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ABSTRACT

The persistence of qualitatively weak and flimsy algae on wave-exposed shores
is generally attributed to their structural flexibility, which is presumed to reduce
hydrodynamic forces. In this dissertation I describe the material properties of over 30
algal materials and investigate the relationship between material properties and fracture
in macroalgae using fatigue fracture mechanics, computer modeling, and a novel,
virtual-reality based, dynamic testing system.

Among biomaterials, non-coralline algae have generally low strengths (0.20 to
8.08 MN/m?) and high breaking strains (0.14 to 0.79). While the calcified intergenicula
of upright coralline algae are comparatively inextensible, the algal structure (comprising
both calcified intergenicula and the remarkably rubbery genicula) has a breaking strain
(0.15) similar to that of other non-coralline algal materials. The absence of upright,
non-extensible algal structures supports the idea that extensibility is critical to the
persistence of algae on wave-swept shores. Stress/strain curve shape differs among
taxa, with most Phaeophyte materials exhibiting linear to r-shaped curves and most
Rhodophyte materials exhibiting linear to J-shaped curves. This observation suggests
that most Phaeophyte materials are better designed to resist repeated stresses, while
most Rhodophyte materials are better designed to resist repeated strains.

As algae are subjected to roughly 8,000 waves each day, I examine here the
resistance to cyclic crack propagation in algal blades using protocols and analyses
gleaned from the rubber technology industry. The algal species, M. flaccida and P.
occidentalis, from wave-exposed sites have higher critical energy release rates than U.

expansa blades collected from protected sites. However, for blades with large cracks
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already present, U. expansa blades are predicted to break at higher stresses than blades

of the two wave-exposed species.

While the flexibility of algae generally results in reduced drag forces, the
potential for large inertial forces concomitantly increases with freedom of motion. I use
a computer model of the bull kelp N. leutkeana to investigate the effects of material
properties on the loading imposed on the kelp stipe under ocean waves. Maximum
stresses in the stipe under large waves vary inversely with both stipe stiffness and
maximum strains in the stipe. Using the cyclic breaking values of stress and strain for
N. leutkeana stipe, the safety factor under large waves is maximized when stipe
stiffness is 20 MN/m”,

Since algal materials are viscoelastic, it is critical to reproduce natural loading
conditions when measuring material properties. Iincorporated the N. leutkeana
computer model into the control of the testing apparatus to create a closed-loop testing
system that reproduces natural loading patterns in the lab. Under large simulated
waves, N. leutkeana stipes exhibit an initial stiffness (40 MN/m?) near the predicted
optimum of 20 MN/m’. The resilience of N. leutkeana stipes under natura'l loading
patterns is remarkably low (60 %). Comparison to a standard linear solid model
suggests that the material properties of the stipes are well tuned to the kelps’ natural

period of oscillation such that resilience is minimized.
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Chapter 1

Introduction

The wave-swept shore is considered to be one of the most physically severe en-
vironments on earth. - Houses that are designed to withstand earthquakes or hurricane
winds are quickly torn apart if exposed to breaking waves when storm surges and high tides
coincide to raise the sea surface to their level. Man-made sﬁructures that are designed
to withstand breaking waves, such as lighthouses and breakwaters, are built according to
exacting standards and are clearly recognizable as sturdy structures. It is intriguing, then,
to find this same wave-swept environment populated by seaweeds that do not appear par-
ticularly sturdy— being neither noticeably tough nor strong. Why is it that most man-made
structures must be substantially reinforced if they are to survive breaking waves, while sea-
weeds on wave-exposed shores are generally less tough and much weaker than their woody
terrestrial counterparts?

It is thought that the flexibility of macroalgae greatly reduces the hydrodynamic

forces imparted by ocean waves. The largest hydrodynamic forces imposed on intertidal



organisms probably result from the summed effects of drag and the force associated with the
impact of a bore or breaking wave on a non-submerged organism (termed the impingement
force by Gaylord 1996). Both drag forces and impingement forces on (flexible) macroalgae}
are likely much lower than would be imposed on stiffer structures of the same shape and size
(e.g., Charters et al. 1969, Vogel 1984, Koehl and Wainwright 1977, Koehl 1982, Gaylord
1996). For instance, all upright macroalgae in wave-exposed areas are flexible enough to
be bent over to the substratum without breaking. A large incoming wave will thus bend
an initially-erect alga toward the substratum, which decreases the alga’s profile and thus
reduces both drag and impingement forces (which scale with area). Other mechanisms by
which the flexibility of macroalgae is thought to reduce hydrodynamic forces are explored
in detail in Chapter 2. Thus, while the wave-swept environment is an extremely harsh one,
hydrodynamic forces are generally much greater for rigid structures than for flexible ones.

Part of the solution to the puzzle of why artificial structures designed for intertidal
areas are much more robust than terrestrial structures while intertidal algae appear less
robust than terrestrial plants and trees (and probably are less robust by many measures)
lies in the requirement of man-made structures to remain rigid. If a house is built to
withstand breaking waves, it could be constructed from much less material if it were allowed
to fold over when struck by waves. Obviously, a house that periodically folds over does
not meet all of the definitions of a ‘shelter’ for its inhabitants, and a functional house must
instead remain upright. Algae are not restricted to rigid designs, and thus not subjected to
the same hydrodynamic forces that rigid man-made structures are.

Although the role of flexibility in ameliorating hydrodynamic forces has been ap-



preciated for some time (e.g., Charters 1969), recent investigations show that there can be
a substantial cost to flexibility in that flexible organisms can be subject to large inertial
forces (Denny et al. 1998). When an alga is bent over by a wave, for instance, its mass
accrues momentum. When the alga reaches the end of its range of motion, the base of
the alga may experience a substantial force as it decelerates the moving mass. In some
cases, inertial forces on flexible algae are larger than the hydrodynamic forces that would
be imposed on non-flexible structures (Denny et al 1997, 1998, Gaylord et al. 1997).

A second reason why man-made structures in intertidal areas are strikingly stronger
than their organic algal neighbors lies in the differences in fatigue and failure between live
algal tissues and traditional engineering materials. Any permanent structure exposed to
ocean waves must be constructed not only to withstand the hydrodynamic forces imparted
by a single ocean wave, but to withstand the summed effects of thousands or millions of
waves confronting the structure during its lifetime. Small cracks in both organic and arti-
ficial materials can propagate (eventually leading to failure) under repeated loads that are
much smaller than the loads required to break the materials in a single blow. The largest
stress (i.e., force per area) that does not result in the propagation of cracks in a material
is the ‘fatigue threshold’ stress. A material can thus withstand repeated stresses below
its fatigue threshold indefinitely. Artificial structures that are subject to repeated loads
must, therefore, be built robustly enough such that stresses are either below the fatigue
threshiold, or else near enough to the threshold that cracks propagate slowly enough to be
detected and repaired before they cause the structure to fail. Since the fatigue threshold

of a material may be several orders of magnitude below the material’s strength, a structure



built to withstand repeated loads is likely able to resist a single load over 10 times that of
its working load (Anderson 1995).

The same process of crack propagation occurs in algal tissues, but since cracks are
propagating through living tissue, it is possible for very localized tissue at the crack tips
to be reinforced. Damaged algal tissue may also be repaired through the growth of old
cells and the production of new cells (DeWreede et.al 1992). In being able to reinforce
tissue and stop crack growth at a very fine scale, live algal tissue is likely able to withstand
repeated loads that would ultimately break the tissue were these repair mechanisms not
in place.. That is, if the repair mechanisms in an alga were inhibited, one could find the
alga’s fatigue threshold stress (similar to the threshold observed in non-living materials).
In natural algal tissue, however, repair processes will be in place: live tissues, therefore. can
effectively raise the fatigue threshold through new growth and repair of small cracks. By
raising the effective fatigue threshold, an actively-repairing tissue will thus have a smaller
difference between its fatigue threshold stress and its strength under a single loading. If
a non-repairing artificial structure must be built to withstand 10 times the load it will
experience (in order for it not to fail from fatigue), an actively-repairing structure might
be required to withstand only 5 times the load. In this way, then, even if an artificial
structure and an alga were both designed to resist the same repeated load, the artificial
structure might be expected to be twice as strong as the alga (during a single loading), and
would thus appear (incorrectly) to be more robust.

In order to understand the material and structural design of an alga, then, it

necessary first to understand the mechanisms of fatigue in its tissues as well as the effect



of the alga’s material and structural design on its own hydrodynamic and inertial loading
that drives the fatigue process.

The principle aim of my dissertation research is to examine the material proper-
ties of macroalgae in light of the complex interaction between material properties, fatigue
processes and the hydrodynamic and inertial loads imposed by ocean waves. Specifically,

I address the following questions:

1. What are the material properties of algal materials and how do they compare with

other biological materials?
2. Are the material properties of macroalgae correlated with hydrodynamic environment?
3. What role do fatigue processes play in determining the survivorship of macroalgae?

4. For Nereocystis luetkeana, the large bull kelp whose dynamic behavior under unbroken
ocean waves can be investigated using numerical models (Denny et. al 1997, 1998),
how do the material properties of its stipe affect the hydrodynamic and inertial loads

imposed on the kelp?

5. Is there an optimal stiffness for N. luetkeana stipes that will minimize the probability

of either the stipes being broken or the kelps being dislodged from the substratum?

6. Since the material properties of N. luetkeana stipes vary greatly depending on the
way in which they are loaded, how can the natural loading pattern of kelp stipes in
nature best be reproduced so that the relevant material properties of the stipes can

be measured?



7. What are the material properties of N. luetkeana stipes under natural conditions, and

are their material properties at one of the predicted optima?

In Chapter 2, I address questions 1 and 2 by examining the material propertiesﬁ
of a number of seaweed materials (from 26 algal species and one sea grass) in tensile pull-
to-break and repeated extension tests. The algae selected for this study grow in diverse
hydrodynamic habitats (from wave-exposed shores and subtidal areas to protected marina
docks) and are diverse taxonomically as well as in size (from 2 cm to 10 m), form (from simple
blades to the structurally-complex giant kelps), and life history (annual versus perennial).
In choosing such disparate plants, my aim is to examine the hypothesis (rephrasing question
2) that algal species that grow in hydrodynamically-severe environments have a different
suite of mechanical properties (e.g., are tougher and more compliant) than do species that
are only found in calm waters.

While there are many measures of the robustness of materials (e.g., strength,
extensibility, energy absorption capacity), one of the best measures of an alga’s ability to
persist in a wave-exposed environment is probably the ability of its tissues to resist the
growth of cracks under repeated loads and repeated extensions. In Chapter 3, I analyze
the fracture toughness of algal blades using fracture mechanics and fatigue crack growth
analyses that are used frequently in the study of artificial elastomers, but have not yet been
employed to analyze extensible biological materials.

With this understanding of the processes resulting in the fracture of algal tissues, 1
turn in Chapter 4 to focus on a specific algal tissue (V. luetkeana stipe) and ask if it is pos-

sible to determine the material properties of this tissue that would minimize the probability



of fracture or dislodgment of the alga. Denny et. al (1997, 1998) developed a numerical
model that describes the motion of N. luetkeana plants under ocean waves, allowing the
hydrodynamic and inertial loads on the stipe to be examined. Here, I expand the model .
to include both the elastic and viscous behavior of N. luetkeana stipes. By varying the
material properties of the model kelp stipes and observing the resulting hydrodynamic and
inertial loads imposed on the stipes, it is possible to find the material properties that would
optimize some aspect of the kelp’s survival (e.g., minimizing stress or crack growth rates
in the stipe). By comparing the material properties of actual N. luetkeana stipes to the
predicted optimal properties, it is possible to determine if the stipe material properties are
near an optimum, and if so, to determine the parameter or parameters that are optimized.

Determining the material properties of N. luetkeana stipes is complicated by the
fact that the mechanical behavior of the stipes depends on many factors, such as the rate
at which it is stretched or the time period (seconds versus hours) over which the behavior
is observed. It is necessary, therefore, to measure the stipes’ material properties when
the stipes are being loaded the same way they are in nature (e.g., same loading duration
and extension rate). Since the loading on the stip’es in nature depends on their material
properties (and the material properties depend on the loading) it is difficult to predict what
the actual loading or material properties are without directly measuring the stresses and
strains in a kelp as 5 m waves pass overhead.

In Chapter 5 I develop a novel testing protocol in which elements of the numerical
model describing the behavior of N. [uetkeana plants under ocean waves are incorporated

into the material-testing apparatus (the tensometer). The numerical model is the same



used in the previous chapter, except that the tension in the model kelp stipe is determined
by the tension measured directly in an actual stipe sample being stretched in the tensometer.
The stipe sample is in turn stretched according to the extension calculated for the modelled}
kelp as it is bandied about by passing waves. This creates a closed-loop system in which
the dynamic loading of the stipe under natural conditions is reproduced, and thus allows

the relevant material properties of the stipe to be measured.



Chapter 2

Procruste’s Kelp Bed: Material

Properties of Macroalgae

2.1 Abstract

Macroalgae thrive in wave-swept environments where hydrodynamic forces are
more severe than any other habitat on earth. Macroalgae also thrive in protected bays and
marinas where hydrodynamic forces are minimal. Algal species that grow in hydrodynam-
ically severe environments are qualitatively more robust than those from protected areas.
In this study I characterize the tensile material properties of macroalgae and investigaté
their role in the algae’s ability to withstand hydrodynamic forces. Thirty algal materials
(and one surf grass) from a variety of hydrodynamic environments are characterized here
by tensile material tests.

Compared to other biomaterials, macroalgae are relatively extensible, compliant,
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weak and absorb relatively little energy before breaking. Within the algae, however, there
is a diverse array of material properties. Initial stiffnesses, for example, range between
50 and .03 MN/m?, and breaking strengths range between 8.1 and 0.2 MN/m?. Between L
species, material properties do not appear to be correlated with environmental hydrody-
namic exposure. I suggest that even in such severe environments the wide diversity of algal
morphologies allows for a diversity of material properties.

Marine algae are subjected to an average of 8,000 waves each day. Fatigue pro-
cesses are thus likely of greatest importance to survival in the wave-swept environment and
are investigated here for the first time. Under repeated extensions, all algal materials
are conditioned significantly before breaking, characterized by decreased initial stiffness,
decreased maximal force, decreased strain energy density, and decreased resilience when cy-
cled to high strains. The changes in material properties associated with repeated extensions
are greatest in kelp materials (e.g. hysteresis is the kelp Nereocystis is 85% when first cycled
to near-breaking strain, compared to 25% for the red blade P. occidentalis) and lowest in
red blades. I suggest that red blades in exposed environments ameliorate stresses through

their high extensibility, while kelp materials do so through conditioning processes.

2.2 Introduction

Marine macroalgae are ubiquitous in the rocky intertidal zone. From the most
exposed points to the calmest bays and estuaries, a diverse array of species populates most
habitats. The physical forces produced by breaking waves are legendary. Bascom (1964)

recounts several tales of waves’ destructive power including that of the wave at Tillamook
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Rock by the Columbia river mouth that sent a 61kg rock sailing over the lighthouse, which
rises 42m above the sea. Contrast this to protected marinas where water motion and
hydrodynamic forces are minimal. R

Two basic questions arise from these observations. First, how are macroalgae
designed so that they can withstand the large water velocities and accelerations on wave-
swept shores? Specifically, what role do the material properties of algae play? Secondly,
if there are constraints on algal design and material properties in the surf zone, are the
structures and material properties of algae different in calm habitats where these constraints
are not present? Are algal species that are found only in calm waters prevented from
colonizing more exposed areas due to hydrodynamic forces?

Addressing the first question concerning the algae’s ability to persist in wave-
exposed environments, it is thought that hydrodynamic forces on flexible organisms, such
as most macroalgae, may be much reduced compared to rigid structures. Flexibility, as
the word has been used in this context, is a rather broad term that encompasses both
material properties and morphology. The flexibility of macroalgae is thought to reduce
hydrodynamic forces (1) by allowing algae to reconfigure to lower-drag configurations in
high flow (Charters et al. 1969, Vogel 1984, Koehl 1984, Carrington 1990, Gaylord et
al. 1994; Gaylord and Denny 1997), (2) by allowing algae to bend in high flow, bringing
the bulk of the plant nearer to the substratum where fluid velocities are decreased, (3) by
allowing large plants to ‘go with the flow,” that is, to bend and flex sufficiently such that
much of the plant is being carried along with the moving water, thereby reducing drag forces

(Koehl 1984, 1999), and finally (4) by allowing large algae to extend during transitory high
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flows such that the algae act as ‘shock absorbers’ and distal portions of the plant again
experience lower relative water velocities and lower drag forces (Koehl 1984, 1999; Denny et
al. 1985, Johnson and Koehl 1994). While hydrodynamic forces are ameliorated through)k
flexibility, a flexible alga can incur large inertial forces in unsteady flow as the alga’s mass
(which is initially going with the flow) is decelerated by its stipe (Denny et al., 1998).
Thus, the flexibility of large algae results in reduced hydrodynamic forces, but at the cost
of accruing momentum and increasing inertial forces, which can potentially be greater than
the hydrodynamic forces experienced by non-flexible structures.

In addition to potentially reducing hydrodynamic forces and increasing inertial
forces on macroalgae, the flexibility of algal materials is thought to decrease stress concen-
trations within an alga through the process of crack tip rounding. When a material is
held in tension, the internal stress is concentrated at any discontinuity, such as a hole or
a notch in the material. The degree of stress concentration at a notch depends in large
part on the notch’s shape, with sharp notches causing higher stress concentrations than
more-rounded notches. When large forces are applied to flexible algal blades, many blades
extend significantly before breaking, and thus notches that are initially sharp may become
much more blunted in the process of stretching. The stress concentration at a notch in
an algal blade stretched to the breaking point is thus likely to be much lower than the
stress concentration at a similar notch in a less extensible material at its breaking point.
Particularly for algae in the rocky intertidal that are often pockmarked and abraded by
surrounding rocks, mussel shells and barnacle tests, being flexible likely ameliorates stress

concentrations allows macroalgae to withstand larger forces than would be predicted for
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less-extensible materials.

The forces imposed on macroalgae and the patterns of stress within algal struc-
tures, however, are only two components of their ability to persist in wave-exposed envi—}
ronments. A second large component of survival in these areas is the ability to withstand
the effects of repeated loading from ocean waves. A étructure subject to repeated loads
may break from forces only a small fraction of the force it could withstand in a single load-
ing. For example, a paper clip can be broken easily by hand when rapidly flexed back and
forth. If the paper clip is instead simply pulled until it breaks, the measured force will be
much greater. Using the measured strength from this pull-to-break test, one could then
predict (wrongly) that it would be nearly impossible to break a paper clip by hand. Algae
undergo similar repeated loads as waves crash over them over 8,000 times a day. While it
has been acknowledged that this repeated loading is likely to reduce the breaking stress of
algal material, the magnitude and generality of this reduction has not been investigated.
The general process of conditioning in algal materials is characterized here, while a more
thorough investigation of fatigue crack growth is presented in Chapter 3.

The second question of the role of hydrodynamic forces in constraining design and
material properties of macroalgae, has been addressed experimentally for only a small num-
ber of species. Some species, such as Nereocystis luetkeana and Hedophyllum sessile, grow
in both exposed and protected environments. By comparing the morphology and material
properties of plants in exposed versus protected habitats, several studies have shown that
within a given species algal morphology and material properties vary with hydrodynamic

environment {Armstrong 1989, Gerard 1987, Koehl and Alberte 1988, Kraemer and Chap-



14

man 1991a and 1991b, Johnson and Koehl 1994, Blanchette 1994 and 1997). Lowell et al.
(1991) showed that simulated grazing damage in Ascophyllum stipes induced the stipes to
become stronger and tougher in both the damaged and undamaged regions of the stipes.b
Algae growing in more exposed areas are generally smaller and stronger than conspecifics
in more protected habitats. When plants from protected environments are transplanted
to more exposed areas, the plants are damaged by the increased wave action (Armstrong
1989, Blanchette 1994 and 1997). The damage to these transplants strongly implies that
hydrodynamic forces do indeed constrain the size, morphology and material properties of
macroalgae.

To answer the broader question of if there are general differences between algal
species that grow in protected versus exposed areas, we must first know the material prop-
erties of algal materials from several habitats. The material properties of most algae,
however, have not been described. Most studies have concentrated on material properties
of kelp tissues from plants in exposed environments (for example Koehl and Wainwright
1977, Koehl 1984, Vincent and Gravell 1986, Armstrong 1989, Holbrook et al. 1991, Krae-
mer and Chapman 1991a and 1991b, Johnson and Koehl 1994, Friedland and Denny 1995,
Utter and Denny 1996, Denny et al. 1997). Published breaking strengths and strains of
red and green algae are limited to Mazzaella, Mastocarpus, and Chondrus (Denny et al.
1989, Carrington 1990, Dudgeon and Johnson 1992). Is there then a suite of mechanical
properties general to algae from exposed habitats? To answer this question, the material
properties of algal species from both exposed and protected habitats need to be known, and

are examined in this study.
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2.2.1 Definition of Terms

e Strain (e): Strain is a measure of the relative deformation of a material. There are
several ways to measure strain. Here I will use ‘engineers strain,” also called ‘nominals

strain,” which is the ratio of the extension of a sample to its initial length. That is

€ =dz/ly, (2.1)
where dz is the extension and [ is the initial length of the sample. As strain is a ratio of

two lengths, it has no units.

e Breaking Strain (g;.) Breaking strain is the maximum strain reached by a material

before it fails.

e Stress (o): Stress is a measure of the amount of tension/compression in a material
normalized for the sample’s cross-sectional area. Stress is thus the ratio of the tension

to the cross-sectional area:

o=F/XSA, (2.2)

where F' is the tensile force, and X.SA is the cross-sectional area of the sample.

Stress has the units of newtons per square meter.

e Breaking Stress (o,,): Breaking stress is the maximum stress reached by a material

before it fails.
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e Stress/Strain Curve: For tensile tests, stress is usually plotted as a function of
strain, as shown in Figure 2.1a through d. These plots are referred to as stress/strain

curves.

e Stiffness (F): Stiffness is the ratio of stress to strain:

E=o0o/e. (2.3)

Since strain has no units, the units of stiffness are the same as stress: newtons per square

meter. Stiffness may be calculated as the slope of a stress/strain curve (Figure 2.1b).

¢ Compliance: Compliance is the inverse of stiffness. A compliant material is thus

stretched more easily than a stiff material.

e Initial Stiffness (E;) and Final Stiffness (Ef): In most biological materials, stiff-
ness is not constant. Figure 2.1c shows a stress/strain curve in which the stiffness
of the material increases as the material is strained. For materials with non-linear
stress/strain curves, measures of stiffness must be referenced to the strain at which

they are calculated.

e Strain Energy Density (U) The amount of energy used to strain a sample can be
calculated easily as the product of the force exerted and the distance though which it
was applied. The measure of this strain energy per volume of material is the strain
energy density, which has gnits of Joules per cubic meter. Strain energy density can
be calculated by integrating under the stress/strain curve since the product of stress

and strain is strain energy density:
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U= /Ude. (2.4)

Strain energy density has units of J/m3. "

e Toughness (Upy;): The maximum strain energy density reached by a material when
it is pulled to failure is the material’s toughness. Rephrased, toughness is a measure
of the amount of energy (per volume of material) a material can absorb when pulled

to failure.

e Cyclic toughness (Ugc): The maximum strain energy density during cyclic exten-

sions that was resisted for at least 10 cycles without failing.

¢ Plastic strain {¢;): When a material is relaxed after being extended, it does not
necessarily return to its original length. This permanent deformation is the plastic

strain.

¢ Resilience (R): When a material is extended, work is done on it. The expended
energy is either stored elastically in the material, or is lost to heat. Resilience is the
ratio of the energy stored in the material to the total energy absorbed by the material

during extension.

e Hysteresis: Hysteresis is the inverse of resilience, and is thus a measure of the
percent of strain energy dissipated (i.e., not stored) during a cyclic extension. A

material exhibiting large hysteresis has a low resilience.

“Vhile the above terms are fairly standard terms found in any biomechanics text (e.g.,

Wainwright et al. 1976), I have found no suitable term for describing the shape of
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algal stress/strain curves. Several authors (e.g., Kendall and Fuller 1987, Purslow

1989) represent stress strain curves as
g = E()en, (25)‘.

where Fy here is the slope of the stress/strain curve for a material whose stiffness
is constant. The shape of the stress/strain curve is inferred from the exponent n:
n = 1 for materials with linear stress/strain curves, n > 1 for materials whose stiffness
increases with strain (prodﬁcing a stress/strain curve shaped like a J), and n < 1 for
materials whose stiffness decreases with strain (producing an r-shaped stress/strain
curve). Unfortunately, Equation 2.5 is a very poor approximation of the stress/strain
curves of most algae. I am therefore introducing two new terms to describe the shape

of stress/strain curves.

J-Shape Factor (J): The ratio of the final stiffness to the initial stiffness is the J-
shape factor. A material with a linear stress/strain curve, such as a spring, will have
a J-shape factor of one (final stiffness = initial stiffness), a material whose stiffness
increases with strain (i.e., J-shaped stress/strain curve) will have a J-shape factor
greater than one (final stiffness > initial stiffness), and a material whose stiffness
decreases with strain (i.e., r-shaped stress/strain curve) will have a J-shape factor of

less than one (Figure 2.1d).

Hookean Ratio (Hpwp): The Hookean ratio is another index of the shape of the
stress/strain curve. A Hookean material is one that follows Hooke’s law which states in

its simple form that the stress is directly proportional to the strain of a linearly elastic
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solid: E = o/e (Equation 2.3). A Hookean material thus has a linear stress/strain
curve. The Hookean ratio is the ratio of the energy absorbed by a material and the
energy absorbed by a Hookean material with the same breaking stress and breaking‘L
strain. As Figure 2.1d illustrates, an r-shaped stress/strain curve is indicative of a
Hookean ratio greater than unity, and a J-shaped stress/strain curve yields a Hookean

ratio less than one.

2.3 Materials and Methods

2.3.1 Collection of Specimens

The algae tested were collected at various sites around the Monterey Peninsula,
with the exception of Postelsia plants collected from Garrapata State Beach south of
Carmel, and Fusenia plants collected from Catalina Island . Local algae were stored in
running seawater tanks at Hopkins Marine Station for not longer than seven days before

testing.

2.3.2 Collection sites
Hopkins Marine Station

Hopkins Marine Station lies in central California, on the southern edge of the
Monterey Bay, and on a small peninsula on the northeast edge of the Monterey Peninsula.
Due to its location in the bay and the complex topography of its rocky granite shore, the
station’s intertidal zone comprises both exposed and more protected regions in relatively

close proximity. Figure 2.2 shows an overhead view of the shoreline around Hopkins Marine
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Station with the collection sites noted.

Pyllospadiz scouleri: 1 collected Phyllospadiz from site A. Sections of the new leaf
blade just distal of the leaf sheath were used for material testing. N

Egregia menziesii: 1 collected Egregia rachises from three relatively exposed inter-
tidal sites: From site A, from the narrow surge channel just west of site A, and from site
B. Many FEgregia at Hopkins house limpets, generally Notoacmea insessa, and the plants’
rachises and holdfasts may be spotted with multiple grazing scars. I collected rachis sections
lacking both limpets and scars.

Macrocystis integrifolia: 1 collected vegetative fronds of the intertidal alga M.
integrifolia from site B. M. integrifolia is not terribly common at Hopkins. It co-occurs with
Egregia at the lower end of the Egregia zone in moderately exposed regions at Hopkins.

Macrocystis pyrifera: 1 collected M. pyrifera fronds and blades by boat, cutting
fronds approximately %m below the surface. The water depth where the fronds were col-
lected is approximately 10m.

Dictyoneuropsis: Dictyoneuropsis occurs both intertidally and subtidally at Hop-
kins. I collected the blades for this study while diving on Deep Reef (approximately 500m
off of Hopkins) at a depth of 20m. No intertidal plants were tested.

Fucus distichus, Hesperophycus californionus and Silvetia compressa (formerly
Pelvetia): The protected sections of West Beach are home to all three of the fucoids in this
study. The three algae share a similar morphology in that they are dichotomously branched,

with each branch terminating in a receptacle. I selected branches between the trunk and

the terminal branch for the materiu: testing,.
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Codium fragile: 1 collected the Codium for this study from site B. Codium grows
only in exposed regions at Hopkins, and only in protected microhabitats, generally cowering
on the leeward side of large boulders. N

Porphyra perforata: P. perforata was collected on the high intertidal rocks at the
base of site A. Tufts of the alga were sprinkled with grazing snails and small (” 1mm) circular
holes from which the alga presumably derives its name.

Mazzaella flaccida: Mazzaella occurs in the middle range of the exposure gradient
at Hopkins. Non-reproductive plants were collected for material testing from site A. The
sampled plants likely included both tetrasporophytes and gametophytes.

Chondrocanthus harveyanus: I collected C. harveyanus from site A. The bases of
Chondrocanthus are often covered by one to six inches of sand at this site.

Nemalion helminthoides: Nemalion is not often found at Hopkins. I collected thalli
from the exposed, high intertidal zone near Mussel Point, and from the less-exposed rocks
off Aquarium Beach. Plants in both sites grew on open, coarse-grained granite surfaces
generally free of other macroalgae.

Gracilariopsis lemaneiformis: I collected Gracilariopsis from the sands of West
Beach, which are festooned with tufts of the alga rooted to the rocks 10 to 50cm beneath
the beach.

Prionitis lanceolata: Also collected from site A, Prionitis grows both amidst the
surf grass in the Jower tidal zone, and up into the lower Endocladia/Mastocarpus zone.

Endocladia muricata: Collected from site A.

Calliarthron cheilosporiodes: Collected from site A.
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Carmel River Beach

Algae were collected from the rocky point at the northernmost edge of Carmel
River State Beach. I collected algae both intertidally and subtidally from this exposed site.#*
While not exposed to the full brunt of open ocean waves, this site is well traveled by large
breaking waves wrapping around the rocky point. The assemblage of algae is quite different
from that of Hopkins, the most obvious difference being the subtidal Nereocystis bed.

‘Nereocystis luetkeana: 1 collected immature Nereocystis plants (0.75 to 1 m in
length) growing at depths of 4.5 to 9 m.

Porphyra occidentalis: 1 collected P. occidentalis growing on rocks at depths be-

tween three and nine meters.

Garrapata State Beach

This site is exposed to the open ocean waves’ fullest brunt. It is the only site in
this study not somewhat protected in a bay. The ocean floor at this site drops off rapidly
to a depth of 35 m within 500 m offshore, allowing large waves to arrive unbroken until
meeting the granite intertidal zone.

Postelsia palmaformis: 1 collected Postelsia blades and stipes at very low tides on

very calm days from the rocky shore approximately %mile south of Soberanes Point.

Stillwater Cove

As its name implies, Stillwater cove is a very protected cove on the southwest edge

of the Monterey Peninsula.
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Laminaria setchelis: 1 collected Laminaria blades subtidally from the mouth of
the cove.

Desmarestia ligulata: Desmarestia was collected from the middle of the cove at
a depth of approximately 5m. As Desmarestia rapidly deteriorates when damaged (due to
the release of sulfuric acid from its vacuoles) material tests were performed within one to
three hours after collection. Even with this shortened storage timé, parts of the plants were

visibly deteriorating and visually undamaged areas were excised for testing.

Hopkins Marine Station Seawater Tank

Enteromorpha intestinalis: The seawater tanks used in this study were often col-
onized by ephemeral algae (with the notable exception of a single Macrocystis plant that
settled and grew down from the inside of the PVC inflow pipe), and I used these Entero-

morpha volunteers for material testing.

Monterey Marina

Ulva expansa: 1 collected Ulva growing on the side of the floating docks of the

protected harbor.

2.3.3 Testing Apparatus
Tensometer

All material tests were performed using a hydraulically-driven tensometer (Figure
2.3). The driving arm of the tensom=ter (Parker Electrohydraulics , PLA series) has a

maximum speed of 18.9 cm/s, a maximum force of 20 kN, a throw of 30.4 cm, and positional
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accuracy of 51 microns. The driving arm is position controlled via a 0-10V signal supplied
by a 16 bit National instruments an.alog input/output board (model AT-MIO-16X). The
arm is driven by programs I wrote using LabView software. .
Most algal samples were gripped on each end by clamping the ends between plex-
iglass plates. The gripped ends of the algae were glued with cyanoacrylate to thin rubber
sheets, which were in turn glued to the gripping surfaces of the plates. The cylindrical

giant kelp stipes were attached first to rubber surgical tubing with cyanoacrylate and then

clamped with cable clamps.

Force transducers

I constructed two force transducers, each consisting of an aluminum block milled
into a base with a cantilever beam (Figure 2.4); The tip of the cantilever was tapped and
threaded such that various clamps could be attached. Four semiconductor strain gauges
(Measurements Group Inc., model CEA-13-062UW-350) were attached to the base of the
cantilever in a full Wheatstone bridge configuration. The transducers were waterproofed
(PRC Sealant produced by Courtauld Aerospace Inc.), with Teflon tape laid over the strain
gauges and exposed wires to protect them from the sealant. The two force transducers
were designed to provide voltage outputs linearly proportional to force up to a maximum
force of 400 N and 20 N, respectively, and have measured accuracies of 0.01 N, and 0.005

N respectively.

Strain measurement

Three methods of strain measurement were employed.
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(1) Strain was measured by the movement of the tensometer grips, as indicated by
the positional output of the driving arm. This strain measurement is accurate to 0.051mm,
(0.05% error for a 10cm sar'nple) but is accurate only if the sample does not slip out of the}L
grips. Most kelps are very adept at slipping out of the grips, so this method is appropriate
only for some thin blades that adhere well to the cyanoacrylate.

(2) Strain measured by video analysis- Samples were marked with small dots of
white latex paint and the test recorded with a digital video camera (Redlake Imaging
Corp., Motion Scope PCI). Sample extensions were measured from the video frames using
the RedLake Motion Scope video analysis software. When the sample piece broke, both the
force and the strain dropped precipitously, allowing the stress and strain recordings to be
synchronized by aligning the time of failure.

(3) Strain measured by sonomicrometry- A four-channel sonomicrometry system
from Sonometrics Corp (TRX Series 4) is used to measure strain in samples immersed in
seawater during testing. Using this system, two to four piezoelectric crystals (1 or 2mm in
diameter) are glued to the sample. The sonomicrometer system sends a voltage pulse to
one crystal, causing it to vibrate and emit an ultrasonic pulse. When this pulse reaches
the other crystals they act as receivers and send a voltage signal back to the system. The
system measures the time interval between the transmission and reception of the pulse and,
using the known speed of sound in seawater at the appropriate temperature, calculates the
distance between the crystals to a resolution of 17 ym. In this system, all four crystals act as
transceivers, and thus four separate strain measurements may be calculated simultaneously.

The advantage of the sonomicrometry method is that several local strains in the
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sample may be measured simultaneously, and, if the signal is clean, the data are immediately
accessible. The major disadvantage of the system for algal use is the effect that the crystal
attachments may have on the material properties of the sample. For larger structures
such as an FEgregia rachis, or even the thallus of a mid-sized red alga such as Prionitis
or Gelidium, the effect of the crystals appears to be minimal as samples rarely broke or
appeared distorted at the point of crystal attachment. But for thin, flexible blades such
as Ulva or Porphyra, the stress-concentration of the relatively-inflexible glue induces the
blades to tear at the point of crystal attachment before failure at the grips occurs.

In general, samples with large cross-sectional areas are amenable to strain mea-
surement with the sonomicrometry system, and strain of thin blades is accurately measured
using the position of the tensometer grip. Video analysis is used for measuring strain in
Endocladia, which is too narrow to allow attachment of the sonomicrometer crystals, and

too short to allow accurate measurement using the position output of the tensometer.

2.3.4 Testing Procedure

Algal samples were tested while submerged in seawater. Samples were either ex-
tended from rest at a strain rate of 0.05/s until failure (pull-to-break test), or cyclically
extended to increasing strains. For the latter group, the samples were pulled initially to
10% strain, then relaxed and cycled a total of 25 times to the same maximum strain. The
maximum strain was increased stepwise by 5% after 25 cycles at each strain until the sample

broke.
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2.3.5 Data Analysis
Signal filtering

The voltage signals from the Sonomicrometer system were not electronically fil-
tered. The force signal and the displacement signal (from the tensometer control) passed
through both a 50Hz and a 25Hz low pass filter. Force and position data were sampled at or
below 13 Hz. All of the tests in this study were conducted at a strain rates of either 0.05/s
or 0.10/s. With a maximum sampling rate of 13 Hz, the 25 Hz filter is uncomfortably low,
howéver, the processes observed here appear to be sufficiently slow such that the filtered

and unfiltered signals do not differ significantly (Figure 2.5).

Calculating parameters

Cross-sectional area: Since most algae are plastically strained after testing,
measures of cross-sectional area must be done either before the material test, or by deter-
mining the volume of a piece with a known pre-testing length. Assuming that the volume of
the algae remains constant, the pre-testing cross-sectional area can be calculated by dividing
the alga’s volume by its original length.

Cross-sectional areas were calculated by three methods:

e Archimedes’ Principle: Archimedes’ Principle states that the buoyant force on a
submerged object is equal to the weight of an equal volume of the surrounding fluid.
The buoyant force on a plant section is calculated by subtracting the section’s weight
while submersed in sea water from its weight in air. The lengths of the sections were

measured before testing, and thus its original cross-sectional area can be calculated






