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Summary

We propose a hydro-mechanical numerical model that
predicts the maximal tension to which stipes of the giant
kelp Macrocystis pyrifera will be subjected when exposed to
ocean waves. Predicted maximal tensions ar e close to those
measured in the field. The strength of Macrocystis pyrifera
stipes was measured, allowing our prediction of forces to
be trandlated into a prediction of the fraction of stipes
broken. Predicted breakage is low even for extreme storm
waves, a testament to the mechanical design of individual
kelp fronds. However, empirically measured rates of kelp

mortality can be high, considerably higher than those
predicted on the basis of hydrodynamic for cesacting alone.
This indicates that factors not taken into account in our
model (such as holdfast dislodgment, entanglement of
stipes, damage from herbivory and wave breaking)
contribute substantially to mortality in Macrocystis
pyrifera.

Key words: algal mechanics, kelp, linear wave theory, Macrocystis
pyrifera, subtidal ecology, wave exposure, wave forces.

Introduction

The velocities and accel erations accompanying ocean waves
can impose large hydrodynamic forces on marine organisms,
including kelps (e.g. Denny, 1988; Seymour et al. 1989; VVogel,
1994; Friedland and Denny, 1995). A variety of mechanical
strategies have been proposed by which organisms cope with
these forces (Koehl, 1984, 1986; Denny, 1988; Johnson and
Koehl, 1994; Friedland and Denny, 1995). Of particular
importance are strategies pertaining to very large kelps. For
example, Koehl and Wainwright (1977) suggest that the bull
kelp Nereocystis luetkeana avoids the brunt of hydrodynamic
forces by ‘going with the flow’, a strategy facilitated by this
species flexibility and great length, and by the extensibility of
its stipe material. Macrocystis pyrifera, the giant kelp, is
similar in size and flexibility to N. luetkeana and has similar
materials properties; it may thus employ a similar strategy.
This strategy gives no guarantee, however, that these plants
will not be broken. Indeed, wave forces imposed during storms
tear both N. luetkeana and M. pyrifera stipes from the rest of
the plant and even dislodge entire holdfasts (Koehl and
Wainwright, 1977; Seymour et al. 1989).

Despite the recognition of wave-induced hydrodynamic
forces as a source of mortality in the giant kelp, the mechanics
of the interaction between M. pyrifera and moving water have
received little attention. Jackson and Winant (1983) calculated
the drag on M. pyrifera fronds, but modeled the fronds asrigid,
vertical pillars in a horizontal flow. This approximation was
sufficient for their purpose (which was to estimate the damping
effect of kelp on currents), but is clearly an oversimplification

of the dynamics of thisflexible structure. Seymour et al. (1989)
explored various aspects of wave-induced water motion that
can potentially affect the mortality of kelps and showed how
maximal predicted water velocity is well correlated with kelp
dislodgment. However, their work did not extend beyond a
qualitative description of the mechanics of kelps in wave-
induced flows. Direct measurements of forces on M. pyrifera
are virtually absent. In the sole report found in the literature,
Neushul et al. (1967) measured aforce of 90N on aM. pyrifera
plant of 38 fronds, but the water motion leading to this force
was described only as a ‘ moderate surge’.

Here, we explore the dynamics of wave-exposed kelps
through the use of a hydro-mechanical numerical model that
predicts the forces imposed by waves of a given height and
period. These predictions are tested against short-term
measurements made in the field and are used as the basis for a
preliminary examination of the role of wave-induced forcesin
the long-term survivorship of M. pyrifera.

Materials and methods
Macrocystis pyrifera

An individual Macrocystis pyrifera (Agardh) plant consists of
a conical holdfast from which severa rope-like stipes emerge
(Fig. 1). Thesebasal stipesbranch dichotomously ashort distance
above the holdfast to form numerous distal stipes that extend
without further branching. Elongated, irregularly corrugated
blades branch off one side of each stipe at intervals, the distance
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Holdfast

Fig. 1. Macrocystis pyrifera.

between blades being grestest near the holdfast. The blades
increasein areafrom the holdfast towards the free end of the stipe
to a point half to two-thirds of the way along the stipe and then
decrease in area distdly (North, 1971). A small gas bladder, the
pneumatocyst, is present a the base of each blade. The
combination of a stipe and its attached pneumatocysts and blades
isreferred to here as afrond. Stipes may reach alength of 45m,
and plants typically grow at depths of 7-20m (North, 1971).

A numerical model of kelp mechanics
The water column

A model of the nearshore water column is shown in Fig. 2.
Water of depth d overlies a horizontal seafloor, and all motions
of both the water and the kel p are assumed to occur in avertical
plane parallel to the direction of wave propagation. Position in
the vertical plane is described using a Cartesian coordinate
system with its origin at the seafloor. The x-axis extends
horizontally with values increasing in the direction of wave
propagation, and the y-axis is vertical with positive values
above the seafloor.

An individual kelp frond is modeled by a point element
tethered to the substratum by a flexible, extensible stipe
(Fig. 2). The point element has a mass, M, equal to that of the
entire frond and is subject to the same forces as the entire kelp
frond. The stipe is assumed to have a tensile stiffness when
stretched beyond its resting length, but no compressive or
bending stiffness, and is firmly attached to the seafloor at
(x=0,y=0).

At any instant, the point element is located at position (x,y)
and has avelocity ukx and an acceleration ak. The instantaneous
velocity of the water relative to the seafloor is uw and its
acceleration is aw. The velocity of the water relative to the

Wave propagation — >

Still-water
level

Drag and
accelerational force

Sea floor

Fig. 2. A schematic representation of the components of the numerical
model of kelp mechanics. d, water depth; X, y, horizontal and vertical
components of kelp position in the vertical plane; M, mass of point
element representing kelp frond; H, wave height; L, wavelength. Not
drawn to scale.

point element is ur=uw—uk and the acceleration of the water
relative to the element is ar=dur/dt, where t is time. Note that
all variables shown in bold type are vectors.

Hydrodynamic forces

The point element moves in response to the forces placed
upon it: buoyancy, drag, the accelerational force and the
tension exerted by the stipe (Koehl and Wainwright, 1977,
Koehl, 1986; Denny 1987, 1988; Carrington, 1990; Bell, 1992;
Gaylord et al. 1994; Friedland and Denny, 1995). Although lift
can be substantial for benthic animals (Denny, 1987, 1988,
1989; Denny et al. 1985), the lift that a giant kelp experiences
is likely to be inconsequential in comparison with the
accelerational force or drag (Denny, 1988; Gaylord et al. 1994)
and, on this basis, it is not included in the present analysis.

Buoyancy. Because the frond has a different density from
that of itsfluid surroundings, it is subject to anet buoyant force:

B=-gV(px—pw), D
where g is the gravitational acceleration, V is the volume of
fluid displaced by the frond, pw is the density of sea water
(approximately 1025kgm™3) and p is the overall density of
the frond. A positive value of B denotes a force acting
verticaly upwards. M. pyrifera fronds are positively buoyant
owing to their pneumatocysts.

Drag. As afluid flows past the frond, drag, Fd, is imposed
in the direction of flow. This force can be modeled by the
relationship (Gaylord et al. 1994; Denny, 1995):

Fa= (ﬂz)pwUrBASi . )

B (the velocity exponent) is approximately 2 for bluff objects
at high Reynolds numbers, but is likely to be less than 2 for
streamlined objects such as kelp fronds (Vogel, 1984, 1994;
Gaylord et al. 1994). A is the maximal projected area of the
frond (approximately half its wetted area) and & is an
empirically determined shape coefficient.



Accelerational force. When a kelp frond accelerates in an
accelerating fluid (asis often the case), an accelerational force,
Fa, is imposed which is a combination of two forces (Denny
et al. 1985; Koehl, 1986; Denny, 1988; Gaylord et al. 1994).
First, there is amass of fluid (the added mass) that acts as if it
is accelerated with the frond (Denny, 1988; Gaylord et al.
1994). The force required to accelerate this added mass is
pwCaVar where Cyis the dimensionless added mass coefficient
and V is again the volume of fluid displaced by the object.
Second, there is pwVaw, the force imposed by the pressure
gradient associated with the acceleration of the fluid relative to
the seafloor (Batchelor, 1967).

Thus, the accelerational force Fa is:

Fa=pwCaVar + pwVaw. (3

Water motion

From equations 2 and 3, it is apparent that the external force
imposed on a kelp is governed in large part by the motion of
water, which for ocean waves can be described by linear wave
theory (Kinsman, 1965; Denny, 1988). The horizontal wave-
induced velocity, u, of the fluid at position (x,y) is:

cosh(ky)
sinh(kd)’

™
u= B cos(kx— ) (4)
where H is the wave height (the vertical distance between
trough and crest, see Fig. 2) and T is the wave period. Note
that d, the water’ s depth, is measured from the still-water level
rather than the instantaneous surface elevation in thewave. The
wave number, K, is:

k=2riL, (5)
where L is the wavelength at depth d (Eckart, 1952):
2 P —
L D% J tanh(4r2dIT2g) . ©6)

The radian wave frequency, w, is:
wW=21T. (7)
The vertical water velocity, v, is:

sinh(ky)
sinh(kd) ’

™ |
v=— sin(kx— ) (8)
T
and the overall water velocity, uw, is the vector sum of u and
Y
Uw=VU2+v2, 9

with direction arctan(v/u) relative to the x-axis. The horizontal,
ax, and vertical, ay, accelerations are:

_2°H . cosh(ky)
ax=—— sin(kx—ux) Snh(kd) (10)
oo 2reH cos(x— o) sinh(ky) (11)

sinh(kd) ’
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and the overall acceleration is:

aw = \/axz + ay2 , (12)
with direction arctan(ay/ax) relative to the x-axis.

As waves arrive at the shore from different sources, their
amplitudes combine, resulting in a distribution of heights
known as the Rayleigh distribution (Longuet-Higgins, 1952,
1980; Denny, 1995). The maximal wave height, Hm, of a set
of Rayleigh-distributed waves can be expressed as a function
of time, t:

Hm=0.6541{Vin(t + T) +0.2886[1VINUT)|}Hs,  (13)

where the significant wave height, Hs, is the average height of
the highest one-third of waves present at a site during the period
in question (Longuet-Higgins, 1952, 1980; Denny, 1993, 1995).
Hs is usually estimated as 4(mo)Y/2, where my is the variance of
the sea surface elevation (Longuet-Higgins, 1980). Given Hs
and T, the maximal wave height expected in a given period t
can be predicted and used to calculate the maximal velocities
and accelerations present beneath the wave (Denny, 1995).

Tension

Tension in the stipeisafunction of stipe cross-sectional area
and of how far the stipe is stretched. For a stipe of unstretched
length lo and cross-sectional area Axs:

2 _ 1 [1.4068
=1.91x107 %/u 0

I Axs for VX2 +y2>1g
0

(14)
Ft=0 for vx2 +y2=<lp,

where (x,y) is the location of the point element at the end of
the stipe. The force of tension, Ft, is measured in newtons and
the cross-sectional area, Axs, iSmeasured in square meters. This
expression is derived from atypical stress-strain curve for M.
pyrifera (Fig. 3). The tension in an extended stipe is directed
along the stipe; that is, at an angle arctan(y/x) to the horizontal .
We assume that the stipe is elastic; that is, no energy islost to
viscosity as the stipe is stretched. This is a reasonable
assumption in that stipes of M. pyrifera appear to be similar in
their mechanical properties to those of N. luetkeana, and N.
luetkeana stipes are elastic, at least for small extensions
(Johnson and Koehl, 1994).

Force balance

The instantaneous change in velocity of the point element is
calculated from the force balance for the element-stipe system:

Meak =B +Fq+Fa+Ft, (15)
where Me is the total effective mass of the frond,
Me=M+ praV, (16)
and M is the mass of the frond. Thus:
B+Fg+Fa+Ft
k=—""—""""1 a7)
Me
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Fig. 3. The stress—strain curve for an M. pyrifera stipe used asabasis
for computation in the numerical model. Unpublished data from W.
Hoese.

Equation 17 is numerically integrated through time to give uk
and (x,y).

To tailor this simple model to the dimensions of an actual
kelp frond, we locate the point element at the center of drag of
the frond, thus setting the effective length of the stipe. This
effective length, lo, is calculated as:

N

Z (V2)lipwtl o AS
i=1

lo=— ' (18)

> (U2)pult e ASH
i=1

where | is the distance from the seabed to the midpoint of the
ith length segment on the frond (here taken in 1 m increments),
Ai is the maximal projected area for that specific segment and
Ui, max iISthe maximal horizontal velocity at that depth (equation
4). N is the total number of segments in the plant.

If, in the course of the calculations, the point mass-force
element of the model frond is projected to move above the

surface of the water in the next increment of time, its position
is adjusted to lie at the surface and its vertical velocity is set
equal to that of the surface. The model does not attempt to
incorporate any effects of wave breaking.

Experimental measurements
Drag

M. pyrifera fronds, cut near the holdfast, were collected on
three separate occasions in August 1989 from Cabrillo Point,
Cadlifornia (36°37' N, 121°54' W), adjacent to Hopkins Marine
Station. The fronds were numbered and placed in an outdoor
tank with a continuous flow of sea water. Measurements were
made on the fronds within 48h of collection.

Drag was measured on six fronds using the apparatus shown
in Fig. 4. A triangular wooden plate (1.25m base, 1.8 m high,
2cm thick) was held vertically in the water by aframe clamped
to the gunwales of a boat, providing a stable base from which
drag and velocity could be measured. A spring scale was
mounted on the frame. A string ran from the end of the spring
scale over a pulley fastened to the frame above the triangular
plate and down through a hollow fairing in the trailing edge of
the plate. The string then ran through a second pulley attached
to the lowest point of the triangular plate and extended 8m
behind the boat, where it was tied to a piece of stiff aluminum
wire. The base of a M. pyrifera frond was lashed to the
aluminum wire using 3mm diameter rubber tubing. A Marsh-
McBirney model 511 electromagnetic flow meter with its
probe attached to the wooden plate measured the speed of the
plate (and the frond) through the water.

Each frond was subjected to velocities between 0.6 and
3msL. While the boat was driven at a constant velocity, one
person called out the instantaneous force measured by the
spring scale and another read the corresponding velocity and
recorded both measurements. Seven to fifteen readings were
taken at each velocity, and four to seven different velocities
were used for each run. Four runs constituted one tria; one
trial was conducted on each frond.

After each trial, the frond was traced onto paper. The trace
was cut out, weighed and compared with the weight of a known

B
Front view String To spring scale

r -

/ Water’s surface \

\

A
Side view
Water's surface
wooden plate
To kelp
-« da

String

Velocity probe

Fig. 4. An apparatus for measuring the drag on M. pyrifera. (A) Side view; (B) front view. See text for further details.



area of paper to provide an estimate of maximal projected area,
A

The shape coefficient, &, and velocity exponent, 3, in
equation 2 were calculated using the combined data from the
six fronds by regressing the records of drag force [per
(1/2)pwA] against velocity using untransformed data and a
simplex agorithm with a least-squares criterion for the
goodness of fit (Caceci and Cacheris, 1984).

Tensile tests

Individual stipes were tested in August 1991 to determine
their bresking stress. Fronds were collected and stored as
described previously. Twenty-five tensile tests were
performed, each on a stipe section between two adjacent
blades. The upper end of each section was lashed to a
horizontal wooden dowel and suspended from the ceiling. The
other end was tied in a similar fashion to a lower dowel from
which a bucket was hung. Force was then applied to each stipe
by slowly adding water to the bucket. When the stipe broke,
the water was turned off and the bucket and water were
weighed to the nearest 0.057 kg. A negligible amount of water
entered the bucket after the stipe broke and before the water
was turned off. Nominal breaking stress was expressed as the
weight applied to the stipe at breaking divided by the initial
cross-sectional area of the stipe.

The variation in measured breaking stress among samples
provides a means to estimate the probability that a M. pyrifera
stipe chosen at random has a strength less than a given value.
The stresses needed to break the stipes were ranked in
ascending order. The probability, P(oi), of having a breaking
stress, i, less than that of a stipe with rank i is:

P(oi) = i/(N+1), (19)

where N is the total number of stipes tested, in this case 25
(Gumbel, 1958). These estimates of the cumulative probability
of breaking stress were fitted to a Weibull (lower bound)
equation (Sarpkaya and Isaacson, 1981):
0 Ly —ald]
P(o)=1-exp 3 E—00
OOb

0o (20)

The best-fit coefficients a, b and ¢ were determined using a
simplex agorithm and a least-squares criterion for the
goodness of fit (Caceci and Cacheris, 1984).

Field measurements

Measurements of maximum wave-induced forces were
obtained in the field for 10 individual M. pyrifera fronds. For
each trial, maximal force on a frond was recorded by two
spring scales (Bell and Denny, 1994). The spring of one scale
was relatively compliant and measured small forces (1-12N);
the second was stiffer and was able to measure forces from 10
to 60N. The scales were attached in series with 301b (13.5kg)
test nylon monofilament fishing line (the total length of the
apparatus was approximately 40cm) and placed between two
small wooden dowels (3mm diameter). Each stipe was cut in
situ, and a dual-spring scale was inserted between the ends and

Hydrodynamic forces on Macrocystis pyrifera 2649

lashed to the stipe using rubber tubing. Maximum force
measurements were monitored by an observer using SCUBA,
and the scales were reset after each reading. Spring scaleswere
calibrated before and after field use by hanging known weights
from the scales.

The study was conducted between 5 May and 5 June 1992
at Point Joe (36°35' N, 121°57' W), a fully wave-exposed site
off of Pebble Beach, California. On each occasion, transducers
wereinserted into stipes at depths ranging from 14.2 to 14.8 m.
Each spring scale was checked 2 and 7 days after installation.
For seven of the stipes, two successful trials were conducted;
for the three other stipes, a single trial was conducted. After
completion of the trials, the experimental stipes were removed
and the stipe cross-sectional area and frond areawere noted for
every meter along the stipe. The stipe cross-sectional areawas
estimated by measuring the maximal and minimal diameter of
across section and calculating the area as for an ellipse. Frond
areawas obtained from paper tracings of the frond as described
above. The mass of each frond was estimated from a previously
determined relationship between mass and maximal projected
area. For fronds of length 11-20m, there was no significant
correlation between length and M/A. The average ratio of M
(in kg) to A (in m?) is 0.774+0.04 (S.E.M., N=8).

Force due to buoyancy was measured for each frond by
hanging brass weights (their weight corrected for buoyancy in
sea water) from individual fronds in atank of sea water until
the fronds were neutrally buoyant.

Significant wave heights and the wave period at peak
spectral density were obtained for the experimental periods
using a bottom-mounted recording pressure transducer
installed at the Point Joe site by the Monterey Bay Aquarium.
The pressure records thus obtained were corrected for the depth
of the transducer (Denny, 1988). For use in the model, we
noted the maximal significant wave height present during the
period when fronds were instrumented and assumed that this
Hs was constant for 8h, the full time between measurements
of Hs.

Model implementation

Equation 17 was solved simultaneoudly for its x and y
components using a fourth-order Runge-Kutta algorithm
(Dahlquist and Bjork, 1974) and a time step of 0.001s.
Variables were initialized at t=0 such that x=v=0, and the
vertical position of the point element y was equa to the
effective stipe length induced by buoyancy. Tension was
calculated for three wave periods and the maximum tension
was recorded in each period.

To explore the potential effect of the initial conditions on
the maximal tension, two initial conditions were chosen. In the
first, theinitial horizontal velocity of the point element was set
to 0. In the second, the initial horizontal velocity was set equal
to that of the surrounding water, TH/T.

Gaylord et al. (1994) measured the added mass coefficient
for three species of macroagae and found values ranging from
1.6to 6.7, with an average of about 4. Unfortunately, the algae
tested by Gaylord et al. (1994) are al much smaller than M.
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pyrifera and it is uncertain where in this range the Ca for M.
pyrifera might fall. To explore the effect of the added mass on
the maximum tension, the added mass coefficient was varied
from 1 to 4. Values in excess of 4 led to results that were
clearly at odds with redlity.

Results
Drag data

Results of the drag experiments are shown in Fig. 5. The
best-fit shape coefficient, &, is0.0148 and 3 is 1.596. Similar
results have been seen in other macroalgae and vascular plant
leaves (Vogel, 1984, 1989; Carrington, 1990; Gaylord et al.
1994). The scatter in the results shown in Fig. 5 is probably
due to the continual reorientation of the fronds as they were
towed and is typical of macroalgae in flow (see Carrington,
1990; Bell, 1992).

Tensile tests

The probability that a M. pyrifera frond chosen at random
has less than a given breaking stress, o (in Pa), is described by
the equation:

00c-1.00 [B750
POo)=1-expFO0—0O 0O (21)
0[8.16x1060 O

This expression is plotted in Fig. 6. A regression of values
predicted by equation 21 against the actual data shows that this
relationship accounts for 99.0% of the measured variation in
probability of breakage.

Field data

During the experimental period, Point Joe was relatively
cam — significant wave heights varied from 0.85to 2.71m. In
the 17 trials, fronds encountered maximal forces of 1.4-30.9N
(Tablel). The stresses caused by these tensions
(0.04-0.68MPa) are smal compared with the breaking
strength of M. pyrifera stipes (2.82+0.172 MPa, mean + S.E.M.,
Fig. 6).

Moddl data

Theresults from our model were compared with the 17 field
trials by computing the fractiona error,
predicted tension—measured tension

fractional error =
I predicted tension » (22)

and averaging over al trials.

The best fit of the model to the field data (as determined by
the lowest fractional error averaged across wave cycles) was
obtained with an added mass coefficient of 3 (Table 2). An
added mass coefficient of 4 yielded mean fractional errors of
similar magnitude, but with substantialy larger standard
errors. The best-fit added mass coefficient of 3 is smaller than
the average of 4 measured by Gaylord et al. (1994), but thisis
perhaps not surprising given the fact that M. pyrifera fronds
are more streamlined (have alower &j) than those of the three

0.10

0.08

0.06

0.04

Drag force/[(1/2)pA]

0.02

Velocity (ms™)

Fig. 5. Drag force per (1/2)pwA, where pw is the density of sea water
and A is the maximal projected area of the frond, as a function of
water velocity for M. pyrifera. The data shown are 476 randomly
sampled points from aset of 1536 points, and the solid lineis the best-
fit regression to the entire data set.

species examined by Gaylord et al. (1994). Subsequent
predictions of our model were made with C4=3. The predicted
tensions vary dlightly among the three wave cycles for which
the model was computed (Table 1). Variation in maximum
force from one cycle to the next could be due to the slow
evolution of the system towards a repeatable response to the
forcing function or to an inherent property of this flexible
mechanical system, attributable at least in part to nonlinearities
such as the discontinuity in the stiffness of the stipe at its
unstretched length. A small physical model of asimilar system
(a sphere with dlight positive buoyancy tethered by an elastic
string) has been shown to exhibit chaotic dynamics (M. W.
Denny, unpublished data).

Force predictions from our numerical model were close to
the forces observed in the field (Tablel). The average
fractional error of the predictions is 0.24-0.30 depending on
the cycle. In other words, on average, the model overestimates
the force imposed on fronds in the field by 24-30% of the
predicted force.

1.0
09} ’
08
0.7
06} c.
05
04}
03f y
0.2
01

00 1 2 3 4 5

Stress (MPa)

Probability of breakage

Fig. 6. The cumulative probability of stipe breakage as a function of
tensile stress for M. pyrifera. The solid line is drawn from equation
21. See text for further details.



Table 1. Comparison of model results with field
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Table 2. The effect of the added mass coefficient, Ca, and

measurements wave cycle on the results of the model
Predicted force (N) All forces Selected large forces
Measured Fractional Fractional Fractional Mean Mean
force (N) Cyclel error Cycle2 error Cycle3 eror Wave  fractiona fractional
3085 1055 -1925 1007 -2064 7.76 -2.974 Ca  oydle error SEM. error SEM.
23.64 24.28 0.026 23.70 0.002 2437 0.030 1 1 0.414 0.082 0.438 0.086
15.00 17.53 0.144 1853 0.191 20.92 0.283 1 2 0.457 0.073 0.495 0.052
14.52 16.61 0.126 17.66 0.177 1924 0.245 1 3 0.478 0.068 0.518 0.048
10.66 1504 0291 1301 0.181 1343 0.206 2 1 0.392 0.096 0.406 0.052
10.42 1265 0176 13.02 0.199 1353 0.230 2 2 0.409 0.092 0.444 0.043
8.07 16.11 0.499 13.80 0415 1411 0.428 2 3 0.436 0.086 0.476 0.038
6.32 10.13 0.377 9.29 0.320 9.46 0.332 3 1 0.298 0.147 0.226 0.051
6.02 7.28 0.172 7.27 0.172 9.35 0.357 3 2 0.258 0.152 0.207 0.040
5.83 1190 0510 1025 0431 10.99 0.470 3 3 0.240 0.206 0.264 0.040
5.10 9.85 0482 9.82 0.481 9.84 0.482 4 1 -0.299 0.499 -0.238 0.442
4.93 10.85  0.546 8.81 0.441 9.47 0.480 4 2 -0.354 0.502 -0.289 0.408
4.67 10.80 0.568 8.08 0.422 9.01 0.482 4 3 -5.257 5.270 -0.178 0.282
3.93 10.66 0.630 1043 0.622 1044 0.622
247 1004 0754 871 0716 892 0723 The selected large forces are the eight largest measured forces,
191 1097 0826 10.63 0.820 10.65 0.821 excluding the anomalous force of 30.85N.
1.38 9.79  0.859 9.67 0.820 9.67 0.856

The dimensionless added mass coefficient, Cs=3.
Fractional error determines the fit of the model to the field data (see
text for further details).

The model performs best at predicting the larger forces
encountered in the field. The mean fractional error for those
trials in which the measured force exceeded 6N (the nine
largest measured forces) was —0.013 to —0.096. Thus, in these
cases, the model underestimates the force imposed on fronds
in the field by an average of only 1.3-9.6%.

The nine largest forces measured in the field include aforce
of 30.85N for which our model predicts a force of only
7.8-10.6N (Table 1). This single, large underestimate on the
part of the model affects the assessment of the model’s fit to
thefield data. If thisonevalueisexcluded from the nine largest
forces, the mean fractional error of the remaining eight is
0.21-0.26. The reason for the large disparity between
prediction and observation in this single case is not known,
although it is possibly due to the tangling of this frond with
others on the same plant, a factor explored in greater depth in
the Discussion.

Predictions of tension calculated for the second wave cycle
after initiation of the model provide the best fit to the field data,
overestimating the measured force by an average of 21%
(Table 2; eight largest forces, the anomalous 30.85N force
excluded).

Varying the initial velocity of the point mass in the model
had only a minor effect on the maximal predicted force. The
calculation in which the point element had an initial velocity
equal tothewave' sorbital velocity yielded maximal forcesthat
were on average 6.2% higher than those obtained when the
initial velocity was zero. Given that the model has a general
tendency to overestimate the force measured in the field

dlightly (see above), the use of the stationary initial condition
seems preferable.

Discussion
An evaluation of the computational model

At least two factors could contribute to the general tendency
for our model to overestimate force. First, the model assumes
that the vertical and horizontal velocities relative to the point
element are an accurate measure of the velocities relative to
frondsin the field. Because actual fronds are flexible and have
finite size, this assumption cannot be precisely realized in
nature. As the water’s velocity changes direction, time must
pass before real fronds move into a new alignment with the
flow and again feel substantial drag. It thus seems likely that
the drag calculations made as part of our model overestimate
the drag acting on a real frond for at least part of the wave
cycle.

Furthermore, our model assumes that all of a frond's mass
islocated at the center of drag. By making calculations for this
point mass, we tacitly assume that, when the mass comes to
the end of itstether, al of the massisinstantaneously affected
by the tension in the stipe. In reality, the mass of a frond is
widely distributed, and when the stipe becomes taut, the frond
will be decelerated relatively gradually. The distribution of
mass in the rea frond may thus serve to reduce the rate of
deceleration relative to that predicted by our model. However,
without amore complex model in which distributed masses are
taken into account, the importance of this effect cannot be
evaluated.

Although improvements are certainly possible in our
understanding of kelp dynamics, and more precise (and more
complex) models can be written, we are pleased that a model
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Table 3. Comparison of predicted fraction of stipes broken
with field-measured kelp mortality

1982/83 1986/87
Depth (m) Measured Predicted Measured Predicted
13 0.66 0.128 0.94 0.173
16 0.47 0.016 0.69 0.262
19 0.13 0.001 0.65 0.015

as simple as ours comes as close as it does to explaining the
hydrodynamic forces imposed on M. pyrifera.

Implications for kelp survivorship

The comparisons made above between model predictions
and field data are based on short-term observations during
relatively calm summer conditions. What does our model
predict for stormier seas? To explore this question, we use the
model to predict the forcesimposed on M. pyrifera in southern
Cdlifornia during the extreme storms associated with El Nifio
— Southern Oscillation (ENSO) events.

In the ENSO winters of 1982/83 and 1986/87, several large
storms hit the kelp bed at Point Loma, California, a site where
Seymour et al. (1989) conducted field censuses of M. pyrifera.
The maximal significant wave height recorded during the
winter by a buoy near the kelp bed was 4.8m in 1982/83 and
the wave period was 18s. The corresponding data for 1986/87
were 6.7m and 13s. If we assume that these energetic sea
states were each present for a period of 8h (the interva
between measurements of significant wave height), the
maximal wave heights encountered by the bed were 9.0m in
1982/83 and 12.6 m in 1986/87 (see equation 13).

We calculate the tension that would be imposed by these
wave heights during the second wave cycle on an average
frond at each of the three depths monitored by Seymour et al.
(1989) (13, 16 and 19m). Characteristics of the average frond
are obtained from measurements taken on 16 fronds collected
at Cabrillo Point. For these fronds (ranging in length from
11.75to 24.80m), there was no significant correlation between
frond length and either buoyancy or the minimal cross-
sectional area of the stipe. The average buoyancy was 2.49N
and the average stipe cross-sectional area was 4.1x107°m2.
These valueswere used for fronds at all depths. Frond maximal
projected area, A, was correlated with length in our sample.
Areas (m?) were regressed against frond length, It (inm) in an
allometric relationship using untransformed data and a simplex
algorithm:

A =0.2971{095 (23)

This relationship is statistically significant (P<0.002) and
explains 38% of the variance in frond area. Frond mass was
calculated from frond area as described previously.

In our calculations of force as afunction of wave height, the
average frond is given an overall length equal to the ocean
depth. A corresponding buoyancy, frond area and wet mass
were obtained from the relationships described above. It was
assumed that the effective length of the stipe (the stipe length

at the center of drag) was equal to 0.8 times the overall length
of the stipe (atypical value observed in the field data).

Given the extreme wave height of 9m for the 1982/83
caculation and 12.6m for the 1986/87 calculation, it is
necessary to consider the possibility that waves have broken
by the time they reach the depth in question. If the slope of the
seafloor is gentle (as it is at Point Loma), it is generaly
accepted that waves break if their height exceeds 78% of the
water's depth (US Army Corps of Engineers, 1984; Denny,
1988; Seymour et al. 1989). Thus, waves with a height in
excess of 10.1m will have broken by the time they reach a
depth of 13m, and waveswith aheight in excess of 12.5m will
have broken when they arrive at a depth of 16 m. Therefore,
the maximal wave height predicted for the 1986/87 storm
(12.6m) is likely to be higher than that which would actually
occur a the 13m and 16 m sites. In these cases, the maximal
wave height is set equal to the theoretical breaking height. The
subject of wave breaking is treated in more depth below.

The probability of stipe breakage predicted by our model is
relatively small, ranging from 0.1 to 26.2% (Table 3). Note
that, in making these predictions, we have not attempted to
correct our model for its tendency to overestimate forces
imposed on kelps. Thus, the predicted values cited here may
actually overestimate the damage that can be expected when
hydrodynamic forces interact with individual fronds.

The percentage of stipes predicted to bresk in storms
(0.1-26.2%) is substantially smaller than the percentage of
kelp mortality measured in the field by Seymour et al. (1989)
(1394 %, Table 3), a disparity that may be even larger than
these numbers suggest. In their survey of kelp mortality,
Seymour et al. (1989) counted a plant as dead only if the entire
plant (holdfast included) was absent from its previously
marked spot on the substratum. By this definition, breakage of
even a substantial fraction of the fronds on one holdfast (an
event many holdfasts survive) would not be counted as
mortality.

It is clear that the high rates of mortality observed by
Seymour et al. (1989) cannot be accounted for directly on the
basis of stipe breakage as predicted by our model. In this
respect, the results of our model are consistent with the
observation of Seymour et al. (1989) that kelp mortality in
southern Cdlifornia is due primarily to dislodgment of the
holdfast by the combined action of sub-breaking forces acting
on severa stipes.

In summary, our model predicts that individual stipes are
well designed to resist the hydrodynamic forces imposed by
even very large waves. Complications intrinsic to the
combined interaction of many stipes may, however, lead to
higher rates of mortality than predicted for individual stipes.
For example, many fronds are anchored by a single holdfast.
If two or more fronds become entangled, one stipe may have
to resist the additional drag of its neighbors and may therefore
experience an increased risk of breakage. This effect may be
most important in large plants which have more fronds and are
thus more likely to become entangled (Seymour et al. 1989).
Large rafts of tangled M. pyrifera plants have been observed



after storms (Dayton et al. 1984; Seymour et al. 1989), and
Dayton et al. (1984) propose that entanglements with drifting
rafts of tangled fronds are a substantial contributor to holdfast
dislodgment in the Point Loma kelp forest.

The possibility that the entanglements of stipes can
contribute to breakage suggests that kelp species with solitary
fronds may have arelatively greater chance of surviving wave
forces. For instance, the giant kelp N. luetkeana has only one
stipe per holdfast, in contrast to M. pyrifera in which tens of
stipes may grow from a single holdfast. This scenario would
suggest that owing to a lowered rate of entanglement, N.
luetkeana could survive greater wave exposure than M.
pyrifera. Indeed, in central California, N. luetkeanaistypically
found on shores that are more exposed than those inhabited by
M. pyrifera, and the difference has been attributed at least in
part to the inability of M. pyriferato persist in the face of more
extreme hydrodynamic forces (Dayton et al. 1984).

In addition, wave breaking may cause forces greater than
those our model predicts. Aswaves move into shallower water,
their height tends to increase and their wavelength decreases
(Denny, 1988). As a result, waves become steeper, and at a
critical height they become unstable and break. The critical
breaking height can vary from 0.78 times the local water depth
to approximately 1.4 times the depth, depending on the wave
period and the dope of the seafloor (US Army Corps of
Engineers, 1984; Denny, 1988). When a wave breaks, the
water at its crest moves at a velocity equal to that of the
waveform (forming the ‘roller’ characteristic of broken
waves), and this velocity is often substantially faster than the
orbital velocity of water below the surface. If waves break prior
to their interaction with kelps, it is possible that the surface
blades of a frond may be subjected to the increased drag and
accelerational forces caused by flow in the roller. Seymour et
al. (1989) speculate that wave breaking may thus elevate the
rate of stipe breakage and dislodgment in M. pyrifera, but note
that the effect will be difficult to model. Owing to the presence
of entrained air, the density of water in the roller of a broken
wave is low relative to that of water below the surface. As a
consequence, it is unclear how much of a surface blade would
actually extend into the area of rapid flow in a roller, which
makes prediction of the effects of wave breaking problematic.

Other physical factors may also contribute to stipe breakage.
These factors include the impact of rocks propelled by
hydrodynamic forces (which may injure stipes and holdfasts)
and secondary effects of storms, such as wind-driven surface
currents (seereview by Seymour et al. 1989). Changesin water
temperature (e.g. those associated ENSO events) may aso
affect the health (and thereby the strength) of kelps (Dayton
and Tegner, 1984; Tegner and Dayton, 1987).

In addition to these physical factors, there are several
biological factors that may affect kelp breakage. For example,
it is possible that as a plant ages the strength of its stipes
changes (Johnson and Koehl, 1994), and the age structure of a
kelp bed may thus be a factor in the probability of breakage
(Seymour et al. 1989).

Kelps can aso respond to their physical environment by
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changing their morphology. For example, Gerard (1987) found
that when Laminaria saccharina was subjected to tensile
forces that mimicked drag, it grew with a more streamlined
shape. Johnson and Koehl (1994) found differences in
morphology among populations of N. luetkeana that tended to
maintain a constant risk of breakage. Because of the plasticity
of kelp morphology, it may be necessary to adjust the
predictions made on the basis of plants sampled at one site
when applying these data to different sites.

And lastly, herbivory by invertebrates (such as sea urchins)
may contribute to kelp breakage by wounding stipes, thereby
decreasing their tensile strength. Grazing on stipes has been
suggested to contribute to the mortality of N. luetkeana (Koehl
and Wainwright, 1977).
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