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Abstract

It has been proposed that the mechanical flexibility of many wave-swept organisms reduces the hydrodynamic
forces imposed on these plants and animals. For example, reorientation of the organism can render it more stream-
lined, and by “‘going with the flow” a flexible organism can reduce the relative velocity between itself and the
surrounding water, thereby reducing drag and lift. Motion of the body allows the organism to gain momentum,
however, and this momentum can apply an inertial force when the organism’s motion is slowed by the deformation
of the body’s supporting structures. Through a series of mathematical models we show that the inertial forces
imposed on flexible plants and animals can be large enough to increase the overall force on the organism, more
than offsetting the advantages of moving with the flow. A dimensionless index, the jerk number, is proposed as a
tool for predicting when inertial forces will be important, and the utility of this index is explored through an
examination of the forces applied to kelps and mussels. The tendency for inertial loading to peak at certain fre-
quencies raises the possibility that the structure of organisms can be tuned (either by evolution or physiological

response) to avoid potentially damaging loads.

Benthic marine organisms in the intertidal and shallow
subtidal zones must contend with harsh and oftentimes high-
ly variable environmental conditions. At sites exposed to
wave action, wave-induced hydrodynamic forces can be the
dominant environmental stress. For example, water veloci-
ties in breaking waves commonly reach values of 10 ms™!,
resulting in the imposition of large forces on benthic organ-
isms (e.g. Denny et al. 1985; Denny 1988; Gaylord et al.
1994; Denny 1995). Whenever the supporting structure of a
creature is insufficient to resist these forces, mechanical fail-
ure occurs and the organism is tattered, broken, or dislodged
from the substratum.

Previous studies have shown that differential susceptibil-
ity to physical disturbance can have profound influences on
an individual’s survival, the distribution of species across
habitats, and the structure of the biotic community as a
whole (e.g. Dayton 1971; Paine and Levin 1981; Sousa
1979a,b; Menge 1978). A mechanistic, quantitative exami-
nation of the forces imposed on organisms in the marine
environment and the means by which these organisms con-
tend with these forces is therefore crucial to understanding
the morphology, physiology, ecology, and evolution of or-
ganisms on wave-swept shores.

The interaction between the supporting structures of ben-
thic organisms and the hydrodynamic forces of the environ-
ment, however, is poorly understood. Specifically, most pre-
vious studies examining the forces imposed on organisms in
high-energy environments have assumed that the organism
is stationary (e.g. Koehl 1977a; Denny et al. 1985; Carring-
ton 1990; Denny 1993, 1994; Gaylord et al. 1994). Although
this is reasonable for rigid organisms rigidly adherent to the
substratum, it may not be appropriate for flexible plants and
animals (such as anemones, hydrozoans, mussels, gooseneck
barnacles, soft corals, and most macroalgae) that are able to
reorient and move with the flow.
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This ability has three pertinent consequences. First, the
deformation and reorientation of the organism may render it
more streamlined. Second, the motion of the organism as it
deforms can change (and often reduce) the velocity and ac-
celeration of the fluid relative to the plant or animal. By
assuming a less resistive posture and moving with the flow,
the organism may reduce the hydrodynamic forces imposed
upon it. Third, motion of the body allows the organism to
gain momentum. This momentum can, in turn, apply an in-
ertial force to the body when the body’s motion is slowed
by any elastic attachment to the stationary substratum. Thus,
movement, as determined by the properties of a plant or
animal’s supporting structure, can potentially affect the total
force applied to the organism. Although a few studies have
investigated the effects of the mechanical properties of sup-
ports on the forces they experience (e.g. Koehl 19774,b), as
well as the significance of bending in flow on drag coeffi-
cients and projected surface area (see Gaylord et al. [1994]
and the references cited therein), the potential importance of
flexibility has not yet been thoroughly explored.

An important issue here relates to the rather tacit assump-
tion that movement in flow confers lower forces than would
be encountered by stationary creatures. To address this issue
explicitly, we present a sequence of mathematical models
that quantitatively explore the inertial consequences of flex-
ibility. Here, these models are applied to the particular case
of benthic organisms in the wave-swept environment where
the fluid (seawater) is dense, the velocities and accelerations
may be large, and the hydrodynamic forces can therefore be
substantial. The same principles apply, however, for plants
and animals in a wide variety of other habitats.

Hydrodynamic versus inertial forces

Consider first what is often the largest hydrodynamic
force, drag, a force acting in the direction of flow (Vogel
1994). For flow along the x-axis:
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Drag = EpCdAux,rqu,rI’ (1)

where the relative velocity, u,,, is

dx
u,=u
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Here, u, is the velocity of the water and dx/dt is the velocity
of the organism (both measured relative to the stationary
substratum), p is the density of the fluid (for our purposes
the density of seawater, nominally 1,025 kg m™3), C, is the
drag coefficient (a function of shape and Reynolds number),
and A is the maximal projected area of the object.

A similar expression describes lift, a force perpendicular
to the direction of flow (Vogel 1994; Denny 1988):
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Lift = ~pC,Au,,

Here, C, is the dimensionless lift coefficient.

Because these forces depend on the magnitude of flow
relative to the plant or animal, if the organism moves with
the flow, the imposed hydrodynamic force is reduced. In this
respect, flexibility of the organism is advantageous—it al-
lows the organism to ‘““go with the flow.”

There is a tradeoff involved with this motion, however. If
the body (or some portion of it) moves with the fluid, the
moving mass acquires momentum. For a body of finite
length attached to the substratum, at some point in its travel
the mass of the body must be brought to a halt by the re-
sistive deflection of the body. This process, which necessar-
ily entails a change in the body’s momentum, results in the
imposition of an inertial force, governed by the rate at which
the body is decelerated:

. d{ dx
Inertial force dt(m dt)’ ()]
where m is the effective mass of the moving body.

Size and flexibility can therefore have strong effects on
the ratio of inertial to hydrodynamic forces. A large, flexible
structure can move with the flow for a time, thereby reducing
drag and lift. But this reduction in force can be had only at
the expense of acquiring momentum, and the bill must be
paid by the imposition of an inertial force when the structure
can no longer freely follow the flow.

We approach an understanding of the roles of static and
dynamic stresses through the use of three simple mathemat-
ical models that embody several major principles. These
models are in some respects simplistic and are not intended
to portray a precise picture of the real world. They are, how-
ever, instructive. Once the basic principles have been estab-
lished using these models, we examine three models of
greater complexity that deal with specific biological exam-
ples from the wave-swept environment. In the process, sev-
eral additional aspects of the dynamics of wave-swept or-
ganisms are introduced. These more realistic (although still
somewhat simplistic) models allow us to explore how well
the principles gleaned from the simple heuristic models are
likely to apply in nature.

Model 1
Spring
Mass [¢&—> Force
VN
| L 1
Dashpot
Model 2
./\/\/\/\/ MaSS
Spring
<—> Velocity
Model 3
ecom” \ [/ \/\ ] Mass
Chain Spring

<—> Velocity

Fig. 1. Schematic diagrams of the three heuristic models. See
text for details.

Model 1: A mass on a damped spring

The motion of a mass held in place by a damped spring
and subjected to a force that varies sinusoidally through time
(Fig. 1A) can be described (in one dimension) by the rela-
tionship (Thomson 1993)

d?x dx
— — = 1
m( t2) + b( t) + kx W sin wt, (&)

where m is the mass of the object, x is its location along the
axis of motion, ¢ is time, b is the damping coefficient (a
measure of the rate at which energy is lost to friction), and
k is the stiffness of the spring (force per deflection). W is
the amplitude of the external force applied to the system,
and w is the radian frequency of the force’s oscillation (w =
27/T, where T is the period of the force’s oscillation).
Dimensional analysis of this relationship reveals that four
dimensionless variables are required for a complete descrip-
tion of the system’s motion. The first of these is F, the ratio
of the actual maximum force imposed on the system by its
deflection to the peak external force applied. In this case

F=—7" (6a)

where x,, is the maximum deflection. In the absence of dy-
namic (that is, inertial) effects this ratio is 1. As we will see,
however, dynamic effects can either increase or decrease the
magnitude of F. Note that Eq. 6a can be rearranged as



