in the direction of the lift. For most organ- 
isms (e.g. limpets) lift will be perpendicular 
to the substratum, and SB is thus the basal 
area. CL is the coefficient of lift. 

The overall magnitude of force due to the 
combined action of pressure drag, acceler- 
ation reaction, and lift is obtained from the 
vector sum of the individual forces. The 
direction of the overall force lies at an angle, 
8, to the direction of flow, and in the plane 
determined by the lift and drag vectors. 0 is 
the arctangent of the lift divided by the force 
in the direction of flow. Much more thor- 
ough discussions of flow-induced forces are 
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given by Batchelor (1967), Sarpkaya and 
Isaacson (1981), or Vogel (1981). 

The records of individual wave forces were 
analyzed as follows. 

Velocity and acceleration -The tape rec- 
ords for 30 sequential large waves were tran- 
scribed with the chart recorder at a chart 
speed of 100 mm s- I. Chart recordings for 
shear forces were then enlarged and traced. 
The enlarged force : time tracings were dig- 
itized (points taken approximately every 2 
ms) and the data entered into a computer. 
From these force : time data for the shear 
component of force, the components of ve- 
locity and acceleration causing the force were 
calculated by numerically solving Eq. 3 
(Denny et al. 1985). 

Because the force transducers are sepa- 
rated by about 1 O-l 5 cm, they do not sam- 
ple identical volumes of fluid and therefore 
may be measuring different flows. It is thus 
not strictly appropriate to combine records 
from the three transducers to calculate an 
overall force vector for each individual 
wave: overall velocity and acceleration vec- 
tors cannot be calculated except as an av- 
erage over many waves. The records from 
the three directional transducers are there- 
fore analyzed separately. 

Distribution of wave forces -The maxi- 
mum force exerted by each wave was mea- 
sured from the chart recordings to the near- 
est 0.035 N. Results were tabulated for all 
discernible wave forces (force > about 0.035 
N) through the 6-h course of the tide. 

Time between wave forces-In addition 
to measuring the magnitude of each wave 
force, I noted the time of the maximum 
force associated with each wave to the near- 
est second and tabulated the distribution of 
times between maximum forces and the 
variation in this inter-wave time as a func- 
tion of wave force. In addition, the series 
of times-of-wave-force were used to calcu- 
late the power spectrum for maximum wave- 
force occurrences, which provides a mea- 
sure of the predictability (in both time and 
magnitude) of the maximum forces caused 
by waves. Because the tape recordings from 
the telemetry system were maximally 90 min 
long, the time series for the 6-h surrounding 
high tide is divided into four segments, with 
gaps of about a minute between segments. 

The spectrum of each 90-min time series 
was calculated by the Blackman-Tukey pro- 
cedure with a Bartlett window (Jenkins and 
Watts 1968). The overall spectrum was ob- 
tained by averaging the four individual 
spectra. 

Correlation with tidal height -The record 
of wave forces was divided into 1 O-min seg- 
ments (n = 36 for up-down data, n = 38 for 
shear-force data) with the time of high tide 
as zero time and the number and magnitude 
of wave forces noted for each segment. The 
frequency of occurrence of events of differ- 
ent forcefulness was calculated, i.e. the 
number of forces > 0.2 N per lo-min seg- 
ment, the number of forces > 0.5 N per 1 O- 
min segment, etc. These frequencies were 
then correlated with both time from high 
tide and the calculated height of the still- 
water sea level (SWL). SWL was calculated 
assuming that tidal height varies so that the 
height at time t is 

H(t) = 0.5A{[cos(nt/T)] + 1) + L (5) 

where A is the amplitude of the tidal ex- 
cursion (i.e. the height difference between 
low and high tide), r is the time between 
high and low tides (usually about 6.15 h), 
and L is the water level at low tide (Fig. 2). 
Time t is measured in hours from high tide. 

Results 
Forces-The maximum and mean forces 

exerted on the replica C. pelta are given in 
Table 1. Both the mean and maximum nor- 
mal forces are directed away from the sub- 
stratum. From these data a mean vector 
force can be calculated: 0.63 N directed 
239.9” counterclockwise from seaward (i.e. 
toward the shore and to the left as viewed 
from the sea) and at an angle, 8, of 43.3” 
away from the substratum. No two of the 
directional maximum forces occurred on the 
same wave. However, had all these forces 
occurred simultaneously, the net force on 
the limpet would be 4.68 N, directed 239.2” 
counterclockwise from seaward and at an 
angle of 45.9” to the surface of the substra- 
tum. This hypothetical force vector can be 
viewed as an estimate of the maximum force 
which could be associated with waves like 
those during the sample tide. 

Velocity and acceleration -Figure 3 shows 
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Table 1. Mean and maximum values for force components recorded 19-20 November 1980. 

Direction 

Shoreward-seaward 
Left-right 
Up-down 

Mean force (N) 

0.27 shoreward 
0.37 left 
0.43 up 

n Max force (IV) 

955 1.67 shoreward 
996 2.80 left 
873 3.36 up 

Mean force vector 
Magnitude: 0.63 N 
Angle in plane of substratum: 233.9” counterclockwise of seaward 
Angle to plane of substratum: 43.3” up 

Hypothetical maximum force vector 
Magnitude: 4.68 N 
Angle in plane of substratum: 239.2” counterclockwise of seaward 
Angle to plane of substratum: 45.9” up 
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Fig. 3. Force, velocity, and acceleration compo- 
nents for the initial 0.3 s of a typical wave-force event. 
Velocity and acceleration were calculated from the re- 
corded force as described in the text. 

typical results for the calculation of the ve- 
locity and acceleration components causing 
the observed forces. The highest velocity 
component calculated for the 30 forceful 
waves examined was about 8 m s-l. For the 
wave shown in Fig. 3, velocity components 
of 4.7 m s-l shoreward and 7.3 m s-l left 
occurred at the same time after the initial 
application of force. Assuming for the mo- 
ment that these two transducers were sam- 
pling approximately the same flow, this is 
equivalent to an overall flow velocity of 8.7 
m s-l. Carstens (1968) and Galvin (1972) 
show that the maximum velocity, Urn,,, as- 
sociated with a breaking wave occurs at the 
crest: 

U max = kW~ + z)l” (6) 

where g is the acceleration due to gravity 
(9.8 1 m s-l), HB is the trough-crest height 
of the breaking wave, and 2 is the depth of 
the water under the breaking wave (Fig. 2). 
Waves break when the water depth is about 
1.2 times the wave height (Galvin 1972). 
Thus: 

U max = [g(2.2HB)]“. (7) 
When HB = 4 m (in accordance with visual 
observation), the maximum water velocity 
calculated from Eq. 6 is 9.3 m s- ‘. Carstens 
(1968) suggests that on steeply sloping shores 
where waves break near the shore this crest 
velocity is likely to be the maximum veloc- 
ity encountered by an organism at the sub- 
stratum, and indeed this value compares 
well with the rough estimate for overall ve- 
locity calculated above from the force rec- 
ord (8.7 m s-l). 
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FORCE F’ (N) 

Fig. 4. Exceedance distributions for the three directions of wave force. P CF,pj is the probability that a wave, 
chosen at random, will cause a force, F, greater than F’. Rayleigh distributions are calculated for the observed 
mean forces. E-Mean force; M-median force. 

The maximum acceleration calculated 
from the force record was about 400 m s2. 
This may actually be an underestimate. 
Changes in force over periods <8 ms are 
not accurately recorded by the force trans- 
ducers used, so that the recorded force is 
less than the actual force. This smoothing 
of peak forces could substantially decrease 
the acceleration calculated below that ac- 
tually occurring. However, due to the very 
short duration of these unmeasured rapid 
accelerations (Fig. 3), their effect on the ve- 
locity would not be great. 

Distribution of wave forces -The distri- 
bution of wave forces was tabulated for each 
force direction. From these tabulations the 
probability, PtF,+ was calculated that the 
force, F, exerted by a wave chosen at ran- 
dom would exceed a given level, F’. These 
exceedance distributions are shown in Fig. 4. 

In each direction, the mean force is great- 
er than the median force. This property is 

similar to that of a Rayleigh distribution, a 
theoretical distribution which accurately 
describes the distribution of offshore wave 
heights (Longuet-Higgins 1952; U.S. Army 
Corps of Eng. 1977), as well as the height 
of turbulent bores in the surf zone (Thorn- 
ton and Guza 1983). This similarity de- 
serves closer examination. As shown in Eq. 
7, wave height at breaking is proportional 
to the square of velocity. Further, the square 
of velocity determines the drag and lift forces 
(Eq. 1 and 4). It thus might be supposed 
that offshore waves with a Rayleigh distri- 
bution of heights should, when breaking, 
cause drag and lift forces with a similar dis- 
tribution. Following this reasoning, I cal- 
culated a Rayleigh distribution for each di- 
rectional force mean. Pcr;zFsj is given by 

I’,,, + = exp[ - (7r/4)(F’/B2] (8) 
where F is the mean force (Sarpkaya and 
Isaacson 198 1). These calculated Rayleigh 
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Fig. 5. The distribution of percent of wave forces 
as a function of force. Data are for the left-right force 
direction; other force directions have very similarly 
shaped distributions. 

exceedance distributions are shown in Fig. 
4. In each case the observed distribution 
differs substantially and systematically from 
a Rayleigh distribution. There are fewer 
midrange forces in the observed record than 
predicted and more small and large forces. 
This can be seen more clearly when the dis- 
tribution of forces rather than the proba- 
bility of exceedance is plotted (Fig. 5). This 
deviation from a Rayleigh distribution could 
be due to either of two factors. The distri- 
bution of offshore wave heights was not 
measured and therefore could have a non- 
Rayleigh distribution. Alternatively, non- 
linear effects near the breaking point could 

20 r 

SECONDS BETWEEN FORCES 

Fig. 6. Distribution of times between wave forces 
for 19-20 November 1980 (the sample record dis- 
cussed here) and for this record averaged with three 
other records taken in April and May 1980 (means and 
standard errors shown). 

0 0.5 I I .5 2 

FORCE (NJ 

Fig. 7. Time between force events as a function of 
the minimum force of the events considered (data for 
the left-right component of force, 19-20 November 
1980, means and standard errors shown). 

have affected the height distribution of 
waves (Thornton and Guza 1983), leading 
to non-Rayleigh distributions of forces. The 
present data are not sufficient to distinguish 
between these two possibilities. 

Distribution of interwave interval -The 
distribution of times between maximum 
forces for the sample tide is shown in Fig. 
6. The peak at 12- 14 s is roughly twice the 
period of the incoming waves (about 6-8 s 
for the sample record), perhaps indicating 
that the backwash from one wave interferes 
with the subsequent wave. Similar patterns 
have been noted for waves breaking on sandy 
beaches (e.g. Guza and Bowen 1976; Guza 
and Thornton 1982). The interwave time 
distribution for this sample tide is very close 
to that from other tides; an averaged dis- 
tribution from four tides is also shown in 
Fig. 6. These distributions do not take into 
account the force of waves; they are based 
solely on the interval between waves. 

As expected, due to the decrease in the 
frequency of waves as the force of the wave 
increases (Fig. 5), the time between force 
events increases as the magnitude of the 
event considered increases; one example is 
shown in Fig. 7. 

Power spectrum - The power spectrum of 
maximum wave forces is shown in Fig. 8. 
Each point represents an estimate of the 
variance of force at a certain frequency, cal- 
culated as the Fourier cosine transform of 
the autocovariance of the time series. Each 
spectral estimate has been divided by the 
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Fig. 8. Power spectrum for the time series of time-of-occurrence and maximum force from the record of the 
left-right component of force, 19-20 November 1980. 

overall sample variance to give values of 
power spectral density. The area under any 
portion of the curve represents the contri- 
bution to the total variance of force events 
occurring with a certain range of frequen- 
cies. The spectrum is essentially flat, indi- 
cating that no frequency is any more prob- 
able than any other. The only discernible 
peaks are at frequencies around 0.09 Hz, 
i.e. at periods of 1 l-l 2 s, corresponding 
roughly to the peak in interwave time seen 
in Fig. 6. The spectrum was measured to 
frequencies as low as 0.001 Hz (periods of 
1,000 s) and no low-frequency (long-period) 
peaks are evident. The occurrence of wave 
forces appears to be unpredictable over the 
time periods considered in this analysis for 
the combination of sea and swell present. 

Frequency of force events correlated with 
water level and time-There is a significant 
correlation (P < 0.05) between the frequen- 
cy of force events and the still-water level 
of the ocean when all force events are taken 
into account (Fig. 9, solid lines). However, 
as the magnitude of the force event taken 
into account increases, the strength of the 
correlation decreases. For the shoreward- 
seaward and up-down directions there is no 
significant correlation (P > 0.05) between 
still-water sea level and frequency of force 
impositions at the highest force level con- 
sidered. In all cases there is no correlation 
at the 0.01 level at the highest forces con- 
sidered. These correlations were calculated 

for the number of force events per lo-min 
segment vs. SWL; even though the number 
decreases as the magnitude of force consid- 
ered increases, the number of lo-min seg- 

L 

shoreward-seaward 

n=38 

L P-=0.05 
1 

0.2 - 
Lr 

I I I 
0 0.5 I .o I .5 

FORCE (N) 

Fig. 9. Correlation of number of forces per 1 O-min 
period with either still-water sea level (solid lines) or 
time from high tide (dashed lines). As the minimum 
value of the forces considered increases, the correlation 
coefficient, r, decreases. The values above which Y is 
significant are shown for two levels of significance (P -c 
0.01 and P -c 0.05). 



1180 Denny 

Table 2. Maximum and mean force components and their correlation with still-water sea level (SWL) and 
time from high tide. (N.S.-No significant correlation.) 

Direction 

Left-right 
Shoreward-seaward 
up-down 

Left-right 
Shoreward-seaward 
Up-down 

Versus SWL Versus time 

n r P P r 9 P 

Maximum force in each lo-min period 

38 0.514 0.264 co.00 1 0.474 0.255 co.005 
38 0.300 0.090 N.S. 0.069 0.005 N.S. 
36 0.412 0.170 co.02 0.393 0.155 CO.02 

Average force in each lo-min period 

38 0.383 0.146 co.02 0.333 0.111 co.05 
38 0.377 0.142 co.05 0.362 0.131 co.05 
36 0.581 0.337 co.00 1 0.613 0.376 CO.001 

ments stays constant (n = 36 or 38). Even 
for the largest forces considered there were 
at least five events per lo-min period in one 
or more of the periods. 

Results were essentially identical when 
frequencies were correlated with time from 
high tide rather than SWL (Fig. 9, dotted 
lines). 

Magnitude of force events correlated with 
water level and time-There are significant 
correlations (P < 0.02) between the maxi- 
mum force recorded in each IO-min period 
and the still-water sea level for forces in 
both the left-right and updown directions 
(Table 2). Although statistically significant, 
these correlations are far from striking (Fig. 
lo), accounting for at most 26% of the ob- 
served variation in maximum force (r2, Ta- 
ble 2). There is no correlation between max- 
imum force and water level in the 
shoreward-seaward direction. 

Similar results are obtained when the 
maximum force in each lo-min period is 
correlated with time from high tide (Table 
2). 

For all force directions there is a signifi- 
cant correlation (P < 0.05) between the av- 
erage force in each lo-min period and both 
still-water sea level and time from high tide 
(Table 2). Again, although these correla- 
tions are significant, they are not striking 
(Fig. 1 l), accounting for at most 38% of the 
variance in average force and more typically 
10-l 5% (r2, Table 2). 

Maximum force as a function of height 
on shore-The results from the maximum 
force recorders placed at different heights 
on the shore are given in Table 3. The site 
at 2.75 m above MLLW had the highest 

average maximum force over the course of 
the seven tides, but the variance in recorded 
maxima is such that this average is not sig- 
nificantly different from that of either the 
higher or lower sites (P > 0.2, Mann-Whit- 
ney U-test). 

The absolute maximum shear force re- 
corded by this apparatus with a sphere (2.99 
N) agrees well with the maximum shear force 
recorded by the telemetry system with a rep- 
lica limpet (2.80 N). The two objects are of 
similar size, have similar values for CD and 
CM (Table 4), and would thus be predicted 
to encounter similar forces by the theory 
outlined earlier (Eq. 3). These maximum 
shear forces are less than the estimated 
overall maximum force (4.68 N) because 
they do not include the lift force. 

Predictability of maximum force direc- 
tion -Only at the highest level on the shore 
(3.5 m above MLLW) was the direction of 
maximum wave force distinguishable from 
random over the sample of seven tides used 
in the comparison among heights (Table 3, 
G-test on the angular deviation: Zar 1974). 
In this case the average force came from a 
generally seaward direction (16 5” counter- 
clockwise from seaward; 180” would rep- 
resent a force coming directly from sea- 
ward). Over a longer series of measurements 
(44 tides) a significant direction of maxi- 
mum force could be discerned at the site 
2.7 5 m above MLLW. In that case the mean 
direction was 178” (angular deviation = 
73.9 l”, P < 0.01). 

Discussion 
Exposure -Although it is interesting to 

know the magnitude and direction of the 



Intertidal wave forces 1181 

3 - LEFT-RIGHT 

0 

0 
0 

0 

0 

01 ’ I I I I I 1 
3 2 I 0 I 2 3 

HOURS FROM HIGH TIDE 

Fig. 10. Maximum force in each IO-min period as 
a function of time from high tide. The calculated still- 
water sea level is shown parenthetically (solid line) for 
visual correlation with the force values; this line is not 
a regression through the points plotted. 
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Fig. 11. As Fig. 10, but of average force. 

forces exerted on a replica C. pelta, this in- 
formation would be more valuable if com- 
pared to the ability of the organism to with- 
stand such forces. The relative ability of the 
organism to withstand the forces imposed 

Table 3. Data for maximum force over seven tides, simultaneous measurement at three emplacements. 
(N.S.-The mean angle is not significantly different from the arbitrarily chosen zero angle.) 

(c-z 
Mean max force 

(NJ SE Mean angle Angular deviation P 

1.65 0.864 0.193, y1 = 8 99.59” 
2.75 

74.85” 
1.149 

N.S. 
0.332, n = 12 164.55” 

3.50 
95.54” 

0.767 
N.S. 

0.171, n = 10 164.54” 51.95” CO.01 

Data for 44 tidal cycles (low tide to low tide) at the emplacement 2.75 m above MLLW 
Absolute max force: 2.99 N 
Avg max force: 1.57 N (n = 30, SD 0.805 N) 
Avg angle: 178.25’ counterclockwise from seaward (n = 30) 
Angular deviation: 73.91” (P < 0.01) 



1182 Denny 

Table 4. Force coefficients for various organisms 
and shapes, and the Re at which the CD and C, were 
measured. (N.A. -Not applicable.) 

CL CM Re 

Limpets 
C. digitalis 0.52 0.25 1.84 lo5 
C. pelta 0.45 0.47 1.68 105 

Barnacle 
S. cariosus 0.52 N.A. 1.31 105 

Snail 
T. canaliculata 0.67 - 1.72 lo5 

Mussel 
M. californianus 

End-on 0.2* - 1.2t 105 
Broadside 0.8* - 2.00t 105 

Sphere 0.47* 0.4 1.67§ lo5 
Cylinder 0.73$ N.A. 2.00§ 105 
Human 1.15$ - - ca. lo6 

* Value for streamlined shape with thickness % the length; all other values 
from Denny et al. 1985. 

t Daniel 1982. 
$ Hoemer 1965. 
5 Sarpkaya and lsaacson 198 1. 

on it by waves can be used to define a quan- 
tifiable index of structural exposure. 

Structural Max wave force 
exposure = 

Max resistible force ’ (9) 
index, x, 

Both quantities that go into determining this 
index must be carefully defined and mea- 
sured appropriately. For example, the max- 
imum wave force depends on both the time 
over which forces are measured (Cartwright 
and Longuet-Higgins 1956) and the height 
distribution of the waves impinging on a 
site (itself a function of time). Further, the 
ability of an organism to resist a force can 
depend on the direction in which the force 
is applied and the rapidity with which the 
force is imposed (Grenon and Walker 198 1). 

The information presented here allows for 
a tentative first look at three aspects of the 
structural exposure index. First, exposure to 
normal forces. I use C. pelta as an example, 
this being the organism for which the most 
experimental data are available. For the 
purposes of this example I define the max- 
imum force (Eq. 9) as the maximum normal 
force encountered during the sample tide 
(3.36 N), and the maximum resistible force 
as that required to dislodge an individual 

limpet in a direction normal to the substra- 
tum. For a limpet the size of the replica 
used, the foot area is about 4 x 1O-4 m3. 
Estimates of the average adhesive tenacity 
of stationary C. pelta when subjected to nor- 
mal forces range from 6.8 x 1 O4 N mm2 
(Miller 1974) to 2.05 x lo5 N me2 (Denny 
et al. 1985). The resistible force, [tenacity 
(N m-2)] X [foot area (m2)], is thus 27 or 
82 N, depending on which tenacity value is 
used. The exposure index for normal forces, 
xN, thus lies in the range of 0.04-O. 12 (Eq. 
9). 

The tensile tenacity of C. pelta decreases 
when the animal crawls. Miller (1974) mea- 
sured a crawling tenacity of 2.5 x 1 O4 N 
m-2. Denny et al. (1985) noted a discrep- 
ancy between Miller’s values measured on 
plastic substrata and those measured in the 
field. They estimated a crawling tenacity for 
C. pelta on rock substrata of 6.9 x lo4 N 
m-2. These values result in an exposure in- 
dex about three times that for a stationary 
limpet (0.12-0.34). Further, these values for 
XN are calculated using the mean value for 
tenacity; limpets with less tenacity are at 
substantially higher risk of dislodgement. 

Second, exposure to shear forces. The drag 
coefficients and adhesive tenacities in shear 
have been measured for several intertidal 
organisms (Table 4). The added mass coef- 
ficient has not been measured for organisms 
other than C. pelta, an acorn barnacle 
(Semibalanus cariosus), and a thaid snail 
(Thais canaliculata) (Denny et al. 1985). 
However, for the flow velocity and accel- 
eration patterns measured in this study, the 
acceleration reaction contributes only about 
1 O-l 5% of the total shear force exerted on 
the organism at the time of maximum force 
(Fig. 3, Eq. 2). Thus by calculating force 
based on drag alone we can calculate an 
exposure index for shear that is about lo- 
15% low. 

The exposure index for shear can be cal- 
culated as a function of breaking wave height 
by using the relationship noted earlier (Eq. 
1, 7) showing that to a first approximation 
drag is proportional to wave height. Thus 
Eq. 3 can be restated as 

Applied 
shear = 0.5pg(2.2HB)SC,, 
force (10) 
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and the exposure index for shear is 

xs = 0.5pg(2.2HB)SCDl 
(shear tenacity X foot area). (11) 

Values are plotted in Fig. 12 for waves up 
to HB = 10 m, the maximum deep-water 
wave height observed near Tatoosh during 
the period 1946-1973 (U.S. Navy 1973). It 
is clear from this figure that different organ- 
isms exposed to the same flows are at widely 
varying risk of dislodgement due to shear 
forces. 

These values for xs should be viewed with 
caution, however. Their calculation relies 
on the validity of the relationship between 
wave height at breaking and the velocity 
imposed on organisms (Eq. 6). Although the 
velocity information presented here sup- 
ports this relationship, this information rep- 
resents only one tide at one particular site; 
the similarity of predicted and observed 
values could be fortuitous. Further, the fact 
that higher waves break in deeper water (Eq. 
8) means that the greater velocities associ- 
ated with large waves may be attenuated 
before they reach a site on shore. At the site 
on Tatoosh Island the bottom slopes steep- 
ly, so that this effect is probably negligible. 
At sites with less steep bottom topography 
the effect may be substantial; Guza and 
Thornton (1982) discussed this topic. 

Third, overall exposure. Because they do 
not take into account the interaction be- 
tween normal and shear forces, the values 
of XN and xs calculated here underestimate 
the overall structural exposure index, x. In 
a case where it was possible to estimate x, 
the shear and normal tenacities of the lim- 
pet C. digitalis were the same (3.85 x 1 OS 
N m-2) when measured on a rock substra- 
tum (Denny unpubl.). I assume that this 
same tenacity holds for forces applied si- 
multaneously in both shear and normal di- 
rections. If we accept this assumption, a C. 
digitalis of the same size as the C. pelta 
considered previously can resist forces up 
to 15.4 N. The maximum vector force which 
(to a first estimate) could be encountered for 
the wave conditions present during the study 
period is 4.7 N (Table 1); thus x for this 
stationary limpet could be as high as 0.3 1. 
The tenacity of C. digitalis when crawling 
is estimated by Denny et al. (1985) to de- 
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Fig. 12. Exposure index, xS, calculated for shear 
forces as a function of the height of breaking waves. 
The value of moving tenacity used in calculating xs 
for C, pelta is that of Denny et al. 1985. The value 
cited for a human being assumes that the wave impacts 
the person frontally, and that the person is capable of 
resisting a force of 1,110 N (150-lb force) applied at 
his midsection. The tremendous exposure index should 
give some tangibility to the forceful nature of the in- 
tertidal environment. 

crease to 1.29 x lo5 N m-2, resulting in a 
x of 0.91. These calculations are for the 
forces applied by waves maximally 4 m high 
at breaking. For storm waves 8 m high, the 
applied force can be expected to about dou- 
ble; in such circumstances x could exceed 1 
for a crawling C. digitalis with the mean 
tenacity and would be higher still for a lim- 
pet with less than average tenacity. 

The structural exposure index proposed 
here provides information regarding only 
one aspect of the overall exposure of organ- 
isms. For instance, wave forces too small to 
dislodge a stationary limpet may be suffi- 
cient to cause a crawling limpet to stop 
(Wright 1978), and thereby may limit the 
animal’s foraging time. However, because 
of the difficulties inherent in gathering data 
regarding the functioning of organisms in 
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wave-swept environments, quantitative in- 
formation regarding the force limits to var- 
ious functions does not yet exist and an ex- 
amination of possible functional exposure 
indices is not possible here. 

Predictability of force events-The data 
presented here suggest that the wave-swept 
environment due to a combination of sea 
and swell is unpredictable on the scale of 
seconds to hours. For example, consider a 
limpet which has just been subjected to a 
wave force of sufficient magnitude to cause 
it to stop crawling and adhere more tightly. 
Is there any way this limpet can predict how 
much time it has in which to forage again 
before the next large wave arrives? The 
power spectrum of this sample record (Fig. 
8) suggests not. It is most probable that the 
next forceful wave will arrive in about 11 
s, but this probability is not substantially 
higher than the probability that the next 
forceful wave will arrive before 11 s. 

If the limpet can somehow gauge the 
height of the still-water level or the time 
from high tide, it could conceivably predict 
the frequency with which it will be im- 
mersed (Fig. 9), information potentially 
useful in avoiding desiccation. However, 
SWL (at least for the sample record) does 
not provide reliable information regarding 
the frequency with which waves causing po- 
tentially harmful forces arrive. The statis- 
tically significant correlations between force 
(both maximum and mean) and SWL or 
time probably do not account for enough of 
the variation in force to be biologically sig- 
nificant. This case clearly exemplifies the 
fact that predictability of the environment 
depends on the function in question. 

Predictability of force as a function of 
height on the rock-The data presented here 
show that height on the rock was not a re- 
liable indicator of maximum wave force over 
the course of seven tides because of the large 
variance about the mean maximum force, 
rather than the identity of the means them- 
selves. This suggests that when information 
is available for a sufficiently large number 
of tides, the difference in means may be- 
come statistically (and biologically) signifi- 
cant. 

It is possible to construct a model which 
qualitatively accounts for the observed 

means and allows for predictability of wave 
force as a function of height on the rock 
over long periods. Each wave hitting the 
shore on the Tatoosh site has the form shown 
schematically in Fig. 2. The central body of 
the wave can exert the maximal force of that 
wave and impacts the rock over a certain 
vertical distance, D. Areas of the rock above 
the initial impact zone are subjected to less- 
than-maximal velocities as the flow velocity 
decreases during run-up. At the base of the 
wave, the rising surge can interact with the 
backwash from the previous wave to form 
a protective cushion of water (Carstens 
1968). Thus for each wave a limited section 
of the rock surface (that lying within vertical 
distance D of SWL) is subject to maximal 
forces. The location of this impact zone rises 
and falls with the tides. Depending on their 
height on the shore, Hs (Fig. 2), organisms 
at different heights spend a different amount 
of time in this zone during a tidal excursion. 
As the tide goes from low to high they enter 
the zone when SWL = Hs - D and exit when 
SWL = HS. By rearranging Eq. 7, we can 
calculate this time, 

t = 1 (T/T)COS-’ { [2(HS - L)IA] - 1 > 
- (h)cos-’ { [2(Hs - D - L)/ 

4 - 111. (12) 

The frequency, o, with which waves break 
on shore is fairly regular. Thus each organ- 
ism encounters a predictable number of 
waves, N = ot, during its residence in the 
zone of maximum force. 

The force produced by each wave is, to a 
first approximation, a random selection 
from the exceedance distribution given by 
Fig. 4, and the probability that a certain 
wave imposes at least a certain force can 
thus be predicted. 

If we assume these conditions, the prob- 
ability of an organism at a certain level on 
the shore encountering a wave imposing a 
force corresponding to a certain frequency 
of occurrence can be calculated: 

P = 1 - (1 - Ppp-)” (13) 
where P, is the probability of encountering 
a wave of at least a given force. The results 
of such a calculation are shown in Fig. 13. 
It has been assumed in this case that D is 
1 or 2 m and that ves arrive every 10 s 
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Fig. 13. The probability, P, of encountering a wave of a certain frequency of occurrence during one tidal 
excursion (low tide to high tide, or high tide to low tide). The height of the impact zone, D, is assumed to be 2 
m (left) or 1 m (right). The dashed lines are for tidal excursions with L = -0.3 m, and A = 4.0 m. The dotted 
lines are for tidal excursions with L = 1.4 m, and A = 1.2 m. The solid lines are the average P for the 119 tidal 
excursions in January 1980. The upper graphs are calculated for a wave imposing a force of a magnitude seen 
on average only once in 1,000 waves; the lower graphs for 1 wave in 10,000. 

(O = 360 h-l). A monthly average tidal fluc- 
tuation for Tatoosh was used, based on in- 
formation in the U.S. Dep. of Commerce 
tide tables for January 1980. Varying the 
magnitude of D quantitatively changes the 
Hs: probability curve, but does not quali- 
tatively change the results. 

This simple model predicts that the prob- 
ability of encountering large hydrodynamic 
forces varies with height on the shore. For 
the values used here, the monthly average 
of P is highest near the Hs where the largest 
maximum force was measured (2.75 m 
above MLLW). 

It is interesting that the height at which 
mussel beds are found (on Tatoosh, about 
1.6-2.8 m above MLLW in exposed sites) 
corresponds roughly to the height range with 
the maximum average probability of en- 
countering forceful flows. The tight packing 
of mussels in beds has often been suggested 

to be an ideal mechanism for coping with 
large wave forces (e.g. see Paine and Levin 
198 1; Ricketts et al. 1968). Each mussel 
protects its neighbors from encountering the 
mainstream water velocity; the bed as a 
whole essentially forms an unbroken new 
surface raised above the rock substratum. 
My model of force variation with height on 
the rock is so far speculative, but its cor- 
respondence with the available data is en- 
couraging enough to warrant further inves- 
tigation. 

Consequences of the unpredictability of 
force direction-It has been shown above 
and elsewhere (e.g. Denny et al. 1985; Paine 
and Levin 198 1) that wave forces can dam- 
age or dislodge a variety of intertidal or- 
ganisms. However, most intertidal animals 
have drag coefficients that are quite high 
(see Table 4) compared to those of stream- 
lined shapes where drag coefficients as low 
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as 0.05 are common (Hoerner 1965). Why 
have intertidal organisms not evolved more 
streamlined shapes? The answer lies par- 
tially in the unpredictability of flow direc- 
tion in the intertidal zone. Vogel (198 1) 
pointed out that streamlined shapes have 
low drag coefficients only when correctly 
oriented relative to flow. For example, a 
streamlined shape resembling a mussel may 
have a C, for flow along its axis of 0.2, but 
a Co of > 0.8 when oriented broadside to 
the flow (Hoerner 1965). Thus, such a 
streamlined sessile organism, if caught in 
flows from the wrong direction, could en- 
counter large drag forces, leading to high 
exposures (Fig. 12). As shown earlier, the 
flows in the intertidal zone are unpredict- 
able in terms of direction over brief periods. 
Mussels generally avoid this problem by 
growing in densely packed beds, 

Radially symmetrical organisms (e.g. 
cone-shaped limpets) present the same shape 
to flow from all directions and are therefore 
not subject to the problem described above. 
However, even these organisms may have 
a practical lower limit to their drag coeffi- 
cient. A cone with a height-to-radius ratio 
of 0.5 has the low CI, of 0.30, but also has 
the high CL of 0.46 (Denny unpubl.). This 
squat cone experiences a higher overall force 
than a more peaked cone (height: radius = 
2, CD = 0.60, CL = 0.27: Denny unpubl.). 
The tradeoff between lift and drag may thus 
set limits to the proportions of radially sym- 
metrical organisms. As noted earlier, the 
mechanism leading to lift requires the pres- 
ence beneath the organism of a material that 
can transmit hydrostatic pressure. Organ- 
isms like bryozoans and coralline algae ad- 
here to the substratum with solid glues and 
therefore are not subject to lift forces; many 
such organisms have encrusting forms where 
C,, approaches zero. It is less clear whether 
lift forces can act on sponges. 

Impact pressures - Carstens (1968) point- 
ed out that a wave breaking on the shore 
could exert very large impact pressures on 
the organisms present. Impact pressures as 
large as 1.5 x 1 O7 N m-2 have been re- 
corded (Carstens 1968), corresponding to a 
force of 6,000 N on the limpet replicas used 
here. These pressures occur when a mass of 
water moving normal to the surface of a 

rigid structure impacts the surface. The 
abrupt change in speed and direction brought 
about by impact results in a transient (2-5 
ms) pressure (Wiegel 1964). Such pressures 
would appear to the telemetry apparatus 
used here as a very large transient force di- 
rected into the substratum at the very be- 
ginning of a wave-force event. In the 30 
consecutive large waves that I examined in 
detail, the largest forces occurred at times 
considerably removed (> 30 ms) from the 
initiation of force and are therefore clearly 
not impact forces. Of the nearly 1,000 wave- 
force events recorded on 19-20 November 
1980, none showed a force large enough to 
be considered as due to wave impact. 

This lack of wave impact forces is not 
surprising. The inclination of the substra- 
tum at the test site is such that the flows 
from breaking waves are seldom directed 
into the surface of the rock. Further, as Car- 
stens (1968) noted, any compliance in the 
substratum or air entrained in the breaking 
wave substantially reduces the impact pres- 
sure. Collapsing waves such as those typical 
of the test site inevitably entrain air as they 
break; consequently the mass of water im- 
pacting the shore is compliant. The presence 
of surface irregularities and organisms on 
the substratum ensures that pockets of air 
are trapped at the substratum when water 
rushes over, increasing the substratum’s 
compliance. 

A final note-The conclusions drawn here 
regarding the nature of wave forces are based 
primarily on data from one tidal cycle at 
one very exposed site. I have no doubt that 
many of these conclusions are generally ap- 
plicable to wave-swept sites, but until fur- 
ther evidence is available to support or re- 
fute them they should be regarded as 
tentative. For example, the information 
presented here pertains to waves comprised 
of both swell and locally generated seas. It 
seems likely that much of the unpredict- 
ability of the forces observed is due to the 
interaction of these two types of waves in 
randomly modulating the height of break- 
ers. On days when only swell is present, 
wave force may be considerably more pre- 
dictable. If this is true, it may be possible 
for organisms to sense (from the local wind 
speed, for instance) when the force envi- 
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ronment will be unpredictable and act ac- 
cordingly. Further, the information here ap- 
plies only to microhabitats fully exposed to 
mainstream flows. Organisms living in 
cracks and crevices, tide pools, and surge 
channels undoubtedly encounter different 
flows. 
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