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Summary

Giant kelps (which may reach lengths of 45m) are a mature N. luetkeanacan indeed benefit from moving with
prominent exception to the general rule that wave-swept the flow, but that the forces imposed on juveniles are
organisms are small. The ability of these kelps to maintain actually increased by the plant’s flexibility. Furthermore,
their large size in the presence of ocean waves has beenthe benefit accrued from going with the flow is sensitive to
attributed to their extreme flexibility and the concomitant  the shape of the plant. If the bull kelp were to grow while
tendency to ‘go with the flow’, a tendency that reduces the maintaining a juvenile shape, the stress placed on its stipe
hydrodynamic forces imposed on the plant. However, the would be drastically increased by dynamic loading, and
flexibility of giant kelps carries with it the potential for the  these inappropriately shaped plants would be subjected to
organism to apply an inertial load to its own structure if  a high risk of breakage. For certain combinations of wave
the blade mass reaches the end of its tether. Here, we height, wave period and stipe length, the increased stress
examine the complex trade-off between flexibility and in hypothetical ‘small’-shaped plants may be associated
inertial loading using a simple computational model of the with chaotic motion of the blade mass.
bull kelp Nereocystis luetkeanaln field and laboratory
tests, the model accurately predicts the forces and motions
imposed on flexible structures in wave-induced flows. Key words: kelpNereocystis luetkeanavave forces, hydrodynamic
Subsequent predictions from the model suggest that forces.

Introduction

Wave-swept rocky shores support a surprisingly diverseneasured in tens of square meters. It has been proposed that
assemblage of organisms that includes members of virtualfpr these giant kelps large size is advantageous (e.g. Koehl and
every animal phylum and both algae and vascular plants. Wainwright, 1977; Koehl, 1984, 1986; Denny, 1988): if the
general, wave-swept organisms are small compared with theitant is large enough and flexible enough, it can simply ‘go
subtidal or terrestrial cousins, and it has been proposed thatth the flow’ as waves pass by, reducing the relative velocity
hydrodynamic forces can play an important role in limiting theand acceleration between the plant and the surrounding water
size of wave-swept plants and animals (Deenyal. 1985; and, thereby, reducing the imposed hydrodynamic forces. In
Denny, 1988; Carrington, 1990; Gayloetl al. 1994). As an this scenario, the giant kelps are thought to have grown past a
organism grows, the forces placed on it by moving watephysical bottleneck in the evolution of size and have come
typically increase at a faster rate than the strength of thepon a pattern of growth in which ‘bigger may truly be
organism, and the risk of breakage or dislodgment therefofbetter’. Indeed, on many wave-swept shores, giant kelps are
increases with increasing body size. This scaling of risk sethe dominant competitors for space on the subtidal substratum
an absolute upper size to any particular organism (governed lyoster and Schiel, 1985).
the severity of the wave environment) and may set an optimum As compelling as this scenario may be, it is unlikely to be
size at which reproductive output is maximized. the full story. Large kelps have a substantial mass of blades

Large kelps appear to be exceptions to these rules. Spec{#ise frond mass of a mature bull kelp may weigh 20 kg) that is
such as the giant keldacrocystis pyriferaand the bull kelp tethered to the substratum by the plant’s stipe. As the distal
Nereocystis luetkeangrow to lengths of 20—45m (more than portion of the plant moves with the surrounding fluid, the
10 times that typical of intertidal algae) and have frond aregslant's blade mass may achieve a substantial velocity and
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thereby a substantial momentum. If while moving at this
velocity the blades come to the end of their tether, the abrupt
change in momentum can apply a large tension to the stipe.
Thus, the ability to move with the flow carries with it the
potential for the plant to apply an inertial load to its own
structure.

The consequences of this type of dynamic loading on giant
kelps have not been explored in detail. Friedland and Denny
(1995) examined the forces imposed by surf-zone flows on the
feather boa kelfEgregia menziesiising a numerical model,
but these plants are small compared with the giant kelps
(typically 2—3 m long for intertiddE. menziesji and the flows
to which they are subjected are substantially different from
those found subtidally where giant kelps grow. Utter and
Denny (1996) used a similar numerical model to predict the
long-term force imposed on the giant ké¥p pyrifera and
compared these predictions with the maximum forces
measured in the field. No attempt was made, however, to
compare predicted and measured forces on a wave-by-wave
basis, nor to explore how the stresses placed on these plants J - Holdfast
vary through ontogeny. The dynamicsMf pyriferais also
complicated by the fact that many stipes emerge from a singrig. 1. Nereocystis luetkeanghe scale bar is 1m long.
holdfast, and it appears likely that it is the interaction amon
stipes that controls the maximum hydrodynamic force imposed
on the plant. Daytoet al. (1984) and Seymouwst al. (1989) unidirectional and steady. Thus, the question of how the
report extensive measurements of the survivorshipMof dynamics of plant motion affects the forces placedNon
pyrifera and its correlation with wave conditions, but they doluetkeanahas not been addressed.
not address the mechanics of giant kelps in flow. Our study consists of four parts. A simple mathematical

In the present study, we explore the dynamics of the buthodel is constructed that we believe incorporates the most
kelp Nereocystis luetkeangMertens), a member of the important aspects of the dynamics of giant kelps.
Laminariales and a close phylogenetic cousitMofpyrifera ~ Measurements of the size and shape of abtulaietkeandhen
andPelagophycus porrahe other giant kelps of the west coastallow us to tailor this model to reflect the dimensions of the
of North AmericaN. luetkeanaypically occurs subtidally at kelp as it grows. The predictions of the model are compared
depths of 10-17m (although it may occasionally be found ampirically with the forces encountered by plants in the field
shallower depths), with a latitudinal range from Alaska toand with the motions of model plants in the laboratory. The
central California (Abbott and Hollenberg, 1976). The plantvalidated model is then used to explore the role of size in the
consists of a holdfast, a narrow flexible stipe (which may reactorces placed on this giant kelp and the consequences of
25m in length), a bulbous gas-filled float (the pneumatocysgllometric growth.
and 30-64 blades, each of which may exceed 4m in length
(Fig. 1). The upper part of the stipe is hollow, and this cavity
is continuous with that of the pneumatocy$tiuetkeanas an A simple numerical model ofNereocystisnechanics
annual, appearing first in late winter or early spring, growing The model is similar in principle to that developed by
to full height by early summer, and reproducing and becomingriedland and Denny (1995) f&. menziesiend Utter and
senescent in late summer and autumn. In central Califédnia, Denny (1996) foiM. pyrifera (Fig. 2). The distributed forces
luetkeanais generally found only on very exposed shoresacting on an entir®l. luetkeanglant, as well as the plant’s
where it supplant®l. pyrifera (Daytonet al. 1984), but in  entire mass, are assumed to act at a single point element. The
Washington state, British Columbia and Alaskajuetkeana point element is tethered to the substratum by a flexible, elastic
can also be found in more protected habitats exposed to tidape that acts as a model of the plant’s stipe. Waves propagate
currents (e.g. Koehl and Wainwright, 1977; Johnson andcross the water’s surface, moving the water beneath them, and
Koehl, 1994). relative motion between the point element and the surrounding

Koehl and Wainwright (1977) and Johnson and Koehivater imposes drag and hydrodynamic accelerational forces on
(1994) have examined in some detail the mechanics of titbe plant. These fluid-dynamic forces (plus the plant's net
materials from whichN. luetkeanastipes are constructed and buoyancy) are resisted by the tension in the ‘stipe’, and any
the shapes in which this species grows when exposed tmbalance among these forces results in the acceleration of the
various flow regimes. However, their calculations of the forcepoint element. Numerical integration of this acceleration
placed on the plant are based on the assumption that flowtlgrough time provides a time series of the velocity and location

Blades
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Table 1.A list of symbols used

lg‘ A I Equation of
n ]« Symbol Definition first use
"""""""""""""""""""""""""""""""""""" A Maximal projected area 2
Still-water T Net b Axs Cross-sec_:tional area of stipe 5
level uoyancy a Acceleration of the water 3
ax Acceleration of the point element 4
ar Relative acceleration 4
d ax Horizontal water acceleration 15
X Drag and ?:y Xg(rjtic(?l water ac:c:ft_ak_arattion 1515
a ed mass coefficien
added mass force D Table-tennis ball diameter
y d Water column depth 1
€ Fractional error 19
©.0% Sea floor E Stiffness of stipe material 5
Fam Added mass force 4
Fig. 2. A schematic representation of the numerical model of kel| Eb gf; buoyant force 21
dynamics. For further details, see the telxtwvater column depth, de Obs%rved maximal force 19
wave height;n, vertical deviation from still-water leveln, plant FO Sd Predicted maximal force 19
mass;x, y, horizontal and vertical coordinate axes, respectiviely; Ffre Restoring force .
wavelength. Fsb Net submerged buoyancy 1
Fuvb Virtual buoyancy 3
of the point element and of the tension in the ‘stipe’. The a @?\‘/’gﬁggg{ acceleration 5192
characteristics of this time series can then be examined as He Significant wave height _
function of wave height and period, water depth, the shape « | Wave number 9
the plant and the length of the tether to explore the dynam Stipe length 5
mechanical design df. luetkeana AL Change in stipe length 20
m Plant mass 8
The water column R Stress ratio 22
The seabed is assumed to be planar and horizontal, and ' "e Equivalent radius 9
water column has a still-water depth(Fig. 2). A stationary rSSEE g?;r:\c/iz;lr%ntefrgpr)eofretlg:aufegression estimate
Cartesian coordinate system is used, with its origin fixed at tr S Shape coefficient of drag 2
seabed. The water's surface ig=d+n, wheren is the vertical T Tension 5
deviation from still-water level and is a function of batand t Time )
time, t. All motion of the plant and water is assumed to occu y Velocity of the water -
in the x,y plane. The basal end of the model plant’s stipe i¢ uk Velocity of the point element 8
fixed to the origin, and its distal end is attached to the poir Umax Maximal relative velocity in a wave cycle -
element at positionx(y). ur Relative velocity ‘ . 2
At any time, the point element has velocitx and Ur Magnitude of the relative velocity 2
accelerationak. At the same time, the water at){ has Ux Cgﬂi:c;?t\?vlaﬁ?tsgl\é ili?cny 173
velocity u and accelerationa. The relative velocity \u/y Plant volume y 3
between the water and the point elementriu-ux and the Horizontal coordinate axis 5
relative acceleration iar=dur/dt=a—ax. All variables shown y Vertical coordinate axis 1
in bold type are vectors, and a list of variables is provided il ymt y at time of maximal tension -
Table 1. a Allometric coefficient 17
B Allometric exponent 17
Forces y Velocity exponent of drag 2
As noted above, the point element has a mass equal to t Vertical deviation from still-water level 1
. . . A Wavelength 10
combined stipe and blade mass of the plant being modeled a o Density of sea water 5
is subjected to all the forces imposed on the plant. The force o, Angle between stipe and horizontal _
are listed below. Oact Actual tensile stress 22
Ostat Static tensile stress 22
Net buoyancy 1 Wave period 11
The net submerged buoyant forEes, acting on the element  ® Radian wave frequency 9

is the difference between the plant’s hydrostatic buoyancy ar
its weight. The positive net buoyancy of an acNiduetkeana

Symbols in bold type are vectors.
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is due to the low density of its gas-filled pneumatocyst, and thferce is imposed in the direction of relative acceleration. This
size of this structure leads to a minor complication in the modeldded mass fordéam is:

when the point element encounters the surface. If the _ _

pneumatocyst were to behave as a true point element, its net Fam = pCaVar = pCavVa - pCaVak. “)
buoyancy would be constant until it reached the surface, andere, Ca is the dimensionless added mass coefficient
above the surface it would be subjected to a downward ford8atchelor, 1967). Gayloret al.(1994) measured added mass
equal to the weight of the entire plant. However, thiscoefficients for a variety of wave-swept algae and found them
discontinuity in vertical force is not a sufficiently accurateto vary between 1.6 and 6.7. Utter and Denny (1996) found
model of an actual kelp. Instead, we suppose that the nttat a value of 3.0 best fitted reality in their simulatioMof
buoyant forceFp acting on the point element decreasespyrifera, and this value is used here.

gradually as the element moves above the water's surface, afNote that F\w and Fam as formulated here are

it would when an actual pneumatocyst protrudes above thepproximations in that they do not include terms dealing with

water: the convective acceleration of the fluid (for a discussion of
0 q 0 these terms, see Sarpkaya and Isaacson, 1981; Miloh, 1994).

Fo=Fy (- y-[d+nx)] 0. y>d+n). Trial calculations including the convective terms showed that

0 075 O they have a negligible effect in this system and, for simplicity,

they have not been included in the final model.
Fo=Fe y=d+n(x . (@) Y
Thus, the net buoyancy decreases linearly to zero when the thgnsion

0.75m of the plant is above the water’s surface. The factor of The tether attaching the point element to the holdfast is
0.75m is set by field observations of the length of stipe lyingnodeled as an elastic, massless rope. That is, the tether exerts
recumbent on the water’s surface at low tide when the stipe &tensile forcel on the element when it is stretched beyond

longer than the water’s depth. its resting lengthL, but exerts no force when the point
element is closer to the origin than the unstretched length of
Drag the tether:

Relative motion between the point element and the

. . . . . . O /fx2 + 2) -
surrounding water imposes a diggn the direction of relative T=EA, J(X y g 02 +
=EAcEF—H. Jeé+y)>L,
‘5L o

velocity:
=1 -1
Fd = 3puruV—AY. @) T-0 '—(x2 <L . )

Here, p is the density of sea water (1025kgfin A is the
maximum projected blade area of the pla®t,is a shape Here,Eis the stiffness of the stipe material (in Pa) agglis
coefficient of drag angt s the velocity exponent. Note th&t  the nominal cross-sectional area of the stipe (f). mihe
has the dimensions31s'=2. For a complete discussion of this tensile force is directed towards the origin along the rope, i.e.
equation, see Gaylomt al. (1994) or Denny (1995). at an anglé@=arctany/x) to the horizontal. FoN. luetkeana

Utter and Denny (1996) measured a value of 1.6 for thehich grow in areas exposed to substantial water motion,
velocity exponent oM. pyrifera, and this value is used here. Johnson and Koehl (1994) found that the stiffness of the stipe
Measurements conducted by Johnson and Koehl (1994pried with extension from 16-18 MPa at low extensions to
suggest that, for the streamlined morphNofluetkeanan ~ 8MPa at high extensions. An extension-independent
Washington State (similar to those used in the present studyifermediate value of 12 MPa is used here. Johnson and Koehl
S is approximately 0.016, and this value is used here. (1994) note that the mechanical propertieN dfietkeanatipe

material seem to be independent of stipe length.

Virtual buoyancy _ _

When the water at xfy) accelerates relative to the Contact of the point element with the seabed
substratum, the point element is subjected to a decreasingWhe” the stipe is short and the waves are high, it is possible

pressure gradient in the direction of acceleration. As a resulf}at the point element may come into contact with the seabed.
a virtual buoyancyFy» acts on the point element in the Because there is nothing inherent in the force balance between

direction of the water’s acceleration: the tether and the forces acting on the plant's mass that
prohibits the point element from (unrealistically) moving to
Fvw = pVa, 3) negative values of, an additional constraint must be added to
where V is the volume of fluid displaced by the plant the model. An equivalent radius is assigned to the point
(Batchelor, 1967). element from a consideration of the plant's volume:

3
Added mass force le= %g - (6)

If, in addition to accelerating relative to the seabed, the wate
at (x,y) accelerates relative to the point element, an additionaf the point element moves i6<re, an arbitrarily formulated,
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vertical, damped, elastic restoring foréeis placed upon it, wave period and water-column depth and can be estimated

analogous to a ball impacting on a floor: from a relationship derived by Eckart (1952):
O DOyO 0 gr2 nzdﬁ
= - A=——_[tanh . 12
Fr= EZIog HZH 100uy|uyH(m+ pCV),  y<re, o\ N ﬁ;ﬁg (12)
F,=0 y=r,, ©) At position &), the horizontal water velocityx and
) ) ) ) vertical water velocityuy (both measured relative to the
whereuy is the vertical water velocity and is plant mass. stationary substratum) are:
™ cosh
Force balance - - 0 = costioc— ot S (ky) ' (13)
Any net force acting on the point element causes tha T sinh(kd)
element to accelerate at a rate equal to the net force divided ™ sinh(ky)
the element's mass. Thus, from Newton's Second Law o Uy = —sin(kx ‘Wt)m- (14)
motion:
dug  Fy+Fy +Fyp+Fan+T +F © The horizontal and vertical water accelerations are:
Tat m ' wrH cosh
a, = T—sin(kx —oot)ﬂ (15)

This equation can be integrated numerically through time t sinh(kd)

provide a time series of both the velocity and location of the =—ﬁcos(kx —ot) sinh(ky) (16)
point element. From the time series @&fy values, a & T sinh(kd) -
corresponding time series of tensions in the modeled stipe cau o

be calculated using equation 5. A fourth-order Runge—Kuttd N€ overall velocity is the vector sum afanduy.
algorithm was used for these integrations (Dahlquist and

Bjorck, 1974), with two implementations. For most Materials and methods

experiments, an adaptive time step was used (Prat4992).

. . . , Morphology
The ab!hty of the program to ad]ust_ th? time step during In July and September 1994, R7luetkeangdMertens) were
integration allows the program to maintain a nearly constant

; collected using SCUBA from Carmel Point (Carmel-by-the-
accuracy throughout the calculation, even when th o o O .
. . ; ; ea, California) and an additional 28 individuals from Salt Point
acceleration of the point element is abrupt. The disadvanta

e X .
of the adaptive time step is that valuesigx, y andT are not gfnear the Bodega Marine Laboratory, Bodega, California).

calculated at equally spaced intervals, which can bPIants of the widest possible range of sizes were sampled

. . ! aphazardly and immediately returned to the laboratory. For
problematic for certain subsequent calculations (e.g. of power : .
ch plant, the following characteristics were measured.

spectra and Lyapunov exponents). When it is necessary thag
velocity, position or tension be recorded at specific intervalsgerall plant massm

a fixed, small time step is used. Each large plant was trimmed of it holdfast, placed in a

Wave-induced water motion preweighed mesh bag and suspended from a calibrated spring
' .scale. The net mass of the plant was determined to the nearest

. The motion of water beneath ocean waves is modeled usingns kg. Small plants (<1.2kg) were weighed to the nearest
linear wave theory (see, for example, Kinsman, 1965; Dennyb 01g on a laboratory balance

1988). The deviation of the water’s surface from the still-water

level, n, at positionx and timet is: Maximum projected blade areA,
H Blades were outlined with pencil on large sheets of paper,
n=— cos(kx-wt). (9  and the outlines were cut out and weighed. Area was then

calculated by comparing the mass of the cut-outs with the mass
Here,H is the wave height, the vertical distance from troughof a known area of paper. Blades were narrow and lacked
to crest (Fig. 2). The wave numbéy,is: undulations on their edges, and were therefore similar to the

current-swept morphology of Johnson and Koehl (1994).

K=~ (19 Stipe lengthL

The length of the stipe (from the top of the holdfast to the
top of the pneumatocyst) was measured to the nearest

21 centimeter using a tape measure.
w= T_ ) (11)

and the radian wave frequenay, is:

Minimum stipe cross-sectional arefys
whereT is the wave’s period. Wavelength, is a function of The stipe was measured at its narrowest point, typically just
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above the holdfast. The maximum diameter at this point we
measured as well as the diameter at right angles to tl
maximum. The minimal cross-sectional area was determine Rope attached to stipe—
by treating the stipe’s cross section as an ellipse and calculati
the area from the measured diameters. From the area,
equivalent stipe radius can be calculated:

rs= 1/(Axs/n) : (17)

Nylon grommet

Cantilever beam

Net buoyancy

A weighted mesh bag was suspended by a string from an
electronic scale so that the bag was immersed in sea water, ¢Fig. 3. A schematic representation of the force transducer used to
the net weight of the bag was noted. A plant was then insertimeasure the tension on a kelp stipe in the field. Strain gauges glued
into the bag, and the new weight measured. The difference to the beam transduce the beam’s _de_flection to a voltage that is
weight with and without the plant is the plant's net Submergerecorded by the datalogger. _The_low-frlctl_on grommet ensures that the
buovancyF<. Net b nev was m red to the near <trar_lsducer_ser'lses th_e tension in the stipe regardless of the angle at

ya C.y sb- N1 bubyancy was measure 0. € nea e‘Whlch tension is applied.
0.001 N in small plants and to the nearest 0.01 N in large plant

The allometric relationships between stipe length and
overall mass, frond area, stipe cross-sectional area amdatureN. luetkeanawvas attachedia a short length of nylon
buoyancy were determined from an ordinary least-squarespe to a stiff cantilever-type strain-gauge force transducer that
regression of the natural logarithm of stipe length against th@as mounted in turn on a heavily weighted aluminum plate
natural logarithm of the character of interest. The use of thiéhat rested horizontally on the seabed. The voltage output from
logarithmic transformation was necessary owing tathe transducer (proportional to the tension in the stipe) was
heteroscedasticity in the data (Zar, 1974). The resultingmplified and recorded at 20Hz by a digital datalogger
relationships are of the form: (Tattletale model 5F) mounted in a waterproof housing. To
provide an estimate of the instantaneous surface elevation
above the apparatus, simultaneous 20Hz measurements of
in which the value ofa as initially determined from the hydrostatic pressure were recorded from a transducer (Omega
regression has been multiplied b§E®2 a factor used to PX176A) mounted in the same housing as the datalogger. The
correct for the bias introduced by the dogansformation morphological characteristics of the test plant (measured
(Beauchamp and Olson, 1973; Sprugel, 19&HE is the subsequent to the field experiment) are given in Table 2.
standard error of the regression estimate. The device was deployed off the shore at Hopkins Marine

N. luetkeanaplants typically increase in both length and Station, Pacific Grove, California, and tension and pressure
blade area until the pneumatocyst reaches the water’s surfageere recorded for 30min on 23 September 1995. The surf
At this point, the stipe ceases to lengthen, although the bladesnditions during the deployment were characterized by a
continue to increase in area (Duncan, 1973; Duncan arsignificant wave heightls, of 0.8 m.Hsis the mean height of
Foreman, 1980). As a result of this shift in the pattern ofthe highest one-third of waves, a statistical index of the
growth, the length of the stipe becomes a very poor predictéwaviness’ of the ocean (Longuet-Higgins, 1952). Swell with
of blade area and plant mass for those plants that have reaclzegeriod of approximately 16s was combined with a high-
the surface, and plants with stipes equal to or greater than thmplitude surfbeat with a peak period of approximately 200s.
local depth were excluded from the prediction of blade areAlthough these wave conditions are benign compared with
and overall mass. Mature plants typically have a blade arg¢hose present during storms, they are near the extreme at which
and blade mass 2—4 times that predicted by the allometrtbe device can be safely deployed by SCUBA divers.
equation. For ease of analysis, the lengthy records of tension and

The precise manner in whidh luetkeanglants adjust their hydrostatic pressure were broken into eight consecutive
morphology has been shown to depend on the locahtervals of 4096 data points (approximately 204s). For each
hydrodynamic environment (Johnson and Koehl, 1994), and
the measurements obtained in the present study may therefi

trait of interest =uLP, (18)

apply only to plants inhabiting exposed sites in centra Table 2.The morphological characteristics of the
California. Nereocystis luetkeanalant tested in the field
Length,L 6.57m
Field measurements Mass,m 8.00kg
To provide a test of the ability of our numerical model to Net buoyancyFsh 12.51N
predict the actual forces dh luetkeanameasurements of the Equivalent minimum stipe 5a03m
tensile forces imposed oN. luetkeanain the field were radius,rs

conducted using the apparatus shown in Fig. 3. The stipe of Blade areai\ 4.159 ¥
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interval, our numerical model was used to predict the tensioresting length of 0.51 m. For the tether (consisting of fewer
acting on the stipe of the experimental plant. This predictiothreads) of the oil-filled ball,

was made by incorporating into the numerical model the actual T = 0,919\ 0447 21)
dimensions and buoyancy of the plant (Table 2) and the time ’ '
course of the ocean’s surface elevation. and the unstretched length was 0.57 m.

In the field, wave height and period varied through time, and Drag on the table-tennis balls was calculated ugi@¢0 and
the actual motion of the water was simulated by thesalues ofSy andCawere estimated from measurements made
superposition of waves of a range of frequencies witby Sarpkaya (1975). For the size of ball and frequency of
appropriately adjusted amplitudes and phases. To this end, tbscillation used in these tests, these coefficients are sensitive
pressure signal measured at the seabed was used to calculatthe distance the fluid moves in one wave oscillation relative
the temporal variation in surface elevation. to the object compared with the object’s diameter. This ratio

The hydrostatic pressure signal from a surface wave is the period parameteaxti/D. Here,umax is the maximum
attenuated by depth by an amount that depends on thelative velocity between the ball and the water Bnid the
frequency (Kinsman, 1965). To counteract this effect, eachall’s diameterumaxwas estimated for each experiment using
record of 4096 pressures measured at the seabed was Fourgepreliminary numerical model witf=0.5 andCs=0.5. The
transformed, and the Fourier coefficients were corrected testimated period parameter for the air-filled ball experiment
reflect the amplitude at the surface (for a more completeas 11, for which Sarpkaya (1975) gives an added mass
explanation, see Denny, 1988). The first 50 Fourier coefficientsoefficient of 0.25 and a shape coefficient of 0.60. The period
were then used to calculate the component waves contributipgrameter for the corn-oil-filled ball experiment was 5, with a
to the variation in surface elevation. The time series of surfaa®rrespondinga of 0.50 andyy of 0.45. Subsequent estimates
elevations calculated using these Fourier coefficients closelyf umax using these revised coefficients did not substantially
matched that actually recorded. alter the period parameter.

The water motions corresponding to this pattern of surface These physical models were placed one at a time in a wave
elevation were then used by the numerical model to calculatank in the Environmental Fluid Mechanics Laboratory at the
the tension in the stipe. These tensions were in turn comparé&ivil Engineering Department, Stanford University (Hsu,
with the measured stipe tensions for similarity in the mean ant965; Bole and Hsu, 1969). The tank was filled with fresh
standard deviation of forces and for the wave-by-wave error iwater (density nominally 1000kg™) to a depth of 0.75m,

the estimation of maximal force: and sinusoidal waves of a constant period and height were
generated approximately 10 m upstream of the models by a

:ZM , (19  hydraulically driven ram. The model was viewed through a

Fobs + Fpred ' glass window in the side of the tank, and the motions of the

wheree is fractional errorFopsis the measured maximal force ball in the verticaky plane were recorded on video tape at
obs 30framesst. The video camera was placed approximately

andFpredis the predicted maximal force. The first 20 s of each : . ;
. . 4.5m from the model and equipped with a telescopic lens to
calculated record was excluded from this analysis to ensuré.

. . inimize the effects of parallax. The sinusoidal voltage signal
that the data were not contaminated by calculations made .
X o e . uSed to control the wave generator was also used to trigger a
during the initial equilibration of the numerical model.

flash from a light-emitting diode placed in the field of view of
the video camera. This flash (which occurred at precisely the
Laboratory measurements same phase in each wave period) was used to calibrate the
Further exploration of the ability of our numerical model toframing rate of the video camera against the driving period of
predict the dynamics df. luetkeanavas provided by a series the wave generator. Horizontal and vertical fiducial marks
of laboratory measurements of the kinematics of small-scal&0.0cm apart on the window provided a scale for the recorded
physical models exposed to wave-induced water motions inimages.
wave tank. The models consisted of a small sphere of radiusThe air-filled ball was subjected to waves 8.5cm high at a
1.89cm (a table-tennis ball) tethered to the floor of the wavirequency of 1.0 Hz. The motions of the ball were recorded for
tank by several parallel lengths of rubber thread. The densigpproximately 17 min, covering more than 1000 cycles of
of the ball was adjusted either by leaving it full of air (for anwave oscillation. The corn-oil-filled ball was subjected to
overall density of 85.5kgm) or by filling it completely with  waves with a height of 5.2 cm at a frequency of 1.5 Hz and was
corn oil, giving the ball an overall density of 952.4kgfnThe  also filmed for approximately 17 min (1500 cycles).
stiffness of the elastic tether was measured directly by A computer-controlled NEC PC-VCR was used to step
suspending a series of weights from the threads and notitigrough the SVHS video frame by frame. Each frame was
their extension. For the tether of the air-filled ball, ten§ion digitized to 64&480 pixels at eight bits per pixel on a
(in N) is given by: Perceptics Pixelpipe frame grabber. The images were
T =3 50\ 0592 (20) stabilized using a computer-controlled Hotronics time-base
' ' corrector prior to digitization. The fiducial marks in the image
where AL is the extension of the thread (in m) beyond itsallowed for the correction of any additional timing errors.
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Graftek Imaging’s Ultimage image-analysis package was useiffects of plant size
in conjunction with National Instruments LabView software to The model was used to calculate the maximum tension
locate the table-tennis ball in the image. The image wasnposed on plants of lengths varying between 0.3 and 10.0 m.
binarized using a user-selected threshold, and the ball was thienthese tests, the physical characteristics of the model plants
located using the Ultimage particle analysis subroutine. Th@buoyancy, mass, stipe diameter and drag area) were set by the
centroid of the ball’'s image was calculated, giving the ball’sypical allometric relationships foN. luetkeanagiven in
location & andy coordinates). Table 3. The model plants were subjected to a series of 50
For comparison, our numerical model df luetkeanavas  waves with a period of 10s (typical of ocean swell on the west
modified to incorporate the dimensions and buoyancies of thapast of North America) (Denny, 1995) and a fixed wave
physical models and the characteristics of the waves and wategight. The water column depth was set at 10 m, a typical depth
column in the wave tank. The locations of the ball predictedor N. luetkeana
from our calculations could then be compared with those .
actually recorded. Effect of wave height
Comparison between predictions and experiment were madeHypothetical plants of a variety of stipe lengths were
on the basis of several characteristics. The power spectra of thigbjected to waves wittr10s and heights varying between
x- andy-directed motions of the balls were used to describ®-1m and 7.8 m. This upper limit to wave height is governed
how these motions are allocated among frequencies. Plots oPY the tendency of waves to break if their heights exceed 0.78
versus y(one manifestation of the phase space, in this case(§ee Denny, 1988), and was again 10m. For each wave
phase plane) provide information about the repetitive nature dight, the plants were subjected to 50 waves. Plants with both
the ball’s motion — regular, periodic motion of the ball yieldsallometric and isometric growth patterns (see below) were
a closed loop in the phase plane. In addition, the positigh ( tested.
of the ball was noted at specific phases of the surface wav

A plot of values ofx versus yfor a single phase provides aelzsﬁects of wave pe“o‘?' .
Poincaré section of the ball's motion (for an explanation of 1he €ffects of varying the wave period were explored by

Poincaré sections, see Moon, 1992). If this motion is periodi€XP0Sing plants of fixed length (2, 6 and 10m) to waves of a
the Poincaré section typically consists of a small number df<€d height (4m) in water 10m deep. Wave period was varied
discrete points. between 4 and 20s, spanning the periods typical of oceanic

The motion of the corn-oilfilled ball in the wave tank S€&S and swell. Again, plants were exposed to 50 waves at each

appeared to be chaotic and, for an additional comparison wififriod and the maximum tension was noted for each wave

the predictions of our numerical model, the largest LyapunoY¢!e- _ _ _

exponent for each of the andy-axis motions was calculated N €ach of these experiments, the maximum tension for each
using the program of Sprott and Rowlands (1992) based on tf¥cle of the surface waves was divided by the minimal cross-
method of Wolfet al. (1985). The Lyapunov exponent is a S€ctional area of the stipe to provide a measure of the
measure of how rapidly two trajectories of the ball’'s motiof"@imum nominal stress placed on the stipe material. In
move apart in phase space when these two points were initiafifidition, the vertical location of the point elemey, was

very close together. A positive largest Lyapunov exponent caoted at the time of the maximum tension. This allows us to

be indicative of chaos. See Moon (1992) for a more thoroughPmpPare the maximum recorded stremgi(a consequence, at
introduction to the Lyanpunov exponent. least in part, of the motion of the alga) with the drag-induced

stresostatthat a stationary plant would experience if its blade
Numerical experiments area were subjected to a unidirectional current with the

Seven aspects of the forces imposedNouetkeanavere ~maximum velocity that occurs gh. This stress ratio,

examined using our numerical model. R = Oac{Ostat, (22)

Table 3.The growth pattern itNereocystis luetkearend in the hypothetical plants used in the numerical experiments

Isometric Isometric
Natural plants ‘small’ plants ‘large’ plants
a B SEE r N P a B a B
Buoyancy (N) 0.328 1.657 0.010 0.961 25 <0.001 1.650 3 0.015 3
Mass (kg) 0.124 1.391 0.081 0.944 38 <0.001 0.860 3 0.003 3
Blade area () 0.140 1.270 0.083 0.913 49 <0.001 0.338 2 0.026 2
Minimum equivalent 0.00263 0.433 0.040 0.906 27 <0.001 0.00502 1 0.00071 1

stipe radius (m)

The coefficientsx andp refer to the equation: character of interestl, whereL is stipe length.
SEEis the standard error of the regression estimate.
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is an index of how the ability of the plant to move with the Results

flow affects the stress its stipe encounters. A stress ratio of less Morphology

than 1 indicates that going with the flow may be advantageous The allometric relationships between stipe length and
in terms of the tension imposed on the stipe. buoyancy, overall plant mass, frond area and minimal

. . . equivalent stipe radius are given in Table 3. In each case, the

Effect of blade proliferation at maturity exponenf is significantly less than that expected for isometry,

As noted above, wheN. luetkeanaplants have stipes long indicating that, as they grow towards the surface, these plants
enough to reach the surface, the stipe stops increasing in lengfgnerally become more slender and relatively less buoyant. For
and the blades proliferate. To explore the mechanicadxample, overall plant mass, which would increase3d®r
consequences of this growth pattern, ‘mature’ plants wergn isometrically growing plant, increases as ohfy391
modeled by setting the stipe length equal to the water depBuoyancy, which would similarly increase a$ in an
(10m) and increasing the blade area by a factor of three abolgmetrically growing plant, increaseslds>7, Stipe diameter
that predicted by the allometric growth equation of Table 3, &ncreases ak0-433rather than at! as expected for isometry.
ratio commonly seen in the field. The overall plant mass washis last relationship is in contrast to the results of Johnson
adjusted to account for the increase in frond size by noting thatnd Koehl (1994), who found no correlation between stipe
in plants growing allometrically, approximately half the overalllength and stipe diameter in their study in Washington state.
plant mass is due to the stipe. This mass was held constant aledhnson and Koehl (1994) examined only maturieetkeana

the remaining mass was multiplied by three. however, and the restricted range of sizes used in their study
may have obscured any relationship between stipe length and
Effects of plant shape diameter. The different results found in the present study

The consequences of allometric growtiNiduetkeanavere ~ therefore do not necessarily mean thatluetkeanahas a
explored by repeating the numerical experiment describedifferent pattern of growth in California from that in
above, but substituting hypothetical plants growingWWashington state.
isometrically. These isometric plants had either the shape of a i
very smallN. luetkeanaL=0.3m) or of a large (natural. ) F|eld.tests ]
luetkeanawith a stipe length equal to a typical water depth The tensions measured in the field closely match those
(L=10.0m). The coefficients describing the pattern of groV\,ﬂpredlcted by our numerical model. The overall distribution of

in these isometric plants are given in Table 3. As with thd€nsions are shown in Fig. 4. To create these graphs, the
allometric growth experiment, plants were subjected to 5dgweasured tensions were sampled every 0.5s and the predicted
waves of fixed height anc=10s tensions were sampled as close to every 0.5s as allowed by the

variable time step of the numerical integrator. The mean
Effects of water depth measured tension was 9.99+3.20 N (meam£ N=3112). The

The effects of the depth of the water on the forces imposergean pred|cted tension was 9.4812.7N¥2995). Thus, our
numerical model predicts the mean tension within

N. luetk I ing hypothetical ) .
on uetkeanawere explored by exposing hypothetica approximately 0.5N, 5.1% of the mean measured tension.

allometric-growth plants of a fixed stipe length (2m and aNote that, for both the actual plant and the model, the mean

length equal to the water’s depth) to waves of a fixed heig%nsion is less than the plant's net buoyancy (12.51N).

(4m) and period (105) at depths varying between 5 and 20m'The mean maximum tension measured for the 119 waves

Plan_ts were e_xposed to 55)_wave§ at eachldepth and tQfamined in the field trial was 13.48+3.04 N (meaDd). The
maximum tension was noted in each wave cycle. mean predicted maximum tension is 12.69+2.70N. Our

.The. estimates of stress made here can be placed "Nh@merical model underestimates the mean maximum tension
biological context by comparing the calculated stress withy

’ ) X ﬁﬁl an average of 0.79N, only 5.9% of the measured mean
the stress required to break the plant's stipe. Koehl and,.imum tension. The mean fractional error of the predicted

Wainwright (1977) measured the mean breaking strength ofaximum tensions is 5.7 %.
N. luetkeanan Washington state to be 3.64+2.20 MPa (mean A representative time series of measured and predicted

* s.p.). Johnson and Koehl (1994) report mean breakingensions is shown in Fig. 5. In general, the predictions of the
stresses varying from 2.77+0.58 to 2.92+0.69 MPa (mean godel closely follow the measured tensions, although there are
s.0.) for plants exposed to substantial water motion, again igccasions (as seen in the last third of this figure) when the
Washington state. For the purpose of estimating the fractiophase of a predicted peak is shifted substantially from that
of stipes broken by a given imposed stress, we assume thatasured and, on rare occasions, the numerical model misses
breaking strengths are normally distributed. Thus, a stresshtirely a peak in the measured tension. These deviations are
equal to the mean stress will break 50 % of stipes, a strespilobably due to the finite size of real plants (as opposed to the
standard deviation below the mean will break approximatelpoint element used in the model). If some fraction of the blades
16 % of stipes, and a stress 2 standard deviations below tieemoving in one direction while the rest of the plant moves in
mean will break approximately 2% of stipes (Zar, 1974). another, the resulting force could differ substantially (both in
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Fig. 6. The power spectra of (A}directed motion recorded in the
wave tank for the air-filled ball and (B}directed motion predicted
Predicted by the numerical model. The spectra frardirected motion in the
physical and numerical models show a similar match.
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Time (s) precise timing of this reimposition of tension relative to the
) ) ) ) ) ) phase of the wave-induced water motion had a drastic effect
Fig. 5. A comparison of the time series of stipe tension measured gy, 1o subsequent motion of the ball. Small shifts in the timing
the f|e_Id (thick, soh_d I_|ne) Wlth the time series predicted by theresulted in large changes in the ball's path.
numerical model (thin line with crossed data point). . . .
The chaotic motion of the ball can be seen clearly in a
Poincaré section (Fig. 7B), in which the horizontal location of
magnitude and time) from the predicted force. Overall, théhe ball is plotted against its vertical location at one arbitrary
temporal shift between predicted and measured peak tensigpisase of the driving frequency. The chaotic motion of the corn-
is small. The mean difference in the time of peak tension isil-filled ball does not repeat itself, and its Poincaré plot tends

0.56+2.28s (mean &D., N=119). to fill a certain range in the phase plane.
_ The sensitive coupling between the periodic motion of the
Laboratory experiments water and the discontinuous tension on the tether is reflected

The highly buoyant, air-filled ball behaved much like ain the power spectra recorded for the corn-oil-filled ball in the
pendulum (albeit in an inverted orientation because of thevave tank (the spectrum fgrdirected motion is shown in
model’s positive buoyancy), with a periodic motion under the~ig. 8A). A discrete peak is present at the driving frequency
influence of the surface waves (the spectrumyfdirected (1.501Hz), but much of the energy of the ball's motion is
motion is shown in Fig. 6A). The spectra of the air-filled ballspread across a range of lower frequencies. Broad peaks at
predicted by our numerical model closely match thos®.520 and 0.989Hz in the-spectrum are not integral
measured in the wave tank (Fig. 6B). subharmonics of the driving frequency. The chaotic motions of

The motions of the corn-oil-filled ball in the wave tank werethe corn-oil-filled ball are predicted by our numerical model.
much more complex (Fig. 7A). The reduction in buoyancy inThe power spectra are characterized by a spread of energy
this ball was sufficient to allow drag to propel the ball aacross frequencies below the driving frequency, and the
substantial distance down into the water column, removing th@agnitude of these spectral estimates is quite similar to those
tension on the tether. The ball then floated back towards thhecorded in the wave tank (the spectrumyfdirected motion
water's surface, again imposing a tension in its ‘stipe’. Thés shown in Fig. 8B).
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chaotic motion.

Horizontal distance (m)

The largest Lyapunov exponent for the measured motion afirected motion and 0.297+0.038 fordirected motion,
the corn-oil-filled ball is positive: 0.317+0.055 (95% indicating that the numerical model (like the physical model)

confidence limits) fox-directed motion and 0.158+0.052 for

displays chaotic dynamics.

y-directed motion, indicative of chaos. The largest Lyapunov In summary, the predictions of our numerical model (spectra
number calculated for data from our numerical predictions isf x- and y-directed motions, Lyapunov exponents) closely

also positive: 0.304+0.038 (95% confidence limits) fer
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Fig. 8. The power spectra gidirected motion of the corn-oil-filled

match the measurements made in the wave tank, even for two
quite dissimilar types of motion.

Predicted forces olN. luetkeanaallometric growth
Plant length

The allometric increase in minimal stipe diameter as a
function of stipe length results in predicted dynamic stresses
(tension per unit cross-sectional area) that are generally high
for plants with stipes approximately 2 m long and low for stipes
approximately 5-6 m long (Fig. 9A). The reduction in stress
for stipes 5-6m long is such that the stress these plants
experience for waves 6m high is no greater than that
experienced under waves 4m high. Above a length of 6m,
stress increases until the point element reaches the surface.

At the most stressful stipe length (2m), a wave with a height
equal to the breaking limit (7.8 m given a depth of 10 m) will
impose a stress of approximately 1.5MPa, 0.97-2.19 standard
deviations below the mean breaking stress, depending on
which estimate of strength is used (Koehl and Wainwright,
1977; Johnson and Koehl, 1994, respectively). Given the
assumption of normally distributed breaking stresses, this
suggests that 1.4-16.6 % of stipes 2m long can be broken by
extreme storm waves.

The static stress that would be applied to the plant by
unidirectional flow is often less than that predicted by the
model, with the result that the stress rafi®y,is generally
greater than 1 (Fig. 9B)R is highest in short plants and
generally decreases as plants grow longer. For wave heights of
4m and greateR may reach values in excess of 3.5 for stipe

ball in the wave tank (A) and in the numerical model (B). In eachléngths of 1-2m, indicating that in these short plants going
there is a discrete peak at the driving frequency (1.50 Hz), but mudhith the flow increases (rather than decreases) the force

of the variance in the ball's motion occurs at lower frequencies.

imposed on the organism.
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Fig. 9. The maximum stress (A) and maximum stress ratio (BFig- 10. The maximum stress (A) and maximum stress ratio (B) for

predicted foN. luetkeanas a function of stipe length. Each point is N- luétkeanaas a function of wave height. Each point is the mean
the mean of values recorded in 50 wave cycles and the error bars of values recorded in 50 wave cycles and the error bars are standard

standard deviations, an index of the variation in each velumave  deviations, an index of the variation in each valuestipe length.
height.

Wave height Predicted consequences of blade proliferation at maturity

Predicted maximum dynamic stresses and stress ratios afave height
shown as a function of wave height in Fig. 10 for plants of Increasing blade area and mass by a factor of 3 in a plant
selected stipe lengths (2, 6 and 10 m) growing allometricallfOm long increases the predicted stress imposed on the stipe
in water with d=10m. Maximum dynamic stress generally at all wave heights, but by a factor that is generally less than
increases with increasing wave height (Fig. 10A), although i3 (Fig. 12A). These ‘mature’ plants apparently benefit from
plants 6 m long stress remains relatively constant above a wageing with the flow: the stress ratio is uniformly less than 1
height of 4 m. (Fig. 12B), and for wave heights in excess of 4m can be as

The ratio of dynamic to static forces varies considerablyow as 0.55, indicating that these plants experience only 55 %
with wave height (Fig. 10B), but is generally largest in smallof the force they would feel if their blades were subjected to
plants, such as the 2m plant used in this example. In this casmidirectional flow.
R peaks at a value of 3.6 for a wave height of 3.8 m, an The maximum stress imposed on a mature plant by waves
indication that much of the load on these plants is due twith a height equal to the breaking limit (fok=10m) is
dynamic forces. For plants 10m lonB,is generally low, approximately 2 MPa, 0.75-1.33 standard deviations below the

varying only slightly above and below a value of 1. measured means of breaking stress. Given the assumption of
. normally distributed breaking stresses, this suggests that
Wave period 9.1-22.8% of mature plants could be broken by extreme storm

The effects of wave period depend on stipe length (Fig. 11jvaves.
For a short allometric-growth plarit£2 m), stress is maximal
when waves have a period of 10s (Fig. 11A). In contrast, whe/ave period
the plant is as long as the water is deep (10m), stress isThe stress and stress ratio occurring in matudeetkeana
maximal when the wave period is approximately 5.5s. Thelants is maximal at short wave periods (<8s), the precise
corresponding stress ratios (Fig. 11B) generally decrease witbcation of the maximum depending on wave height
increasing wave period. (Fig. 13A,B). At long wave periods (>16s), the stress ratio
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Fig. 11. The maximum stress (A) and maximum stress ratio (B) foFig. 13. The maximum stress (A) and maximum stress ratio (B) for
N. luetkeanas a function of wave period. Each point is the mean omature N. luetkeana (stipe length L=10m, with a threefold

values recorded in 50 wave cycles and the error bars are standiproliferation of blade area) as a function of wave period. Each point
deviations, an index of the variation in each valyestipe length.
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is the mean of values recorded in 50 wave cycles and the error bars
are standard deviations, an index of the variation in each value. Depth
10 m.H, wave height.

may be less than 0.4, indicating that going with the flow is
exceptionally advantageous under these conditions
(Fig. 13B).

Predicted consequences of isometric growth: ‘large’ shape
Plant length

The pattern of forces imposed on a plant that grows with the
shape of a normdl. luetkeanalO m long are similar to those
seen in plants growing allometrically. The peaks in stress and
stress ratio seen in short allometric-growth plants occur in
these isometric-growth plants, but at slightly lower values. For
example, when waves are 6m high, the peak stress in the
isometric ‘large’-shape plant is 0.88 MPa compared with
1.10 MPa in the allometric plant. For stipe lengths in excess of

Fig. 12. The maximum stress (A) and maximum stress ratio (B) for
mature N. luetkeana (stipe length L=10m, with a threefold
proliferation of blade area) as a function of wave height. Each point
is the mean of values recorded in 50 wave cycles and the error bars
are standard deviations, an index of the variation in each value. Note
that the stress ratio of the mature plants is uniformly less than 1,
indicating that these plants receive a benefit from ‘going with the
flow’. The curve for a 10 m long plant prior to blade proliferation is
shown for reference. Depth 10 m, period 10s.
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Fig. 14. The maximum stress (A) and maximum stress ratio (B) asFig. 15. (A) The power spectrum of tensions predicted by the
function of stipe length for hypothetical plants growing with the shapnumerical model for a hypothetical plants with a ‘small’ shape
of a small (0.3 m long)\. luetkeanaEach point is the mean of values (L=2.8 m,H=2m,1=10s,d=10 m). The chaotic dynamics of the plant
recorded in 50 wave cycles and the error bars are standard deviatioare evident in the noisy spectrum. (B) The power spectrum for a
an index of the variation in each vall&.wave height. ‘small’-shaped hypothetical plant under the same conditions as for A,
but with L=6m. The discrete peaks in B are indicative of periodic
motion. L, stipe length;H, wave height;t, wave period;d, water
3m, the isometric ‘large’-shape plants behave in a similacolumn depth.
manner to allometrically growing plants, as expected.

Wave height and period between successive waves. For certain lengths in this range
The variation in stress and stress ratio as a function of waye.g. 2.10m), the pattern of variation in maximum force
height and period are similar between isometric-growtfeventually settles down to a periodic repetition, alternating
‘large’-shape plants and allometric-growth plants. The solgetween two different tensions on consecutive waves. For
notable difference is that the tension and stress ratio in ‘|argebther |engths (eg 1.2 m)’ maximum forces repeat every four
shape plants with short stipes is slightly less than that in thgaves. At still other lengths (e.g. 2.8 m), the motion of the
corresponding allometric plants. isometric plant appears to be chaotic. For example, the power
) , ) spectra ok- andy-directed motion and stipe tension in a 2.8 m
Predicted consequences of isometric growth: ‘small’ shape|Ong plant subjected to waves 2m high exhibit some of the
Plant size broad-band noise typical of deterministic chaos. This is
Plants growing isometrically with the shape of a 0.3 m longarticularly evident for the power spectrum of tension
allometric-growth plant have a complicated behavior (Fig. 14)(Fig. 15A). The noise in this spectrum is best judged by
In general, the stress and stress ratio in these plants are highemparison with the spectrum obtained for a longer isometric-
than those in plants that grow allometrically (Fig. 9). Howevergrowth plant subjected to the same flow regime (Fig. 15B). The
the mean stress at a given wave height can vary drastically wigpectrum for this longer plant exhibits the discrete peaks
a small change in stipe length. Consider, for example, theharacteristic of a complicated but strictly periodic motion. A
variation in stress and stress ratio for plants exposed to wavEsincaré section of the motion for the 2.8 m long isometric
2m high. For stipe lengths between 1.0 and 5.0 m, stresses guildnt is shown in Fig. 16. The 1000 points in this figure tend
stress ratios are much increased above the smooth trend foundill a region of phase space and exhibit none of the regularity
at other stipe lengths. Furthermore, in this range of anomaloexpected of periodic or quasiperiodic motion.
stress, the maximum calculated stresses vary substantiallyWhen plants with an isometric ‘small’ shape are subjected
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Fig. 16. A Poincaré section of the motion of a ‘small’-shapedFig. 17. Maximum dynamic stress as a function of wave height for

hypothetical plantl=2m, 1=10s,d=10m) at an arbitrary phase in hypothetical plants growing with the shape of a siNalluetkeana

the wave cycle. The broad spread of points is indicative of chaos. Each point is the mean of values recorded in 50 wave cycles and the

stipe lengthH, wave heightz, wave periodg, water column depth. error bars are standard deviations, an index of the variation in each
value.L, stipe length.

to waves higher than 2m, a similar ‘bump’ in stress is seen for

a range of stipe lengths (Fig. 14A,B), and a shift from periodishape plants is further exhibited when stress is examined as a
to chaotic motion is also observed. The ‘bump’ in stres$unction of wave height (Fig. 17). Average maximum stress
extends over a much larger range of lengths, however, and thenerally increases with increasing wave height regardless of
shift from periodic to chaotic motion occurs at longer stipghe length of the plant’s stipe, but the trend is noisy, with the
lengths. In this case, the shift to chaotic motion may beverall maximum stress being found in plants of different
accompanied by a decrease (rather than an increase) in méamgths at different wave heights. Stress ratios (data not shown)
maximum tension and stress. For example, when waves are Mary among wave heights with no clear pattern, although they
high, plants with stipes longer than approximately 5.5mare uniformly much in excess of 1 (15.6+4.7, meapd) and
exhibit maximum tensions that vary drastically from one waveeach values as high as 25.

to the next, but the mean maximum tension is substantially

lower than that at slightly shorter stipe lengths (Fig. 14A). AsVave period

with the example discussed above, the maximum tension mayThe stresses occurring in isometric-growth ‘small’-shape
alternate between two values on successive waves, may retynlants with a stipe 2m long are maximal for wave periods
to the same value every four waves or may be aperiodic (thbetween 6 and 10s (Fig. 18). At longer periods, this parameter
is, chaotic). Note that the shift to variable maximum stressedecreases dramatically. The behavior of isometric ‘small’-
for waves 4m high occurs at stipe lengths too short to allowhape plants with a stipe length of 10 m is highly erratic. Any
the point element to encounter the surface. When the wavesderlying pattern in stress as a function of wave period is
are 6 m high, the shift to variable maximum tensions does not
occur until plants are approximately 8.5m long (Fig. 14), at 4
which point they may intersect the surface in wave troughs. In
this case, the possibility that the variation in maximum tension
is driven by surface effects cannot be ruled out.

We conclude from these data that plants growing
isometrically with a ‘small’ shape are (for certain ranges of
stipe length and wave height) subjected to dynamic stresses
that are highly variable and on average drastically different
from those acting on plants of the same shape but with longer
or shorter stipes and are also different from those imposed on
plants growing allometrically. In some cases, these anomalous 0 : : !
stresses are much larger than those imposed on plants growing 8 12 16 20
allometrically. For certain stipe lengths and wave heights, Wave period (s)

thes_e anomalous tensions arise in association with Chaoﬁg. 18. Maximum stress as a function of wave period for hypothetical
motions of the plant. plants growing with the shape of a smdllluetkeanaEach point is
. the mean of values recorded in 50 wave cycles and the error bars are
Wave height standard deviations, an index of the variation in each vh|ugtipe
The complexity of motion in isometric-growth ‘small’- length.

w
T

L=10m

Dynamic stress (MPa)
N

2m




3180 M. W. DeNNy, B. P. GiyLorD AND E. A. CoweN

obscured by the chaotic motions of the plant. The average Discussion

stress ratio is 13.6+7.9 (mears:b.). Note that, at a period of In the present Study’ we propose a simp|e numerical model
7-8s, plants 10m long subjected to waves 4m, as used in thé the kinetics ofN. luetkeanaand have shown that these
experiment, experience stresses that on average approach ¢ageulations accurately predict the motions of small-scale
mean breaking stress Nf luetkeananeasured by Johnson and physical models and the stresses imposed on an adtual
Koehl (1994) (2.77+2.92 MPa). luetkeanaplant in the field. These preliminary tests give us
In summary, hypothetical individuals that grow tentative confidence that our numerical model is a reasonably
isometrically with the shape of smal. luetkeanaplants  accurate depiction of the kinetics of the bull kelp, and we have
encounter stresses that are generally large relative to planfsed the model to explore the roles that plant size and
with allometric growth and can behave erratically whengllometry, wave height and period and water depth play in the
exposed to wave-induced flows. For certain combinations ghaximum forces imposed on this kelp’s stipe. The result is a
wave height and stipe length, the stresses accompanying thggeliminary sketch of the highly complex motion of this
erratic motions can be more than 10 times those found iffexible plant when exposed to wave-induced flows. Three

allometric plants and, for long stipes, can be large enough {fimary conclusions can be drawn from this sketch.
break a substantial fraction of stipes.

Wave-induced forces alone can break only a small fraction

Predicted effects of water depth: allometric-growth plants of N. luetkeanastipes

The effects of water depth are sensitive to the length of the The results presented in Fig. 12A show that even when

pIanF. For aIIometr?c pIant; with a stipe length .Of 2m, th aves are at their maximum height, they are capable of
tension and stress in the stipe decrease monotonically as Waﬁ%aking only 9-23% of the stipes of a population of mature
depth increases (Fig. 19). In contrast, the tension and stress

lant wh tipe i | th ter is d "“kelps growing in water 10 m deep. This is consistent with the
a piant whose stipe 1s as long as In€ waler IS deep vary g g reported for other large kelps. For example, Friedland
more complex fashion. For example, stress reaches a maxim

' Yhd Denny (1995) found that intact stipes of the feather boa
ata depth of 8m and has a local minimum at a depth of 15 rQelp Egregia menziesiivere quite capable of resisting the

water motion associated with waves in the surf zone, and Utter

12 and Denny (1996) predicted that even extreme storm waves
' A were capable of breaking only 12—-17 % of stipes in the giant
) kelp, M. pyrifera
CEL L=2m p py
a 0-8_‘ Going with the flow is advantageous, but only for mature
% /—0\\ plants
Qo L=depth The stress ratio of a 10m long matuxe luetkeanais
§ 0.4}  of water substantially less than 1 for all wave heights and periods
2 I (Fig. 12B), suggesting that these large individuals receive an

~ advantage from their ability to move with the surrounding

. . , . water. The advantage of going with the flow does not apply,
however, to juvenileN. luetkeana For example, plants 2m

4 long can experience stresses capable of breaking 1-16% of
B stipes (Fig. 9A), and two-thirds of this stress can be attributed
to dynamic loadingR=3, Fig. 9B). Thus, it appears thit
luetkeanamust grow through a length range in which going
with the flow is disadvantageous before finally reaching a size
2l at which flexibility is beneficial.

% Allometric growth has a strong effect on the forces
g~ encountered

Our numerical model suggests thalif luetkeanavere to
e grow isometrically, maintaining the shape it had as a juvenile

5 10 15 20 plant, the forces encountered would be increased (Fig. 17) to

Water column depth (m) the extent that storm waves (wave heights 5-6m) would

Fig. 19. The maximum dynamic stress (A) and maximum stress rati'(gnpqse. stresse§ in excess of the mean break!ng Str(.ess. Much
(B) for allometricN. luetkeanas a function of the depth of the water Of this increase in force would be due to dynamic loading — the
column. Each point is the mean of values recorded in 50 wave cycl&8ean stress ratio in these ‘small’-shape plants is predicted to
and the error bars are standard deviations, an index of the variatiexceed 10 for most wave heights and stipe lengths, and can be
in each valueL, stipe length. as high as 25 (Fig. 14B). Thus,Nf luetkeanawvere to grow

Stress ratioR
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isometrically, going with the flow would be highly 1.0
disadvantageous. < 097

The increase in stress in ‘small’-shape isometric-growth & 0.8 }
plants is due to two factors. First, small plants have a relatively~ 0.7
large blade area and mass for their length, which would directly$ 0.6 ] ,
increase their drag and potentially increase their inertial load.% 05
‘Small’ shape could thereby increase the mean maximum force§ 0.4
exerted on the stipe. Second, for certain combinations of waveE g 3
height, wave period and plant length, isometric-growth é 0.2
‘small’-shape plants are predicted to experience a maximum 1|
force that varies from one wave to the next, even when wave o S S S
height and period are constant. The largest of these variable 0 50 100 150 200
forces can greatly exceed the mean. As a result, the dynamics Cycle number

assoplated with the J.uvenlle .shape can substantially Increalg'%. 20. A time series of the maximum stresses recorded in each of
the risk of breakage in the stipe.

. 200 wave cycles for a ‘small’-shaped hypothetical plant undergoing
In summary, the results reported here suggest that goir.p4otic motionL stipe lengthH, wave height.
with the flow cannot be a mechanical panacea in wave-swe,

algae. Unless a plant's shape is adjusted appropriately during

‘Small-shape’ plant
H=2m,L=2.8m

growth and the plant grows to sufficient size (a leng 1.0
approaching the water’'s depth), the disadvantages of inei
loading outweigh the advantages of reduced relative veloc 0.8+
Note that other kelps, suchlaaminaria saccharinghave been
shown to be capable of adjusting their shape in direct respc E‘ 0.6 -
to imposed forces (Gerard, 1987), suggesting the possibi @
that the observed allometric growthNin luetkeanaould itself S 0.4k
be a response at least in part to the dynamic forces impose %
the plant. 0.2+
The role of chance 0 . . .
For a plant whose dynamics are chaotic (e.g. a bull k 0 0.2 0.4 0.6 0.8 1.0
growing isometrically with a ‘small’ shape), the intrinsi Dynamic stress (MPa)

variability in the plant’s dynamics injects an element of chance
into the forces imposed on the organism. If by chance a pIantFig- 21. The cumulative probability distribution of maximum stresses
blade mass comes to the end of its tether at just the right instd™0™ 1500 wave cycles for a ‘smallshaped hypothetical plant
in the wave’s phase, can the resulting force increase Withoundergomg chaotic motion.
limit? If this were true, plants might be broken even when the
wave height was constant and relatively small. This scenarifgrce that will occur due to chaotic motion. If this is indeed so,
coupled with the fact that we do not observe chaotic motion iit implies that chaotic dynamics, while capable of increasing
N. luetkeanglants with a ‘natural’ shape, could be used in arthe stress imposed on a plant, does so only within limits. In
evolutionary explanation of why the bull kelp grows with thethis caseKlls=2 m), the limit is approximately 0.8 MPa, a stress
form that it does. that would break only a tiny fraction of stipes. Therefore, if the
This argument is only partially supported, however, by amupper limit to the stress imposed by chaotic motion is less than
examination of the probability distribution of forces imposedthe strength of the plant’s stipe material, the presence of chaos
on chaotic kelps. We have used our model to expose a ‘smaltloes not necessarily imply a reduction in survivorship.
shape plant 2.8 m long to monochromatic waves 2m high
(d=10m,t=105), a flow regime that we have shown induces Caveats
chaotic dynamics. The plant was exposed to 1500 waves andThe simple numerical model proposed here is only a first step
the maximum stress was recorded for each wave cycle. tdwards a complete understanding of the dynamics of giant
representative segment of this record is shown in Fig. 2&elps. For example, we have drastically simplified the plant’s
Maximum stress does indeed vary erratically from one cycldynamics by assuming that mass and area are present at a single
to the next, but there appear to be limits to this variation. Theoint whereas, in an actual plant, mass and area are distributed
height of all the higher peaks is approximately the same, as lmth along the stipe and across the blades. As noted previously,
the depth of the lower valleys. This impression is borne ouhis oversimplification on our part may help to explain the
when the cumulative probability curve is calculated (Fig. 21)occasional deviations of the model’s predictions from the forces
There is no evidence of a tail of rare large forces in this curveneasured in the field (Fig. 5). It would be feasible (although
suggesting that there may be a stringent limit to the maximumomputationally intensive) to construct a multi-element,
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distributed-mass model to predict these more complicatetthrough the range of stipe lengths for which dynamic loading
motions. It may also be advantageous in future models tg severe. If these few days could be synchronized with periods
account for the forces associated with convective acceleratiors, small waves,N. luetkeanacould avoid altogether the
the slight bending stiffness dfl. luetkeanastipes and the consequences of dynamic loading at small size.
nonlinear aspects of near-shore waves. In the meantime, we ard=inally, we note two other factors that could affect the
encouraged that a model as simple as ours appears to explairdictions of the probability of stipe breakage made here.
much of the dynamic behavior bf. luetkeana First, Koehl and Wainwright (1977) found that the majority of

Our numerical results suggest that, by being large enoughull kelp stipes broken at their field sites in Washington state
kelps can indeed benefit from going with the flow, and wevere either tangled with other stipes or had been weakened by
concur with others (e.g. Koehl and Wainwright, 1977; Koehlherbivory. If tangling is present, the predictions made here are
1986) that this reduction in hydrodynamic forces may havéikely to underestimate the rates at which stipes are broken in
played a role in the evolution of shape and material propertiggtural populations. In this respect, the ultimate fate of a plant
in these plants. There are, however, several alternative oray be governed not only by its mechanical design (the
additional factors that could select for large size in kelps. (1properties of its materials and its shape) but also by its
Light is rapidly attenuated by coastal sea water, and anpteractions with predators and neighbors. Second, large waves
morphological shift that allows blades to come close to thare most likely to occur in the winter, when the blade mass of
surface thus has the potential to increase a plantd. leutkeanas typically small. Thus, the predictions made here
photosynthetic output. (2) A frond adjacent to a rockyregarding stipe breakage could be overestimates, in that they
substratum is liable to be tattered by contact with the rock amassume that waves of maximal height can act on plants with
may be at an increased risk of herbivory. In this respect, it maypeir full blade mass.
be advantageous to move the fronds away from the substratum.
This has been accomplished in many species by the evolution A final note on chaos in kelps
of a woody, cantilever-like stipe (see Gaylord and Denny, In the results reported here, we have only begun to explore
1997), but the support of one or more buoyant floats (as se#re nature and consequences of chaotic dynamics in the simple
in feather boa, bull and giant kelps) appears to be a viablgint-element/tether system of our numerical model. What is
alternative. (3) Lastly, foN. luetkeanathe ultimate size of the the route to chaos for this system? Our preliminary results
blades determines the size of the plant’'s sporophylls. Thuspggest that period doubling (see Moon, 1992) may be the
increased size (if accompanied by reasonable survivorshignswer, based on our observation of periodicity in the
will increase reproductive output. It seems reasonable that amyaximum force of both two and four times the forcing period.
or all of these factors could have provided additional guidanc@/e have not, however, examined the matter in detail. Precisely
in the evolution of large size N. luetkeana where are the boundaries between periodic and chaotic

If big is good, why, then, have more kelps not followed themotion? What particular aspects of plant size and shape govern
same path? Large size is, after all, the exception rather than e transition to chaos? We simply do not know. We hope that
rule in wave-swept plants. At least part of the answer may liey reporting our preliminary findings here, others will be
in the large stresses placed on relatively small plants, as segfiimulated to pursue this intriguing mechanical system in
here for 2m longN. luetkeanalf evolving plants just grew greater depth. A first step in this direction has been taken by
longer without any adjustment to their shape, our modeBottlieb (1997), who examined the motion of an inverted,
suggests that dynamic forces imposed by waves could formedastic pendulum exposed to wave-driven hydrodynamic
barrier to further growth. Only after an appropriate allometrymotions. This model is similar to our kelp model, but does not
had been achieved could plants grow through thignclude the discontinuity in the stiffess of the tether. Gottlieb
hydrodynamically enforced bottleneck in the presence ofound chaotic motions in his system similar to those reported
substantial wave action. here.

It should be noted, however, that wave heights vary
seasonally in a predictable fashion, and intervals of calm can We thank B. Hale, J. Leichter, S. Wing, G. Villa, L.
occur even in the stormiest of seasons. Thus, it is possible foberson and T. Nicholson for their assistance with the field
plants to avoid the consequences of disadvantageous sizea®d laboratory work, O. Gottlieb for insight regarding chaos,
shape by growing through the bottleneck at a time when larggd Drs S. Monismith and J. Koseff for the use of the wave
waves are abserit. luetkeananay well take advantage of this tank in Stanford’s Environmental Fluid Mechanics Laboratory.
opportunity to hedge its bets. Plants begin to grow in the earfgreya Sommer lent her artistic talents to Fig. 1. Portions of this
spring, when wave heights are generally lower than thos&ork were supported by NSF Grants OCE 9115688 and OCE
during the winter storm season. Furthermdte|uetkeanas 9313891 to M.W.D.
among the fastest growing plants on earth; its stipe length
increases by an average of 10cm per day (Abbott and
Hollenberg, 1976) and at times can increase by as much as References
25cm per day (Duncan and Foreman, 1980). Given this rate @bgot, I. A. AND HoLLENBERG, G. J. (1976).Marine Algae of
stipe extension, only a few days would be required to grow California. Stanford, CA: Stanford University Press.
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