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Biological implications of surf-zone flow complexity

Brian Gaylord*

Hopkins Marine Station of Stanford University, Pacific Grove, California 93950

Abstract

Wave action imposes potentialy large hydrodynamic forces on intertidal plants and animals, and can act as a
primary agent of disturbance. It has also been proposed that rapid water accelerations produced by breaking waves
might constrain the sizes to which intertidal organisms can grow. However, despite the proven ecological importance
of surf-zone flows, few actual measurements of forces imposed on plants or animals by waves in nature have been
conducted. In this study, real-time wave forces acting on individuals of the rockweed Pelvetia compressa and a sea
urchin Strongylocentrotus purpuratus are recorded in the field. These measured forces are compared with values
predicted from theory using laboratory-determined shape factors (i.e., drag and added mass coefficients) and si-
multaneous flow measurements conducted adjacent to the deployed samples. Results demonstrate that models pre-
dicting large contributions of force due to water’s acceleration are likely inaccurate, most probably because such
models fail to account for the small spatial scales of surf-zone accelerations. This likely eliminates any capacity
for intertidal hydrodynamic accelerational forces to limit size, contrary to previous conjectures. Data also suggest
that wave-induced forces predicted from simple fluid dynamic expressions can, but sometimes do not, reflect ac-
curately the forces applied. Together these findings imply that although traditional hydrodynamic theory may indeed
provide a valuable tool for predicting forces imposed on immersed surf-zone organisms, such approaches must be
used with caution. Finally, the field recordings suggest that sharp, transient forces arising from the impingement of
waves directly on non-submerged organisms may in general impose the most severe loadings experienced by
intertidal plants and animals, a possibility that to date has received little attention. The precise consegquences of

such brief forces depend on the level of flexibility or rigidity of an organism’s construction.

In intertidal regions of rocky shores, forces imposed by
breaking waves may act as one of the dominant mechanisms
determining species presence or abundance, plant and animal
diversity, and community structure (Lewis 1964; 1968; Day-
ton 1971; Connell 1978; Paine and Levin 1981; Sousa 1984,
1985; Ricketts et al. 1985). However, despite their impor-
tance, wave exposure and the magnitudes of imposed hy-
drodynamic forces have proven difficult to estimate. Most
studies that have attempted to evaluate consequences of
breaking waves for intertidal organisms have relied on stan-
dard fluid-dynamic theory coupled with idealized flow sce-
narios that may or may not accurately describe effects of the
complex and rapidly evolving water motions of the surf zone
(e.g., Koehl 1977; 1984; 1986; Denny et al. 1985; Denny
1987; 1995; Carrington 1990; Denny and Gaines 1990; Dud-
geon and Johnson 1992; Bell and Denny 1994; Gaylord et
al. 1994; Denny and Gaylord 1996; Blanchette 1997). Thus
the validity of models designed to predict the severity or
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biological ramifications of forces imposed on intertidal
plants and animals has remained an open question.

One unknown in particular has been the precise role
played by hydrodynamic forces arising from water acceler-
ation. It has been suggested that in intertidal zones of rocky
coasts, hydrodynamic accelerational forces might have the
potential to constrain the sizes to which organisms can grow.
As originally noted by Denny et a. (1985), hydrodynamic
accelerational forces scale with volume while organism
strength typically varies in proportion to area (either cross-
sectional or attachment area). Because volume generally in-
creases faster than area with increases in size, magnitudes
of applied force would be expected to exceed an organism’s
ability to withstand those forces at some critical maximum
size. Thisbasic argument, first applied to stationary intertidal
invertebrates by Denny et a. (1985), was also extended by
Gaylord et a. (1994) to flexible seaweeds that change shape
with growth and reconfigure in flow. Denny and Gaylord
(1996) further examined related issues in the context of mor-
phological variation in sea urchins. Each of these studies
suggested that hydrodynamic accelerational forces, acting in
concert with velocity-dependent forces such as lift or drag,
might possess a capacity to limit size or shape in a wide
variety of intertidal plants and animals.

Note, however, that due to limited data these preliminary
studies were forced to make a number of important first-
order simplifications. Specifically, it was assumed that:

1) Large accelerations occur commonly under breaking
waves on rocky shores.

2) Surf-zone velocities and accelerations of substantial
maghitude can occur simultaneously and along similar lines
of action (i.e., velocities and accelerations are not consis-
tently negatively correlated, either temporally or direction-

aly).
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3) Intertidal organisms of a wide variety of shapes are
capable of experiencing large hydrodynamic accelerational
forces (i.e., accelerational force shape factors, termed added
mass coefficients, are not negligibly small).

4) The strong nonuniformity of flows produced under
breaking waves does not alter their ability to impose sub-
stantial hydrodynamic accelerational loads.

Some evidence has been available for evaluating the ap-
propriateness of these assumptions. For example, initial sup-
port for points (1) and (3) was provided by the field and
laboratory experiments of Denny (1985), Denny et al.
(1985), and Gaylord et al. (1994), which suggested that large
accelerations indeed occur in the surf zone and that added
mass coefficients of intertidal organisms can be surprisingly
large. However, the limited number of measurements con-
ducted in these studies made generalization difficult. More
recently, Gaylord (1999) explored explicitly issues (1) and
(2) by making high-frequency recordings of velocities and
accelerations at multiple intertidal sites along a rocky shore.
Results confirmed the ubiquitous presence of rapid acceler-
ations, and showed that they often occur in conjunction with
large velocities directed along identical flow axes.

Unfortunately, to date essentially no data have been avail-
able for evaluating the validity of assumption (4). The pres-
ent study attempts to address this gap, while also exploring
point (3) more rigorously. This task is undertaken together
with a more general examination of the overall ability of
traditional hydrodynamic theory to model forces imposed by
complex intertidal flows. The following approach is em-
ployed.

First, drag parameters (coefficients and exponents of drag)
and added mass coefficients of a variety of species are mea-
sured in the laboratory. These data verify and extend earlier
estimates determined under different flow conditions, and
yield clues as to the sensitivity of force parameters to alter-
native types of fluid motion (issues related to assumption [3]
above). Second, rea-time field recordings of forces acting
on two representative organisms (one flexible, one rigid) are
conducted. Water velocities and accelerations are measured
adjacent to the samples, and these recordings are combined
with laboratory-determined drag and added mass coefficients
to make theoretical predictions of force for comparison to
measured values (addressing assumption [4] above). Third,
spatial scales of velocity and acceleration are examined to
evaluate their roles in modulating magnitudes of applied
force. Findly, the field measurements are used to explore in
a preliminary but quantitative fashion the importance of
waves impinging directly on non-submerged plants and an-
imals characterized by differing degrees of compliance.

Materials and methods

Species—Two primary test organisms, one flexible and
onerigid, are used in this study. The first of these, the com-
mon rockweed P. compressa (Fig. 1a) is an extensively
branched, perennial brown alga of the Order Fucaes which
often forms dense beds in mid-intertidal regions of rocky
shores exposed to intermediate levels of wave action (Abbott
and Hollenberg 1976). Like the majority of intertidal sea-

b)

Fig. 1. Primary species used in this study. (a) P. compressa. (b)
S purpuratus. The organisms are drawn approximately to scale; the
diameter of the urchin is about 5 cm.

weeds, this macroalga lays prostrate when emersed at low
tide but reorients with flow when exposed to waves. The
second focus organism is the purple sea urchin, S purpur-
atus (Fig. 1b), a spiny echinoderm typically less than 10 cm
in diameter that inhabits subtidal to mid-intertidal regions
along much of the west coast of North America (Morris et
al. 1980). It possesses a calcareous test and therefore deflects
little when subjected to hydrodynamic forces. A reduced set
of measurements was also conducted on additional species
of macroalgae, a limpet, and nonbiological spheres (Table
1).

Flow forces—Studies modeling hydrodynamic forces on
sessile marine plants and animals have typicaly employed
simple expressions that are most applicable to rather ideal-
ized flow situations (i.e., unidirectional, uniform flow where
unsteadiness, if present, doesn't appreciably alter fluid tra-
jectories). These basic equations are outlined below; later
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Table 1. Hydrodynamic shape factors in accelerating flow. |, is the *‘flatness index,”” (area¥?)/volume, and n is the number of individuals
tested, or in the case of Pelvetia, the number of experimental runs. SD is the standard deviation. Peak Reynolds numbers for al laboratory

experiments ranged from 10° to 5 X 10°.

Species and individual S SD v SD C, sb I n
Smooth sphere, measured 0.64 0.03 2.0 — 0.40 0.17 — 10
theory 0.47 — 2.0 — 05 — — —
Rough sphere* 0.62 0.04 2.0 — 119 0.37 — 10
Rigid invertebrates
Lottia giganteat
a 0.22 0.02 2.0 — 0.37 0.20 — 3
p 0.22 0.01 20 — 0.30 0.08 — 3
b 0.48 0.07 20 — 0.43 0.19 — 3
Strongylocentrotus purpuratus® 0.67 0.04 2.0 — 1.56 0.17 — 10
Flexible seaweeds
Calliarthron tuberculosum 0.13 0.04 1.805 0.11 1.63 0.61 33.6 10
Chondracanthus spinosus 0.19 0.07 148 0.12 2.16 0.58 34.7 5
Codium fragile 0.19 0.05 1.63 0.35 0.78 0.16 19.7 2
Cryptopleura ruprectianum 0.13 0.03 1.96 0.19 8.02 1.98 123.9 5
Egregia menziesii 0.12 0.06 2.02 0.21 452 1.29 59.5 4
Fucus gardneri 0.12 0.04 1.79 0.18 2.90 0.75 66.8 7
Gelidium purpurascens 0.19 0.06 171 0.21 9.35 3.63 55.2 6
Mastocarpus papillatus 0.18 0.04 1.64 0.15 0.58 0.22 5.0 8
Mazzaella flaccida 0.14 0.04 152 0.16 4.59 0.87 99.5 9
Pelvetia compressa
1* 0.21 0.02 1.28 0.06 2.49 0.28 64.9 12
2% 0.23 0.04 1.50 0.10 2.39 0.287 39.0 10
3* 0.30 0.03 1.42 0.07 2.18 0.20 36.1 10
a4t 0.35 0.04 1.40 0.09 271 0.36 52.0 10
5t 0.26 0.04 1.30 0.10 3.66 0.28 57.5 10
61 0.25 0.03 134 0.08 2.01 0.31 39.8 10
7 0.22 0.02 1.35 0.06 157 0.26 47.1 10
8 0.24 0.04 142 0.10 3.36 0.29 61.9 10
9 0.20 0.04 1.73 0.20 1.94 0.25 39.5 3
10 0.18 0.02 1.64 0.12 2.28 0.64 47.4 3
11 0.13 0.05 2.00 0.26 5.86 0.48 83.3 5
12 0.14 0.02 191 0.09 3.63 0.41 46.4 5
13 0.15 0.04 1.86 0.15 3.89 0.39 439 5
average 0.22 0.06 155 0.25 1.94 1.15 50.7 13
Pleurophycus gardneri 0.04 0.01 1.50 0.16 1.78 1.06 178.0 2
Prionitis lanceolata 0.37 0.14 1.52 0.07 4.56 0.25 34.8 4

* Samples also tested both in steady flow and in the field.
T Samples also tested in the field.
T Anterior upstream (a), posterior upstream (p), or broadside to flow (b).

their utility for estimating intertidal forces is explored in
more depth.

Drag pushes objects downstream (Denny 1988; Vogel
1994). It is a function of a fluid’'s velocity relative to an
organism (u,), and may be expressed as.

1
Fq = EpASauz, 1)

where p is the mass density of the fluid and A is the max-
imum area facing flow. S, is the shape coefficient of drag
and v is the drag exponent; for rigid organisms that do
not change shape as velocities vary, S, and y are weak
functions only of the nondimensional Reynolds number,
Re = u,L/v, where L is the length of the organism along
the axis of flow and v is the kinematic viscosity of the

fluid (Vogel 1994). For flexible organisms like seaweeds
that passively reconfigure in flow, S, and y depend on the
magnitude of applied force (and thus the fluid density it-
self) in addition to Re. Note, however, that because many
organisms show a power law velocity-drag relationship in
a given fluid medium, both S, and +y often end up func-
tioning essentially as constants across a considerable
range of flow velocities. In general, vy is less than two for
flexible plants and animals, but equals two for bluff, rigid
organisms. When vy is 2, S, is equivalent to C,, the tradi-
tional drag coefficient of classical fluid dynamics (Vogel
1984; 1989).

A second category of hydrodynamic force arises from the
acceleration of a fluid or organism. Two components of this
hydrodynamic accelerational force are potentially present.
The first of these derives from the pressure gradient respon-
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sible for the acceleration of fluid particles, and leads to a
virtual buoyancy force:

du
Fuo = pV—r 2
vb p dt" ()

where V is the volume of the organism and du/dt is the
acceleration of the fluid relative to the substratum (Batchel or
1967). F,,, is directly analogous to buoyancy (i.e., pVg, where
g is the acceleration due to gravity), but acts along the di-
rection of fluid acceleration rather than just vertically up-
ward. F,, is present only if the fluid itself accelerates.

The second component of hydrodynamic accelerational
force results from the rel ative accel eration between organism
and fluid. This added mass force (F,,) arises as a conse-
guence of the temporal ateration of momentum required of
an evolving flow field diverted around an object (Daniel
1984):

du
F, = CpV—. 3

C, is the nondimensiona added mass coefficient, a function
of shape. This force acts in the direction of relative accel-
eration.

For sessile organisms that do not move substantially with
flow (including to a first approximation seaweeds that reori-
ent only through a small fraction of a wave cycle), u, = u,
and Egs. 2 and 3 can be combined into a simple expression
for the total hydrodynamic accelerationa force (F,) acting
on a stationary organism in an accelerating fluid:

du

F.= (1 + C)pV—.
a ( Ca)p dt

(4)

Traditionally, the total fore-aft force is then computed as
the vector sum of F, and F, (Morison et a. 1950). It is this
force sum that has been believed to be the proximal source
of force-strength scaling that potentially limits size. Note
that lift (which acts perpendicular to the axis of flow; Vogel
1994) is not addressed in this report but would impose a
third component of force when present.

Measurement of drag and added mass coefficients—
Accelerating flow: Force parameters were measured using
the tow tank shown in Fig. 2. A 200-kg weight and cable/
pulley system is used to accelerate a sled with attached sam-
ple horizontally through a 3 m long tank of water (40 cm
deep, 60 cm wide). The apparatus provides unidirectional
relative flow with nearly constant acceleration. Velocities
reach 3 m s** and accelerations 50 m s 2. The sled carries
two force transducers: one records the force imposed on a
sample attached to it, the second acts as an accelerometer
by sensing the inertial force associated with the sled's ac-
celeration. The sample itself, which encompasses less than
5% of the tank cross-section, is held in an inverted posture
below a horizontal baseplate. The baseplate has a stream-
lined leading edge and extends the width of the tank to min-

Polished steel rails

Linear bearings

Pulley _@

Cable -

~ /X

Tank of water

Weight

Baseplate

Sample
Streamlined chamber with

force transducers

Fig. 2. Tow tank generating unidirectional, relative accelerating
flow.

imize vertical and cross-wise flow. Flat planks at the water’'s
surface prevent waves.

The total force sensed by the transducer is assumed to
arise from drag and hydrodynamic accelerational forces act-
ing on the sample, plus the inertial force associated with the
acceleration of the effective mass of the transducer/sample

(Mgy):

1 du du

Fow = EPASHU?/ + Cade—tr + meffd_tr' ©)
u, equals the velocity of the sled, and is calculated by in-
tegrating the accelerometer record. Projected areas of the
seaweeds (A in Eq. 5) are determined by laying the plants
flat, photocopying them, and comparing the weight of their
paper silhouettes to that of a piece of paper of known ref-
erence area. A similar procedure using photographs is em-
ployed for the invertebrates and spheres. Volumes are deter-
mined by weighing samples in both air and water and noting
that the difference in weight equals p,. Vg, where g = 9.81
m s2 and p,, IS the water’s density. Measurement errors in
A and V are estimated to be less than 10 and 2 percent,
respectively, and are minor in flexible specimens relative to
effects of variable sample reconfiguration among test runs.
With A and V known, the parameters S,, y, and C, are found
by fitting Eq. 5 (with appropriate substitution of the velocity
and acceleration values through time) to recorded hydrody-
namic force traces using a least squares curve fitting routine.
For rigid samples that do not reorient with flow (i.e., the
spheres, limpets, and urchin), vy is set to 2 and the method
is used to find simply S, and C,. Note that Eq. 5 corrects a
typographical error in Denny and Gaylord (1996).

Steady flow: S, and exponents of drag for three of the
seaweed individuas tested in the tow tank were also mea-
sured in steady flow using the boat tow device of Utter and
Denny (1996) configured with a force transducer. Steady
flow drag coefficients of the sea urchin and the rough sphere
were determined using the wind tunnel of Denny and Gay-
lord (1996).
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Field measurements of force—Several of the samples test-
ed in the laboratory were also selected for further experi-
mentation in the field. Each sample was attached, one at a
time, to a cantilever-style force transducer bolted into an
emplacement in the rock within the mid-intertidal mussel
zone. The transducer continuously sensed force perpendic-
ular and parallel to the shoreline with a5 ms time resolution.
A drag sphere flow probe (Gaylord 1999) was deployed in
a second emplacement 25 cm away to measure water veloc-
ities and accelerations. A third emplacement 0.5 m distant
contained a pressure transducer (Omega PX176) for sensing
the heights of impinging waves. Signals from the three in-
struments were processed at 1000 Hz. Note that positioning
the flow probe adjacent to the force transducer provided a
means of comparing actual field-measured hydrodynamic
forces to forces predicted from theory (via substitution of
the recorded velocities and accelerations and laboratory es-
timates of S, y, and C, into Egs. 1 and 4).

Impingement coefficients—Because the field-tested sam-
ples were typically exposed to air just prior to wave arrival,
they often experienced impact-type forces (see e.g., Schmidt
et al. 1992) due to waves crashing directly against them. To
evaluate the importance of these brief but potentialy large
loads, the maximum applied force during the first 0.5 second
of each wave was extracted and compared with the maxi-
mum force occurring during the remainder of the wave.
These initia-arrival forces are termed impingement forces,
Fim» here to distinguish them from true impact loads since
not every wave generated a sharp force spike during the half-
second impingement interval. The 0.5 s window was chosen
based on inspection of the force records which indicated that
this interval would insure inclusion of all impact transients
detected. Values of F;,,, were also normalized by the product
of area and the dynamic pressure of the flow to provide
estimates of impingement coefficients (C):

Ci = &! (6)

1
~hAU2
2P

with u set equa to the surf-zone scaling velocity VvV gH
(where H is the inshore wave height), since data (Gaylord
1999) suggest that near-substratum bulk flows under inter-
tidal bores are roughly of this magnitude. C, is therefore an
impingement equivalent to the drag coefficient.

Soatial scales of surf-zone flows—As waves break, large
scale water motion associated with a waveform degenerates
into turbulent eddies. Although eddies exist across a spec-
trum of sizes, the largest have dimensions parameterized by
the integral length scale, A (Tennekes and Lumley 1972), an
index of the largest scale over which velocity fluctuations
are typically coherent:

A= fx R(r) dr, @)

where R is the spatial correlation of velocity fluctuations at
a particular position x, given by:

uex u'(x +r, t)
u'(x, )2

R(r) = ®

In this expression, r is the spatial lag and the overbar indi-
cates temporal averaging. u'(x, t) is the velocity deviation
from the mean (U) at position x and time t, while u’(x + r,
t) is the simultaneous velocity fluctuation at a distance r
from the first measurement. R(r) therefore yields an estimate
of the spatial coherence of velocity fluctuations as a function
of separation distance, with a value of one indicating that
the flows for a given separation r are identical.

In practice, measuring R(r) would require instantaneous
flow measurements at multiple spacing intervals (one per
each r), a difficult proposition. However, if there is a strong
mean flow that advects finer-scale velocity fluctuations past
a given location, then a particular tempora lag, 7, can be
used as a spatial analogue via the relation r = Ur, an ex-
pression termed Taylor’s hypothesis. This idealized but fun-
damental notion of turbulence theory alows the temporal
autocorrelation, R(7), computed from flow measurements at
a single location, to be converted to a spatial correlation
(Tennekes and Lumley 1972). The temporal autocorrelation
at position x is given by:

u'(x u'(x, t + 7)
u'(x, )2

R(7) = ©)

where 7 is the time lag between flow measurements at a
single point. The autocorrelation at atime lag of 7 therefore
equals the spatial correlation at r = Ut when Taylor’s hy-
pothesis holds.

Because Taylor’s hypothesis can be grossly violated under
breaking waves, only flow records satisfying several criteria
were used in the correlation analysis. 2048-point, 1000 Hz
segments of velocity were extracted from each wave (filter-
ing out the dominant orbital wave energy) and the mean
velocity vector, U, was computed. The 0.5 second impinge-
ment interval from each wave was also bypassed in this
analysis to avoid artifacts associated with emersion/submer-
sion transitions. Coordinates were then rotated to align with
the mean velocity vector of each segment, and the maximum
change in the magnitude of U and the maximum perpendic-
ular flow speed were noted. If either quantity or the rms
value of u’ exceeded U/5, then the segment was rejected
since these conditions violate the applicability of Taylor's
hypothesis (Hinze 1975). If regjected, the process was ad-
vanced further through the wave until an acceptable segment
was found or the end of the wave was encountered. Multiple
segments from each wave were examined. Overal, 937 ac-
ceptable segments were found, allowing robust estimation
of A.

In addition to the correlation analysis, a second, point-by-
point method was used to evaluate the spatial extent of total
velocity (i.e., fluctuations plus any longer term mean), and
to determine spatial scales of acceleration since correlation
integrals of flow derivatives lose their physical relevance
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(they are zero by definition; Tennekes and Lumley 1972).
Velocity magnitudes were divided into 1 m s* bins, and
accelerations into 100 m s 2 bins. For each of these bins,
distributions of the durations of velocity and acceleration
were computed, with durations defined as the length of time
u or du/dt exceeded continually the bin's lower bound while
deviating less than /4 radians in direction. Taylor’s hypoth-
esis was then invoked to estimate spatial scales of velocity
and acceleration for each bin, using VgH as a scaling ve-
locity for the mean flow.

Results

Laboratory measurements of shape factors—Table 1 lists
shape coefficients of drag (S,), drag exponents (), and add-
ed mass coefficients (C,) for three categories of samples test-
ed in unidirectional accelerating flow (spheres, rigid inver-
tebrates, and flexible seaweeds).

Two spheres were tested. The first, characterized by a
smooth surface, showed both drag and added mass coeffi-
cients closely in accordance with other measurements con-
ducted at similar Reynolds number (see e.g., Sarpkaya and
Tuter 1974). The exceptional surface texture of the second,
rough sphere (k/D ~ 1/20, where k is the height of the
roughness elements and D the diameter of the sphere) pro-
duced a larger added mass coefficient.

Among the rigid invertebrates tested in the tow tank, lim-
pets oriented parallel to flow (either anterior or posterior end
forward) showed significantly smaller drag coefficients than
when broadside to flow. This difference was about a factor
of two, with the §;s of the broadside limpets similar to val-
ues measured for S, purpuratus. The added mass coefficients
of the limpets were substantially smaller than that of the
nonstreamlined sea urchin. The drag and added mass coef-
ficients of the urchin resemble closely those found previ-
oudly for S purpuratus at similar Reynolds numbers (Denny
and Gaylord 1996).

Like the drag coefficients of the low profile limpets, the
S/'s of the seaweeds were small, a reflection of the tendency
of these flexible organisms to passively assume streamlined
postures in flow (Koehl 1986; Carrington 1990). Such re-
configuration also produced drag exponents that were less
than two (see Vogel 1984; 1989). As found in previous stud-
ies (Gaylord et al. 1994), the added mass coefficients of the
seaweeds were substantial, typically 4—10 times greater than
those of simple shapes such as spheres, and somewhat in
excess of the C, of the spiny urchin.

Table 1 also lists the flatness index (I, = A¥?/V) of each
seaweed, a non-dimensional number representing the degree
to which a plant grows as a flat sheet. Figure 3a shows S's
of seaweed individuals as a function of I, suggesting that
the shape coefficient of drag declines weakly with increasing
flatness index (using an ordinary least squares [OLS] re-
gression with In-transformed data). In contrast, Figure 3c
shows that C, increases as the flatness index rises (OLS re-
gression with In-transformed data). The exponent of drag
does not appear to depend on I, (Student’s t-test, Fig. 3b).
Note that due to the variation in morphology among indi-
viduals of a single species, these trends are obscured if only
species-averaged S, or C, values are used (Table 1).
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Fig. 3. Force coefficients of multiple species of seaweed as a
function of flatness index, I; = A¥2/V, where A is the projected area
and V the volume of the alga. (a) Shape coefficients of drag. (b)
Exponents of drag. (c) Added mass coefficients.

Hydrodynamic shape factors of field-tested samples—
Shape factors of the field-tested samples in accelerating and
steady flow are given in Tables 1 and 2, respectively. Drag
parameters are similar in the two flow conditions.

Field measurements of force—Wave conditions: Field re-
cordings were conducted on days with rms wave heights at
the location of the samples of 0.41-1.26 m (Table 3), typical
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Table 2. Morphological and steady flow hydrodynamic parameters of samples tested in the field. Measurements were conducted at a

Reynolds number of 10°.

Steady flow
Sample Area (m?) Volume (m?) S v

Pelvetia compressa

1 1.7 X 102 35 %X 105 0.17 1.07

2 1.3 X 102 38 X 10 0.18 133

3 8.8 X 103 23 X 10° 0.25 1.26

4 1.8 X 102 4.8 X 10°° — —

5 1.3 X 102 2.7 X 105 — —

6 9.7 X 1073 2.4 X 10-° — —
Strongylocentrotus

purpuratus 19 X 103 41X 10°° 0.76 2.0
Rough sphere

(5.33 cm diameter, k/d = 1/20) 22 X 103 7.9 X 105 0.74 2.0

of small to moderate winter storms. For 8 of the 11 deploy-
ments, waves impinging on the samples were just beginning
to break; thus energetic eddy-driven flows associated with
the plunging crests of waves had not yet invaded regions
near the substratum where the samples were located. Waves
that broke in this manner are termed newly breaking here
(see also Gaylord 1999). During two of the other three field
trials, waves broke seaward of the experimental site, prop-
agating to the sample as fully developed bores (identified as
fully breaking in this report). Insufficient numbers of waves
were recorded during the remaining field trial to determine
the type of breaking. Note that these breaking classifications
reflect the gross level of stochastic motion beneath a wave-
form rather than particular phases of a periodic cycle.

The nature of applied forces: Figures 4 and 5 show typical
records of hydrodynamic force imposed on four samples
through the passage of single waves. Figure 4 presents force
records from newly breaking waves acting on a representa-
tive Pelvetia and the sea urchin. Figure 5 shows forces im-
posed by fully breaking waves on another Pelvetia and the
rough sphere. Severa trends are visible. Sharp, transient
spikes in force occurred at the instant of wave arrival, and
the advection of large-scale eddies past the specimens in-
duced substantial temporal variation in force through the re-

Table 3. Wave conditions during field recording sessions.

mainder of the waves. Also, samples under newly breaking
waves generally showed a marked drop in force 1-2 seconds
after wave arrival; in contrast, force traces from fully break-
ing waves did not in general show this decline. Forces under
newly breaking waves were often largest during the back-
wash.

Predicted versus measured forces: Figures 4 and 5 also
show the drag predicted from a combination of the labora-
tory-determined drag parameters and velocity recordings
conducted 25 cm away from the samples. Under newly
breaking waves, predicted drag exceeded substantially mea-
sured forces throughout the central portion of the waves, but
matched more closely during the backwash (Fig. 4). In con-
trast, under fully breaking waves, predicted drag tracked
measured forces throughout each wave cycle (Fig. 5). The
rationale for plotting only predicted drag, rather than the
predicted total force due to the sum of drag and the hydro-
dynamic accelerational force, is clarified below.

Because flows associated with the central portions of new-
ly breaking waves were of adifferent character (as evidenced
by the marked drop in force, the much greater predicted/
measured mismatch, and visual observations of the intensity
of turbulence) than those associated with newly breaking
backwash or fully breaking waves, the field data were di-

Inshore Tidal height
Session Sample H, e (M) Breaker type Wave period () (m)
1 Pelvetia 1 0.78 Newly breaking 13 +1.54
2 Pelvetia 2 0.98 Newly breaking 14 +1.21
3 Strongylocentrotus 0.93 Newly breaking 13 +1.31
4* Strongylocentrotus — — — +1.82
5 Pelvetia 3 1.08 Newly breaking 13 +1.40
6 Pelvetia 3 1.26 Newly breaking 12 +1.68
7 Pelvetia 4 041 Fully breaking 10 +1.17
8 Pelvetia 5 0.61 Newly breaking 9, 16 +1.23
9 Pelvetia 6 0.69 Newly breaking 16 +1.29
10 Drag sphere 0.55 Newly breaking 17 +0.94
11 Rough sphere 0.52 Fully breaking 8 +0.98

* Insufficient number of recordings on this day to accurately determine wave characteristics.



Gaylord 181

a) Pelvetia compressa
9 -
~ 0k Predicted dr
\Z_/ ‘:‘l”'q'lll;lwl-“_“\ caicte ag
o 67T " H‘~-~~\_\ '
% \\—\ . "lfl |“| :
= 3L Measured ALY I "I‘ |l' b
"
h 3,
0 i | i | | | 1
0 2 3 5 7 8 10
Time (s)
9 b
) Strongylocentrotus purpuratus
z 6
:; , Predicted drag
Q
S
]
5 8 3 r
0

Time (s)

Fig. 4. Representative force traces recorded under newly break-
ing waves. Note the poor correspondence between predicted drag
and measured force through the central portion of the wave, fol-
lowed by an improved match during the wave backwash.

vided into two classes. Force recordings from newly break-
ing waves, excluding backwash segments, were placed in the
first class. Backwash portions were then pooled with mea-
surements from fully breaking waves to create the second
class. Once this separation had been accomplished, two sets
of comparisons between predicted and measured forces were
conducted.

First, maximum measured forces from each wave were
compared with maximum predicted total forces (drag plus
the hydrodynamic accelerational component) from the same
waves. Maxima rather than means were used since extreme
forces appear most relevant to organism survival. Under
both newly (Fig. 6) and fully breaking flows (Fig. 7), the
maximum measured forces were strikingly lower on average
than the maximum predicted total forces. This result appears
in the graphs as a scatter of points lying mostly below the
line passing through the origin with a slope of 1.0. Regres-
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Fig. 5. Representative force traces recorded under fully break-
ing waves. Note the relatively good correspondence between pre-
dicted drag and measured force throughout the entire wave.

sion analyses indicate that slopes of the empirical fits to the
data differ significantly (p < 0.001) and substantialy from
1.0, verifying that measured maximum forces did not match
well with predicted total maximum forces (Figs. 6,7).

In the second comparison, the accelerational component
of force was subtracted from the predicted total force, leav-
ing only predicted drag, to examine the possibility that the
force mismatch was due to overestimation of F,, (reasons
for this expectation are discussed below). This second com-
parison was conducted only for fully breaking flows since
the different character of newly breaking waves suggests the
operation of additional processes and a potential for con-
founding effects of multiple phenomena. Because stochastic
water motion in a wave's backwash resembles a fully break-
ing flow, backwash regions from newly breaking waves were
again pooled with the fully breaking data. Figure 8 shows
the measured maximum forces relative to the maximum pre-
dicted drag under fully breaking flows. Note that although
regression statistics indicate that empirical fits again have
slopes that differ from 1.0 (p < 0.01 in Fig. 8a and p <
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Fig. 6. Measured maximal forces versus predicted maximal to-
tal forces from al newly breaking waves, excluding backwash seg-
ments.

0.05in Fig. 8b), the deviations from 1.0 are not large (slopes
are 0.86 and 0.80 in Figs 8a and 8b, with 95% confidence
intervals of 0.11 and 0.17, respectively). Similarly, the y-
intercepts are near zero; the origin actually falls within the
95% confidence boundsin Fig. 8a. These results suggest that
the simple drag equation, ignoring accelerational effects en-
tirely, may adequately predict the maximum forces imposed
by fully breaking flows.

Impingement forces: The force maxima in Figs 6 to 8
exclude predicted/measured data from the first 0.5 s of each
wave since impact effects cannot be modeled by Eqgns. 1 or
4. However, the largest forces encountered by samples were
often impingement forces. Figure 9 shows the histograms of
the ratio of impingement to maximum non-impingment
force, for both the flexible seaweeds and the rigid samples
under fully breaking conditions. The mean force ratios are
1.8 and 2.5 for the flexible and rigid samples, respectively,
indicating that on average impingement forces exceeded sub-
sequent hydrodynamic forces by about a factor of two. How-
ever, attention only to the means of these distributions may
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Fig. 7. Measured maximal forces versus predicted maximal to-
tal forces from al fully breaking waves and backwash of newly
breaking waves.

be misleading. Among the impingement forces used to cal-
culate the distributions of Fig. 9, only a subset correspond
to impact-type transients, suggesting that the large fraction
of force ratios near one reflects the sporadic nature of impact
events rather than their typical magnitude. The long right
hand tail of the histograms in Fig. 9 supports this view,
emphasizing that impact loads may be larger than classical
hydrodynamic forces by as much as a factor of 4 to 10,
depending on organism flexibility.

Note that the rigid samples experienced greater numbers
of large F,/F, ratios than Pelvetia individuas. Further evi-
dence for this trend is provided in Figure 10 which shows
the histograms of the ratio of impingement coefficient to
drag coefficient for the seaweeds and rigid specimens. These
data show that even after normalizing by C, to account for
effects of differential streamlining, rigid samples still exhibit
atendency to experience relatively greater impingement co-
efficients than the seaweeds. Note that C,'s of the seaweeds
(which are functions of velocity) were calculated from their
shape coefficients of drag using the expression C, = Sur—2
with velocities approximated by the surf-zone scaling veloc-
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ity V.gH. Thus the algal C,'s used in this comparison are
those that characterize the plants at the approximate veloc-
ities producing the impingement forces to which they have
been subjected.

Spatial scales—The application of Taylor's hypothesis to
the fully breaking velocity records yields the average veloc-
ity spatial correlation curve shown in Fig. 11a. The corre-
sponding integral scale, A, is 0.04 m, suggesting that the
largest eddies 2 cm above the substratum under breaking
waves are about 4 cm across. This length scale is about a
fifth as large as those reported by Flick and George (1990)
for surf zone flows 20 cm above a smooth sandy beach. It
is also about twice as large as the elevation above the bottom
of the sensing element of the flow probe, and is therefore
consistent with order of magnitude expectations provided by
turbulence theory (e.g., Svendsen 1987).

Note that because there is a substantial, more slowly vary-
ing mean flow (upon which velocity fluctuations are super-
imposed), the results shown in Fig. 11a do not imply that
velocities of a given magnitude span only a 4 cm region.
Rather, the correlation analysis indicates simply that the size
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Fig. 11. Spatial scales of surf-zone velocity. (a) Spatial corre-
lation curve. The integral of this function yields an index of the
size of the dominant eddies (here approximately 4 cm). The width
of the curve indicates the variance at a given spatial lag. (b) Spatial
scales of total velocity, accounting for effects of the mean flow.

of the dominant eddies at 2 cm above the substratum are
approximately of this size. This point is made explicitly in
Fig. 11b via the point-by-point spatial scale analysis. These
data indicate that total velocities typicaly have a spatial ex-
tent of approximately 0.2-0.5 m. Note that the distinction
between Figs 11a and 11b is that the former computes the
spatial scale of the eddies only, while the latter superimposes
any longer term mean flow onto the eddies and thus indicates
the spatial extent of total velocity.

Results from the spatial analysis of acceleration are given
in Fig. 12. These data indicate that spatial scales of accel-
eration are one and a half orders of magnitude smaller than
those of total velocity, and are characterized by dimensions
of order 1 cm (note also that because this scale is of the
same general size as the flow probe sensor, this may actually
be a dlight overestimate due to limits on resolution). Impli-
cations of this small scale are addressed in the Discussion.

Discussion

Drag parameters and flow conditions—Results from the
present study, coupled with steady-flow measurements by
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0.0 J ‘
0.00 0.01 0.02 0.03 0.04 0.05
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Fig. 12. Spatial scales of surf-zone acceleration.

severa researchers (e.g., Denny et a. 1985; Carrington
1990; Dudgeon and Johnson 1992; Johnson and K oehl 1994;
Denny 1995; Gaylord and Denny 1997) and experiments in
both steady and accelerating flow (Denny and Gaylord 1996;
Gaylord et al. 1994), suggest that coefficients and exponents
of drag of marine organisms are similar in several types of
flow when Reynolds number and fluid density are held con-
stant. For example, Carrington (1990) made extensive drag
measurements in steady flow in water on the alga Masto-
carpus papillatus and presents a master drag curve for 139
individuals of this species where S, equals 0.16 and v is
1.63. These numbers are very close to the species-averaged
values found for the eight Mastocarpus individuals tested in
unidirectional accelerating flow at roughly the same peak Re
(Table 1). Analogously, Gaylord et a. (1994) found drag
coefficients of three other species of intertidal macroalgae,
measured in both steady and sinusoidal oscillatory water
flow at equivalent peak velocities, to be similar, and tow tank
measurements on Mazzaella flaccida (previously Iridaea
flaccida, Hommersand et al. 1993) also yielded drag coef-
ficients resembling closely those recorded in oscillatory flow
at similar Re (Gaylord et al. 1994). These finding are prob-
ably not surprising; other researchers have demonstrated that
the drag coefficients of spheres and cylinders, for example,
are similar in steady and oscillatory flow as long as flow
excursions between reversals are large (Sarpkaya and | saac-
son 1981).

Added mass coefficients and flow conditions: The limited
data that exist also suggest that added mass coefficients of
marine organisms in oscillatory and unidirectiona acceler-
ating flow are comparable at equivalent Re. For example,
M. flaccida showed a C, of 4.58 in oscillatory flow (Gaylord
et al. 1994) and a value of 4.59 from the tow tank. It aso
appears that such large C,'s are common among complexly
shaped organisms (Gaylord et al. 1994; Denny and Gaylord
1996; Table 1).

At least two mechanisms may lead to large C.'s. Gaylord
et al. (1994) noted that a flexible sheet of plastic and a flat-
bladed alga experienced larger added mass coefficients than
more highly clumped species, with values resembling those
of hollow perforated spheres. Thus they proposed that sea-
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weeds may experience large C,’s by trapping fluid within a
complexly branched frond mass or by rolling up to enclose
water inside. The idea was that this could increase the ef-
fective volume of a plant, and would appear as a large added
mass coefficient when represented in the form of Eq. 4.

While fluid entrapment may indeed play a role in the de-
velopment of large added mass coefficients of some organ-
isms, measurements of the present study suggest another
possibility as well. Figure 3c shows that flatter algae (even
those incapable of rolling up in flow) tend to experience
larger C,'s than more foliose plants. This trend is opposite
to what one would expect if fluid entrapment were the pri-
mary mechanism inducing large added mass coefficients. In-
stead, it is possible that large C.'s follow from thinner or-
ganisms disturbing a larger volume of fluid relative to their
own volume than bulkier individuals. Because added mass
effects arise as a consequence of the temporal alteration of
fluid’'s momentum in the vicinity of an object, a fluttering
behavior could produce larger relative added mass forces.
Until further tests are completed, however, this possibility
remains hypothetical.

Newly breaking waves. Why the mismatch?: As is clear
from Fig. 4, measured forces under newly breaking waves
are predicted only poorly by traditional theories, regardiess
of whether the accelerational component is included or not.
Although a complete explanation of this discrepancy will
require further experimental study, several potential mecha-
nisms that could have conceivably contributed to it (the ma-
jority of which likely did not) are sketched below.

Several of the most obvious possibilities can be dismissed
out of hand. Calibration errors, the use of incorrect shape
coefficients, or improper area or volume estimates appear
unlikely due to the fact that predicted/measured forces match
closely under fully breaking waves and during newly break-
ing backwash (Figs. 4,5). The force discrepancy also cannot
be ascribed to organism flexibility since mismatches oc-
curred for both rigid and reorienting samples (Fig. 4). All of
the field-tested organisms (including the rigid sea urchin,
which cannot flatten against the substratum) protruded from
the substratum distances similar to the probe; thus the mis-
match does also not appear to be a consequence of differ-
ential positioning within the boundary layer.

Another possibility is that flows at the location of the ve-
locity probe were consistently more rapid than those in the
vicinity of the sample. However, when two identical drag
sphere shapes were deployed at the site, separated by 25 cm,
the forces acting on each were on average the same. The
relative magnitudes of measured and predicted forces also
did not change when the positions of flow probe and sample
organism were swapped.

Laboratory studies have also indicated that drag coeffi-
cients of objects can depend strongly on the nature of tur-
bulence within a flow (e.g., Neve and Shansonga 1989; Den-
ny 1994). However, the relevance of such results to the
complexly shaped and exceptionaly rough samples of the
present study is unclear. Many of the turbulence effects not-
ed by Neve and Shansonga (1989), for example, involve the
interaction of turbulent eddies with the separation point and
wake behind a smooth sphere. For rough or irregularly

shaped organisms, impinging turbulence may play a lesser
role in modifying instantaneous patterns of flow. Thus, a-
though consequences of such turbulence effects cannot be
discounted, their ability to explain the patterns observed un-
der newly breaking waves remains uncertain.

Therefore although there are many factors that may have
contributed to the observed mismatch between predicted and
field-measured forces under newly breaking waves, no sim-
ple, stand-alone explanation is obvious. There is some hint
that fine-scale details of flow or drag coefficient variation,
perhaps mediated by gradients in turbulence intensity, may
play a role in modifying fluid-imposed forces. Further ex-
perimentation, however, is clearly required before this issue
can be resolved. Despite the incongruence of predicted and
observed forces under newly breaking flows, however, it is
perhaps worth emphasizing that the data also indicate that
traditional hydrodynamic theory can under many conditions
predict accurately the forces imposed on intertidal organisms
(Fig. 8). This appears to be the case under fully breaking
waves and under newly breaking waves during the backwash
(Figs. 4,5). Note that Koehl (1977) also found rough agree-
ment between predicted and measured forces during her field
experiments with sea anemones.

The absence of large hydrodynamic accelerational forces:
Although previous studies suggested a robust potential for
intertidal plants and animals to experience large hydrody-
namic accelerational forces, they left untested the question
as to whether the complexity of intertidal flows alters their
ability to impose such loads. Evidence in this report suggests
that this issue is of critical importance. Figures 6-8 show
that maximum measured forces are predicted best by con-
sidering drag alone, completely ignoring acceleration. Al-
though these comparisons include only peak forces from
each wave, there is also no sign of sporadically imposed,
large F, forces. Over the course of al field trias, 82 waves
produced accelerations in excess of 100 m s 2 (Table 4). This
accel eration magnitude would have been expected to impose
forces of 7.41-16.76 N, not counting drag, depending on the
size and C, of the sample. In comparison, only 29 waves
produced total maximum forces, including drag, in excess of
these predicted F, quantities. Furthermore, in no case did
actual maximum forces exceed maximum predicted total
forces by more than 6 N, while the overall maximum pre-
dicted F, (52.59 N), was over 28 N in excess of the largest
total force measured.

These data, together with previous work, suggest that al-
though (1) rapid accelerations occur under breaking waves
(Denny 1985; Denny et al. 1985; Gaylord 1999), and even
though (2) they occur in association with velocities of sub-
stantial magnitude (Gaylord 1999), and while (3) added mass
coefficients are nontrivial in a number of different flow re-
gimes (Gaylord et a. 1994; Denny and Gaylord 1996; Table
1), large hydrodynamic accelerational forces are not com-
monly imposed on surf-zone organisms. The most likely rea-
son for this discrepancy revolves around the small spatial
scales of intertidal accelerations. Because their length scales
are only of order 1 cm, accelerations likely vary strongly
across the dimensions of most macroscopic plants and ani-
mals, interacting with them as nonuniform flow fields (mak-
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Table 4. Occurrence of large accelerations in the field. F, is the hydrodynamic accelerational force predicted for the given sample based
on a particular acceleration magnitude, and n is the number of waves during the sample recording session that produced accelerations in
excess of that magnitude. Note that the F, values include no contribution from drag, while the maximum measured-force values do.

Acceleration magnitude Maximum

- - - 2 measured

100 ms 200 ms 300 ms 400 ms~ total flow

Sample F. (N) n F. (N) F. (N) n F. (N) n force (N)
Pelvetia 1 12.46 2 — — — — — — 10.45
Pelvetia 2 13.15 25 26.29 6 39.44 1 52.59 1 24.20
Pelvetia 3 7.41 29 14.83 6 22.23 1 — — 15.82
Pelvetia 4 — — — — — — — — 10.50
Pelvetia 5 12.93 11 25.87 1 — — — — 5.98
Pelvetia 6 7.41 2 — — — — — — 5.43
Stongylocentrotus 10.88 12 — — — — — — 15.20
Rough sphere 16.76 1 — — — — — — 13.72

ing a direct application of Eqgs. 2—4 invalid), and preventing
the imposition of coherent accelerational forces. In contrast,
the larger spatial scales of velocity (Fig. 11) insure that drag
can occur unabated. Note that although tiny inhabitants of
rocky shores can in theory be encompassed by a 1-cm wide
accelerational flow field, such denizens are so diminutive
that the volume-dependent hydrodynamic accelerational
force becomes insignificant relative to lift or drag (which
vary in proportion to area and therefore become dominant
at small scales).

Implications for size constraints: The apparent inability of
surf-zone accelerations to impose large loads also likely pre-
vents them from constraining size in intertidal organisms.
Nevertheless, the original size-related patterns noted by Den-
ny et al. (1985) do appear to exist. Wave-swept organisms
rarely exceed 2-3 m in their greatest dimension, and are
often smaller in exposed sites than in protected habitats. In-
tertidal organisms are also strikingly smaller than plants and
animals living elsewhere (e.g., subtidal kelps growing out-
side the breaker zone, or for that matter, terrestrial trees)
which may reach tens of meters in length. This raises the
question as to whether there could be other physical factors
that might have the potential to impose size constraints on
intertidal organisms. At least one possibility exists for flex-
ible organisms.

Recently, Gaylord and Denny (1997) and Denny et al.
(1997; 1998) have suggested that inertial forces may become
important for flexible but attached organisms that move in
response to flow and get jerked to a halt when they reach
the limits of their ranges of motion. Because inertial forces
scale with mass, and since mass and volume are proportion-
al, a scenario again arises where applied forces may become
increasingly large relative to organism strength as a plant or
animal gets larger (Carrington [1990] has noted a possible
analogous situation resulting from plants’ allometric
growth). Whether the scaling associated with organism mo-
mentum might actually impart constraints in nature, how-
ever, awaits further study. Note that such a mechanism
would apply only to flexible organisms since rigid creatures
do not build sufficient inertia for this effect to become im-
portant. Denny (in press) discusses in more detail current
views on potential surf-zone size limits.

Wave impingement and flexibility: While hydrodynamic
accelerational forces have been perhaps incorrectly impli-
cated in intertidal flow disturbance, Fig. 9 suggests that wave
impingement effects on organisms have been just as inap-
propriately overlooked. Historically, although coastal engi-
neers have devoted much effort to the study of impact forces
(e.g., Miller et a. 1974; Blackmore and Hewson 1984,
Cooker and Peregrine 1990), intertidal biologists have typ-
ically discounted the importance of wave impact for two
reasons. First, it has been believed that flows with high frac-
tions of entrained air are less likely to produce large pressure
transients, and breaking waves on rocky shores provide ex-
cellent examples of white water. Second, the only previous
measurements conducted on rocky shores that had sufficient
temporal resolution to detect impact transients did not show
any (Denny 1985). While it now appears that the precise site
used by Denny (1985) may have been rather unique in this
regard, the possibility that wave impact may in fact be quite
common on wave-swept shores has become evident only re-
cently. With their emerging potential importance in mind,
we now explore briefly how impingement forces might arise
and their relationship to organism compliance.

As noted in the Materials and Methods, impingement co-
efficients are computed by normalizing F, by a term con-
taining the dynamic pressure, the pressure that would be ap-
plied if the flow were smoothly brought to a halt (Denny
1988; Vogel 1994). This normalization is not done purely
for convenience, but because there is a relationship between
dynamic pressure and the physics involved in producing im-
pingement loads. To understand this link, we examine aform
of Euler's equation (see, e.g., Fox and McDonald 1985), es-
sentially a per-volume, frictionless fluid-dynamic equivalent
to Newton’s 2nd law:

dp au au
__r _ — 4+ u—
ax ( it uax)’ (10

where the term in brackets equals the total derivative du/dt,
expanded here to emphasize that the rate of change of u
depends on both space and time. dp/dx is the pressure gra-
dient along the axis of flow.

If the flow is steady, the first term in brackets becomes
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zero. Under these conditions, Eq. 10 can be integrated with
respect to x to give the well-known Bernoulli’s equation for
steady flow along a horizontal streamline (Vogel 1994):

1
p + Epu2 = constant, (12)

This expression indicates that if fluid particles moving along
a fluid trgjectory in steady flow come to a stop, p concom-
itantly increases by an amount equa to the dynamic pres-
sure. It isin comparing this situation to what happens during
the initial impact of waves against an organism where the
distinction between impingement loads and standard hydro-
dynamic forces becomes apparent.

When an organism is immersed in a steady flow, there is
to a first approximation only a spatial gradient in velocity
(i.e., au/ox is finite, but du/dt is zero), with C, providing an
index of the fraction of the organism’s frontal area over
which dynamic pressure must act to impose the same drag
as that actually experienced. In contrast, when a moving flu-
id first impacts a non-submerged plant or animal, the flow
field has to rapidly evolve to establish a new set of fluid
trajectories that pass around the organism. Thus velocities
are forced to change in time as well as space (in this way
the impingement phenomenon is analogous to an added mass
effect without the volumetric scaling), and the gu/ot term in
Eqgn. 10 becomes large. This in turn requires a greater pres-
sure gradient. When indexed in terms of the dynamic pres-
sure, this increased pressure appears as a larger C, coeffi-
cient, one that can exceed substantially typical C, values.

Note aso that this overall impingement process may be
modulated by organism compliance. Because flexible organ-
isms move with the flow, they provide more time for an
impacting fluid to evolve a new set of trajectories. This may
allow the same eventual flow pattern to be achieved with
lower temporal rates of change in velocity and thereby lower
applied pressures and forces. Furthermore, as Koehl (1982;
1984; 1986) has noted, because flexible plants and animals
often lay prostrate until extended by flow, brief flow events
may not have time to both reposition and stretch an organism
during the short duration of aforce impulse. In contrast, rigid
invertebrates such as urchins have shorter response times and
therefore may be more vulnerable to impingement effects.

Conclusions

Several points emerge from this study. First, comparison
of drag parameters and added mass coefficients among sev-
eral types of flow suggest that hydrodynamic shape factors
of organisms can be relatively insensitive to gross, large
scale characteristics of relative water motion, if the Reynolds
number and fluid medium remain the same. The laboratory
accelerating flow measurements also confirm the existence
of large added mass coefficients in many intertidal plants
and animals. Second, the field measurements demonstrate
that the elementary drag equation can, but does not always,
describe effectively the fluid-dynamic forces imposed by
breaking waves. This issue requires additional experimen-
tation to explore the factors that may lead to occasiona or

chronic overestimation of force under waves that are just
beginning to break. Third, the measurements of this study
indicate that substantial hydrodynamic accelerational forces
do not act commonly either on rigid invertebrates or flexible
macroalgae in the intertidal zone. This result arises not from
alack of large fluid accelerations, a canceling out of effects
of velocity and acceleration, or an intrinsic inability of or-
ganisms to experience hydrodynamic accelerational loads,
but instead most likely follows from the exceptionally fine-
scale gpatial variation of the accelerations produced by
breaking waves. This feature probably eliminates the ability
of hydrodynamic accelerational forces to constrain sizes of
intertidal plants and animals. Finaly, the impingement of
waves on nonsubmerged organisms appears to be a general
mechanism that may impose the largest forces typically en-
countered by surf-zone creatures, particularly for rigid or-
ganisms that respond quickly to brief loads. This highly sto-
chastic phenomenon merits additional attention, particularly
since it cannot be modeled using traditional hydrodynamic
eguations designed to predict forces on immersed plants and
animals.
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