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ABSTRACT

The effects of turbulent wave-driven water motion on interactions of the
intertidal kelp Egregia menziesii with its herbivores

by
Nicholas Phillip Burnett
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professor Mimi A.R. Koehl, Chair

Kelp are ecologically important organisms because they provide food and habitat to many other
creatures. On wave-swept rocky shores, kelp must withstand the force of moving water from
waves and currents, while also growing to large sizes to outcompete neighboring macroalgae for
light and space. If the forces from moving water (e.g. drag) exceed the strength of the kelp, the
kelp can be damaged or dislodged from the shoreline, effectively removing the kelp from the
ecosystem. Here, | use the intertidal kelp Egregia menziesii, one of the largest kelp found in the
rocky intertidal zone along the west coast of North America, to investigate how the kelp’s
growth and structure are affected by, and alter its interaction with, moving water in waves, as
well as the animals that use the kelp for food and habitat.

In Chapter One, | examine how the gas-filled bladders (pneumatocysts) of kelp help keep the
fronds of E. menziesii afloat in wave-driven flow. Field surveys revealed that this species shows
great variation in pneumatocyst size, number, and location on fronds. In laboratory towing-tank
studies, | found that drag on pneumatocysts was reduced when they were bent over by flowing
water. The drag due to pneumatocysts was small compared to the drag on a whole frond. At
flow speeds up to 0.58 m s, the buoyant force exerted by a pneumatocyst was greater than the
drag it experienced. In wave-tank experiments using models of fronds with pneumatocysts at
different positions, the pneumatocysts were most effective at lifting fronds high in the water
column when they were located at the distal tips of the fronds, both in small and large waves.
However, if fronds had pneumatocysts that were not at the tip, an increase in the peak velocities
of waves led to an increase in the heights of the fronds in the water column. In the field,
pneumatocysts did not affect the back-and-forth horizontal motion of E. menziesii exposed to
waves, but fronds with pneumatocysts were higher in the water column than fronds with no
pneumatocysts, even when the number of pneumatocysts on a frond was low. My results
indicate that pneumatocysts can exhibit great variability in size, number, and location with only a
small effect on hydrodynamic forces on a kelp, that pneumatocysts at frond tips are most
effective at holding kelp high in the water column, but that only a few pneumatocysts at any
location along a frond can enhance the frond's height in waves.



In Chapter Two, | examine the consequences of long, flexible kelp fronds being knotted (a single
frond tied around itself) and tangled (multiple fronds intertwined) as they move back and forth
with ocean waves. | found that knots increased the drag forces on fronds while also making
those fronds break under small forces than unknotted fronds. Tangled fronds of E. menziesii
provided spatially complex habitats that hosted more and larger herbivores than did untangled
fronds, and that herbivore damage, coupled with the higher hydrodynamic forces and mechanical
stresses experienced by knotted fronds, made them more vulnerable to being broken by waves.
Breakage of knotted fronds can enhance the survival of kelp by pruning individuals to smaller
size, thereby reducing their risk of being dislodged by large waves during winter storms.
Although earlier studies have documented that the physical environment can affect ecological
processes, | found that this is a ‘two-way street” where ecological interactions in turn can alter
how organisms perform in the physical environment. By analyzing the organismal-level,
biomechanical mechanisms underlying the ecological interactions between kelp, herbivores, and
the physical environment as all three changed with the seasons, | found that reconfiguration and
damage caused by both physical and biological processes affect both kelp survivorship and
community structure.

In Chapter Three, | examine how the morphology of E. menziesii, and the types of epifauna on
the kelp, change over seasons at sites exposed to heavy wave action (“exposed”) or to moderate
wave action (“moderate”) in northern California. Sessile suspension-feeding animals (mussels,
barnacles) were more prevalent on kelp at exposed sites, whereas motile herbivorous epifauna
(amphipods, limpets, isopods, crabs) were found on more of the kelp at moderate sites. Kelp at
both wave exposures showed similar seasonal patterns of morphological change, growing longer
fronds from spring through autumn and decreasing in size during winter while maintaining the
same number of fronds. The variation in frond lengths on a kelp decreased in summer when the
proportion of intact fronds was high, but increased as more fronds broke during autumn and
winter. Although patterns of change were similar, some aspects of kelp morphology differed
between exposed and moderate sites. During spring, kelp at exposed sites had fewer fronds than
those moderate sites. During spring through autumn, the kelp at exposed sites had longer fronds,
a greater proportion of intact fronds, and less variation in frond length than those at moderate
sites. Frond breakage at wounds inflicted by herbivores, which infest a greater proportion of the
kelp at moderate sites than at exposed sites, may be responsible for these morphological
differences. In winter, large waves prune kelp to similar morphologies at exposed and moderate
sites.
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Chapter 1. Pneumatocysts provide buoyancy with minimal
effect on drag for kelp in wave-driven flow

1.1 INTRODUCTION

The intertidal zones of many temperate rocky shores are populated by large seaweeds
whose abundance is highly correlated with increased biodiversity because they serve as a food
source and habitat for many other organisms (e.g. Abbott and Hollenberg, 1976; Graham, 2004;
Christie et al., 2009). Moving water from ocean currents and waves impose hydrodynamic
forces on the seaweeds (e.g. Koehl, 1984; Denny, 1988; Gaylord, 1999). On the west coast of
North America, waves generally have periods between 8 and 20 seconds (NOAA Buoy Center,
www.ndbc.noaa.gov), resulting in thousands of waves each day that move onto the shore and
exert forces on the seaweeds. If the magnitudes of the forces exceed the seaweed strength, the
seaweeds can be dislodged from the substratum or suffer a partial breakage of the thallus (Koehl
and Wainwright, 1977; Carrington, 1990; Demes et al., 2013), resulting in the removal of the
seaweed and its epibiota from the ecosystem (Krumhansl and Scheibling, 2012).

The morphological and mechanical traits of a seaweed can alter the hydrodynamic forces
it experiences. A seaweed with a flexible thallus can be reconfigured by moving water into a
small, streamlined shape that reduces hydrodynamic forces on the seaweed (Koehl, 1984;
Carrington, 1990; Martone et al., 2012). In back-and-forth wave-driven flow, flexible seaweeds
move with the water in the direction of flow, thus the water velocity relative to the seaweed is
reduced and hydrodynamic forces on the seaweed are lower than they would be if the seaweed
were rigid (Koehl, 1984). However, moving with the ambient water motion may not always
minimize forces on the seaweed: when the seaweed becomes fully extended it can experience
inertial loading (i.e. "jerk" sensu Denny et al., 1998) due to the sudden thallus deceleration, in
addition to the hydrodynamic forces from water that continues moving past the seaweed (Koehl,
1984).

Many flexible seaweeds rely on buoyancy to remain upright in the water column and to
access light for photosynthesis (e.g. Stewart et al., 2007). When hydrodynamic forces become
sufficiently large, a buoyant seaweed can be pushed closer to the substratum, but return to its
upright position once the water motion slows (Stewart, 2004). However, buoyancy has also been
shown to interfere with the passive reconfiguration of a seaweed into a compact, streamlined
shape when in flowing water, and thus buoyancy counteracts this mechanism of hydrodynamic
force reduction (Stewart, 2006a).

The buoyancy of many species of seaweeds is provided by gas-filled bladders
(pneumatocysts), which have a variety of forms across seaweed taxa (Abbott and Hollenberg,
1976). For example, Nereocystis luetkeana has a single, large pneumatocyst at the end of its
stipe, whereas Macrocystis pyrifera has numerous small pneumatocysts at regular intervals along
the thallus, with pneumatocysts near the holdfast being larger than more distal pneumatocysts.
Most studies on the biomechanics and hydrodynamics of seaweed buoyancy have focused on
small species (thallus less than 0.5 m in length; pneumatocysts smaller than 2 cm in diameter) to
investigate the trade-off between the flexibility of the whole thallus and pneumatocyst buoyancy
(e.g. Stewart, 2004, 2006a,b, 2007). However, little is known about the influence of
pneumatocysts on the forces on and movement of large seaweeds (thallus longer than 1 m) in
ambient flow. Furthermore, the consequences to drag of the size and deformability of a



pneumatocyst have not been explored, and the effects of the positions of pneumatocysts along
fronds on the behavior of seaweeds in flowing water are not understood.

| used the feather boa kelp, Egregia menziesii, to study the hydrodynamic consequences
of having pneumatocysts of different sizes, numbers, and locations along the thallus of a long
seaweed. E. menziesii, which is one of the largest species of kelp abundant in the rocky intertidal
zone along the west coast of North America, has numerous strap-like fronds that grow to lengths
of 3 m or more from a perennial holdfast (Abbott and Hollenberg, 1976) (Fig. 1.1A). The rachis
of each frond (about 1 to 2 cm wide) bears ellipsoidal pneumatocysts (up to 2 cm long) and
narrow lateral blades (up to 5 cm in length) along both edges (Henkel and Murray, 2007) (Fig.
1.1B).

The objective of the present study was to determine how the number, size, flexibility, and
location of pneumatocysts on long kelp fronds affect the motion of and hydrodynamic forces on
the fronds in wave-driven water flow. The specific questions investigated were: (1) Where do
pneumatocysts occur on the fronds of Egregia menziesii, and how abundant and large are those
pneumatocysts? (2) What is the magnitude of the hydrodynamic force on a single pneumatocyst,
and how do the size and the reconfiguration of a pneumatocyst in moving water affect the force
on the pneumatocyst? (3) How much do pneumatocysts increase the drag on a frond? (4) How
does the location of pneumatocysts on a frond affect the depth of the frond in the water column
under different wave conditions? (5) How do pneumatocysts in natural arrangements on kelp in
the field affect the horizontal movement and depth of fronds in ambient waves?

1.2 METHODS
1.2.1. Pneumatocyst surveys

1.2.1.1 Field sites

Pneumatocysts on Egregia menziesii were surveyed at four rocky intertidal sites in
northern California (Fig. S1.1). Two moderately wave-exposed sites were located near Bodega,
CA, USA: Horseshoe Cove (HC) (38°18°59” N, 123°4°12” W) and Miwok Beach (MW)
(38°21°25” N, 123°4°2” W). Two wave-exposed sites were located in the Point Reyes National
Seashore, CA, USA: Kehoe Beach (KB) (38° 9°56.08” N, 122° 57°6.04” W) and McClures
Beach (MC) (38°11°2.70” N, 122°58°2.33” W).

1.2.1.2. Abundance of pneumatocysts

The abundance of pneumatocysts on the fronds of intertidal E. menziesii were surveyed at
HC, KB, and MB in February and June, 2016. At each site, kelp were surveyed along a
horizontal transect through the E. menziesii zone (low intertidal), selecting every third individual
that was encountered. The lengths of all the fronds on the selected kelp were measured to the
nearest 1 cm, and the number of pneumatocysts on each frond was recorded.

1.2.1.3. Location of pneumatocysts

The locations of pneumatocysts on the fronds of E. menziesii were measured at HC and
MW in October and November, 2013. At each site, kelp were surveyed as described above. One
frond from each kelp was haphazardly selected, and locations of all pneumatocysts longer than
0.5 cm on the frond, as well as the total length of the frond, were measured to the nearest 1 cm.



For each frond, the locations of the proximal-most and distal-most pneumatocysts were
calculated from the survey data.

1.2.1.4. Size of pneumatocysts

The sizes of pneumatocysts on the fronds of intertidal E. menziesii were surveyed at MW
and MC in September 2016. At each site, 10 kelp were selected as described above. All the
pneumatocysts on each kelp were removed, bagged according to the individual kelp, and then
photographed. The projected planform area (hereafter planform area) of each pneumatocyst was
measured to the nearest 0.01 cm? using ImageJ software (ImageJ, v.1.47, National Institutes of
Health, USA).

1.2.2. Reconfiguration and drag on pneumatocysts

The reconfiguration of and drag on individual pneumatocysts were measured before and
after the pneumatocyst’s buoyancy or the stiffness of the pneumatocyst’s petiole was changed.
Individual fronds with pneumatocysts were collected from MW and MC in January and
February, 2016. Fronds were cut into sections (length = 10 cm) with a single pneumatocyst in
the middle of each section, and all lateral blades (Fig. 1.1A) were trimmed away (Fig. 1.2). The
pneumatocysts were grouped into one of two treatments, and all pneumatocysts within each
group originated from separate kelp. In one group, each pneumatocyst’s petiole was stiffened by
reinforcing the petiole with a short length of aluminum foil. In the second group, the
pneumatocyst was punctured and filled with water, rendering it neutrally buoyant (Stewart,
2004). The fronds and their pneumatocysts were towed through a tank of water (working section
with a cross-section = 30 x 30 cm, length = 100 cm) at a constant velocity (mean = 0.58 m s,
see 1.3 Results), and a spring scale was used to measure drag on the fronds and pneumatocysts
(Ohaus Model 8261-M, Pine Brook, NJ, USA). While the fronds were towed through the water,
the fronds and pneumatocysts were videotaped at 50 frames per second (Fastec Imaging, San
Diego, CA, USA). The deflection angle of the pneumatocysts in each frame of the videos was
measured to the nearest 0.01° using ImageJ and calculated by
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where I, is the distance from the leading edge of the frond to the base of the pneumatocyst, Iy is
the distance from the base of the pneumatocyst to the top of pneumatocyst, and I is the distance
from the leading edge of the frond to the top of the pneumatocyst (Fig. 1.2).

The reconfiguration of and drag on each frond and pneumatocyst were measured during
three tows in their unmanipulated state (i.e. not stiffened or punctured) and during three tows
after manipulation. After the control and treatment measurements were made, the pneumatocyst
was removed from the frond to measure drag on the frond by itself (3 times for each frond). The
drag coefficient Cp of the pneumatocysts was calculated by:

2F,
CD = _pz
pAU

(egn. 1.2)



where F; is the drag on the pneumatocyst by itself (i.e. drag on pneumatocyst and frond minus
the drag on frond), p is the density of the water in the tow tank (998 kg m™ at 20 “C, Vogel,
1994), A is the projected planform area of the pneumatocyst, and u is the tow velocity. Projected
planform area was measured to the nearest 0.01 cm? using ImageJ.

The buoyancy forces of intact pneumatocysts were measured by removing them from the
frond and using a spring scale to measure the force required to submerge each pneumatocyst in
water. The planform areas of the pneumatocysts were measured to the nearest 0.01 cm? using
ImageJ.

1.2.3. Force to pull a pneumatocyst off a frond

The force required to detach a pneumatocyst from the rachis was measured with an
Instron materials-testing machine (Model 5544, Norwood, MA, USA). The Instron machine
pulled a nylon cord that was loosely tied around the pneumatocyst’s petiole (strain rate =20 mm
min1). The rachis was held in place with a clamp and the force required to separate the
pneumatocyst from it was recorded the nearest 0.01 N (Fig. 1.3). Sections of fronds bearing
pneumatocysts were kept moist in air between 4 and 10 °C until they were tested in air at 20 °C;
tests only lasted 2 minutes, so specimens remained cool. Planform areas of pneumatocysts were
measured to the nearest 0.01 cm? using ImageJ.

1.2.4. Physical models to test the effect of pneumatocyst location on frond height

Physical models of flexible fronds were videotaped in a wave tank to test the effect of
pneumatocyst location along a frond on the height of the frond in the water. Models of fronds
were constructed of flagging tape (Presco, Sherman, TX, USA) with pneumatocysts that were
air-filled silicon spheres, approximately 1 cm in diameter (H&P Sales, Vista, CA, USA). The
flagging tape was negatively buoyant in fresh water; its mass density was 1455 kg m= and its
flexural stiffness was 3.27x10°° N m2. Mass density of the flagging tape was calculated by
weighing a section of flagging tape on a digital balance to the nearest 0.0001 g and measuring
the section volume with digital calipers to the nearest 0.01 mm.

Flexural stiffness of the flagging tape was determined by hanging a point mass from the
end of a section of tape, positioned as a horizontal cantilever beam, and measuring the deflection
of the free end of the tape cantilever from the horizontal axis. By approximating the tape as a
rectangular beam, linear beam theory was used to calculate the flexural stiffness, El:

1Fgl}
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where Fg is the applied force to the beam, Ig is the length of the beam, and d is the deflection of
the beam from the horizontal axis (e.g. Wainwright et al., 1976). For equation (1.3) to hold, the
deflection of the beam had was less than 10% of the beam length.

Model fronds were 30.0 cm long and 2.5 cm wide, and a pair of model pneumatocysts
was attached by thread at 10, 20, or 30 cm from the frond base. The locations of pneumatocysts
on the models represented real fronds with pneumatocysts at the tip, middle, or bottom of the
frond. Models with no pneumatocysts were also made. Five replicate models of each
configuration were constructed.

Models were scaled to be dynamically-similar to fronds of E. menziesii in waves in the
field. Models were attached to the bottom of a paddle-driven wave tank (working section with a
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cross-section 30 x 30 cm and a length parallel to the flow of 100 cm; Hunter, 1988). At rest, the
water in the wave tank was 20 cm deep. The ratio of model length to water depth (3:2) was
similar to that of E. menziesii fronds in shallow surge channels. The wave tank paddle was
driven at 0.24 and 0.07 Hz, producing waves with maximum horizontal water velocities of 0.296
m s and 0.078 m s, respectively. The ratio of the model length to the distance that the water
traveled before reversing for both tank settings was approximately 1:1, which mimicked that of
the real fronds in the field (see 1.2.5 Movement of E. menziesii fronds in wave-driven flow in the
field below).

Each model was videotaped using a Fastec video camera at 20 fps at each wave
frequency. In each frame of the video of a full wave cycle, the height of the distal end of each
model above the substratum was measured to the nearest 1 mm with ImageJ. The time-averaged
height of each model was determined, and the mean of those heights for the five replicate models
of each configuration was calculated.

1.2.5. Movement of E. menziesii fronds in wave-driven flow in the field

The effects of pneumatocysts on horizontal frond movement were tested by measuring
the water velocity relative to E. menziesii fronds in a surge channel at HC in October, 2013.
Seven E. menziesii fronds were haphazardly collected from separate holdfasts near the surge
channel and the proximal ends were cut off so that each frond tested was 1.5 m in length. The
pneumatocysts found on each frond were located within the distal-most half of the frond. The
diameters of the pneumatocysts were measured with calipers to the nearest 0.1 mm. The
proximal end of each frond was anchored to the bottom of a surge channel using a brick, and the
distal end of the frond was marked with surveyor’s tape (3M, Saint Paul, MN, USA). The surge
channel was approximately 1 m wide, 5 m long, and 1 m deep.

The water flow in the surge channel was measured while the motions of each kelp frond
were videotaped. An acoustic Doppler velocimeter (ADV; SonTek 16-MHz MicroADV, San
Diego, CA, USA) was placed at the mouth of the surge channel to measure water velocity to the
nearest 0.01 cm s as a function of time (sampling rate of 25 Hz) at a height of 20 cm above the
substratum. A digital camera (Casio Exilim EX-F1, Dover, NJ, USA) was positioned above the
channel with the horizontal component of its field of view parallel to the long axis of the surge
channel so that the full range of frond motion was visible to the camera.

The movement of each frond in the surge channel was videotaped for 2 minutes (frame
rate of 30 fps) while simultaneous ADV measurements of the ambient water velocities in the
surge channel were measured. Water velocities and frond movements were recorded for each
frond with its naturally-occurring pneumatocysts, and then recorded again after all
pneumatocysts were removed. In each video, the horizontal position of the frond’s distal end
was tracked to the nearest 0.1 cm using ImageJ and the velocities of the frond were calculated
from the position data. Time series of the frond and water velocities were paired by averaging
data into 0.2 s bins. Water velocities relative to the frond were calculated by subtracting the
frond velocity from the water velocity in each bin, and then those data were sorted by the
instantaneous ambient water speed in intervals of 1 cm s™. Next, the relative water velocities
that each frond experienced, with and without its pneumatocysts, were compared among all the
fronds at each instantaneous ambient water velocity.

1.2.6. Frond height in the water column in waves in the field



The effect of pneumatocysts and ambient water velocity on the vertical position of fronds
in the water column was tested using the same water velocity data and videotapes described in
the previous section (1.2.5. Movement of E. menziesii fronds in wave-driven flow in the field).
Each frame of the videos was scored for whether or not any part of a frond floated at the water’s
surface (1 = frond floating at the water surface, 0 = frond submerged below the water surface).
Time series of the floating scores and ambient water speeds were paired by averaging data into
0.2 s bins and then sorted by the instantaneous ambient water speed in intervals of 1 cm s™.
Within each binned ambient water speed, the proportion of time that each frond spent floating at
the water’s surface was determined for fronds both with and without their pneumatocysts.

The density of frond tissue was measured at a consistent location on fronds, 45 cm from
the terminal lamina (Fig. 1.1A), collected from HC following the field experiment. A circular
piece of rachis 5.50 mm in diameter was cut from each frond using a hole punch. The thickness
of the cut section was measured to the nearest 0.01 mm using digital calipers, and then the mass
of the section was weighed to the nearest 0.001 g (wet weight after being patted dry with a paper
towel) using a digital balance (AG245, Mettler Toledo, Columbus, OH, USA). These data were
used to calculate the mass per volume of rachis tissue.

1.3 RESULTS

1.3.1. Field surveys of pneumatocysts

Fronds with pneumatocysts were more common and occurred in larger numbers in
summer than in winter. At all three sites (HC, MC, KB) in February, 10.5 to 11.3% of fronds
longer than 10 cm had pneumatocysts, whereas in June, 10.6 to 49.1% of such fronds had
pneumatocysts. On fronds bearing pneumatocysts in February, the mean number of
pneumatocysts per length of frond ranged from 2.5 to 2.9 pneumatocysts m™*, while in June there
were 3.5 to 6.4 pneumatocysts m* (Fig. 1.4A, Table 1.1).

Pneumatocysts occurred over a wide range of locations on the fronds. Surveys of the
locations of pneumatocysts on fronds at HC and MW in October and November 2013 showed
that the most proximal pneumatocysts on each frond (i.e. closest to the holdfast) were at
positions that ranged from 10 to 67% of the frond length from the base of the frond (i.e. the point
where the frond branches from an older frond or from the holdfast). The most distal
pneumatocysts were located at positions 10% to 96% of the frond length from the base. The
median location of pneumatocysts, pooled across all surveyed fronds at MW, was close to frond
midpoint (44% of the frond length from the base) (Fig. 1.4B).

Pneumatocysts were larger at the wave-exposed site, MC, than at the moderately wave-
exposed site, MW (Mann-Whitney U test, P < 0.0005, n = 839 pneumatocysts from MC, 409
from MW) (Fig. 1.4C).

1.3.2. Orientation of and drag on pneumatocysts

Buoyancy of the pneumatocyst and the stiffness of the petiole both affected the
reorientation of pneumatocysts in flowing water and the drag on them. Pneumatocysts that were
made neutrally buoyant leaned over more in flow and experienced lower drag than they did when
they were positively buoyant (paired t-tests, P < 0.005, df = 14) (Fig. 1.5). In contrast,
pneumatocysts with stiffened petioles were reoriented less by flow and experienced higher drag
than they did without stiffened petioles (paired t-tests, P < 0.005, df = 16). The drag on a
pneumatocyst was negatively correlated to the deflection of the pneumatocyst in flow (Fig. 1.5).



Unmanipulated pneumatocysts had a mean drag coefficient of 0.013 (SD = 0.007, n = 32)
and a mean deflection angle (Fig. 1.2B) of 54.65° from vertical (SD = 9.44, n = 33) (Fig. 1.5).
Buoyancy was positively correlated to the planform area of pneumatocysts. Buoyant forces
ranged between 0.40 and 1.74 mN for pneumatocysts between 0.70 and 6.60 cm? in planform
area (Fig. 1.6A). Drag was smaller than buoyancy for the majority of the unmanipulated
pneumatocysts (Fig. 1.6B).

1.3.3. Force to remove pneumatocysts from the frond

The force to remove a pneumatocyst from a frond was positively correlated to the
planform area of the pneumatocyst (Fig. 1.7). Detachment forces ranged from 3.91 to 35.63 N
for pneumatocysts between 0.77 to 8.64 cm? in planform area.

1.3.4. Physical models to test the effect of pneumatocyst location on frond height

The heights of model fronds above the substratum of a laboratory wave tank were
affected by the positions of pneumatocysts and by the wave action. For both wave regimes
tested, fronds exposed to the oscillatory flow of waves remained, on average, higher in the water
column when the pneumatocysts were located at the distal tip of a frond than when they were at
more proximal positions (Fig. 1.8). Fronds with pneumatocysts located at their midpoint or
proximal end were higher in the water column when exposed to the high velocity, high frequency
waves than when exposed to the slower low frequency waves (Mann-Whitney U tests, P < 0.05,
n = 5 replicates of each float position in each wave condition). In contrast, the height of fronds
with pneumatocysts at the distal tip, and for fronds without pneumatocysts, did not differ
between the two wave conditions that were tested (Mann-Whitney U tests, P > 0.05,n =5
replicates of in each wave condition).

1.3.5. Frond movement in wave-driven flow in the field

Fronds collected for the field experiments had between 3 and 21 pneumatocysts, and all
pneumatocysts were between 7.5 and 20.0 mm in diameter. Fronds of E. menziesii moved back-
and-forth with each wave (Fig. 1.9A), such that the water velocity relative to the frond surface
was slower than the ambient water velocity (Fig. 1.9B). The presence of pneumatocysts only
affected the relative water velocity past the distal ends of the fronds at three instantaneous
ambient water velocities of -32, -30, and -1 cm s (paired t-tests, P < 0.05, df > 3), which, all
being negative velocities, indicate water movement in the seaward direction. All fronds,
regardless of pneumatocysts, experienced approximately 82 to 83% of the instantaneous ambient
water velocities -36 to 50 cm s (Fig. 1.9B,C).

1.3.6. Frond height in water column in the field

In ambient water speeds from 0 to 40 cm s, fronds with pneumatocysts spent more time
floating at the air-water interface than did fronds without pneumatocysts (paired t-tests, P < 0.05,
df > 4; Fig. 1.10). Even with pneumatocysts, the probability of a frond floating at the water
surface decreased with increasing ambient water speed, whereas fronds without pneumatocysts
were only observed floating at the water surface in very slow ambient water speeds of 2 and 4
cm st (Fig. 1.10). The mass density of frond rachis tissue in the middle of the frond (45 cm
from the intercalary meristem) was 1092 kg m (SD = 74, n = 5), which is greater than that of
sea water (1024 kg m™ at 20 °C; Vogel 1994), so fronds without pneumatocysts sink in still
water.



1.4 DISCUSSION

1.4.1. Reorientation of individual pneumatocysts in flow reduces drag

Reconfiguration of seaweeds in moving water has mostly been studied on the scale of the
entire organism, whereas the focus of the present study was on the reconfiguration of
pneumatocysts relative to the fronds of Egregia menziesii when in flow. Pneumatocysts floats
are rigid, but the petioles can bend easily, so reconfiguration of the structure was limited to
bending at the petiole such that the float leaned over closer to the rachis to a mean deflection
(Fig. 1.2B) of 54.65° in a current of 05 m s! (Fig. 1.5). This deflection is in contrast to the
reconfiguration of flexible leaves on terrestrial plants, which fold into cones and bend at the
petiole (Vogel, 1989), or to the flexible thalli of seaweeds, the blades of which can be folded into
streamlined shapes (Carrington,1990; Martone et al., 2012) or pushed together into streamlined
bundles (Koehl and Alberte, 1988). However, deflection by bending at the petiole was sufficient
to reduce drag on the pneumatocysts, and consequently the pneumatocysts produced more
buoyancy than they did drag (Fig. 1.6B). The buoyancy of the pneumatocyst is antagonistic to
the flexibility of the petiole, and actually inhibits reconfiguration of the pneumatocyst to some
degree (Fig. 1.5). This trade-off between flexibility and buoyancy has been shown for the entire
thallus of the seaweed Turbinaria ornata (Stewart, 2006a), but not for individual structures on a
seaweed.

The drag at field-relevant velocities of 0.5 m s and the buoyant forces on the
pneumatocysts were each less than 2 mN (Fig. 1.6), yet the force to break a pneumatocyst from
the frond ranged from 3 to 36 N (Fig. 1.7). These measurements indicate that intact
pneumatocysts can resist drag and buoyant forces at least 1,000 times greater than those they are
likely to experience in the field, whereas the frond itself is approximately 12 times stronger than
the forces it is expected to encounter from hydrodynamic forces in nature (Friedland and Denny,
1995). Other factors can cause pneumatocysts to be weakened and break from the frond, such as
herbivory or abrasion against rocks (Black, 1976; Lowell et al., 1991). Such pneumatocyst loss
is probably a factor in producing the wide range of pneumatocyst numbers and locations on
fronds measured in the field (Fig. 1.4A,B).

1.4.2. Effects of pneumatocysts on drag and photosynthesis

The magnitude of the drag on a pneumatocyst measured in this study is approximately
three to four orders of magnitude lower than the total drag on an entire E. menziesii (e.g. Gaylord
et al., 2008). Therefore, it is likely that fronds of E. menziesii can have a wide variety of
pneumatocyst sizes and numbers without paying a price in increased hydrodynamic drag. In
fact, kelp at the wave-exposed site had larger and more numerous pneumatocysts than kelp at the
moderately wave-exposed site (Fig. 1.4C), suggesting that the benefit of buoyancy from
pneumatocysts is more important than the problem of increased drag due to pneumatocysts.

Pneumatocysts may indirectly affect the growth of the kelp. Even though pneumatocysts
have lower photosynthetic rates than do the vegetative lateral blades on E. menziesii fronds
(Henkel and Murray, 2007), they probably enhance the overall photosynthetic rate of a frond by
holding it high in the water column (Fig. 1.8) where photon flux density is greater than at depth
(e.g. Rohde et al., 2008; Colvard et al., 2014). Furthermore, buoyant seaweeds in dense
aggregations encounter more light than do non-buoyant individuals (Stewart et al., 2007). The
flexibility of fronds that allows them to be moved around relative to each other by turbulent



waves, coupled with the buoyancy of fronds with pneumatocysts, permits E. menziesii to have
numerous fronds and to grow in dense aggregations near other individuals without their fronds
being continuously shaded by neighboring fronds. Koehl and Alberte (1988) found that motions
of ruffled blades of the kelp Nereocystis luekeana in flowing water reduced self-shading, thereby
enhancing photosynthetic rate. Growing in dense aggregations also reduces the hydrodynamic
forces that the individual kelp or fronds experience in waves or currents (Holbrook et al., 1991;
Johnson, 2001; Stewart et al., 2007), suggesting that any increase in drag from pneumatocysts on
an individual frond may be counteracted by the fronds growing in dense aggregations.

1.4.3. Interaction of flexibility and buoyancy

Flexibility reduces hydrodynamic forces on seaweeds by allowing them to "go with the
flow" in waves and to be bent over parallel to ambient water flow and reconfigured into
streamlined shapes, whereas buoyancy enables them to hold photosynthesizing tissues high in
the water column. The reduction in drag that flexibility provides and the effect that buoyancy
has on drag depend on the flow regime and the size of the seaweed. In wave-driven flow, a
flexible seaweed that is buoyant is able to reconfigure with the oncoming wave and then rebound
to an upright posture when the flow slows. If a seaweed is short relative to the distance that the
water travels in each wave before it reverses direction, then the seaweed fully reconfigures in the
flow and is exposed to a period of unidirectional flow relative to its surfaces, similar to seaweeds
that are exposed to unidirectional currents. In unidirectional flow, the buoyancy of a flexible
body attached to a surface resists the body's ability to be bent over by the current, which can lead
to higher drag than if it were not buoyant (as was measured for individual pneumatocysts, Fig.
1.5). Buoyant seaweeds that are short (length << distance of water travel in a wave) and that live
in habitats exposed to waves, such as T. ornata, can experience a similar buoyancy-induced
increase in drag compared with non-buoyant seaweeds (Stewart 2006a). In contrast, for long
seaweeds such as E. menziesii that can move with the flow for most or all of a wave cycle, the
penalty of increased hydrodynamic force due to buoyancy is very small. Waves must move
water greater distances (i.e. must have longer periods and higher peak velocities) to expose long
seaweeds to the drag penalty of buoyancy than to subject short seaweeds to that penalty. For
example, in the present study E. menziesii moved at 17% of the ambient water velocity, such that
the waves would have to move water more than 8 m for a 1.5 m frond to be fully reconfigured in
the flow (Fig. 1.9A). Thus, long buoyant kelp can avoid a buoyancy-induced drag penalty in
habitats exposed to larger waves than can short seaweeds.

The variation in pneumatocyst size, number, and location on the fronds of E. menziesii, as
well as the variation that occurs across other seaweed taxa, show that there are many ways in
which flexibility and buoyancy interact to enable seaweeds to grow to large sizes. E. menziesii is
one of the longest and largest kelp growing in the wave-swept rocky intertidal zone, and its
thallus, including the pneumatocysts, must tolerate a wide range of abiotic and biotic stressors
that can negatively affect the kelp. The prominence of E. menziesii in this habitat suggests that
the structure of the kelp, from the size of its flexible fronds to the buoyancy of its pneumatocysts
and stiffness of their petioles, is a highly effective strategy for surviving turbulent hydrodynamic
conditions of waves while also being large enough to outcompete other seaweeds for light and
space.
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Figure 1.1: (a) Anatomy of an Egregia menziesii sporophyte. Individual fronds on the kelp are
strap-like and can grow to more than 3 m in length. (b) Each frond’s rachis bears lateral blades

and ellipsoidal pneumatocysts along both edges.
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Figure 1.2: Diagram of a pneumatocyst attached to a rachis from which the lateral blades have
been removed. The frond is towed from right to left, so the water flow relative to the frond is
from left to right. (A) Distances (la, Iv, Ic) between three points on the frond and pneumatocyst.
(B) Deflection angle of the pneumatocyst, calculated using equation (1.1), measures how far the
pneumatocyst re-oriented in flowing water from an orientation perpendicular to the edge of the
rachis.
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Figure 1.3: The force to break a pneumatocyst from the frond was measured by tying a nylon
cord around the pneumatocyst’s petiole and clamping the frond in the Instron materials-testing
machine. The cord was then pulled vertically, while measuring the force on the pneumatocyst,
until the pneumatocyst broke from the frond.
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Figure 1.4: (A) Pneumatocyst density (number of pneumatocysts per length of frond) of the
float-bearing fronds on E. menziesii at three sites, sampled in winter (white bars) and the



following summer (black bars). Error bars indicate 1 SD. There was a significant difference
(indicated by an asterisk) between seasons for the MC site (Mann-Whitney U test, P < 0.05), but
not for the other sites. The top value in each bar indicates the number of fronds measured, and
the bottom value indicates the number of individual kelp whose fronds were measured. (B)
Relative frequency of the locations of pneumatocysts along the length of fronds at Miwok Beach,
where 0% indicates the proximal part of the frond nearest the holdfast, and 100% indicates the
tip of the frond (n = 155 pneumatocysts from 34 individuals). Pneumatocyst location is reported
as a percent to standardize among fronds of different lengths. In the separate survey at
Horseshoe Cove and Miwok Beach, the median distance from the base of the most proximal
pneumatocysts on fronds was 32% of the frond length, and the median distance of the most distal
pneumatocysts was 65% of the frond length (n = 52). (C) Relative frequency of pneumatocyst
size (planform area) at Miwok Beach (black, solid line) and McClures Beach (red, dashed line).
At McClures Beach, the median pneumatocyst size was 3.11 cm? (range = 0.39 to 8.02, n = 839),
and at Miwok Beach, the median pneumatocyst size was 2.93 cm? (range = 0.15t0 6.89, n =
409).
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Figure 1.5: Drag coefficients (egn. 1.2) of pneumatocysts were negatively correlated with
pneumatocyst deflection (eqn. 1.1, Fig. 1.2B) in moving water (linear regression, y = -0.0004x +
0.0360, P < 0.005, r? = 0.56). Open circles indicate pneumatocysts that were positively buoyant
with stiffened petioles, closed circles indicate pneumatocysts that were positively buoyant with
flexible petioles (i.e. unmanipulated), and red open triangles indicate pneumatocysts that were
neutrally buoyant with flexible petioles.
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Figure 1.6: (A) Buoyancy of pneumatocysts was positively correlated to the planform area of the
pneumatocysts (linear regression, y = 0.198x + 0.156, P < 0.005, r? = 0.86). (B) The number of
pneumatocysts towed at a mean velocity of 0.58 m s (SD = 0.03, n = 17) that had different
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Figure 1.7: The force to remove a pneumatocyst from a frond was positively correlated to the
size of the pneumatocyst (linear regression, y = 2.88x + 2.75, P < 0.005, r? = 0.48). Filled black
squares are pneumatocysts from the moderately wave-exposed site, Miwok Beach, and open red
sguares are pneumatocysts from the wave-exposed site, McClures Beach.
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Figure 1.8: Mean height of the tip above the substratum of physical models of fronds with
pneumatocysts located at the tip, middle, or base of the frond, or with no pneumatocysts. White
bars are for models in the slow, low-frequency waves, and black bars are for models in the fast,
high-frequency waves (error bars show 1 SD, n =5 frond models). Asterisks indicate models
whose mean heights were significantly affected by the wave setting (Mann-Whitney U tests, P <
0.05).
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Figure 1.9: (A) Horizontal velocity plotted as a function of time for the back-and-forth flow of
waves in a surge channel. Velocities above the red line indicate shoreward flow and velocities

19



below the red line indicate seaward flow. (B) Instantaneous water flow velocities relative to the
tips of fronds with pneumatocysts (data for 7 fronds pooled) plotted at a function of
instantaneous ambient flow velocity (rounded to the nearest 1 cm s?). (C) Instantaneous flow
velocities relative to fronds without pneumatocysts (data for 7 fronds pooled) plotted at a
function of instantaneous ambient flow velocity. There were no differences in the relative flow
velocities for fronds with and without pneumatocysts across the range of ambient flow velocities
measured (analysis of covariance, P > 0.05, covariate = ambient flow velocity, factor = presence
of pneumatocysts). All frond tips experienced instantaneous water velocities relative to their
surfaces that were 82 to 83% of the instantaneous ambient flow velocity (linear regression for
fronds with pneumatocysts, y = 0.83x - 0.01, P < 0.005, r? = 0.99; linear regression for fronds
without pneumatocysts, y = 0.82x + 0.25, P < 0.005, r?= 0.99).
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Figure 1.10: Probability of fronds floating at the water’s surface (i.e. air-water interface) at
instantaneous ambient flow speeds from 0 to 54 cm s™*. Open circles are fronds with
pneumatocysts and red crosses are fronds without pneumatocysts. The probability of floating for
fronds with pneumatocysts was negatively correlated to ambient flow speed (linear regression, y
=-0.01x + 0.62, P < 0.005, r? = 0.76).
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. Length of fronds
Length of fronds with without pneumatocysts Pneumatocyst
. Kelp pneumatocysts (cm) abundance
Site Season led + SD- frond (cm) 1
sampie (mean + SD; fronds (mean £ SD; fronds (m™)
sampled) sampled) (mean £ SD)
Horseshoe | \yinier 26 89 +37: 25 42 +31; 214 27+31
Cove
Summary | 22 91 +43; 33 41 + 35; 279 3.6+2.6
Miwok Winter 19 96 + 41; 26 42 +36: 163 24+15
Beach
Kehoe Winter 21 94 + 33; 24 45 + 39: 213 20+23
Beach
Summer 24 142 + 66; 127 57 + 64: 205 35+25
McClures | \yinter 24 105 + 45: 29 42 +29: 277 25+20
Beach
Summer 8 119 + 82: 55 53 + 53; 57 6.4+3.8

Table 1.1: Lengths of fronds with and without pneumatocysts, and abundance of pneumatocysts
on fronds (calculated only for fronds with pneumatocysts) over two seasons at four sites:
Horseshoe Cove and Miwok Beach (moderately wave-exposed); Kehoe Beach and McClures

Beach (wave-exposed).
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Chapter 2: Knots and tangles weaken kelp fronds while
increasing drag forces and herbivore loads on the kelp

2.1 INTRODUCTION

Ocean waves in shallow coastal areas impose hydrodynamic forces on the bottom-
dwelling organisms in those habitats. Many attached organisms have morphologies that reduce
hydrodynamic forces or have life cycles that enable them to live in habitats exposed to seasonal
periods of rapid water motion (Koehl, 1999; Wolcott, 2007; Martone et al., 2012; de Bettignies
etal., 2013). Kelp, which are among the largest sessile organisms occurring on wave-swept
shores (Abbott and Hollenberg, 1976), provide habitat and food to a diversity of other organisms
in these ecosystems (Graham, 2004; Norderhaug et al., 2007; Christie et al., 2009). Large kelp
often have flexible stipes or fronds that allow the kelp to move passively with the water flowing
back and forth during each wave (Abbott and Hollenberg, 1976). By “going with the flow,” long
flexible kelp experience little water motion relative to their surfaces, and thus experience low
hydrodynamic forces (Koehl, 1984, 1999). However, the back-and-forth water motion of waves
can cause flexible kelp to become tangled or knotted (Meluzzi et al., 2010) (Fig. 2.1). Although
tangled kelp that live only one season were more likely to be broken and washed ashore than
untangled kelp (Koehl and Wainwright, 1977), the effects of knots and tangles on the
biomechanical performance of species of kelp that live more than one year have not been
explored, nor have the effects of tangles on the assemblages of animals living on kelp.

Here, | investigate these issues using the feather boa kelp, Egregia menziesii (Fig. 2.1),
which are abundant on wave-swept rocky shores of the west coast of North America (Abbott and
Hollenberg, 1976). An individual E. menziesii bears many long fronds (Fig. 2.2). | studied how
knots and tangles affected hydrodynamic forces on fronds, strength of fronds, assemblages of
animals living on kelp, and herbivore-inflicted damage to fronds and their consequent weakening
and healing. | related these biomechanical consequences of knots and tangles to temporal
patterns of kelp size, knotting, and breakage measured in the field.

2.2 METHODS

2.2.1 Field sites

Collection for experiments and surveys of Egregia menziesii were made at sites along a
26-km range of northern California coastline between May 2015 and August 2016 (Fig.
S1.1). Two wave-exposed sites were located in the Point Reyes National Seashore (CA, USA):
Kehoe Beach (KB; 38°9°56.08” N, 122°57°6.04” W) and McClures Beach (MC; 38°11°2.70” N,
122°58°2.33” W). Two moderately wave-exposed sites were located near Bodega (CA, USA):
Horseshoe Cove (HC; 38°18°47.55” N, 123°4°13.78” W) in the Bodega Head Marine Reserve
(Bodega, California, USA), and Miwok Beach (MW; 38°21°53.10” N, 123°4°15.90” W) in the
Sonoma Coast State Beach (Bodega, California, USA).

2.2.2 Hydrodynamic forces on knotted fronds

| tested whether overhand knots increased the drag on fronds in moving water. Drag is
the hydrodynamic force acting parallel to the direction of water movement relative to a body
(Vogel, 1994). Drag measurements were made by towing intact fronds (frond length range = 0.5
to 1.2 m) with a stepping motor at a constant velocity through still water in a tank (2.5 x 0.2 x 0.2
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m). Each frond was towed at only one velocity (0.3, 0.4, 0.5, 0.6 or 1.0 m s71), which was in the
range of ambient water velocities experienced by the kelp (Friedland and Denny, 1995; Gaylord

et al., 2008). These towing velocities corresponded to Reynolds numbers ranging from 3.5 x 103
to 9.5 x 103, where the Reynolds number is the ratio of inertial forces to viscous forces, given by
the formula:

ul

v
(egn. 2.1)

where u is the water velocity relative to the frond, I is a characteristic length scale, and v is the
kinematic viscosity of the water (Vogel, 1994). Here, | used the rachis width as the
characteristic length scale. A spring scale (Ohaus Models 8001-MN, 8261-M, 8263-M, Ohaus,
Pine Brook, NJ) recorded the maximum force with which the frond resisted the movement
through the water (Bell and Denny, 1994). Three replicate measurements of drag forces were
made at the tow velocity for each unknotted frond. Then each frond was tied into an overhand
knot and three replicate measurements of drag were made at the same velocity. The overhand
knot was always positioned in the middle of each frond. Each frond was photographed prior to
testing, and projected planform area was calculated using ImageJ software (National Institutes of
Health, version 1.49b).

The drag force on an object is determined, in part, by the object’s shape, as indicated by
the drag coefficient, Cp (Vogel, 1994). | calculated Cp for fronds in their knotted and unknotted
configurations:

2F
u?pA

CD =
(eqgn. 2.2)

where F was the measured drag force, u was the tow velocity, p was the density of the freshwater
in the tow tank at 20 °C (1000 kg m, Vogel, 1994), and A was the projected planform area of
the frond in its unknotted configuration.

2.2.3 Breakage of knotted fronds

| tested whether knots reduced the force required to break a frond in tension. | compared
the force required to break knotted sections of frond with the force required to break adjacent
unknotted sections of the same frond. In December 2015, unwounded fronds that were at least 1
m in length were haphazardly collected from kelp at MC and MW, and transported to the
University of California, Berkeley for testing. A model 5844 Instron (Norwood, MA, USA)
materials-testing machine was used to measure the maximum tensile force required to break
sections of the fronds 25 cm in length that were unknotted or tied into overhand knots (Fig.
2.1A). Overhand knots were chosen because they are the simplest knot to tie* and were the most
common knot formed by single E. menziesii fronds in the field. Immediately after collection,
fronds were placed in a covered container with their residual sea water. Fronds were kept in air,
inside the covered container, between 4 and 10°C until testing and were measured within 12
hours of collection. For each frond, no more than 15 minutes elapsed between being removed
from storage and being measured. Preliminary experiments showed no difference in breaking
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force between kelp that were measured after 12 hours at 4°C and separate kelp that were
measured immediately after collection (Mann-Whitney U test, P > 0.05, n = 5 for each time
period). The fronds of E. menziesii have an intercalary meristem (Fig. 2.2C), such that frond
tissue distal to the holdfast is younger and weaker than frond tissue proximal to the holdfast
(Abbott and Hollenberg, 1976; Demes et al., 2013; Krumhansl et al., 2015). To control for the
effects of aging on the strength of the unknotted frond tissue, the unknotted breaking force of
each frond was calculated as the mean of the breaking forces for unknotted tissues immediately
distal and proximal to the frond tissue used for the knotted measurement (Fig. 2.2C). Samples
were blotted dry with a paper towel and secured in the materials-testing machine by gluing paper
towels to the ends of the fronds with cyanoacrylate glue and placing the paper towel-covered
ends into specimen grips of the Instron.

Frond specimens were stretched at a strain rate of 0.2 min™* (strain rate = change in length
of specimen per unit time, divided by the initial length of the specimen between the grips of the
Instron). Previous in situ measurements of hydrodynamic forces on E. menziesii (Gaylord et al.,
2008) showed that forces on the kelp can increase at an instantaneous rate of more than 10 N s
when a wave breaks on the kelp (i.e. wave impingement) and approximately 1 N s after the
wave breaks (i.e. wave surge). Wave impingement occurs only during a brief time point in each
wave cycle, whereas wave surge occurs during the remainder of the wave cycle (Gaylord, 1999).
Preliminary measurements of the forces in fronds when pulled at a range of strain rates allowed
me to determine a range of strain rates (between 0.20 min™ and 0.89 mint) that spanned those
experienced by E. menziesii in the field. | found that the breaking force of E. menziesii fronds
was independent of strain rate between 0.20 min and 0.89 min (linear regression analysis, P >
0.05). Therefore, | used a strain rate of 0.2 min™ to measure breaking forces of knotted versus
unknotted fronds under the conditions of wave surge. The strain rates of knotted samples were
based on the total length (included the length of frond that was tied into a knot) of the specimen
between the grips of the Instron.

2.2.4 Frond configuration and epifaunal communities

| investigated whether tangled and untangled fronds of E. menziesii had different
structural characteristics (i.e. wounds, lateral blades, Fig. 2.3C,D) and epifaunal loads. From
September to December 2015, 1 collected tangled fronds from MC and MW. | also haphazardly
collected untangled fronds that were adjacent to the collected tangled fronds. Comparing the
tangled fronds with adjacent fronds that were untangled allowed me to control for local
environmental factors beyond frond configuration that could have influenced a frond’s structure
and epifauna (e.g. temperature, light, water motion, rock topography). Fronds and their epibiota
were collected and immediately bagged and preserved with 45% isopropyl alcohol. Fronds were
brought to the laboratory where they were untangled and all macrofauna were removed.

I measured morphological features and quantified epifauna on the collected fronds. The
lengths of the fronds from each collection were measured to the nearest 1 cm. Small lateral
blades generally border the edges of E. menziesii fronds (Fig. 2.2C), but can be removed by
processes such as abrasion and herbivory. | rated the abundance of lateral blades on each frond
(0 =none, 1 = lateral blades on less than half the length of the frond, or 2 = lateral blades on at
least half the length of the frond; Fig. 2.3C). The total “bushiness” of each group of tangled or
untangled fronds was calculated as the sum of these lateral blade scores, divided by the total
length of the fronds in that group. | also counted the number of discrete wounds on each frond.
Many of the wounds were obviously caused by herbivory, while the cause of damage for other
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wounds was difficult to distinguish (e.g. herbivory vs. abrasion on rocks). Epifauna in each
collection were separated into taxonomic groups (gammarid amphipods, isopods Idotea spp.,
kelp crab Pugettia producta, barnacles, mussels Mytilus spp., limpets Lottia spp., and littorinid
snails), photographed, and counted. The total dry weight of each epifaunal group on each set of
fronds was determined to the nearest 0.0001 g (Mettler Toledo AG245, Mettler Toledo,
Columbus, OH) after drying them to a constant weight in a drying oven at 60°C.

2.2.5 Weakening of fronds by herbivore damage

Many of the epifauna found on fronds, either tangled or untangled, were herbivores that
wounded the frond tissue. | measured the breaking forces of fronds that had herbivore damage
using the materials-testing machine described above. Undamaged fronds were collected from
MC and MW from October to December 2015. | inflicted a wound that was similar in size and
shape to the wounds on the fronds that were caused by amphipods (Fig. 2.3D). | measured the
force required to break a section of a frond with mimicked damage and the force to break
unwounded sections of the same frond (the average breaking force of unwounded tissue distal
and proximal to the wounded section of the frond, Fig. 2.2C). Sample preparation and
measurement protocols were the same as described for breakage of knotted fronds.

2.2.6 Prevalence of knots and tangles

The sites were visited approximately once per month when the tidal heights were
between -0.4 and 0.1 m relative to MLLW. At each site, kelp were surveyed along a horizontal
transect that spanned the full range of microhabitats (e.g. surge channel, rocky bench, boulder),
selecting every third kelp that was encountered. Kelp were selected if they were mature
sporophytes (i.e. Type 1V sporophytes sensu Henkel and Murray, 2007) and had stipes that were
distinguishable from those of other individuals. The lengths of all fronds on the selected kelp
were measured to the nearest 1 cm, and the presence of any knotted or tangled fronds was noted.
When a knotted frond was encountered, | measured the length of the frond as the distance
between the distal and proximal ends of the frond in its knotted configuration. 1 also measured
the distance of the knot from the proximal end of the frond to the nearest 1 cm. Kelp with
tangled fronds were untangled to measure frond lengths to the nearest 1 cm. A subset of the
surveyed kelp were also marked with nylon paracord and a 2.5 x 2.5 cm acrylic identification
tag. Tagged kelp were surveyed again on subsequent months and the total frond lengths were
compared with those of tagged untangled kelp over the same time period and at the same sites.

| define each season as three whole months, i.e. spring = March-May; summer = June-
September; autumn = August-November; winter = December-February.

2.3 RESULTS

2.3.1 Hydrodynamic forces on knotted fronds

Overhand knots increase the drag coefficient of kelp fronds by 56% (paired t-test, P <
0.0005, df = 19, Fig. 2.2A). This effect was more pronounced for short fronds than for long
fronds (Fig. 2.2B, Table 2.1). Drag coefficient did not vary with Reynolds number for either
knotted or unknotted fronds (linear regressions, P > 0.05).

2.3.2 Breakage of knotted fronds
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Sections of fronds tied into an overhand knot always broke at the entrance to the knot
(arrow, Fig. 2.1A), and broke at forces that were on average 18% lower than those required to
break an adjacent unknotted section from the same frond (Fig. 2.2C,D,E; Table 2.2).

2.3.3 Frond configuration and epifaunal communities

The most common animals found on the fronds were amphipods, kelp crabs, isopods,
littorinid snails, and limpets, all of which eat kelp tissue. Suspension-feeding mussels and
barnacles were also common. Tangled fronds had more amphipods (Fig. 2.3A), mussels, and
kelp crabs than did untangled fronds, whereas untangled fronds had more littorinid snails than
did tangled fronds (paired t-tests, P < 0.05, df = 15, Table 2.3). In contrast, there was no
difference between tangled and untangled fronds in the abundances of the other types of animals
tallied (paired t-tests, P > 0.05, df = 15). On both tangled and untangled fronds, amphipods that
can burrow and consume tissue from inside the fronds (Sotka, 2007) occurred in greater numbers
(paired t-test, P < 0.05, df = 31) and higher biomass than littorinid snails (paired t-test, P < 0.05,
df = 31), which only browse the surfaces of the fronds. Not only did tangled fronds bear more
herbivores than did untangled fronds, but those grazers were bigger: amphipods (paired t-test, P
< 0.05, df = 14, Fig. 2.3B) and isopods (paired t-test, P < 0.05, df = 6) each had a greater average
body mass on tangled fronds than on untangled fronds.

2.3.4 Weakening of fronds by herbivore damage

Grazers can damage fronds by removing the lateral blades (Fig. 2.3C) and by making
wounds in the supportive rachis (Fig. 2.3D). Tangled fronds had fewer lateral blades (Fig. 2.3C)
(paired t-test, P < 0.05, df = 10) and more wounds (Fig. 2.3D) per rachis length than did adjacent
untangled fronds (Fig. 2.3E).

To test whether the rachis wounds I found on tangled fronds made the fronds weaker, |
compared the strength of fronds with wounds like those made by amphipods (Fig. 2.3E) to that
of unwounded fronds. Wounded sections of frond rachises broke at forces that were on average
31% lower than the forces required to break adjacent unwounded sections of rachis from the
same fronds (Fig. 2.3F, Table 2.4).

2.3.5 Prevalence of knots and tangles

Surveys of E. menziesii in four intertidal habitats along the northern California coast
revealed that knots and tangles were most abundant in the autumn (Fig. 2.4A), and that they
formed on kelp whose mean frond lengths were at least 49 cm (n = 43). Knots frequently formed
on the longest frond of a kelp (68.4% of knots, total n = 13 knotted longest fronds), and those
fronds ranged in length from 1.24 to 3.59 m. However, the maximum frond length of a kelp was
not a good predictor of whether or not the kelp had knotted fronds (logistic regression, P = 0.081,
X2 =3.042, df = 1; Peng et al., 2002). Tangles formed on kelp whose maximum frond lengths
ranged from 1.17 to 5.50 m, but maximum frond length was not a good predictor of whether kelp
had tangled fronds (logistic regression, P = 0.21, X? = 1.576, df = 1).

Kelp whose fronds were knotted or tangled experienced more frond breakage per time
than did neighboring kelp without knots or tangles (Fig. 2.4B,C). Over a period of one month,
beginning when knots were first observed, kelp with knotted fronds lost 21% of their size
(median, range = 72% decrease to 51% increase), while, over the same time interval, kelp
without knotted fronds increased their size by 3% (median; range = 58% decrease to 140%
increase in size) (paired t-test, P < 0.05, df = 9). Similarly, kelp with tangled fronds lost more
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frond tissue than kelp without tangled fronds over one month beginning when tangles were first
observed (paired t-test, P < 0.05, df = 12). Kelp with tangled fronds lost 11% of their size
(median, range = 92% decrease to 64% increase in size) while kelp without tangled fronds
maintained their size during the same time interval (median = 0%, range = 71% decrease to
105% increase).

2.4 DISCUSSION

2.4.1 Hydrodynamic forces on and breakage of knotted fronds

Knotted fronds of Egregia menziesii experienced more hydrodynamic drag (Fig. 2.2A)
and were weaker than unknotted fronds (Fig. 2.2C,D), suggesting that the water motion of ocean
waves can make knotted kelp fronds break more easily than unknotted fronds. However, the
cross-sectional shape of E. menziesii fronds (Fig. 2.2E) may have limited the weakening caused
by knots. The weakening of knotted structures is thought to result from the curvature of the
material within the knot and the mechanical stress (force per cross-sectional area of material) that
the curvature puts on the material. When a structure is bent, the material on the inside of the
curve experiences compression and the material on the outside of the curve experiences tension.
If the tensile stress placed on the material on the outside edge of the curve exceeds the strength
of the material, then the structure can break. The maximum stress (o, the force per area) on a
material that is bending under an applied force can be quantified by

_ E Ymax
R

o
(eqgn. 2.3)

where E is the Young’s modulus (stiffness) of the material, ymax iS the maximum distance within
the material’s cross-section from the neutral axis, and R is the structure’s radius of curvature
(Wainwright et al., 1976).

Structures with circular cross-sections can be weakened by up to 50% when tied into a
knot (Pieranski et al., 2001; Meluzzi et al., 2010), whereas E. menziesii, with its ellipsoidal
cross-sectional (Fig. 2.2E) was only weakened by 18% (median) up to a maximum of 28% (Fig.
2.2C,D). An ellipsoidal cross-section has a smaller ymax than does a circular cross-section of the
same total area, and because ymax is proportional to the maximum stress, the ellipsoidal cross-
section experiences smaller stresses than the circular cross-section for any given R (Gere and
Timoshenko, 1997). Therefore, when bent inside a knot, the maximum stress in the frond is
much less than if the frond had a circular cross-section. Considering both the increased
hydrodynamic drag and weakening caused by knots, knotted fronds are expected to break more
easily than unknotted fronds when exposed to moving water, but the initial large strength of E.
menziesii fronds (Friedland and Denny, 1995) suggests that even knotted fronds should be able
to withstand much of the water flow that the kelp regularly experiences in its habitat.

2.4.2 Frond configuration, epifaunal communities, and herbivory

Tangling was associated with an increase in the numbers and body sizes of herbivores
living on the kelp. The herbivores, through feeding, caused structural damage to the fronds,
most notably by decreasing the number of lateral blades (Table 2.3) and by directly wounding
the frond’s rachis (Fig. 2.3E). Losing lateral blades, which are responsible for much of the
kelp’s photosynthesis (Henkel and Murray, 2007), can impact the physiology of the kelp,
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whereas the wounds to the rachis can cause the whole frond to break (Fig. 2.3F), also resulting in
a loss of photosynthetic tissue. Thus, while the back-and-forth motion of waves can passively tie
kelp fronds into knots and tangles that enhance the kelp’s role as a source of habitat and food, it
can ultimately lead to the breakage of kelp fronds and loss of that valuable kelp habitat from the
intertidal ecosystem (e.g. Black, 1976).

2.4.3 Prevalence of knots and tangles

Through field surveys, | observed that knots and tangles formed on kelp with long fronds,
and that they were more likely to occur in the autumn. The individual mechanisms of increased
drag and reduced strength through knotting, and reduced strength through herbivore damage on
tangled fronds, suggest that knotted and tangled fronds are likely to break from the force of
waves before unknotted and untangled fronds. The change in thallus size of individual kelp,
with and without knotted and tangled fronds, followed the predictions based on the
biomechanical consequences of knotting and tangling described in this study: kelp whose fronds
were tangled or knotted decreased in size while untangled, unknotted kelp did not (Fig. 2.4B,C).

The timing of knotted and tangled fronds on E. menziesii further suggests that these
complex frond configurations are important in the perennial life cycle of the kelp. Though
knotted and tangled fronds were observed in every season of the year, they were most common
in the autumn, which is also when the kelp will have the longest fronds and largest total size
(Black, 1974). By becoming knotted and tangled in the autumn, the kelp can decrease in size
just before the arrival of the large ocean waves that are typical of winter storms. A decrease in
the total number and length of fronds will decrease the magnitude of hydrodynamic drag that an
individual kelp’s holdfast experiences, and therefore reduces the risk that the entire kelp will be
dislodged from the substratum (Wolcott, 2007). Surviving the large waves of winter is an
important process for perennial seaweeds, especially those that grow to large sizes. Large
reductions in size for kelp, especially E. menziesii, are not problematic because their fast growth
rates allow them to quickly reach large sizes in the spring and summer (Black, 1974), providing
habitat and food to much of the surrounding biological community (Hughes, 2010). Previous
studies have described the various ways in which large seaweeds undergo decreases in body size
before winter, such as herbivory-induced breakage (Black 1976; de Bettignies et al., 2012),
inherently weak fronds (Demes et al., 2013), and the timing of reproductive tissue formation
(Wolcott, 2007).

Here | show how frond breakage and a decrease in kelp size are caused by turbulent
water motion that ties the kelp fronds into knots and tangles. | described the specific
biomechanical and ecological mechanisms by which breakage of knotted, tangled fronds occurs,
and | monitored E. menziesii in the field to test whether the mechanisms identified in the
laboratory studies agree with what happens to real kelp.
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Figure 2.1: Fronds of the kelp Egregia menziesii tied into complex configurations. (A) Knots
are formed in a single frond, whereas (B) tangles are formed by multiple fronds. The knot and
tangle are indicated by the arrow in the respective photographs.
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Figure 2.2: Effects of being tied into a knot for kelp fronds. (A) Drag coefficients of fronds
were greater when fronds were tied into a knot than when the same fronds were unknotted
(paired t-test, P < 0.0005, df = 19). Slope of dashed line = 1, thus all points above the line
indicate an increased drag coefficient for knotted fronds, whereas points below the line show a
decrease. (B) Knots had a larger effect on the drag of short fronds than of long fronds (linear
regression: y = -5.2x + 8.0, P < 0.005, r? = 0.34). (C) The anatomy and relative age of regions of
a frond of E. menziesii. Measurements of the breaking force can be affected by the tissue age,
thus | compared the breaking force of one section of frond (knotted) to that of the breaking force
of both younger and older sections. (D) Knotted sections of frond broke with 18.1% lower
forces than unknotted sections of the same frond (paired t-test, P < 0.0005, df = 19). (E)
Ellipsoidal cross-section of rachis.
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Figure 2.3: Effects of being tangled for kelp fronds. (A) Tangled fronds had more amphipods
per frond length (individuals m™) than did neighboring, untangled fronds (paired t-test, P < 0.05,
df = 15). Maximum abundance of amphipods on tangled fronds was 1,207 inidividuals m*, and
188 individuals m on untangled fronds. Dashed lines show a slope = 1, similar to Fig. 2.2A,D.
(B) Tangled fronds had bigger amphipods (mean dried weight per amphipod) than did untangled
fronds (paired t-test, P < 0.05, df = 14). (C) Example of different abundances of lateral blades
on frond. (D) Example of wounds caused by amphipods (white arrows) burrowing into and
feeding on fronds. (E) Tangled fronds had more wounds than did untangled fronds (paired t-test,
P <0.05, df =10). (F) Wounds mimicking damage from amphipods made fronds break at a
31.4% lower force than unwounded frond tissue from the same frond (paired t-test, P < 0.05, df
= 15). I controlled for the tissue age as described in Fig. 2.2C.
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Projected Mean unknotted Mean knotted

Frond planform area (m?  Length (m)  drag coefficient drag coefficient
1 0.061 1.24 0.005 0.008
2 0.025 0.93 0.009 0.014
3 0.022 0.98 0.007 0.012
4 0.011 0.60 0.008 0.012
5 0.004 0.49 0.006 0.014
6 0.006 0.71 0.005 0.009
7 0.023 0.99 0.011 0.012
8 0.013 1.00 0.006 0.006
9 0.031 0.91 0.006 0.009
10 0.032 0.91 0.007 0.011
11 0.028 0.91 0.007 0.011
12 0.019 0.60 0.007 0.012
13 0.014 0.70 0.007 0.013
14 0.017 0.86 0.009 0.011
15 0.028 0.91 0.009 0.011
16 0.019 0.80 0.008 0.011
17 0.014 0.77 0.005 0.009
18 0.024 1.00 0.009 0.011
19 0.024 0.90 0.005 0.008
20 0.038 1.00 0.008 0.009

Table 2.1: Drag coefficients of unknotted and knotted fronds. Drag coefficients were measured
for fronds when they were unknotted, and again when those same fronds were tied into an
overhand knot.
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Unknotted frond Unknotted frond

Frong K o L
older tissue (N) younger tissue (N)
1 59.35 69.09 39.79 54.44
2 54.72 62.65 70.82 66.74
3 26.87 45.28 29.78 37.53
4 77.76 79.19 87.76 83.47
5 77.10 79.01 88.68 83.84
6 81.00 87.46 87.86 87.66
7 66.26 89.74 92.65 91.20
8 80.90 110.37 86.31 98.34
9 70.73 80.86 62.27 71.57
10 74.73 91.95 71.90 81.93
11 61.30 78.08 56.11 67.10
12 78.42 108.06 97.23 102.65
13 58.82 83.71 64.58 74.15
14 51.58 74.32 69.54 71.93
15 66.33 91.85 62.01 76.93
16 57.44 94.85 58.73 76.79
17 60.49 90.21 66.12 78.17
18 67.53 100.24 64.70 82.47
19 59.61 96.30 60.14 78.22
20 73.51 117.61 69.76 93.69
21 66.76 86.99 62.32 74.65

Table 2.2: Breaking force of unknotted and knotted frond tissue. The breaking force of a
knotted section of frond was compared to the breaking force of unknotted tissue from the same
frond. To control for the effects of tissue on the breaking force, the breaking force of unknotted
tissue was calculated as the mean of the breaking force of frond tissue that was older than the
knotted tissue and the breaking force of frond tissue that was younger than the knotted tissue
(Fig. 2.2C).
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Table 2.3: Comparisons of lateral blades, wounds, and epifaunal abundances and biomasses on

the tangled and untangled fronds.



Unwounded frond Unwounded

Frond mo:xngoerc(i::r(?\ln)d max force; frond max force; f:\gﬁznn:';)x%ﬁ?szﬁ)
older tissue (N) younger tissue (N)
1 16.44 27.27 33.04 30.16
2 24.64 35.81 41.04 38.42
3 15.41 19.91 32.86 26.39
4 31.52 34.96 48.86 41.91
5 27.93 31.36 48.00 39.68
6 17.98 26.72 31.17 28.94
7 43.39 44.52 60.01 52.26
8 46.15 60.82 66.02 63.42
9 31.49 38.49 51.55 45.02
10 44.60 51.27 62.22 56.75
11 23.44 24.32 45.30 34.81
12 18.44 25.19 34.75 29.97
13 18.92 23.20 34.05 28.62
14 31.69 42.30 56.51 49.41
15 29.74 33.10 51.05 42.08
16 40.47 61.43 25.73 43.58

Table 2.4: Breaking force of wounded and unwounded frond tissue. The breaking force of a
wounded section of frond was compared to the breaking force of unwounded tissue from the
same frond. To control for the effects of tissue on the breaking force, the breaking force of
unwounded tissue was calculated as the mean of the breaking force of frond tissue that was older
than the wounded tissue and the breaking force of frond tissue that was younger than the
wounded tissue (Fig. 2.2C).
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Chapter 3. Seasonal changes in morphology and epifauna on the
kelp Egregia menziesii in habitats with different wave exposure

3.1 INTRODUCTION

On many rocky coastlines around the world, kelp provide habitat and food for many
organisms (Bustamante et al., 1995; Graham et al., 2007). In subtidal zones, kelp forests are
vital habitat for a variety of vertebrates and invertebrates (Graham, 2004, Morton and Anderson,
2013). Inintertidal zones, macroalgae provide refuges that are buffered from the harsh abiotic
stresses associated with aerial exposure at low tide, such as desiccation and thermal extremes
(Burnaford, 2004; Beermann et al., 2013). Because of their important roles in marine
ecosystems, the ways in which kelp respond to fluctuations in environmental conditions, such as
water temperature, water chemistry, and water motion, have been studied (reviewed by Harley et
al., 2012). At the same time, it is also important to understand how the epifauna using kelp as
habitat and food affect and are affected by the responses of the kelp to the environment
(Norderhaug et al., 2012; Poore et al., 2014; Simonson et al., 2015; see Chapter 2).

Kelp morphology can affect the roles that the kelp play in the surrounding biological
community. For example, macroalgae with large, complex thallus or holdfast morphologies can
provide more habitat for epibionts than do seaweeds with small, simple morphologies (Hauser et
al., 2006; Norderhaug et al., 2007; Christie et al., 2009; Teagle et al., 2017). Kelp morphology
also affects the temporal patterns of kelp survival in a community because it influences whether
the kelp can withstand unfavorable environmental conditions. For example, the morphology of a
seaweed affects it resistance to desiccation and over-heating during low tides (e.g. Bell, 1995;
Bertness et al., 1999). Furthermore, the hydrodynamic forces on kelp can break them or wash
them away when they are exposed to rapid water flow (e.g. in large waves during storms) (e.g.
Black, 1976; Friedland and Denny, 1995; Wolcott, 2007; Demes et al., 2013). Macroalgae that
are small have streamlined morphologies, or can reconfigure into streamlined shapes in flowing
water, experience lower hydrodynamic forces than do seaweeds with large, bulky morphologies
(e.g. Koehl, 1984; Koehl and Alberte, 1988; Carrington, 1990; Martone et al., 2012; de
Bettignies et al., 2013).

In spite of the importance of the morphology of macroalgae to their ecological roles and
performance, seasonal changes in their morphology are difficult to monitor. Some
measurements of morphology require removal of seaweeds from the shore (e.g. biomass, blade
area) (e.g. Johnson and Koehl, 1994; de Bettignies et al., 2013), so individuals cannot be
followed with time. Studies of kelp morphological plasticity in which tagged individuals were
followed with time in the field have generally only lasted weeks (e.g. Koehl and Alberte, 1988)
or months (e.g. Lowell et al., 1991; Pfister, 1991) rather than years. As a result, our knowledge
about seasonal changes in macrophyte morphology in situ in habitats characterized by different
wave exposures is limited.

3.1.1 Egregia menziesii

In this study, | monitored the seasonal morphological changes of the kelp Egregia
menziesii at sites exposed to different levels of wave exposure. E. menziesii is one of the largest
and most abundant kelp in the rocky intertidal zone along the west coast of North America
(Black, 1974; Abbott and Hollenberg, 1976; Hughes, 2010). The thallus of E. menziesii is
comprised of a perennial holdfast bearing numerous strap-like fronds (Fig. 3.1), each of which
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can grow to several meters in length (Abbott and Hollenberg, 1976). The size and abundance of
E. menziesii make it important for structuring the biological community in rocky intertidal
habitats (Kennelly, 1989; Sotka, 2007; Hughes, 2010), yet its size and highly-branched structure
make measurements of its morphology cumbersome to do in the field. Previous descriptions of
E. menziesii thalli in the field have been limited to easily-measured morphological characters
such as the length of the kelp’s longest frond or the number of fronds on the kelp (Black, 1974;
Blanchette et al., 2002; Hughes, 2010), although fine-scale morphological surveys have been
made of the small lateral blades that line the edges of the fronds (Henkel and Murray, 2007).
Nonetheless, little is known about how the morphology of this ecologically-important kelp varies
over seasons and years, or how such variation is affected by the wave exposure of the sites at
which the kelp are living.

E. menziesii affects the intertidal community by scouring organisms off the rocks as its
fronds sweep across the substratum, and also by providing habitat for epibionts and food for
herbivores (Kennelly, 2002; Hughes, 2010). In feeding experiments, E. menziesii was
commonly chosen by a wide range of invertebrate herbivores as a preferred food source over
other kelp and seaweed species (Leighton, 1971; Sotka, 2007). E. menziesii is the sole host to
the limpet Lottia insessa, which uses the kelp for both food and habitat (Black, 1976; Kuo and
Sanford, 2013). While large E. menziesii can host more limpets than can small ones, grazing by
the limpets can reduce kelp size because fronds are broken off by waves at weak points caused
by limpet grazing damage (Black, 1976; de Bettignies et al., 2012). Thus, while large complex
morphologies may allow kelp to provide habitat and food to more animals, herbivorous epifauna
can in turn alter the morphology of the kelp. E. menziesii is host to numerous other organisms,
including amphipods (Sotka, 2007), but little is known about how the prevalence and
composition of the epifauna on E. menziesii varies with season.

3.1.2 Objectives

The goal of this study was to quantify how the morphology and epifauna of an
ecologically-important kelp, E. menziesii, changes with time at sites exposed to different levels
of wave action. Kelp morphology depends on growth and damage, both of which can vary with
season, so | made monthly measurements over several years. Rather than simply focusing on
size, | measured a variety of different morphological features. My specific objectives were:
1) to measure monthly and inter-annual variation in the morphology of E. menziesii,
2) to quantify during different seasons the morphological differences between the kelp at sites
exposed to heavy versus to moderate wave action,
3) to measure the seasonal rates of change of a variety of morphological features and to
determine how those rates depended on kelp size and on the magnitude of that feature before the
change occurred, and
4) to monitor the temporal patterns in the proportion of E. menziesii hosting a variety of
different types of herbivores and other epibionts.

3.2 METHODS
3.2.1 Field surveys
Intertidal individuals of Egregia menziesii were surveyed at four sites in northern

California between August 2014 and February 2017 (Fig. S1.1). Sites were visited
approximately once per month when the height of low tide was less than 0.3 m above MLLW.
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Two moderately wave-exposed sites were located near Bodega, CA, USA: Horseshoe Cove
(HC) (38°18°59” N, 123°4°12” W) and Miwok Beach (MW) (38°21°25” N, 123°4°2” W). Two
wave-exposed sites were located in the Point Reyes National Seashore, CA, USA: Kehoe Beach
(KB) (38°9°56” N, 122° 57°6” W) and McClures Beach (MC) (38°11°3” N, 122°58°2” W).

At each site, adult kelp (i.e. stage IV sporophytes, sensu Henkel and Murray, 2007) were
surveyed along a horizontal transect that ran parallel to the shoreline, selecting approximately
every third individual that was encountered. A separate transect was used during each survey.
The lengths of all the fronds on the selected kelp were measured to the nearest 1 cm, and whether
or not each frond had its intercalary meristem and terminal lamina (Fig. 3.2) was recorded.
Broken fronds missing their intercalary meristem and terminal lamina do not grow as quickly as
intact fronds (Black, 1974). In addition, each surveyed kelp was examined for evidence of
epifauna living on the kelp’s fronds. For herbivores, kelp wounds characteristic of a particular
type of herbivore or the presence of those animals counted as evidence (Fig. 3.3A-D), whereas
for non-herbivorous epifauna, evidence was limited to the presence of the animals (Fig. 3.3E-G).

Over the course of the study period, a subset of kelp (98 kelp at moderate sites, 85 kelp at
exposed sites) at each site were tagged and were followed with time. The individuals to be
tagged were selected by initially distributing between 5 and 10 tags over the transect area, such
that no tagged kelp were within one meter of each other and that tagged kelp covered the range
of microhabitats available along the transect line. On subsequent visits to the site, newly tagged
kelp were established in an area of the shore if old tagged kelp had been washed away (or the
tags lost) such that there were always at least 10 tagged kelp at each site during each month of
the study period. Tags were 2.5 cm x 2.5 cm acrylic plates, each with a unique identification
number. The tags were tied with nylon cord around the kelp’s stipe, as close to the holdfast as
possible. During subsequent months, the presence of terminal laminae and meristems on the
fronds of tagged kelp fronds was recorded, and the lengths of fronds were measured. Many tags
were eventually lost or the whole kelp washed away, so tagged kelp were followed for as long as
the tags could be found (median = 177 days, range = 26 to 677 days).

3.2.2 Kelp morphology

Data from field surveys (i.e. frond lengths, presence/absence of terminal laminae and
meristems) were used to calculate seven morphological features. All fronds longer than 10 cm
on a kelp were included for the calculations.
1. Kelp size (S) was the total length of all the fronds on an individual kelp.
2. Number of fronds (Nf) was the number of fronds on an individual kelp.
3. Mean frond length (Lmean) Was the kelp size divided by number of fronds (S/Ns).
4. Maximum frond length (Lmax) was the length of longest frond on an individual kelp.
5. Frond density (D) was the length of fronds per space through which the fronds could move,
calculated assuming the kelp is attached to a flat substratum and that the fronds occupy a
hemispherical space whose radius is equal to the mean frond length (Fig. 3.4):

S
D =
3

wI N

T[Lmean

(egn. 3.1)

6. Percent of fronds that were intact (I) was the percent of fronds on a kelp that had a terminal
lamina and meristem (Fig. 3.2).
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7. Branching exponent (B), similar to the fractal dimension described by Seuront (2010), is a
measure of how uniform the lengths of the fronds on an individual kelp are. A high branching
exponent indicates that there is little variety in frond lengths on a kelp, whereas a low branching
exponent indicates high variation in the lengths of fronds on an individual. For each kelp, |
sorted the fronds on each kelp by their length and assigned a number, i, corresponding to their
rank (i.e. i =1 for the shortest frond and i = N for the longest frond). Next, I calculated Fj, the
total length of fronds whose ranks were less than or equal to i, for each possible value of i. The
branching exponent, B, for a kelp was the slope of the regression of a log-log plot of each value
of i and the corresponding value of F; (Fig. 5).

The rate of change of each morphological feature on a kelp was calculated by:

Fend - Fstart

Rat h =
ate of change Weoks

(egn. 3.2)

where Feng is the magnitude of the feature at the end of a sampling period, Fstart is the magnitude
of the feature on the first day of the period, and weeks is the number of weeks between the two
measurements (days between measurements divided by 7).

3.2.3 Statistical analyses

All analyses were run in R Statistical Software (v 3.3.2, R Development Core Team
2016). Kelp morphology data were rarely normally distributed and had variable sample sizes.
Therefore, | used non-parametric statistical tests to compare morphologies of kelp at sites with
different wave exposures, and of kelp at each site at different seasons. Mann-Whitney U tests
were used for two-sample comparisons, and Kruskal-Wallis tests with a post hoc Dunn test
(‘FSA’ package in R; Ogle, 2017) were used for comparing more than two samples. For
seasonal comparisons, | considered spring to be March through May, summer to be June through
August, autumn to be September through November, and winter to be December through
February.

3.3 RESULTS

3.3.1 Monthly variation in kelp morphology at a single site

The morphology of Egregia menziesii changed over time at each site. | present the
results here for a single moderately wave-exposed site, HC, where | had the most thorough
temporal coverage, and data for the other sites are presented in the Appendix (Figs. S3.1-S3.4).
Measurements at HC were made during each month for two years, and data for both years were
pooled for each month to calculate monthly medians and conduct statistical analyses. During
summer and autumn months, the kelp were larger (S, Fig. 3.6A) and had more fronds (N¢),
higher mean (Lmean) and maximum (Lmax, Fig. 3.6B) frond lengths, a greater proportion of intact
fronds with terminal laminae and meristems (1), and a higher branching exponents (B, a measure
of how uniform the fronds were in length) than did kelp in late winter and in spring, but had a
lower frond density (D, the length of fronds per space through which the fronds could move)
(Figs. S3.5A-E) (Kruskal-Wallis tests with post hoc Dunn tests, P < 0.05).

3.3.2 Inter-annual variation in kelp morphology at a single site
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During winter and spring, the morphology of E. menziesii was different in 2016 than it was
during 2015 and 2017 (Table 3.1) (Mann-Whitney U tests and Kruskal-Wallis tests with post hoc
Dunn test, P < 0.05). For example, from February through May, the mean frond lengths of kelp
were significantly higher in 2016 than in either 2015 or 2017 (Fig. 3.7). Similarly, kelp in spring
2016 had larger sizes (S), more fronds (Nt), longer fronds (Lmean and Lmax), lower frond densities
(D), relatively more intact fronds (1), and higher branching exponents (B) than did kelp in spring
2015 (Table 3.1).

3.3.3 Kelp morphology at sites with different wave exposure

| tested whether the morphology of E. menziesii differed between sites with heavy versus
moderate wave exposure. Since wave size varies with season (e.g. Denny, 1988), | compared
sites during each season separately. Because of their close proximity and similar wave-exposure
level, data from HC and MW were pooled to represent moderately wave-exposed sites (which |
call "moderate™), and data from KB and MC were pooled to represent wave-exposed sites (which
| call "exposed™). Kelp size (S) was not different between the exposed and moderate sites in all
seasons (Mann-Whitney U tests, P > 0.05) (Table 3.2) (Fig. S3.6A). However, in the summer
and autumn, kelp at the exposed sites had greater mean frond lengths (Lmean) than did kelp at
moderate sites (Fig. 3.8A). In the spring, kelp at exposed sites had fewer fronds per kelp (Nf)
than at moderate sites (Mann-Whitney U test, P < 0.05), but there were no differences in Nt
between sites with different wave exposures during the other seasons (Fig. S3.6B). Furthermore,
during spring, summer, and autumn, kelp at the exposed sites had relatively more intact fronds (I,
Fig. 3.8B) and lower frond densities (D, Fig. 3.8C) than did those at moderate sites (Table 3.2).
Although various morphological features differed between kelp from the exposed and moderate
sites during spring, summer, and autumn (Figs. S3.3A-E), there were no significant
morphological differences between the kelp from different sites during the winter (Table 3.2).

3.3.4 Rates of morphological change of kelp at sites with different wave exposure

The morphology of a kelp can change with time due to growth and to damage (e.g. by
herbivores and hydrodynamic forces), all of which can vary between sites and seasons. |
examined the direction and rates of change of a variety of morphological features of E. menziesii
at exposed and moderate sites during spring, summer, autumn, and winter (Table 3.3).

The rate of change in the size (S, the total length of all the fronds on a kelp) of individual
E. menziesii depended on season, wave exposure (Table 3.3), and on the size of the kelp at the
beginning of the month over which growth rate was measured (Table 3.4) (Fig. 3.9). At both the
exposed and the moderate sites, all the kelp grew in the summer (i.e. the growth rates for the
measured kelp were all positive), whereas during the other seasons, some kelp increased in size
while others got smaller (i.e. the range of growth rates spanned positive and negative values).
However, at the exposed sites there was a net increase in kelp size during all seasons (i.e. the
median value for growth rate was positive, Table 3.3), whereas at the moderate sites there was a
net increase in size in spring, summer, and autumn, but a net decrease in size (i.e. the median
value for growth rate was negative, Table 3.3) in winter. Thus, during the winter there was a
significantly higher growth rate for kelp at exposed sites than at moderate sites (Table 3.3). At
the exposed sites, large kelp increased in size at significantly greater rates than did smaller kelp
during the summer, but size had no effect on growth rates during the other seasons. (Table 3.4).
In contrast, at the moderate sites large kelp grew more rapidly in both spring and summer, but
got smaller at greater rates during autumn and winter (Table 3.4) (Fig. 3.9).

44



There were only a few cases, all at the moderate sites, in which the rate of change of
other morphological features depended on total kelp size (S): the rate of decrease was greater for
large kelp than for small ones in maximum frond length in autumn, in percent of intact fronds in
summer, and in the number of fronds on a kelp in autumn, whereas the rate of increase in frond
number during spring was positively correlated with S during spring (Table S3.1). The
observation that total size did not usually affect rates of change of other morphological
parameters is not surprising because kelp with very different morphologies can have the same
size (e.g. kelp with a few long fronds or many short fronds can be the same total size).

Therefore, | explored how morphological features other than total size depended on their
magnitude at the start of the period over which changes in that feature were measured.

The rate of change of the number of fronds on a kelp (N¢) sometimes correlated with the
number of fronds on that kelp at the beginning of the period over which the change in N was
measured (Table 4), and was also affected by season and wave exposure (Table 3.3) (Fig.
S3.7A). At both exposed and moderate sites, some kelp gained and some lost fronds during all
seasons, but there was a net increase in frond number during summer and winter at the exposed
sites, and a net increase during spring and summer at the moderate sites, while there was no net
change during other seasons. The rate of increase in frond number was significantly greater at
the exposed sites than at the moderate sites only during the winter (Table 3.3). Exposed-site kelp
with many fronds lost fronds during spring at a greater rate than did kelp with few fronds, but
added fronds at a greater rate during summer (Table 3.4). In contrast, at moderate sites, kelp
with many fronds lost fronds at a greater rate than did kelp with few fronds during autumn and
winter.

The rate at which mean frond length (Lmean) increased showed a net rise during all
seasons at the exposed sites, whereas at the moderate sites Lmean increased only during spring and
summer, but decreased during autumn and winter (Table 3.3) (Fig. 3.10B). The rate of increase
in Lmean Was significantly higher at the exposed sites than at the moderate sites during both winter
and spring (Table 3.3). At exposed sites, kelp that had a high mean frond length became shorter
at a greater rate than did those with a low mean frond length during the spring, whereas at the
moderate sites this occurred during spring, autumn, and winter.

The maximum frond length (Lmax) Of kelp at both the exposed and moderate sites
increased during spring, summer and autumn, but decreased during winter (Table 3.3) (Fig.
S3.7B). There were no significant differences in the rates of change of Lmax between exposed
and moderate sites (Table 3.3). The longest fronds on kelp with high maximum frond lengths
grew more slowly than did the longest fronds on kelp with lower maximum frond lengths during
autumn at the exposed sites, and during both autumn and winter at the moderate sites (Table 3.4).

Frond density (D, the length of fronds per space in the water through which the fronds
can move) is a measure of how closely-spaced the fronds are to each other. Frond density
decreased (i.e. fronds became sparser) during summer at both exposed and moderate sites (Table
3.3) (Fig. 3.10C). However, opposite trends in frond density were seen at different wave
exposures during other seasons. During spring and autumn D decreased at the exposed sites
while it increased at the moderate sites, and during winter D increased at the exposed sites but
decreased at moderate sites. Frond density decreased at significantly greater rate at the exposed
sites than at the moderate sites during spring, but decreased at greater rates at the moderate sites
during summer (Table 3.3). Kelp with high frond densities changed D at lower rates than did
those with lower frond densities at both wave exposures (Table 3.4). Kelp with high D lost frond
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density at a greater rate during the spring at the exposed sites and during the spring, summer, and
winter at the moderate sites.

The rate of change of the percent of fronds on a kelp that were intact (1) was also affected
by season, site, and number of intact fronds on a kelp at the start of the measurement period. At
the exposed sites, the percent of intact fronds decreased during summer and autumn, whereas at
the moderate sites | increased during the spring (Table 3.3) (Fig. S3.7C). The rate at which kelp
lost intact fronds was significantly greater at the exposed sites than at the moderate sites only
during the summer (Table 3.3). Kelp with a high percentage of intact fronds lost intact fronds at
a lower rate than did kelp with fewer intact fronds during spring, autumn, and winter at the
exposed sites and during spring, summer, and winter at the moderate sites (Table 3.4).

Branching exponent (B) is a measure of how uniform the frond lengths are for an
individual kelp. At the exposed sites, the branching exponent increased during spring and
decreased during winter, whereas at the moderate sites B increased in summer and autumn, and
decreased in winter (Table 3.3) (Fig. S3.7D). Kelp with high B increased their B at slower rates
than those with lower B during all seasons at the exposed sites, and during spring at the moderate
sites Table 3.4).

In conclusion, for all the morphological features of E. menziesii that | monitored in the
field, the direction and rate at which they changed depended on season, wave exposure, and the
magnitude of the feature at the start of the period over which change was measured.
Furthermore, kelp size alone was not a good predictor of rates of change in morphological
features other than size.

3.3.5 Epifauna

The most abundant epifauna on E. menziesii were herbivorous and suspension-feeding
invertebrates. Among the herbivores, amphipods were found on the greatest percentage of the
kelp (Fig. 3.3A), followed in order of prevalence by limpets, Lottia insessa (Fig. 3.3B), isopods,
Idotea spp. (Fig. 3.3C), and kelp crabs, Pugettia producta (Fig. 3.3D) (ranking based on the
median of the median values for each type of herbivore for each month). Amphipods were found
on many more kelp than were limpets at both exposed and moderate sites (paired t-tests by
month for each wave exposure, P < 0.05, n =15 months for exposed sites, and n = 20 months for
moderate sites). Among the suspension-feeding epifauna on E. menziesii, mussels, Mytilus spp.
(Fig. 3.3E) were found on a greater percentage of the kelp than were gooseneck barnacles,
Pollicipes polymerus (Fig. 3.3F), and acorn barnacles (order Sessilia) (Fig. 3.3G) (ranking based
on the median of the median values for each type of suspension feeder for each month).

The animals living on E. menziesii had different seasonal patterns of prevalence. Among
the herbivores at both moderate and exposed sites, amphipods were found on the greatest
percentage of kelp in the autumn (Fig. 3.11A), limpets were on the most kelp during the summer
(Fig. 3.11B), and isopods and kelp crabs showed no seasonal pattern (Fig. 3.11C,D). At both
exposed and moderate sites, the suspension-feeding gooseneck barnacles were found on the
greatest percentage of kelp during winter and spring (Fig. 3.11F), while the acorn barnacles were
most prevalent in autumn (Fig. 3.11G). In contrast, the seasonality of the suspension-feeding
mussels depended on wave exposure: at exposed sites, mussels were found on more of the kelp
during spring, but at moderate sites they were most prevalent in the summer (Fig. 3.11G).

The herbivorous epifauna were usually found on more kelp at the moderate sites than at
the exposed sites throughout the year, whereas some suspension feeders were more prevalent at
exposed sites while others were found on more of the kelp at moderate sites (Fig. 3.11). Of the
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14 months for which | have survey data from all sites, both amphipods (Fig. 3.11A) and isopods
(Fig. 3.11C) were found on more of the kelp at the moderate sites than at the exposed sites in 10
of those months (Fig. 3.11A), limpets were found on more kelp at moderate sites in all 14
months (Fig. 3.11B), and, kelp crabs were found on more on more kelp at moderate sites in 12
months (Fig. 3.11D). Similarly, suspension-feeding mussels were found on a greater percentage
of the kelp at moderate sties during 9 of the 14 months for which | have data for all sites (Fig.
3.11E). In contrast, the other suspension feeders were found on more of the kelp at the exposed
sites: gooseneck barnacles for 9 months (Fig. 3.11F), and acorn barnacles for all 14 months (Fig.
3.11G).

3.4 DISCUSSION

3.4.1 Seasonal changes in kelp morphology

The morphology of a kelp can change via growth and via damage. Growth rates and
patterns can be affected by environmental factors such as day length, nutrient concentrations in
the water, temperature, and water flow (e.g. Koehl et al., 2008, Bearham et al., 2013), while
damage can be caused by processes such as herbivory or wave action (e.g. Black, 1976; de
Bettignies et al., 2012; Demes et al., 2013). Egregia. menziesii are perennial kelp (Abbott and
Hollenberg, 1976), thus an individual's morphology is the result of growth during its first year,
accrued frond breakage, and recent growth, all of which can be affected by the abiotic and biotic
environment of a kelp.

| found that the morphology and epifauna of E. menziesii varied with season, both at sites
that were exposed to heavy wave action (exposed) and at sites that encountered moderate waves
(moderate). Throughout the year at both wave exposures, the kelp showed little variation in the
number of fronds (Nf) from season to season (median Nt of 9 to 11 fronds at moderate sites, and
of 8 to 10 fronds at exposed sites), but they did undergo changes in other morphological features.
During spring, kelp at both moderate and exposed sites had short fronds (low mean frond length,
Lmean, length of lonest frond, Lmax, and total frond length, S), with a lot of variation in the lengths
of fronds on an individual (low B). During spring, only a small percentage of kelp at both wave
exposures were host to herbivorous epifauna (amphipods, limpets, isopods, kelp crabs), but many
of the kelp were host to suspension feeding epifauna (mussels, gooseneck and acorn barnacles)
(Fig. 3.11). However, there were some differences during spring between the kelp at sites with
different wave exposure. At moderate sites, few of the fronds were intact (low percent of fronds
with that had a terminal lamina and meristem, 1), whereas at exposed sites, many of the fronds
were intact (high I). During summer at both wave exposures, fronds grew longer (S, Lmean, Lmax
increased) and kelp became less bushy (the length of fronds per space through which the fronds
could move in the water, D, decreased) with less variation in frond length (branching exponent,
B, increased). More of the fronds were intact (high I) even though the percent of kelp infested
with herbivores increased. However, kelp at moderate sites were host to herbivorous amphipods,
limpets, and kelp crabs, whereas kelp at exposed sites were host only to amphipods and kelp
crabs. During autumn at both wave exposures, the fronds reached their greatest lengths of the
year (high S, Limean, Lmax) and kelp were less bushy (low D) with less variation in frond length
(high B). The percent of intact fronds on kelp (1) decreased as the percent of kelp infested with
herbivores, particularly amphipods, remained high. At the same time, the percent of kelp hosting
suspension feeders increased at both wave exposures. During winter at both exposed and
moderate sties, fronds became shorter (S, Lmean, Lmax decreased) as more fronds broke (I

47



decreased), and kelp became bushier (D increased) with more variation in frond length (B
decreased). In winter, the percent of kelp infested with herbivores decreased while the percent of
kelp hosting suspension feeders continued to increase at both sites, but a greater percentage of
kelp hosted suspension feeders at exposed sites than at moderate sites.

The total size (S) of an E. menziesii depends on both the number and length of fronds. |
found that frond number did not vary with season, thus the size increases of these kelp were due
to frond growth rather than generation of new fronds, as was also found by Black (1974), who
suggested that E. menziesii only produce new fronds when old fronds break (Black, 1976).

The seasonal patterns of changes in E. menziesii morphology and epifauna that |
measured were repeated on successive years during my study. However, during the winter and
spring of 2016, the water temperatures were higher than during 2015 and 2017 (Fig. 3.12) and
the waves were often bigger (National Buoy Data Center, http://www.ndbc.noaa.gov/) due to El
Nifo. E. menziesii were larger in February through May of 2016 than they were during those
months in 2015 and 2017 (Fig. 3.7), which is not surprising since kelp growth rates increase with
temperature (e.g. Bearham et al., 2013). In addition, the percent of kelp bearing amphipods or
hosting limpets was lower during winter and spring of 2016 than in the other years monitored,
which may have led to less herbivore damage and breakage of fronds. This reduction in epifauna
during El Nifio could have been caused by physiological stress due to anomalously high water
temperatures and wave action (e.g. Donovan and Taylor, 2008; Bjelde and Todgham, 2013), and
by waves dislodging epifauna from kelp (Kennelly, 1989; Duggins et al., 2001; Hughes 2010) or
preventing their recruitment onto kelp (Black, 1976; Morton and Anderson, 2013).

3.4.2 Epifauna

E. menziesii at both exposed and moderate sites were host to a variety of herbivorous and
suspension-feeding epifauna throughout the study period. The perennial life history of E.
menziesii and its many complex, long fronds should make it a good refuge for epibionts,
probably protecting them from predators and abiotic stresses such as heat and desiccation at low
tide, and hydrodynamic forces at high tide. In turn, herbivores might enhance the survival of E.
menziesii. Breakage of fronds at wounds caused by herbivores can prune the kelp to smaller
size, thereby reducing hydrodynamic forces on the kelp and decreasing the risk that the entire
thallus will be dislodged by large waves during winter storms (Black, 1976; de Bettignies et al.,
2012; Demes et al., 2013; Lopez et al., 2014).

Previous studies of E. menziesii in southern California focused on the limpet, Lottia
insessa, as the dominant epifaunal herbivore (Black, 1976). Although the range of L. insessa
continues through northern California into Oregon and Washington (Black, 1976; Kuo and
Sanford, 2013), | found that herbivorous amphipods fed on and damaged many more kelp than
did L. insessa in northern California at both exposed and moderate sites (Fig. 311A,B).

Herbivorous epifauna were found on a greater percentage of the kelp at moderate sites
than at exposed sites, whereas suspension-feeding epifauna were found on more of the kelp at
exposed sites than at moderate sites. Suspension feeders were also more prevalent than
herbivores during winter, when wave action was stronger. Similar patterns have been observed
in communities of benthic invertebrates, with more suspension-feeding animals at sites with
higher wave action (Christofoletti et al., 2010). These patterns in the types of epibionts most
prevalent in different wave exposures may have been due to the effects of water flow on the
feeding performance of the animals, or on the ability of the animals to hang on to the kelp. It has
been suggested that higher water motion increases the rate that water-borne food is delivered to
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suspension-feeders (Sanford et al., 1994; Bertness et al., 1998), whereas heavy wave action can
interfere with gastropod grazing activity (e.g. Denny, 1994). The most common suspension
feeders on E. menziesii were sessile mussels and barnacles that can recruit to wave-battered
substrata and that glue themselves to surfaces, whereas the abundant herbivores were motile.
Rapid water motion has been shown to dislodge herbivores from kelp (Duggins et al., 2001;
Kennelly, 1989; Hughes, 2010) and to interfere with their recruitment (Black, 1976; Morton and
Anderson, 2013).

3.4.3 Effects of wave exposure on kelp morphology

Although E. menziesii at exposed and moderate sites showed similar seasonal patterns of
morphological change, they did differ in structure at some times of the year (Table 3.2). During
spring, summer, or autumn, kelp at exposed sites tended to have fewer, but longer, fronds than
did kelp at moderate sites, and to have a greater proportion of intact fronds and less variation in
frond length. These differences could be due to more breakage of fronds on kelp at moderate
sites, where a greater proportion of the kelp were infested by herbivores than were those at
exposed sites. However, during winter, when kelp from both sites were broken to smaller size
(probably due to the increased wave action typical of winter storms in the northeastern Pacific
Ocean, e.g. Wolcott, 2007), there were no differences in the morphology of E. menziesii at
exposed or moderate sites. Although the size of other species of kelp can increase with wave-
exposure (Pedersen et al., 2012), there was no difference in the total size (S) of E. menziesii from
exposed versus moderate sites during any season.

3.4.4 Importance of size and other measures of morphology

Size is the morphological feature of macroalgae that is most easily and commonly
measured. It can be used as a proxy for age, but this is problematic for seaweeds that can break
to smaller size as they age. Size can also be used as a proxy for macrophyte performance in the
environment since it can affect the magnitude of hydrodynamic forces, ability to resist drying
and heating at low tide (e.g. reviewed in Denny, 1988, 1993), and the abundance of epibionts
hosted (Norderhaug et al., 2007).

Although total size is very important, it is not a good predictor of other morphological
features of macroalgae. For example, kelp with a few long fronds or many short fronds can be
the same total size. Furthermore, although I found that total size affected the rates at which E.
menziesii increased or decreased in size during different seasons, as has been shown for other
seaweeds (e.g. Black, 1974; Gonzalez-Fragoso et al., 1991), | also found that thallus size rarely
correlated with the rates of change of other morphological features. Structural features such as
number, length, branching, and shape of fronds can affect ecologically-important factors such as
tangling (see Chapter 2), self-shading (Koehl and Alberte, 1998; Holbrook et al.,1991),
hydrodynamic forces (e.g. Koehl, 1984; Carrington, 1990; Martone et al., 2012; de Bettignies et
al., 2013), heating and desiccation at low tide (e.g. Bell, 1995), and epibiont load (Hauser et al.,
2006; see Chapter 2). | have shown that such features can change with season and wave
exposure in different ways than does size.
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Morphology Month Year Difference Test n
February 2016 > 2017 kel 23,24
Kelp size April 2015 < 2016 * 18, 33
May 2015 < 2016 * 27,47
February 2015 > 2017 < 2016 ** 30, 24, 23
Number of fronds
December 2015 < 2016 * 14, 24
February 2015 <2016 > 2017 foled 30, 23, 24
Mean frond length Mar(_:h 2015 < 2016 * 36, 18
April 2015 < 2016 * 18, 33
May 2015 < 2016 * 27, 47
February 2015 <2016 > 2017 foled 30, 23, 24
March 2015 < 2016 * 36, 19
Max frond length .
April 2015 < 2016 * 18, 33
May 2015 < 2016 * 27,47
January 2016 < 2017 * 12, 23
February 2016 <2015 > 2017 foled 23, 30, 24
Frond density March 2015 > 2016 * 36, 18
April 2015 > 2016 * 18, 33
December 2015 < 2016 * 14, 24
February 2016 > 2015 < 2017 foled 23, 30, 24
Intact fronds (%) March 2015 < 2016 * 36, 18
June 2015 > 2016 * 19, 57
February 2015 <2016 ** 30, 23
Branching exponent Mar(_:h 2015 < 2016 * 36, 18
April 2015 < 2016 * 18, 33
July 2015 > 2016 * 22,77

Table 3.1: Inter-annual differences in morphology for each calendar month at Horseshoe Cove.
Only months with significantly different morphologies between years are reported. * indicates a
Mann-Whitney U test, P < 0.05. ** indicates a Kruskal-Wallis test with post hoc Dunn test, P <

0.05. Sample sizes for each year are given in the order of the corresponding years under “Year

Difference.’
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Morphology Spring Summer Autumn Winter

Kelp size (S) ns ns ns ns
Number of fronds (Ny) M>E ns ns ns
Mean frond length (Lmean) ns E>M E>M ns
Maximum frond length (Lmax) NS E>M ns ns
Frond density (D) M>E M>E M>E ns
Intact fronds (1) E>M E>M E>M ns
Branching exponent (B) E>M ns E>M ns

Table 3.2: Comparisons of morphological characters between kelp at exposed sites (E) and those
at moderate sites (M) for each season. Significant difference between kelp from sites with
different wave exposure (Mann-Whitney U tests, P < 0.05) are indicated by M > E if the values
are higher at moderate sites, and E > M if they are higher at exposed sites, while ‘ns’ indicates no
significant difference between wave-exposures. Sample sizes are reported in Fig. 3.8. Some
kelp were measured in multiple seasons, but there was only one observation per kelp within a
single season.
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Morph.

Feature Waves Spring Summer Autumn Winter
M 4 82 4 -9
Kelp size (-12 to 27) (12 to 136) (-9 to 30) (-32t0 1)
(cm wk?) £ 8 107 8 8 *
(-23 to 48) (28 to 160) (-28 to 24) (-7 to 28)
Nurmber of M 0.25 0.23 0.00 0.00 «
fronds (-0.21 to 0.64) (-0.11 to 0.90) (-0.19 to 0.50) (-0.15 to 0.16)
(fronds wk-?) £ 0.00 0.24 0.00 0.23 «
(-0.50 t0 0.37) (-0.06 t0 0.74) (-0.23 t0 0.33) (0.00 to 0.53)
0.4 3.6 -0.6 -18
:\é'rfgt“hfm“d M (-1.810 0.3) (2.010 6.0) (-1.31t0 0.5) (-3.210 -0.8) *
(cm wk) £ 0.9 3.9 1.4 0.4 «
(0.1t03.1) (0.8108.2) (-3.3102.9) (-2.3t0 0.4)
0.4 11.3 0.5 -1.0
Max M (-1.7 to 4.5) (4.1t017.7) (0.0to 1.4) (-8.0t0-0.2)
frond length 24 9.4 0.2 0.4
(om wk™) E (0.3106.8) (3.1t013.4) (-3.7100.8) (-3.7100.2)
0.83 -2.35 * 0.08 0.64
Frond density (-2.27 10 4.22) (-5.94 to -0.44) (-0.54 to 0.50) (0.25 to 1.85)
(m m3 wkt) c -1.18 -0.62 * -0.08 1.01
(-5.02 t0 0.04) (-1.34t00.17) (-0.36 t0 0.30) (0.02 to 5.52)
0.4 0.0 * 0.0 0.0
Intact fronds (-1.7 t0 2.8) (2510 1.9) (-2.3100.1) (-2.0t0 0.6)
(% wk™) £ 0.0 2.1 x 11 0.0
(-0.8 to 1.0) (-4.5t0 -1.0) (-3.110 0.6) (-0.8t0 1.7)
Branchin M -0.01 0.01 0.01 0.00
Exponemg (-0.03 t0 0.02) (-0.01 to 0.04) (0.00 to 0.05) (-0.03 t0 0.02)
(wk?) £ 0.02 0.00 0.00 -0.01

(-0.01 to 0.05)

(-0.02 to 0.04)

(-0.03 t0 0.03)

(-0.03 t0 0.03)

Table 3.3: Comparisons of growth rates of morphological characters between exposed sites (E)
and moderate sites (M) for each season. Values are medians with the ranges of the first quartile
above and below the median given in parentheses. Cases in which there were significant
differences between kelp at exposed versus moderate sites (Mann-Whitney U tests, P < 0.05) in

the rates of change for a given morphological character are indicated by an asterisk to the right of
the values. Samples sizes for moderate sites were 49 kelp for spring, 35 for summer, 26 for

autumn, and 37 for winter, and for the exposed sites were 25 for spring, 28 for summer, 17 for
autumn, and 24 for winter. Some kelp were measured in multiple seasons, but there was only

one observation per kelp within a single season.
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Wave-exposure Morphology Spring  Summer Autumn Winter

Kelp size (5) T T l l
Number of fronds (Nr ) ns ns l l
Mean frond length (Lmean) ns
| Lo
KT Maximum frond length (Lmax) ns ns l l
S
Frond density (D) l l ns l
% fronds intact (1) l l ns l
Branching exponent (B) l ns ns ns
Kelp size (S) ns T ns ns
Number of fronds (N ) l T ns ns
Mean frond length (Lmean ns ns
. gth (Lnean) ! !
g Maximum frond length (Lmax) ns ns l ns
M
Frond density (D) l ns ns ns
% fronds intact (I) l ns l l

Branching exponent (B) l l l l

Table 3.4: Correlations between the rate of increase of a morphological feature and the prior
value for that morphological feature for E. menziesii during different seasons at moderate and
exposed sites. | tested for a significant association between the rate of change in the percent of
fronds that were intact (1) and the prior | of each kelp using a Kendall Tau Correlation (P <
0.05). For all other morphological features, | used linear regression to test for significant
correlations between the rate of change of a feature and its prior value for each kelp. Upward
arrows (1) indicate a positive correlation, downward arrows (] ) indicate a negative correlation,
and ‘ns’ indicates no significant correlation. Sample sizes for the moderate sites were 59
individuals in spring, 52 in summer, 50 in autumn, and 44 in winter, and for the exposed sites
were 20 in spring, 56 in summer, 26 in autumn, and 29 in winter. Some kelp were measured in
multiple seasons, but there was only one observation per kelp within a single season.
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Figure 3.1: An individual Egregia menziesii has a holdfast that attaches to the substratum and
numerous strap-like fronds that come out of the holdfast.
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Figure 3.2: An “intact” frond of the kelp has an intercalary meristem and a terminal lamina at
the distal end of the frond. A broken frond has lost its meristem and terminal lamina and cannot
grow as rapidly as an intact frond.
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Figure 3.3: Common epifauna on fronds of kelp. Some herbivorous epifauna, such as
amphipods (A) and limpets (B), create unique wounds on the kelp. Other herbivorous epifauna,
such as isopods (C) and kelp crabs (D), inflict generic damage to the kelp. Non-herbivorous
epifauna, such as mussels (E), gooseneck barnacles (F), and acorn barnacles (G), do not wound
the kelp. The scale bar in each photo is approximately 2 cm. The red arrows show the epifauna.
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space for fronds
to occupy

2 fronds of length L

mean

— -

lower frond density higher frond density

Figure 3.4: Frond density of the kelp is the length of fronds per space through which the fronds
could move, calculated assuming the fronds can occupy a hemispherical space with a radius
equal to the mean frond length, Lmean (A). The frond density is then a function of the number of

fronds and the mean frond length (B).
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Figure 3.5: The branching exponent of kelp is the slope of the log-log regression of j and F;,
where i is the ordered rank of unique frond lengths (from shortest to longest), and Fi is the sum
of the lengths of all fronds whose ranks are less than or equal to i. As an example, A-C show a
scaled schematic of the fronds (in gray) used to calculate the branching exponent (slope) based
on the frond lengths of real E. menziesii.
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Figure 3.6: Kelp size (A) and the length of the longest frond (B) of E. menziesii at Horseshoe
Cove (HC) during different months. The plots show the median values for all kelp measured
along transects run during each month over a two-year period, (boxes indicate the first quartiles
around the median, error bars show the most extreme data point that is no more than 1.5 times
the interquartile range from the box, and circles indicate values beyond 1.5 time the interquartile
range from the box). Bars under the horizontal axis indicate months for which the values were
not significantly different from each other (Kruskal-Wallis tests with post hoc Dunn tests, P <
0.05 for significance). Sample sizes for each calendar month, in chronological order, were 19,
56, 23, 20, 46, 42, 73, 28, 8, 19, and 15 individuals.
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Figure 3.7: Inter-annual comparisons of the median values for mean frond length of kelp at
Horseshoe Cove (HC). Data cover February through December 2015 (white bars), January
through December 2016 (light grey bars), and January through February 2017 (dark grey bars).
Boxes indicate the first quartiles around the median, error bars show the most extreme data point
that is no more than 1.5 times the interquartile range from the box, and circles indicate values
beyond 1.5 time the interquartile range from the box. Asterisks show months where kelp in 2016
had a significantly longer mean frond lengths than did kelp in the other surveyed years (Mann-
Whitney U tests or Kruskal-Wallis test with post hoc Dunn test, depending on number of years,
P < 0.05). Sample sizes for 2015, in chronological order, were 30, 36, 18, 27, 19, 22, 13, 15, 16,
16, 14. Sample sizes for 2016, in chronological order, were 12, 23, 18, 33, 47, 57, 77, 31, 15, 11,
and 24. Sample sizes for 2017, in chronological order, were 23 and 24. There was only one
observation per kelp for the entire data set.

60



Mean frond length (cm)

200+

150+

100+

50—

S

-=-==-=-=-40 o000

Intact fronds (%)

100

80+

60

40

20+

I
I
I
I
I
I
I
I
I
I
I
4

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
4

L----

Loy

I
I
I
I
I
I
I
I
I
I
I
I
I
I
4

I
I
I
I
I
I
I
I
I
I
I
I
I
4

ot

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
4

[

1
1
1
1
1
1
1
1
1
1
1
1
£

Season

T e o et

Frond density (m m?)

500-c*
400+
300

-]

8

L ]

° *
2004 ° °

g 8

-}

- 8

L N
1004 + o 8 °

L9

H i e

S

0_-:--1-4. %

it

T & lan et

Figure 3.8: Seasonal variation in mean frond length (A), intact fronds (B), and frond density (C)

for kelp at moderate sites (white bars) and exposed sites (gray bars). Asterisks indicated

significantly different morphologies between wave exposures during that season (Mann-Whitney

U tests, P < 0.05). Sample sizes at moderate sites were 195, 232, 75, and 193, for spring,

summer, autumn, and winter, respectively. Sample sizes at exposed sites were 164, 201, 58, and
91 for spring, summer, autumn, and winter, respectively. Some kelp were measured in multiple
seasons, but there was only one observation per kelp within a single season.
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Figure 3.9: Growth rates of E. menziesii (egn. 3.2) at moderate sites in spring (A), summer (B),
autumn (C), and winter (D) depend on the initial kelp size (S) (linear regressions, P < 0.005). In
spring and summer, growth rates were positively correlated to the initial size, whereas in the
autumn and winter, growth rates were negative (i.e. kelp were becoming smaller) and were
negatively correlated to the initial size (i.e. large kelp got smaller at a greater rate than did little
kelp). Sample sizes for seasons were 59 individuals for spring, 52 for summer, 49 for autumn,
and 44 for winter. Some kelp were measured in multiple seasons, but there was only one
observation per kelp within a single season.
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Figure 3.10: Rates of change for total kelp size, S (A), mean frond length, Lmean (B), and frond
density, D (C) during different seasons at the moderate sites (white bars) and at the exposed sites
(gray bars). Asterisks indicated significantly different growth rates between moderate and
exposed sites during a given season (Mann-Whitney U tests, P < 0.05). Sample sizes at the
moderate sites were 49 individuals for spring, 35 for summer, 26 for autumn, and 37 for winter.
and at the exposed sites they were 25 for spring, 28 for summer, 17for autumn, and 24 for winter.
Some kelp were measured in multiple seasons, but there was only one observation per kelp
within a single season.
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Figure 3.11: The percent of E. menziesii individuals hosting amphipods (A), limpets (B), isopods
(C), kelp crabs (D), mussels (E), gooseneck barnacles (F), and acorn barnacles (G) at moderate
sites (white) and exposed sites (black) from May 2015 to February 2017. Values for individual
sites are the squares and circles, and median values for the moderate and exposed sites are the
large triangles. Sample sizes for each month are listed in Table S2. Some kelp were surveyed in
multiple months, but there was only one observation per kelp within a single month.
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Water temperature (°C)

Figure 3.12: Daily mean sea surface temperature near the study sites (all sites < 20 km from
measurement site). In Spring 2016, water temperatures were frequently warmer than they had
been in the previous year. Data provided by the University of California, Davis, Bodega Marine
Laboratory’s Bodega Ocean Observing Node, delivered via the BOON website
(http://boon.ucdavis.edu/).
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Figure S1.1: Sites for surveying intertidal populations of Egregia menziesii. Moderately wave-
exposed sites (Miwok Beach and Horseshoe Cove) were located near Bodega, CA, wave-
exposed sites (McClures Beach and Kehoe Beach) were located in the Point Reyes National
Seashore. The two groups of sites are approximately 23 km apart.
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Waves Morph. Feature Spring Summer Autumn Winter
Number of fronds (N T p=0016, ng =0.008. R2=0.12 ns
(ND R2=0.08 Le ’

Mean frond length (Lmean) ns ns ns ns

2 I\I/I_ax frond length ns ns l p =0.001, ns

g (Lmax) R2=0.19

3

= Frond density (D) ns ns ns ns
Intact fronds (1) ns $.p=0.009, ns

tau = -0.25

Branching exponent (B) ns ns ns ns
Number of fronds (Nf) ns ns ns ns
Mean frond length ns ns ns ns
(Lmean)
Max frond length

§ (Lmax) ns ns ns ns

g

ul Frond density (D) ns ns ns ns
Intact fronds (1) ns ns ns ns
Branching exponent (B) ns ns ns ns

Table S3.1: Results of correlations between the rate of change of a morphological feature and

the initial size of the kelp at sites across a wave-exposure gradient. A linear regression was used
to test for a correlation for all morphological features except for Intact Fronds, which was tested
using a Kendall Tau Correlation. An upward pointing arrow indicates a positive correlation and
a downward pointing arrow indicate a negative correlation.

73



Month Horseshoe Cove  Miwok Beach  Kehoe Beach  McClures Beach
May 2015 25 6 13 10
June 2015 19 6 14 8
July 2015 22 11 12 10
August 2015 13 7 16 5
September 2015 15 8 18 5
October 2015 17 7 10 4
November 2015 17 9 10 6
December 2015 14 12 0 1
January 2016 12 19 4 20
February 2016 25 15 21 18
March 2016 19 21 17 0
April 2016 35 18 11 13
May 2016 49 45 29 43
June 2016 58 19 31 5
July 2016 79 45 17 50
August 2016 32 0 6 0
September 2016 15 7 0 0
October 2016 11 0 13 11
December 2016 27 25 21 14
January 2017 24 17 0 14
February 2017 29 29 0 18

Table S3.2: Sample sizes for epifauna surveys at all study sites.
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Figure S3.1: Comparisons of kelp size at Miwok Beach (A), Kehoe Beach (B), and McClures
Beach and number of fronds per kelp at Miwok Beach (D), Kehoe Beach (E), and McClures
Beach (F) during different months. The plots show the median values for all kelp measured

along transects run during each month over a two-year period (boxes indicate the first quartiles
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around the median, error bars show the most extreme data point that is no more than 1.5 times
the interquartile range from the box, and circles indicate values beyond 1.5 time the interquartile
range from the box). Bars under the horizontal axis indicate months for which the values were
not significantly different from each other (Kruskal-Wallis tests with post hoc Dunn tests, P <
0.05 for significance). Sample sizes for each month at Miwok Beach, in chronological order,
were 10, 40, 7, 31, 29, 5, and 15. Sample sizes for each month at Kehoe Beach were 20, 41, 7,
20, 22, 13, 22, 7, and 6. Sample sizes for each month at McClures Beach were 16, 18, 10, 30,
50, 47, 10, and 5.
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Figure S3.2: Comparisons of the mean frond length per kelp at Miwok Beach (A), Kehoe Beach

(B), and McClures Beach and maximum frond length per kelp at Miwok Beach (D), Kehoe

Beach (E), and McClures Beach (F) during different months. The plots show the median values
for all kelp measured along transects run during each month over a two-year period (boxes
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indicate the first quartiles around the median, error bars show the most extreme data point that is
no more than 1.5 times the interquartile range from the box, and circles indicate values beyond
1.5 time the interquartile range from the box). Bars under the horizontal axis indicate months for
which the values were not significantly different from each other (Kruskal-Wallis tests with post
hoc Dunn tests, P < 0.05 for significance). Sample sizes are reported in Fig. S3.1.
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Figure S3.3: Comparisons of the frond density of kelp at Miwok Beach (A), Kehoe Beach (B),
and McClures Beach and the percent of intact fronds per kelp at Miwok Beach (D), Kehoe Beach
(E), and McClures Beach (F) during different months. The plots show the median values for all
kelp measured along transects run during each month over a two-year period (boxes indicate the
first quartiles around the median, error bars show the most extreme data point that is no more
than 1.5 times the interquartile range from the box, and circles indicate values beyond 1.5 time
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the interquartile range from the box). Bars under the horizontal axis indicate months for which
the values were not significantly different from each other (Kruskal-Wallis tests with post hoc
Dunn tests, P < 0.05 for significance). Sample sizes are reported in Fig. S3.1.
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Figure S3.4: Comparisons of the branching exponent of kelp at Miwok Beach (A), Kehoe Beach
(B), and McClures Beach during different months. The plots show the median values for all kelp
measured along transects run during each month over a two-year period (boxes indicate the first
quartiles around the median, error bars show the most extreme data point that is no more than 1.5
times the interquartile range from the box, and circles indicate values beyond 1.5 time the
interquartile range from the box). Bars under the horizontal axis indicate months for which the
values were not significantly different from each other (Kruskal-Wallis tests with post hoc Dunn
tests, P < 0.05 for significance). Sample sizes are reported in Fig. S3.1.
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Figure S3.5: Comparisons of number of fronds (A), mean frond length (B), frond density (C),
intact fronds (D) and branching exponent (E) of the kelp among calendar years. Each pair of
bars above the data shows two groups of months with different values (Kruskal-Wallis tests with
post hoc Dunn tests, P < 0.05). Sample sizes are reported in Fig. 3.6. There was only one
observation per kelp for each morphological character.
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Figure S3.6: Seasonal variation in kelp size (A), number of fronds (B), maximum frond length
(C), and branching exponent (D) for kelp at moderately wave-exposed sites (white bars) and
wave-exposed sites (gray bars). Asterisks indicate a significant difference in a morphological
character between wave-exposures during that season (Mann-Whitney U tests, P < 0.05).
Sample sizes are reported in Fig. 3.8. Some kelp were measured in multiple seasons, but there
was only one observation per kelp within a single season.
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Figure S3.7: Seasonal variation in growth rates for number of fronds (A), maximum frond
length (B), intact fronds (C), and branching exponent (D) for kelp at moderately wave-exposed
sites (white bars) and wave-exposed sites (gray bars). Asterisks indicate a significant difference
in growth rates between wave-exposures during that season (Mann-Whitney U tests, P < 0.05).
Sample sizes are reported in Fig. 3.10. Some kelp were measured in multiple seasons, but there

was only one observation for each kelp within a single season.
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