PHYSIOLOGICAL MECHANISMS FACILITATING MORPHOLOGICAL PLASTICITY
ACROSS HYDRODYNAMIC GRADIENTS IN KELPS

by
Liam James Marshall Coleman

B.Sc., The University of Victoria, 2014

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE
DEGREE OF

DOCTOR OF PHILOSOPHY
in
The Faculty of Graduate and Postdoctoral Studies
(Botany)
THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
August 2021

© Liam James Marshall Coleman, 2021



The following individuals certify that they have read, and recommend to the Faculty of Graduate

and Postdoctoral Studies for acceptance, the dissertation entitled:

Physiological mechanisms facilitating morphological plasticity across hydrodynamic gradients
in kelps

submitted by Liam Coleman in partial fulfilment of the requirements for

the degree of Doctor of Philosophy

in Botany

Examining Committee:

Dr. Patrick Martone, Professor, Department of Botany, UBC
Supervisor

Dr. Christopher Harley, Professor, Department of Zoology, UBC

Supervisory committee member

Dr. Amy Angert, Professor, Department of Botany, UBC
Supervisory committee member

Dr. Abel Rosado, Associate Professor, Department of Botany, UBC
Supervisory committee member

Dr. Geoffrey Wasteneys, Professor, Department of Botany, UBC

University examiner

Dr. Robert Shadwick, Professor, Department of Zoology, UBC
University examiner

il



Abstract

Some kelp species exhibit morphological plasticity across gradients of hydrodynamic
forcing. Such kelps tend to grow narrow, flat blades in fast flow and broad, undulate blades in
slow flow. This plasticity is an adaptive phenomenon that allows the kelps that show it to
continuously reduce drag while enhancing productivity. While the functional consequences of
this phenomenon have been relatively well studied, the developmental mechanisms that underlie
it are poorly understood. The primary goal of this thesis is to improve our understanding of the
developmental processes facilitating morphological plasticity across hydrodynamic gradients in
kelps. I first conducted several experiments where I applied tension to blade tissue of the kelp
Nereocystis luetkeana in various ways to better characterize the growth response to mechanical
stimulation normally imposed by drag. The results of these experiments suggest that plasticity in
kelps is probably regulated at the scale of individually stimulated cells and that changes in blade
morphology are likely brought about through changes in the direction of cell growth and/or
division (Ch. 2). I then examined the effects of auxin on Nereocystis blade growth and
morphology and considered whether auxin could play a role in mediating kelp plasticity. I found
that auxin can have morphogenic effects in Nereocystis blade tissue that are remarkably similar
to the effects of tension (Ch. 3). Next, I tested whether culturing the kelp Macrocystis pyrifera in
reduced concentrations of Ca?* could inhibit the growth response to mechanical loading, which
would suggest that Ca®" signaling might play a role in regulating plasticity. No evidence arose
that reducing the ambient Ca®" concentration could inhibit plasticity (Ch. 4). Furthermore, all
Ca®' reductions greater than 50% proved lethal for kelps (Ch. 4). Finally, I investigated how
prevalent phenotypic plasticity across hydrodynamic gradients is in various algal groups and

considered whether mechanisms of flow perception could limit the evolution of such plasticity. I
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found that (1) researchers examining intraspecific variation across flow gradients in seaweeds
usually have not tested for plasticity and (2) verified plasticity has been documented more

frequently in brown algae with intercalary growth than it has in other macroalgae (Ch. 5).
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Lay Summary

Some kelps can change their shape based on the amount of water motion in their
environment. This is an adaptation that allows these kelps to reduce the risk of mortality caused
by fast flow speeds while increasing productivity. While research has been conducted examining
the functional consequences of this phenomenon, little is known about the developmental
mechanisms that underlie it. In this thesis, I endeavour to improve our understanding of the
developmental mechanisms that facilitate kelp morphological plasticity across gradients of water
motion. I first conducted several experiments to better characterize the kelp growth response to
tension normally imposed by flow. I also explored whether several signaling mechanisms known
from plants are also involved in regulating plasticity in kelps. Finally, I investigated how
prevalent plasticity across flow gradients is across all seaweeds and considered whether
mechanisms of flow perception might constrain the evolution of this trait in some seaweed

groups.
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1. Introduction

“...the seed of creation is the strife of organisms at odds with their changing environments.”

-Thomas J. DeWitt & R. Brian Langerhans

1.1 The evolution of phenotypic plasticity

Phenotypic plasticity is the environmentally-mediated expression of variable phenotypes
by a single genotype (Bradshaw 1965, Stearns 1989). This phenotypic variation can be the direct
result of environmental influence (e.g. variation in metabolic rates with temperature) or it can be
actively facilitated by the organism (e.g. development of defensive spines in response to
chemical cues from a predator; Smith-Gill 1983, Stearns 1989). Plasticity is ubiquitous in nature
(Travis 1994) and can occur in a highly diverse range of traits, such as morphology (e.g. Cook
and Johnson 1968, Harvell 1984, Gerard 1987), physiology (e.g. Zangerl and Bazzaz 1983,
Ragazzola et al. 2013), and life history (e.g. Lotz and Blom 1986, Reznick 1990, Nussey et al.
2005). It can be facilitated by an equally great diversity of environmental factors, including but
not limited to temperature (e.g. Zangerl and Bazzaz 1983, Kiibler and Dudgeon 1996, Morin et
al. 1997), light (e.g. Dring and Liining 1975, Pigliucci et al. 1995), chemicals (e.g. Palmer 1990),
and mechanical forces (e.g. Gerard 1987, Coutand et al. 2000). Even though phenotypes
generated through plasticity are not generally heritable, phenotypic plasticity itself is a trait of
genetic origin that can be acted on by selection and evolve (e.g. Gotthard and Nylin 1995,
DeWitt and Scheiner 2004). Furthermore, a trait and plasticity of that trait can be considered
separate characters that are capable of evolving independently of one another (e.g. Via and

Lande 1985, Via et al. 1995, De Jong 2005).



Phenotypic plasticity can have a positive, neutral, or negative effect on organism fitness
(Stearns 1989, Relyea 2002, Ghalambor et al. 2007). Plasticity that increases fitness is termed
adaptive plasticity (Stearns 1989, Ghalambor et al. 2007). For purposes of this thesis, I will
collectively use the term “non-adaptive plasticity” to refer to plasticity that has a neutral or
negative effect on fitness (Ghalambor et al. 2007). Historically, there has been a great deal of
research interest in the phenomenon of adaptive plasticity, which is generally viewed as an
important evolutionary mechanism for coping with spatial or temporal environmental
heterogeneity. Indeed, having a flexible phenotype can, in some circumstances, permit a single
genotype to tolerate a broader range of conditions and maintain higher fitness across multiple
environments than it would be able to with any fixed phenotype (e.g. Bradshaw 1965,
Schlichting and Pigliucci 1998, Pigliucci 2001). However, recent research suggests that most
plasticity is actually non-adaptive (De Jong 2005, Van Kleunen and Fischer 2005, Ghalambor et
al. 2007) and there remain specific situations in which fixed phenotypes are predicted to be more
selectively favourable than flexible ones (e.g. Via and Lande 1985, Van Tienderen 1997). A
commonly proposed explanation for why adaptive plasticity is not more prevalent in nature is
that plasticity comes with inherent costs and limits that can constrain its evolution (e.g. DeWitt et
al. 1998, Relyea 2002, Auld et al. 2010, Murren et al. 2015). Potential costs of plasticity might
include energetic expenses of sensing relevant environmental cues or developmentally
implementing phenotypic changes, while limits might include the reliability of environmental
cues and the length of time required to develop a phenotypic response (DeWitt et al. 1998).

Given that phenotypic plasticity can be adaptive in nature but also that its evolution can
be constrained, when would it be expected to be favoured over the development of fixed

phenotypes? At the most basic level, evolutionary models predict that, given genetic variation,



adaptive plasticity will evolve when: (1) populations are subject to environmental heterogeneity;
(2) specific environments are associated with reliable cues; (3) different environments selectively
favour different phenotypes; and (4) superior fitness cannot be achieved across all environments
with any single fixed phenotype (DeWitt and Scheiner 2004, Ghalambor et al. 2007). However,
fitness costs may affect how generally these predictions may be applied (DeWitt et al. 1998,
Relyea 2002, Ghalambor et al. 2007). For example, plasticity is likely to only be a favourable
strategy for organisms subjected to temporal environmental heterogeneity when the response
time for detecting and responding to an environmental change is short relative to the duration of
the new set of conditions (Padilla and Adolph 1996, DeWitt et al. 1998, Alpert and Simms
2002). The model predictions described above appear to be supported by the observations that
early successional and annual plant species appear more likely to exhibit a high degree of
plasticity than late successional and perennial species (Cook and Johnson 1968, Wilken 1977,

Zangerl and Bazzaz 1983).

1.2 General biology of kelps

Kelps are brown algae belonging to the order Laminariales (Graham et al. 2017). This
charismatic group of seaweeds includes the largest and most structurally complex of the world’s
algae (Fritsch 1923). Kelps have heteromorphic sporic life histories that include a microscopic,
filamentous gametophyte stage and a macroscopic sporophyte stage constructed of three-
dimensionally growing parenchyma (Graham et al. 2017). This complex tissue construction is
key to the ability of species such as Macrocystis pyrifera to reach lengths of over 50 m (Graham

et al. 2017). The kelp body plan outwardly resembles that of a land plant and consists of a root-



like holdfast, usually a stem-like stipe, one or more leaf-like blades, and sometimes one or more
gas-filled pneumatocysts (Druehl and Clarkston 2016, Graham et al. 2017; Fig. 1.1). The
holdfast serves to anchor the kelp to the substratum; unlike the roots of land plants, it plays no
role in water or nutrient acquisition (Graham et al. 2017). The stipe functions mostly as structural
support and blades are the primary photosynthetic organs (Graham et al. 2017). Pneumatocysts
provide buoyancy and help increase light interception by lifting blades closer to the water’s
surface (Graham et al. 2017, Liggan and Martone 2018). Growth in kelps occurs primarily
through the activity of an intercalary meristem located at the junction(s) between the blade(s) and
stipe (Fritsch 1923), which results in blade tissue being gradually shuttled distally like a
conveyor belt as new growth progresses (Kain 1987, Koehl et al. 2008). Kelps such as
Macrocystis pyrifera and Nereocystis luetkeana are some of the fastest growing organisms in the
world, with the blades of Nereocystis in particular having been observed to elongate at rates as

high as 14 ¢cm day™! (Kain 1987).

Blades

Intercalary
meristem

™~

Pneumatocyst

Stipe

N Holdfast

Fig. 1.1. General body plan of the kelp Nereocystis
luetkeana.



Kelp thalli are composed of three tissue layers. The outermost layer, termed the
meristoderm, is the only pigmented layer and is the only layer in which cell division occurs
(Fritsch 1923). The cells of this layer are approximately isodiametric and are smaller than the
cells of the other layers (Fritsch 1923). Beneath the meristoderm lies the cortex, which is a
relatively thick layer consisting of colourless cuboid cells that tend to increase in size the further
below the meristoderm they are found (Fritsch 1923). Cortex cells do not divide but enlarge over
time to keep up with the rapidly dividing cells of the meristoderm layer (Fritsch 1923). The
innermost tissue layer is the medulla, a layer of elongate, filamentous cells that, similarly to
cortex cells, do not divide but elongate over time (Fritsch 1923). This layer contains sieve
elements that are capable of translocating photosynthate throughout the body of the kelp, much
like the phloem of land plants (Nicholson and Briggs 1972, Graham et al. 2017). These structures
and the abilities they grant are unique in the algal world and contribute to the ability of kelps to
reach such large sizes (Schmitz and Lobban 1976, Graham et al. 2017).

Brown algal cell walls are mostly composed of alginate, but, like those of land plants,
they also contain cellulose microfibrils (Kloareg and Quatrano 1988, Graham et al. 2017). Even
though cellulose generally only makes up 1-10% of brown algal body dry mass (Graham et al.
2017), it is still the primary load-bearing component of the brown algal cell wall (Kloareg and
Quatrano 1988). Unlike land plants, brown algae lack cortical microtubules (Katsaros et al.
2006) and cellulose microfibril patterning in brown algal cell walls is controlled by actin
filaments (Katsaros et al. 2002, 2006). Brown algal cells, unlike those of some other algae (e.g.

Pueschel 1977), have plasmodesmata (Terauchi et al. 2015).



In addition to being important primary producers in temperate nearshore marine
ecosystems (Mann 1973, Brady-Champbell et al. 1984, Reed et al. 2008, Krumhansl and
Scheibling 2012), their large size allows kelps to form three-dimensional “forests” that provide
habitat and nurseries for a wide diversity of organisms (Steneck et al. 2002, Graham 2004,
Siddon et al. 2008, Teagle et al. 2017, Miller et al. 2018). These forests also provide ecosystem
services to humans that can rival those of coral reefs in terms of economic value (Bennett et al.
2016). Ecosystem services provided by kelp forests include facilitating production of
economically significant fish and invertebrate species (Graham 2004, Shaffer 2004, Bennett et
al. 2016, Teagle et al. 2017) and promoting tourism (Bennett et al. 2016). Similarly to terrestrial
forests (e.g. Mestre et al. 2017, Keren 2020), kelp forests can be described in terms of vertical
layers with a canopy at the top and an understory near the benthos (Steneck et al. 2002, Clark et
al. 2004, R. J. Miller et al. 2011). Kelp forest canopies are typically composed of either large
buoyant species that float near the surface, such as Macrocystis or Nereocystis, or larger stipitate
kelps, such as Pterygophora or Ecklonia, that remain suspended above the benthos by stiff stipes
(Steneck et al. 2002). Some canopy-forming kelps, such as Nereocystis, have annual life cycles,
which results in some entire forest canopies dying off and re-growing to full height every year
(Rigg 1912, Foreman 1984, Steneck et al. 2002).

In spite of the many anatomical and ecological similarities between kelps and land plants
(Steneck et al. 2002, Drobnitch et al. 2015, Druehl and Clarkston 2016, Starko and Martone
2016a) the two groups are distantly related within the tree of eukaryotes (Keeling and Burki
2019). Apparent commonalities between them are generally the result of convergent evolution
(e.g. Drobnitch et al. 2015, Starko and Martone 2016a). However, some plant metabolic

pathways, including those of photosynthesis and cellulose synthesis, have been acquired by kelps



horizontally through the endosymbiotic assimilation of a red alga that gave rise to the brown
algae (Keeling 2004, Cock et al. 2010, Michel et al. 2010). This has led to kelps and plants

having numerous cellular features in common.

1.3 Biomechanical adaptations to hydrodynamic forcing in seaweeds

Water motion poses a complex evolutionary challenge for seaweeds. On one hand,
exposure to at least a moderate degree of water movement is often beneficial for primary
producers like marine macroalgae (e.g. Wheeler 1980, Gerard 1982, Hurd et al. 1996). The
diffusive boundary layer (DBL) is a thin layer of water that forms near the surface of a seaweed
within which diffusion in and out of the algal tissue is the dominant mechanism driving the
movement of dissolved material (Gundersen and Jorgensen 1990, Hurd 2000). The thickness of
this layer is proportional to the velocity of the surrounding water (Hurd 2000). When ambient
flow speeds are sufficiently slow, the DBL thickens to a point where dissolved nutrients within it
can be depleted, which can reduce productivity and growth in macroalgae (e.g. Wheeler 1980,
Gerard 1982, Hurd et al. 1996). This can make it advantageous for algae to live in environments
with more water movement (Gerard and Mann 1979, Leigh et al. 1987, Hurd 2000, 2017).

On the other hand, while some water movement helps increase productivity in seaweeds
(e.g. Wheeler 1980, Gerard 1982, Hurd et al. 1996), excessively high amounts of motion can
become hazardous. In wave-exposed intertidal zones, for instance, water velocities of 2-3 m s’!
are commonplace (Carrington Bell and Denny 1994, Denny and Gaylord 2002, Denny et al.
2003) and speeds of up to 25 m s! have been recorded (Denny and Gaylord 2002). Water
traveling at such speeds imposes tremendous amounts of force on objects it flows past and only

organisms that have evolved ways of avoiding wave-induced breakage or dislodgement will be



able to survive in environments subject to this level of water motion (Koehl 1984, Denny et al.
1985, Denny and Gaylord 2002, Denny 2006).

The force imposed on organisms by moving water is primarily oriented in the direction of
flow, and is therefore defined as drag (Vogel 1984, Gaylord 2000). The drag experienced by an

object in flow can be calculated as follows:

1
FD == EPUZACD

where F)p is the force of drag (N), p is the density of the fluid (kg m™), U is the velocity of the
fluid relative to the object (m s™), A4 is the projected area of the object (m?), and Cp is the drag
coefficient, a dimensionless index associated with the shape of the object (Vogel 1996). If a
seaweed is to survive in an environment with fast flow conditions, it must prevent Fp from
reaching a magnitude where the seaweed’s support tissues are broken or the thallus is dislodged
from the substratum. Marine macroalgae have evolved a myriad of solutions to this problem,
which can largely be categorized as either drag avoidance strategies, which are based around
decreasing the value of Fp experienced by the algal thallus, or drag tolerance strategies, which
are based on increasing the magnitude of Fp necessary to break or dislodge the alga (Starko and
Martone 2016b). Common drag avoidance strategies in seaweeds include reducing the amount of
drag experienced by limiting thallus size (Carrington 1990, Blanchette 1997, Wolcott 2007),
adopting streamlined morphologies (Koehl and Alberte 1988, Armstrong 1989, Haring and
Carpenter 2007), and flexibly reconfiguring in flow (Boller and Carrington 2006, Martone et al.
2012). Large kelps like Nereocystis can also use the flexibility of their tissues to “go with the
flow” as waves roll past them, which keeps their stipes slack and potentially allows them to
avoid mechanical loads from being imposed on their support tissues at all (Koehl 1984,

Friedland and Denny 1995). Drag tolerance strategies in seaweeds include increasing the



strength of attachment to the substratum (Milligan and DeWreede 2000, Starko et al. 2014) and
increasing the amount of energy required to break support tissues by making them stronger
(Milligan and DeWreede 2000, Martone 2006, 2007) or more extensible (Koehl and Wainwright

1977, Holbrook et al. 1991).

1.4 Morphological plasticity across hydrodynamic gradients in kelps

Some species of kelps show conspicuous variability in the morphology of their blades
across gradients of hydrodynamic forcing. Species such as Nereocystis luetkeana, Macrocystis
pyrifera, and Saccharina latissima, which are all known to grow in a range of hydrodynamic
conditions, develop broad and sometimes undulate blades when growing in wave- and current-
sheltered environments, but narrow and flat blades when growing in hydrodynamically stressful
environments (Druehl 1978, Koehl and Alberte 1988, Buck and Buchholz 2005; Fig. 1.2).
Narrow blades experience less drag in flow, while broad blades are better at intercepting light
(Koehl and Alberte 1988, Johnson and Koehl 1994, Buck and Buchholz 2005). It has been
demonstrated through transplantations and similar manipulative experiments that these variations
in morphology are the result of phenotypic plasticity (Druehl and Kemp 1982, Buck and
Buchholz 2005, Koehl et al. 2008). This plasticity has generally been interpreted as an adaptive
phenomenon that permits kelps like Nereocystis to continuously maintain the most optimal blade
morphology for a given flow environment (Koehl and Alberte 1988, Koehl et al. 2008).

Most research that has examined kelp morphological plasticity has focused on its
functional significance (e.g. Koehl and Alberte 1988, Johnson and Koehl 1994, Buck and
Buchholz 2005, Hurd and Pilditch 2011). In comparison, little is known about what

developmental mechanisms allow morphologically plastic kelp species to alter their blade shapes



20 cm

Fig. 1.2. Nereocystis luetkeana blades grown in (A) a wave-sheltered environment
and (B) a wave-swept environment.

in response to changes in the hydrodynamic environment. Experiments in which the effect of
drag was simulated using hanging weights have shown that the plasticity is a response to
mechanical stimulation (Gerard 1987, Koehl et al. 2008). Gerard (1987) speculated, but did not
clearly demonstrate, that the observed narrowing of Saccharina latissima blades when tensile
stress was applied was the result of the kelp reorienting the direction of cell divisions.
Additionally, Koehl et al. (2008) concluded that the undulations that developed in the blades of
Nereocystis when the kelp grew in sheltered environments were due to blade margins elongating
more quickly than blade midlines. Overall, the exact changes in growth patterns that result in the
development of different blade morphologies need to be clarified, and mechanisms of
mechanoperception and signal transduction that might facilitate the translation mechanical cues

into those changes in growth patterns remain entirely unknown.
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1.5 Thesis overview

The goal of this thesis is to improve our understanding of the developmental mechanisms
facilitating morphological plasticity across hydrodynamic gradients in kelps. The research
described herein was mostly conducted in the bull kelp, Nereocystis luetkeana, and draws a great
deal of inspiration from the land plant literature for purposes of formulating hypotheses. I first
endeavour to produce a more detailed picture of how mechanical loading affects kelp growth. I
then examine whether two specific mechanoperception and signal transduction mechanisms
known to occur in plants might also play a role in facilitating kelp morphological plasticity.
Finally, I examine how prevalent phenotypic plasticity across hydrodynamic gradients really is
in seaweeds and consider whether the mechanistic bases of this trait could potentially constrain
its evolution in some algal groups.

In Chapter 2, I explore how growth of Nereocystis blades is affected when tensile
stimulation is applied in varying amounts, directions, and locations. I then consider what my
observations might reveal about the developmental mechanisms underlying kelp morphological
plasticity, as well as the evolutionary significance of this phenomenon for the kelp. I show that
Nereocystis blades can fine-tune their shape according to an applied force, growing continuously
longer and narrower with increasing magnitude of applied tensile force. I show that changing the
direction of the tensile stimulus will change the growth response, and that the morphology of a
blade is reflected in the morphology of its cells. Finally, I show that applying a mechanical load
to the distal, non-growing tissue of a blade does not evoke a morphological response in that
blade’s growing tissue. Collectively, these observations indicate that (1) Nereocystis is well
adapted to a broad range of hydrodynamic environments, (2) the developmental process

underlying morphological plasticity in Nereocystis is likely very localized to individually
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stimulated cells and probably does not involve long-distance signaling, and (3) changes in blade
morphology induced by mechanical loading may result from changes in the direction of
meristoderm cell growth and/or division.

In Chapter 3, I examine whether the application of the plant hormone auxin at various
concentrations can induce growth or morphogenic changes in Nereocystis blade tissue, and I
consider whether auxin signaling could play a role in mediating the observed effects of
mechanical loading on kelp growth. I show that a 10~ M auxin treatment causes Nereocystis
blade tissue to grow longer and narrower, but not heavier, compared to a control group,
indicating that auxin can have morphogenic effects on Nereocystis without affecting overall
growth. While this is not evidence that auxin is involved in mediating kelp morphological
plasticity in response to mechanical loading, the observed morphological effects of auxin
application and mechanical stimulation are remarkably similar and further study is
recommended.

In Chapter 4, I investigate if reducing the ambient Ca?" concentration can disrupt the
response of young sporophytes of the kelp Macrocystis pyrifera to mechanical loading. If so, this
would suggest that plasma membrane-bound stretch activated Ca?" channels might be involved
in the process by which kelps perceive the mechanical cues that mediate plasticity across
hydrodynamic gradients. I show that reducing the ambient Ca** concentration by 50% has no
effect on the response of Macrocystis to mechanical loading, which may indicate that (1) stretch
activated Ca®* channels do not play a role in the kelp’s mechanoperception mechanism, (2)
stretch activated channels are involved in mechanoperception, but a 50% reduction in Ca?*
concentration is not a large enough reduction to interfere with the process, or (3) Ca®* signaling

is involved in mechanoperception, but the ions come from internal cellular stores and the process
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does not rely on plasma-membrane bound channels. I also show that any reduction in Ca**
concentration of more than 50% is lethal for kelps.

In Chapter 5, I conduct a review of the literature to find out how often phenotypic
plasticity across hydrodynamic gradients has been identified in different groups of seaweeds. I
consider biomechanical and developmental mechanisms that might be required for such
plasticity and then examine whether the tendency for this plasticity to arise in a seaweed might
depend on that seaweed’s growth mode and flow environment. I show that, while researchers
have often observed instances of intraspecific phenotypic variation across hydrodynamic
gradients in seaweeds, they have only explicitly tested whether such variation is due to plasticity
35% of the time. I also show that phenotypic plasticity across hydrodynamic gradients has been
documented considerably more often in brown algae, specifically those with intercalary
meristems, than in red or green algae, which do not exhibit intercalary growth. This may suggest
that intercalary meristems help facilitate the evolution of phenotypic plasticity across

hydrodynamic gradients in seaweeds by acting as a platform for sensing flow.
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2. Morphological plasticity in the kelp Nereocystis luetkeana
(Phaeophyceae) is sensitive to the magnitude, direction, and

location of mechanical loading

2.1 Synopsis

Nereocystis luetkeana is a canopy-forming kelp that exhibits morphological plasticity
across hydrodynamic gradients, producing broad, undulate blades in slow flow and narrow,
flattened blades in fast flow, enabling thalli to reduce drag while optimizing photosynthesis.
While this phenomenon has been relatively well studied from a functional perspective, the
developmental and physiological mechanisms that facilitate the plasticity remain poorly
understood. In this study, we conducted three experiments to characterize how the (1) magnitude,
(2) direction, and (3) location of plasticity-inducing mechanical stimuli affect the morphology of
Nereocystis blades. We found that applying a gradient of tension caused blades to grow
progressively longer, narrower, less ruffled, and heavier in a linear fashion, suggesting that
Nereocystis is equally well adapted for all conditions within its hydrodynamic niche. We also
found that applying tension transversely across blades caused the growth response to rotate 90°,
indicating that there is no substantial separation between the sites of stimulus perception and
response. This also suggests that a long-distance signaling mechanism, such as a hormone, is
unlikely to mediate this phenomenon. Meristoderm cells showed morphological changes that
paralleled those of their respective blades in this experiment, implying that tissue-level
morphology is influenced by cell growth. Finally, we found that plasticity was only induced

when tension was applied directly to the growing tissue, reinforcing that long-distance signaling
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is probably not involved and possibly indicating that the mechanism on display generally

requires an intercalary meristem to facilitate mechanoperception.

2.2 Introduction

Moving water presents marine macroalgae with a complex evolutionary challenge. While
high levels of water motion can be beneficial to these organisms by improving mass transfer
rates across diffusion boundary layers and increasing primary productivity (Wheeler 1980,
Gerard 1982, Hurd et al. 1996), excessively high levels can cause attachment or support tissues
to fail, generally resulting in mortality (Koehl and Wainwright 1977, Blanchette 1997, Duggins
et al. 2001, Demes et al. 2013). To reap the benefits of flow while mitigating its hazards,
seaweeds have adopted a diverse range of biomechanical and evolutionary strategies (Koehl and
Wainwright 1977, Denny and Gaylord 2002, Martone et al. 2012, Starko and Martone 2016b).

Nereocystis luetkeana (hereafter referred to as Nereocystis) is a canopy-forming annual
kelp that grows in a broad range of hydrodynamic environments (Abbott and Hollenberg 1976,
Johnson and Koehl 1994). This alga addresses the challenge of flow-induced mechanical forces,
in part, by exhibiting morphological plasticity across hydrodynamic gradients (Koehl et al.
2008). When living in hydrodynamically forceful environments, thalli develop narrow, flat
blades, and when living in sheltered environments, thalli develop broad, undulate blades (Koehl
and Alberte 1988, Koehl et al. 2008). The narrow-bladed morphology causes blades to compress
into a streamlined cluster in flow, which reduces drag, whereas the broad-bladed morphology
causes blades to flap and oscillate in flow, preventing the formation of a cluster, which increases
light interception by limiting self-shading (Koehl and Alberte 1988). Development of one

morphology or the other is mediated by mechanical loading imposed by drag (Gerard 1987,

15



Koehl et al. 2008). Due to the ability of Nereocystis blades to elongate at rates as high as 10-14
cm day! (Abbott and Hollenberg 1976, Kain 1987), the kelp can adjust its overall growth form
extremely quickly (Koehl et al. 2008). Individual blades have their own intercalary meristems
located at their bases (Nicholson 1970, Kain 1987) and the morphology of each blade can be
regulated independently (Koehl et al. 2008). Overall, morphological plasticity in Nereocystis
blades allows the kelp to maximize photosynthetic output while minimizing the amount of drag it
experiences in a given environment (Koehl and Alberte 1988).

While the biomechanical consequences of kelp morphological plasticity have been well
studied, there remains much about this phenomenon that is not understood. For instance, as
previous experiments have primarily utilized binary “weight” and “no weight” designs (Gerard
1987, Koehl et al. 2008), we have not yet characterized a full reaction norm (how trait
phenotypes vary across an environmental gradient; Woltereck 1909, Stearns 1989) of blade
morphology exhibited by a Nereocystis across a wide range of mechanical loading. A reaction
norm would provide information on how selective pressures relating to hydrodynamic forces act
on blade morphology (Gibert et al. 1998, David et al. 2004). If, for example, the kelp produced a
linear reaction norm of blade shape across a wide range of flow conditions, we would infer that
selection on blade morphology was the same across all flow conditions and that Nereocystis was
equally well adapted for all tested environments (Gibert et al. 1998). Alternatively, if the kelp
produced a logistic reaction norm, it would suggest that selection favoured extreme phenotypes
over intermediate ones and that Nereocystis was best suited for either very slow or very fast flow
conditions (Gibert et al. 1998). Information like this may allow us to clarify the biogeographic
range of Nereocystis, as well as enable us to predict shifts in those limits that might occur as

global hydrodynamic environments continue to change (Young et al. 2011, Wang et al. 2014).
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Characterizing a reaction norm would also allow us to identify limits to morphological plasticity,
which could help characterize hydrodynamic constraints on the kelp. If, for instance, we saw that
blade morphology stopped responding to tensile force over a certain magnitude, it might suggest
that the hydrodynamic benefit of altering blade shape diminishes once a critical flow speed is
exceeded.

While we know little about the range of morphologies that Nereocystis blades can
achieve through phenotypic plasticity, we know even less about the physiological mechanisms
that generate this plasticity. Previous studies by Gerard (1987) and Koehl et al. (2008) have
shown that sustained tension induces kelp blades to grow narrower, longer, and less ruffled
without any changes in thickness or biomass accumulation rate. Gerard (1987) hypothesized that
the observed phenotypes were the result of mechanical forces inducing meristematic cells to
preferentially divide in the longitudinal axis of the blade, thereby increasing elongation and
reducing widening. However, this proposed mechanism has yet to be explicitly demonstrated and
nothing more about the physiological processes that enable this control of cell division is known.

In contrast to kelps, land plants have a moderately well-understood set of physiological
mechanisms for detecting and responding to mechanical stimuli (reviewed in Jaffe et al. 2002,
Braam 2005, Telewski 2006, Chehab et al. 2008, Monshausen and Gilroy 2009, Monshausen and
Haswell 2013, Sampathkumar et al. 2014, Moulia et al. 2015). It is widely believed that the
initial step in plant mechanoperception is cell wall deformation (reviewed in Jaffe et al. 2002,
Monshausen and Gilroy 2009). Such deformation applies tension to the plasma membrane,
which initiates a signaling cascade (reviewed in Jaffe et al. 2002, Chehab et al. 2008,
Monshausen and Gilroy 2009, Monshausen and Haswell 2013, Sampathkumar et al. 2014); this

membrane tension and the responses it elicits can be localized and directionally specific (Gus-
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Mayer et al. 1998, Louveaux et al. 2016). When the signals generated in response to mechanical
stimulation ultimately influence growth and development, the entire physiological process, from
stimulus detection to ultimate response, is referred to as thigmomorphogenesis (Jaffe 1973).
Phytohormones are thought to be among the various signaling molecules involved in mediating
this process (e.g. Erner and Jaffe 1982, Biro and Jaffe 1984, Chehab et al. 2008, 2012,
Malabarba et al. 2019). These chemicals are probably the reason that thigmomorphogenetic
effects can be induced in tissue regions far from where a mechanical stimulus was actually
applied (Erner et al. 1980, Coutand et al. 2000). The ultimate growth responses seen in cases of
plant thigmomorphogenesis are the result of changes in patterns of cell elongation and/or
division (Erner et al. 1980, Louveaux et al. 2016).

Given that kelps and land plants show remarkable ecological and morphological
similarity as a result of convergent evolution (Steneck et al. 2002, Keeling 2004, Drobnitch et al.
2015, Starko and Martone 2016a, Graham et al. 2017), I hypothesize that kelps and land plants
might utilize common cellular features in a similarly convergent manner to address comparable
evolutionary problems. If Nereocystis were to perceive and respond to mechanical stimuli
similarly to land plants at the cellular level, I hypothesize that thalli might (1) detect such stimuli
via deformation of its cell walls, (2) utilize hormones in the signal transduction cascade that
followed stimulus detection, and (3) modify its blade morphology by altering meristematic cell
elongation and/or division patterns. While we are not currently able to rigorously test these
hypotheses due to the limited set of molecular and cell biological methods currently available for
kelp systems, we can conduct experiments to better characterize the growth response of kelp
blades to mechanical loading. This will help us assess which of our hypotheses, if any, are

supported and might merit further examination.
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In this chapter, I report on three experiments to better characterize the effect of tensile
force on the growth and morphology of Nereocystis blades. Each involved the use of weights as
a proxy for drag-induced tension (Gerard 1987, Kraemer and Chapman 1991a, Koehl et al.
2008). In the first experiment, hereafter referred to as the “load magnitude experiment”, I
examined how blade morphology changed across a wide gradient of tensile forces. I
hypothesized that, given the broad hydrodynamic niche of Nereocystis (Johnson and Koehl
1994), (1) the application of a linear gradient of tensile force would yield an equally linear
gradient of morphologies and (2) there would be no limits to the kelp’s attainable phenotypes
within the range of mechanical loading applied. In the second experiment, hereafter referred to as
the “load direction experiment”, I examined how the morphologies of blades and their associated
meristematic cells were affected by applying tensile force to the blade transversely instead of
longitudinally. I expected that the growth response yielded under high transverse loading would
be rotated 90° compared to that yielded under high longitudinal loading, which would be
consistent with the behaviour of cell wall-mediated thigmomorphogenetic responses observed in
plants. I also predicted that effects of tension would be observed in the morphologies of both the
blades and their respective cells, suggesting that tissue-level morphological changes were being
driven by cell growth. In the third experiment, hereafter referred to as the “load location
experiment”, I investigated whether a growth response to tension could be induced in blade
meristematic tissue by applying tensile force only to non-growing distal tissue. I hypothesized
that applying mechanical loading to only distal tissue would not invoke plasticity in the
meristematic tissue, suggesting that a long-distance signaling mechanism, such as a hormone, is

unlikely to be involved.
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2.3 Methods

2.3.1 Load magnitude experiment

Two mature Nereocystis sporophytes were collected from a surge channel located north
of Brady’s Beach (48°49'57" N, 125°8'59" W) in Bamfield, British Columbia on July 17, 2017.
These kelps were brought to the Bamfield Marine Sciences Centre (BMSC) and housed in flow-
through sea tables for less than 24 hours. For each of the kelps collected, five blades were
haphazardly selected and cut off from the pneumatocyst such that a small piece of pneumatocyst
tissue was left intact at each blade base (Fig. 2.1). All blades were cut to a standard initial length
of approximately 70 cm and the morphology of each blade was characterized (Fig. 2.1). A tape
measure was used to quantify midline blade length between the origin and a small hole initially
punched 50 cm distal (Lg); this was measured to the nearest 1 mm. Blade width and thickness at
10 cm from the origin (Ws and 7, respectively) were measured to the nearest 0.1 mm using
Vernier calipers. Blade surface area (4g) was estimated by photographing the blades and using
the program ImageJ (Rasband 2019) to measure the area of the flattened projections of each

blade. Ruffle (R) was quantified using the following equation:

5L
R=—
SLp

Equation 2.1
where Lt is the “total length” of each of the two blade edges, incorporating all ruffles and
irregularities, and Lp is the flattened “projected length” of the two edges (Fig. 2.1). This method
is modified from one utilized by Koehl and Alberte (1988) to permit non-destructive
measurement. Lt and Lp of each blade edge were measured by laying a string along the edge
from the origin to the point 50 cm from the origin as measured from the midline, then measuring

the length of string laid down with a measuring tape to the nearest cm. Blade wet mass (M) was

measured to the nearest 0.1 g after wiping excess water from tissue surfaces. The mean initial
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morphological measurements across all blades (+ SE) were: mean Lg =491.9 £ 1.4 mm; mean
Wg=42.1%1.5mm; mean 7= 0.6 £ 0.01 mm; mean R =1.07 £ 0.01; mean Mg =25.5+0.9 g;
mean Ag = 425.9 + 9.6 cm?. Mean W3 for these blades is comparable to that of kelps found in a

wave- and current-sheltered environment as described by Koehl and Alberte (1988).

Overhead view

Blade origin
(0 cm)

-
-
-

Hole

A

Pneumatocyst

tissue £ =
(@] (@]
o o
~ o

< | 70 cm | >
—_— Lt Rannt N
o—3 == . e
T
Side view

Fig. 2.1. Morphological measurements taken for experimental blades in load magnitude experiment. Lg =
blade midline length; Ws = blade width at 10 cm from the origin; 7 = blade midline thickness at 10 cm from
the origin; Lp = “projected” edge length; Lt = “total” edge length. All blades were cut to a standard initial
length of 70 cm. Lg was measured between the blade origin and a small hole punched at an initial position of
50 cm distal. Lr and LT were always measured only for the proximal 50 cm of the blade (as measured along

the midline).

The most distal 15 cm of tissue of each blade was looped around a short PVC tube and
the loop was sewn closed, thereby securing the tube to the blade (Fig. 2.2). This method was

modified from one described in Koehl et al. (2008) for attaching weights to kelp blades. All
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blades were then transferred to two outdoor growth tanks, with the blades originating from each
of the two kelps being allocated to separate tanks. These tanks were positioned side by side and
exposed to direct ambient sunlight. Fresh seawater was continuously pumped into the tanks from
the bottom of the nearby Grappler Inlet. This water was consistently between 10 and 12°C and
had a salinity of 35 ppt. Fast incoming flow was not pointed directly at the experimental blades
in order to minimize additional mechanical loading being applied to growing tissues, but blades
were still exposed to low levels of water motion.

To secure kelp blades into the growth tanks, the proximal ends of each blade were
attached to PVC bars suspended below water by wrapping cable ties around the intact pieces of
pneumatocyst. The tubes attached to the distal ends of each blade were then connected to free-
hanging weights by monofilament lines that extended horizontally across the tanks, then, aided
by a set of pulleys, up and over the tank edges (Fig. 2.2). Each of the six blades in the two tanks
had a different amount of weight attached (0, 0.5, 1.0, 1.5, 2.0, and 2.5 N). These weight levels
were chosen to represent a range of loading that Nereocystis blades might naturally experience in
flow due to drag as assessed by our own measurements of drag on single Nereocystis blades
(Coleman unpublished data) and observations that local populations can experience current
velocities in excess of 3 m s™! (Canadian Hydrographic Service 2017). The position of each
weight treatment within each tank was random. The blades were left in place to grow under
constant longitudinal tension imposed by the weights for 4-5 days.

At the end of the growth period, the experimental blades were removed from the growth
tanks and all morphological parameters were re-measured. All methods up to this point were
then repeated for two more Nereocystis. Once the final measurements were collected for the

additional kelps, ordinary least squares (OLS) regression was used to assess the effect of weight
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Fig. 2.2. (A) Diagram and (B) photograph of experimental setup used in load magnitude experiment.

on all measured variables (expressed as percent change day™'; AL, AWs, AT, AR, AMg, and

AAg). Kelp of origin was incorporated into regression analyses as an interactive fixed effect due
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to the low number of individual kelps used. Additionally, the stress (in MN m2) experienced by
each blade at the beginning and end of its growth period was calculated using the following
equation:

St _ _Weight Equation 2.2
ress = 0257W,T quation 2.

Blade cross-sectional area was modeled as an ellipse since the margins of kelp blades are known
to be thinner than the midlines (Gerard 1987). To see if stress changed over the course of
experimental growth periods as blade morphology changed, a linear model was used to test
whether change in stress (in % day™!) across all weight treatments except the control group was
significantly different from zero. OLS regression was also used to test whether the amount of
weight applied (above 0 N) had a significant effect on change in stress. Finally, in order to check
whether load was a useful predictor of kelp response, OLS regressions were used to assess the
effect of stress (averaged between the beginning and end of growth periods) on ALg, AWs, AT,
AR, AMg, and AA4s; kelp of origin was incorporated into these regression models as a fixed
interactive covariate.

All statistical analyses were performed in R (R Core Team 2021). All OLS regressions
were performed using the Im() function from the R stats package (R Core Team 2021). ANOVA
was performed on regression models using the anova() function from the R stats package (R
Core Team 2021). Assumptions of linearity were verified with residuals vs. fitted plots generated
using the plot() function from the R graphics package (R Core Team 2021). Assumptions of
normality were verified with Shapiro-Wilk tests performed with the ols_test normality()
function from the olsrr package (Hebbali 2020). Assumptions of homoscedasticity were verified
with Breusch-Pagan tests performed with the ols_test breusch pagan() function from the olsrr

package (Hebbali 2020). Assumptions of independence of residuals were verified with Durbin-
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Watson tests performed with the durbinWatsonTest() function from the car package (Fox and
Weisberg 2019). No data were found to deviate from any underlying assumptions of the analyses

performed.

2.3.2 Load direction experiment

A single blade was haphazardly selected and removed at its base from each of 40 mature
Nereocystis sporophytes growing at Stanley Park (49°18'10” N, 123°07'35” W) and brought to
the University of British Columbia (UBC) on June 27, 2018. Collected blades were stored in a
sea table for up to 48 hours. An approximately 10 x 10 cm square of tissue was cut out of each
blade at the most proximal position possible; a small notch was cut into the centre of the distal
edge of each of these tissue samples to denote the orientation of the original blade. Tissue
samples were weighed to the nearest 0.1 g and photographed. The software ImageJ (Rasband
2019) was used to measure the midline length (Ls) and width (Ws) to the nearest 0.1 cm, as well
as the surface area (4s) to the nearest 0.1 cm?, of each tissue sample (Fig. 2.3).

For each kelp tissue sample, two opposite edges were looped around short plastic rods
and the loops were sewn closed. For 20 of the 40 samples, hereafter referred to as the
“longitudinal” treatment group, the proximal and distal edges were folded over, while for the
other 20, hereafter referred to as the “transverse” treatment group, the left and right edges were
folded (Fig. 2.3). All tissue samples had weights attached to one of the two plastic rods; in the
longitudinal group, the weight was always attached to the proximal rod. 10 of the 20 samples
from each treatment group had a 1.8 N weight attached (the “high weight” group), while the
remaining samples had 0.28 N weights attached (the “low weight” group). Each tissue sample’s

non-weight-bearing rod was tied to a PVC tube positioned over a growth tank such that the
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Fig. 2.3. (A) Methods for preparation of kelp tissue samples in load direction experiment. Ls = tissue sample
length. Ws = tissue sample width. (B) Photograph of experimental setup illustrated in (A).
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samples were suspended in mid water with their respective weights applying constant tension in
either the longitudinal or transverse axis with respect to the original blades (Fig. 2.3). Tissues
were left to grow for 6 days. The growth tank was maintained at a temperature of 10-11°C and a
salinity of 31 ppt; kelps received 300-400 umol m2 s™! of photons over an 18:6 photoperiod and
were cultured in half-strength /2 growth medium. Water was continuously pumped through the
tanks to maintain a low level of ambient motion; fast incoming flow was never pointed directly
at experimental samples.

At the end of the growth period, the kelp tissue samples were re-weighed and re-
photographed; final Ls, Ws, and 4s were measured in ImageJ (Rasband 2021). An approximately
1x1 cm? subsample was taken from the centre of each tissue sample and fixed in 5% formalin
seawater for histological examination. An Olympus BX51W1 microscope was used to image the
top layer of meristoderm cells in each subsample. Photographs were taken of three random
locations within each subsample using an Olympus DP21 camera. ImageJ was used to measure
the area, length, and width of all meristoderm cells in each photograph. The means of these three
variables were calculated for each photograph and these mean values were averaged across the
three subsamples to yield measures of mean meristoderm cell length (Lc), width (Wc), and area
(Ac) for each kelp square. Cell length and width were measured using the bounding rectangle
method in order to maintain a fixed orientation with respect to that of the original blades (Fig.
2.3).

All data analysis was performed in R (R Core Team 2021). Two-factor ANOVA was
used to analyze the effects of weight and orientation, as well as an interaction between the two,
on kelp tissue and cell morphology data. Tissue morphology variables (wet mass (Ms), Ls, A4s,

and Ws) were expressed as percent change day™! (AMs, ALs, Ads, and AWs respectively). PCA
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was used to identify axes of maximal variation in AMs, ALs, Ads, and AWs; two-factor ANOVA
was used to test the effect of weight and orientation on resulting principal component scores. All
ANOVAs were performed using the Im() and anova() functions from the R stats package (R
Core Team 2021). Assumptions of normality were verified with Shapiro-Wilk tests performed
with the ols_test normality() function from the olsrr package (Hebbali 2020). Assumptions of
homoscedasticity were verified using F-tests peformed with the ols_test f() function from the
olsrr package (Hebbali 2020). Assumptions of independence of residuals were verified with
Durbin-Watson tests performed with the durbinWatsonTest() function from the car package (Fox
and Weisberg 2019). Data were not found to deviate from any underlying assumptions of the
analyses performed. Tukey-Kramer post-hoc tests were performed using the Ismeans() function
from the emmeans package (Lenth 2020) to identify significantly different treatment groups
when any ANOVA identified significant interaction effects. PCA was performed with the
prcomp() function from the R stats package (R Core Team 2021); data were centered and scaled.
Standard major axis (SMA) regression was used to assess whether Lc and Wc were
significant predictors of final Ls and W5 respectively; this was performed using the Imodel2()
function from the Imodel2 package (Legendre 2018). Assumptions of normality were verified
with Shapiro-Wilk tests performed with the shapiro.test() function from the R stats package (R
Core Team 2021). Assumptions of homoscedasticity were verified using Breusch-Pagan tests
performed using the bptest() function from the Imtest package (Zeileis and Hothorn 2002).
Assumptions of independence of residuals were verified with Durbin-Watson tests performed
with the dwtest() function from the Imtest package (Zeileis and Hothorn 2002). Data were not

found to deviate from any underlying assumptions of the analyses performed.
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2.3.3 Load location experiment

One Nereocystis blade was haphazardly selected and removed at the base from each of 20
mature kelps growing near Brockton Point lighthouse in Stanley Park (49°17'56" N, 123°17'56"
W) and brought to UBC on May 8, 2019. The collected blades were stored in a sea table for up to
72 hours. Each blade was cut to a standard initial midline length of approximately 50 cm and Ws
was measured to the nearest 0.1 mm using Vernier calipers. Mean initial g across all blades (+
SE) was 54.7 + 2.1 mm, which is higher than that of kelps found in a wave- and current-sheltered
environment as described by Koehl and Alberte (1988). Both the proximal and distal ends of
each blade were looped around short plastic rods; these loops were sewn closed (Fig. 2.4). At the
distal end, approximately 2 cm of tissue was folded over, while at the proximal end, 15 cm of
tissue was.

Experimental blades were secured into two growth tanks. The proximal ends of the
blades were tied to a PVC pipe via the plastic rod sewn into the tissue; this was done such that
the most proximal 15 cm of blade tissue was always left slack. The distal end of each blade was
tied, via the other plastic rod, to a line of monofilament that extended horizontally; these lines
ultimately connected the experimental blades to weights hanging off the ends of the growth
tanks, as in Fig. 2.2. The weights applied differing degrees of loading to only the most distal ~35
cm of each blade; 10 of the 20 blades experienced 0.17 N of constant longitudinal tension (the
“low weight” group), while the other 10 received 1.0 N (the “high weight” group). Five blades
from each weight treatment group were assigned to each of the two growth tanks; blades in each
tank were positioned randomly. Kelp tissue was left in place to grow for 5 days. Water was
continuously pumped through the tanks to maintain a low level of ambient motion; fast incoming

flow was never pointed directly at experimental samples.
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Fig. 2.4. Experimental methods for load location experiment. (A) Kelp blade configuration as viewed from
above; (B) kelp blade configuration as viewed from the side; (C) photograph of experimental setup illustrated
in (A) and (B).
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At the end of the growth period, W was re-measured. The effect of weight on AWs was
assessed statistically using a two-way ANOVA; growth tank was incorporated into the analysis
as an interactive fixed effect due to the low number of tanks. All data analysis was performed in
R (R Core Team 2021). ANOVA was performed using the Im() and anova() functions from the R
stats package (R Core Team 2021). Assumptions of normality were verified with Shapiro-Wilk
tests performed with the ols_test normality() function from the olsrr package (Hebbali 2020).
Assumptions of homoscedasticity were verified using F-tests peformed with the ols_test f()
function from the olsrr package (Hebbali 2020). Assumptions of independence of residuals were
verified with Durbin-Watson tests performed with the durbinWatsonTest() function from the car
package (Fox and Weisberg 2019). Data were not found to deviate from any underlying

assumptions of the analyses performed.

2.4 Results
2.4.1 Load magnitude experiment

Blades bearing higher amounts of weight grew significantly longer (ALs; ANOVA,
Fi,13=16.1, p=0.001) and heavier (AM; ANOVA, F1,13=4.98, p=0.044), as well as significantly
narrower (AWs; ANOVA, F1,13=23.3, p<0.001) and less ruffled (AR; ANOVA, Fi,13=11.4,
p=0.005), compared to those bearing lower amounts of weight (Table 2.1; Fig. 2.5). These
changes in morphology appeared continuous and approximately linear across the loading
gradient. There were no significant effects of weight on blade thickness (A7; ANOVA,
F1,13=0.66, p=0.43) or blade area (A4s; ANOVA, F1,13=4.27, p=0.06). There were no significant

effects of kelp individual of origin or weight:kelp interactions on any measured variables (Table
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Table 2.1. ANOVA tables for load magnitude experiment

Response Explanatory df SumSq MeanSq F p
Weight 1 543 543 16.1 0.001
Change in blade length
(ALB) Kelp 3 12.4 4.14 1.22 0.34
Weight:Kelp 3 8.87 2.96 0.88 0.48
Residuals 13 438 3.37
Weight 1 102.3 102.3 23.3 <0.001
Change in blade width
(AWB) Kelp 3 30.5 10.2 232 0.13
Weight:Kelp 3 26.3 8.75 2.00 0.16
Residuals 13 57.0 4.38
Weight 1 3.20 3.20 0.66 0.43
Change in blade thickness
(AT) Kelp 3 6.23 2.08 0.43 0.73
Weight:Kelp 3 6.87 2.29 0.48 0.70
Residuals 13 62.6 4.82
Weight 1 2.79 2.79 11.4 0.005
Change in ruftle
(AR) Kelp 3 222 0.74 3.04 0.067
Weight:Kelp 3 0.17 0.056 0.23 0.87
Residuals 13 3.17 0.24
Weight 1 12.0 12.0 498 0.044
Change in blade wet mass
(AMB) Kelp 3 15.9 5.31 220 0.14
Weight:Kelp 3 4.47 1.49 0.62 0.62
Residuals 13 314 242
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Weight 1 16.8 16.8 4.27 0.059
Change in blade area
(A4B) Kelp 3 24.1 8.02 2.04 0.16

WeightKelp 3 272 9.05 231 0.12

Residuals 13 51.0 3.92

2.1). All but one sample of the 2.5 N treatment broke in the first 24 hours of their growth
periods; no sample loss occurred at other weight levels. In all instances where blade tissue failed,
the failure occurred in the narrow region near the blade base, distal to the pneumatocyst; breaks
never took place near the stitching securing the blades to the weights.

The amount of stress (N m2) experienced by the kelp blades was found to not be constant
throughout the experiment (linear model, p<0.001), but the amount that stress changed was not
found to differ between weight treatments (ANOVA, F1,9=2.81, p=0.13) or kelps of origin
(ANOVA, F3,0=1.91, p=0.20; see supplemental Table A1, Fig. Al). There were no significant
effects of weight:kelp interactions on change in stress (ANOVA, F39=0.54, p=0.66). Effects of
mean stress on kelp morphological variables were found to be, for the most part, identical to the
effects of weight (see supplemental Table A2, Fig. A2). The only exceptions were an instance
where mean stress was found to cause a significant change in blade area (A4dg; ANOVA,
F1,13=5.55, p=0.035) when weight did not and another instance where the ruffle (AR) was found
to change to a significantly different degree between kelps of origin (ANOVA, F313=3.83,

p=0.036) only when mean stress was incorporated into the regression model instead of weight.
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Fig. 2.5. Change in morphological characters of Nereocystis blades expressed as functions of weight applied
during load magnitude experiment. OLS regression lines indicate a statistically significant relationship
between weight and the specified response variable. Change in blade length = ALg; change in blade width =

AWs; change in blade midline thickness = AT; change in blade ruffle = AR; change in blade wet mass = AM;

change in blade area = AA.
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2.4.2 Load direction experiment

There was no significant effect of weight on change in kelp tissue length (ALs; ANOVA,
F133=0.68, p=0.41), width (AWs; ANOVA, F133=1.18, p=0.29), area (A4s; ANOVA, F133=0.85,
p=0.36), or wet mass (AMs; ANOVA, F133=0.011, p=0.92; Table 2.2; see supplemental Fig. A3).
There was no significant effect of kelp tissue orientation on change in tissue sample length (ALs;
ANOVA, F133=0.049, p=0.83), width (AWs; ANOVA, F133=1.34, p=0.26), area (A4s; ANOVA,
F133=0.64, p=0.43), or wet mass (AMs; ANOVA, F133=1.60, p=0.21). There was a significant
effect of an interaction between weight and orientation on change in tissue sample length (ALs;
ANOVA, F133=7.85, p=0.008), but not on change in tissue sample width (AWs; ANOVA,
F133=0.077, p=0.78), area (A4s; ANOVA, Fi33=1.21, p=0.28), or wet mass (AMs; ANOVA,
F133=3.39, p=0.074). No pairwise combination of weight and orientation treatment groups were
found to significantly differ in elongation rate (ALs), but the high weight, transversely oriented
kelp tissue samples elongated nearly significantly less than the low weight, transversely oriented
samples (Tukey, p=0.061).

The first principal component (PC1) was positively correlated with all four input
variables and was interpreted as an index of overall growth. The second principal component
(PC2) was negatively correlated with elongation (ALs), but positively correlated with widening
(AWs); it was interpreted as an index of shape change. PC1 explained 91.4% of the variation in
ALs, AWs, Ads, and AMs, while PC2 explained 5.6% (Table 2.3).

There was no significant effect of weight (ANOVA, F133=0.57, p=0.45), orientation
(ANOVA, F1,33=0.80, p=0.38), or an interaction between the two (ANOVA, F;33=1.89, p=0.18)

on overall growth (PC1 scores; Table 2.4; Fig. 2.6). There was no significant effect of weight
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Table 2.2. ANOVA tables for tissue morphology data from load direction study

Response Explanatory df SumSq MeanSq F p

Weight 1 1.21 1.21 0.68 0.4l
Change in tissue Orientation 1 0.086 0.086 0.049 0.83
sample length (ALs) Weight:Orientation 1 13.9 13.9 7.85 0.008

Residuals 33 585 1.77

Weight 1 1.91 1.91 1.18  0.29
Change in tissue Orientation 1 2.18 2.18 1.34 0.26
sample width (AWs) Weight:Orientation 1 0.13 0.12 0.077  0.78

Residuals 33 53.6 1.63

Weight 1 7.01 7.01 0.85 0.36
Change in tissue Orientation 1 5.26 5.26 0.64 0.43
sample area (A4s) Weight:Orientation 1 10.0 10.0 1.21 0.28

Residuals 33 273.0 8.27

Weight 1 0.081 0.081 0.011 0.92
Change in tissue Orientation 1 12.0 12.0 1.60 0.21
sample wet mass Weight:Orientation 1 25.3 25.3 339  0.074
(AMs) Residuals 33 2464 7.47

(ANOVA, F133=1.79, p=0.19) or orientation (ANOVA, F;33=3.05, p=0.090) on shape change
(PC2 scores), but there was a significant interaction effect (ANOVA, F133=46.5, p<0.001) on
shape change. The low weight, longitudinally oriented tissue samples grew significantly longer

and narrower than the high weight, longitudinally oriented tissue samples (Tukey, p<0.001),
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Table 2.3. Output of PCA performed for load direction experiment

Variable Loadings

PCl1 PC2 PC3 PC4

Change in square length (ALs) 0.493 -0.619 -0.461  -0.402
Change in square width (AWs) 0.489  0.741 -0.076  -0.454
Change in square area (A4s) 0.518 0.115 -0.292  0.795
Change in square wet mass (AMs) 0499 -0.235 0.834 0.016
Proportion of variation 0913  0.056 0.028 0.002

Table 2.4. ANOVA tables for principal component scores generated from tissue morphology data in load
direction study

Response Explanatory df SumSq MeanSq F p
Weight 1 2.08 2.08 0.57 045
Principal component  Orientation 1 2.89 2.89 0.80 0.38
1 (PC1; growth) Weight:Orientation 1 6.85 6.85 1.89 0.18
Residuals 33 119.7 3.63
Weight 1 0.17 0.17 1.79 0.19
Principal component  Orientation 1 0.29 0.29 3.05 0.09
2 (PC2; -elongation, Weight:Orientation 1 4.46 4.46 46.5 <0.001
widening) Residuals 33 3.16 0.10

whereas among the transversely oriented tissue samples, the low weight individuals grew

significantly shorter and wider than the high weight ones (Tukey, p<0.001).
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Fig. 2.6. Principal component 1 (PC1) and principal component 2 (PC2) scores generated from PCA
performed for stress direction experiment expressed as functions of weight level applied and orientation of
kelp squares; lowercase letters denote significantly different groups as indicated by a Tukey—Kramer post
hoc test.

There was no significant effect of weight on mean meristoderm cell length (Lc; ANOVA,
F133=2.46, p=0.13), width (Wc; ANOVA, F133=0.11, p=0.74), or area (Ac; ANOVA, Fi33=3.45,
p=0.072; Table 2.5; see supplemental Fig. A4). There was no significant effect of orientation on
mean meristoderm cell length (Lc; ANOVA, F133=2.43, p=0.13) or area (Ac; ANOVA,
F133=0.61, p=0.44), but transversely oriented tissue samples had significantly wider meristoderm
cells than longitudinally oriented ones across both weight levels (ANOVA, F133=4.84, p=0.035).
There was a significant effect of an interaction between weight and orientation on mean
meristoderm cell length (Lc; ANOVA, Fi133=8.67, p=0.006), but not on mean meristoderm cell
width (Wc; ANOVA, F133=0.015, p=0.90) or area (Ac; ANOVA, F133=1.53, p=0.23). The
heavily weighted, longitudinally oriented tissue samples had significantly longer meristoderm

cells than both the lightly weighted, longitudinally oriented tissue samples (Tukey, p=0.023) and
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Table 2.5. ANOVA tables for cell morphology data from load direction experiment

Response Explanatory df SumSq MeanSq F p

Weight 1 0.31 0.31 246  0.13
Mean cell length Orientation 1 0.31 0.31 2.43 0.13
(Lc) Weight:Orientation 1 1.11 1.11 8.67 0.006

Residuals 33 422 0.13

Weight 1 0.012 0.012 0.11 0.74
Mean cell width Orientation 1 0.54 0.54 4.84  0.035
(We) Weight:Orientation 1 0.002 0.002 0.015 0.90

Residuals 33 3.65 0.11

Weight 1 25.5 25.5 3.45  0.072
Mean cell area Orientation 1 4.49 4.49 0.61 0.44
(Ac) Weight:Orientation 1 11.3 11.3 1.53  0.23

Residuals 33 2439 7.39

the heavily weighted, transversely oriented tissue samples (Tukey, p=0.014). See supplemental

Fig. AS for distributions of cell morphologies in different treatment groups.

Final kelp tissue sample length (Ls) was found to significantly increase with mean

meristoderm cell length (Lc; SMA regression, p<0.001). Final kelp tissue sample width (Ws) was

found to significantly increase with mean meristoderm cell width (Wc; SMA regression,

p=0.012; Fig. 2.7).
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Fig. 2.7. Final tissue sample (A) length (Ls) and (B) width (Ws) expressed as functions of final mean
meristoderm cell length and width respectively for kelp tissue samples in load direction experiment. Standard
major axis (SMA) regression lines indicate that cell lengths and widths are statistically significant predictors
of tissue lengths and widths respectively.

2.4.3 Load location experiment
There was no significant effect of weight (ANOVA, F1,13=0.41, p=0.54), growth tank
(ANOVA, F1,13=2.10, p=0.17), or weight:growth tank interactions (ANOVA, F;13=1.24, p=0.29)

on change in blade width (AWg; Table 2.6; Fig. 2.8).

Table 2.6. ANOVA table for load location experiment

Response Explanatory df Sum Sq MeanSq F p
Weight I 1.25 1.25 0.41 0.54

Change in blade width Tank 1 647 6.47 2.11 0.17

(AWB) Weight:Tank 1  3.81 3.81 1.24 0.29

Residuals 13 40.0 3.08
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Fig. 2.8. Change in blade width (ALg) expressed as a
function of weight level applied during growth period
in load location experiment; n.s. = not significantly
different.

2.5 Discussion

Morphological plasticity across hydrodynamic gradients in the blades of Nereocystis has
been recognized for some time and its functional significance has been well studied (Koehl and
Alberte 1988, Johnson and Koehl 1994). However, the nature of the growth response to tensile
force that facilitates this phenomenon, including underlying physiological mechanisms, remains
poorly understood. To better characterize these, I examined how morphological plasticity in
Nereocystis blades was affected by the (1) magnitude, (2) direction, and (3) location of

mechanical loading, using weights to simulate drag imposed on the blades by moving water.
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2.5.1 Nereocystis is sensitive to the magnitude of mechanical loading

As more tensile force was applied, experimental blades became longer, narrower, less
ruffled, and heavier, but did not change in thickness and increased similarly in area across
loading treatments. Furthermore, weight-induced changes in morphology scaled continuously
and, especially in the case of blade width, approximately linearly with increasing loading. In
other words, the reaction norms of measured blade characteristics across a loading gradient were
linear, consistent with our hypothesis. Thus, Nereocystis is able to perceive even minor changes
in the ambient mechanical environment and respond proportionally, which presumably allows it
to precisely optimize its hydrodynamic and photosynthetic performance for a given flow
environment (see Koehl and Alberte 1988). Such phenotypic flexibility, coupled with
exceptionally high growth rates (Abbott and Hollenberg 1976, Kain 1987), may be a key factor
in the observed ability of Nereocystis to successfully colonize a wide range of hydrodynamic
environments (Koehl and Alberte 1988) on an annual basis (Abbott and Hollenberg 1976). My
results are consistent with predictions from the land plant literature which suggest that plasticity
is a favourable adaptive strategy in annual plants living in variable environments (Cook and
Johnson 1968, Wilken 1977, Zangerl and Bazzaz 1983), especially when organismal response
times to environmental changes are short (Padilla and Adolph 1996, Alpert and Simms 2002).
The linear reaction norms observed suggest that selective pressure on Nereocystis blade
morphology is equal across the loading gradient tested and that this kelp has no specific set of
flow conditions within its hydrodynamic niche for which it is “best” adapted (Gibert et al. 1998,
David et al. 2004).

Even though I found that stress was not constant throughout the growth periods due to

progressive narrowing of blades, the facts that (1) individual weight treatments did not
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significantly differ in the magnitude of stress change observed and (2) the overall results of this
experiment were almost identical depending on whether weight or stress were used in my
analyses suggest that mechanical load is a useful predictor of kelp plasticity in this instance.

Because blades in the 2.5 N treatment group were close to their known mechanical limits
(Johnson and Koehl 1994, Hale 2001) and almost all of these individuals broke within 24 hours
of their growth periods, I conclude that the range of weights used in this experiment covered the
full breadth of tensile force that the blades could have withstood. The observation that blade
morphology continued to respond to increasing levels of tension all the way up to the mechanical
limits of the tissue suggests that there is no practical limit to the plasticity and that morphological
adjustments are still functionally relevant even at high levels of water motion. Furthermore,
given the linear nature of the reaction norms, I expect that subjecting blades to loading levels
beyond those tested here would cause them to narrow even further if material properties had
permitted. This interplay between hydrodynamic performance and material properties of blades
is interesting and deserves further study, as recent work has demonstrated a clear trade-off
between drag avoidance and drag tolerance in kelps (Starko and Martone 2016b). Drag
avoidance via blade narrowing may compensate for the relative weakness of kelp tissues (Hale
2001, Martone 2007), but ultimately may be constrained by these material properties. On the
other hand, the benefits of blade narrowing may be limited at fast water velocities (Milligan and
DeWreede 2004, de Bettignies et al. 2013), so strengthening tissues to permit further narrowing
would likewise not be beneficial.

As mechanical loading was applied constantly and unidirectionally in this experiment,
my results are best considered to be reflective of how Nereocystis would behave when subjected

primarily to strong currents. Wave-swept kelps, in comparison, would likely experience greater
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loading forces, but these forces would be applied transiently and repeatedly (Koehl 1984, Denny
et al. 1998, Gaylord et al. 2008). It would be interesting to consider how my results might differ
if we were to incorporate a punctuated loading regime such as this into my experimental design.
Johnson and Koehl (1994) have shown that wave-exposed Nereocystis show a mean blade
morphology that is intermediate to those of current-swept and sheltered individuals. This may
indicate that wave-imposed mechanical loading does affect the kelp’s blade morphology, but to a
lesser degree than current-imposed loading. This could suggest that blade morphology might be
best predicted by the average mechanical loading experienced over a given time period. Based
on this, an experiment incorporating transient, repeated mechanical loading treatments might be
expected to produce results similar to those described here, but with shallower reaction norm
slopes.

An unexpected finding of this experiment was that more highly weighted blades showed
greater increases in wet mass than less weighted ones in spite of there being no significant effects
of weight on blade area or thickness (and therefore volume). I see several possible explanations
for this. One is that highly weighted kelps produced heavier tissue than the less weighted
individuals. This could have been brought about by high loading inducing blades to incorporate
more carbon into their cell walls, as described by Kraemer and Chapman (1991). Another
possibility is that the morphological changes brought about by high tensile force facilitated an
increase in productivity and growth (Gerard and Mann 1979, Koehl and Alberte 1988), resulting
in an indirect positive effect of mechanical loading on wet mass accumulation rate. It is also
possible that the additional wet mass found in highly weighted kelps could have been accounted
for by thickened blade margins, which would have gone undetected in our measurements of

blade midline thickness. However, I consider this unlikely, as Gerard (1987) found that
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mechanical loading had no effect on blade thickness as measured at either the midlines or the
margins in Saccharina latissima. While I cannot explain my observations with certainty, I
strongly feel that they merit further study. It would be of particular significance if mechanical
loading directly increases kelp tissue mass via a mechanism similar to that proposed by Kraemer
and Chapman (1991), as researchers have long been interested in relationships between water
motion and primary productivity (reviewed in Hurd 2000).

My biomass observations contrast with those of Gerard (1987), who found that
Saccharina latissima blades became longer and narrower, but did not accumulate more biomass,
when grown subject to high tensile force. This discrepancy may be due to methodological
differences between the two studies. My data include measurements of total wet mass
accumulated after 4-5 days, whereas Gerard’s data are estimates of biomass production
calculated based on weight:length ratios measured during the sixth week of her experiment.
Based on this, it is possible, for example, that I detected a proportional increase in biomass that
only occurs for a brief period after the loading is first applied, or that Gerard’s calculations

systematically underestimated the biomass actually accumulated by highly weighted kelps.

2.5.2 Nereocystis is sensitive to the direction of mechanical loading

My data indicate that the application of tension to Nereocystis blade tissue encourages
growth in whichever axis is parallel to the tensile force while discouraging growth in the
perpendicular axis. This is consistent with my hypothesis and has several important implications
for my thinking on mechanisms facilitating morphological plasticity in Nereocystis. Firstly, it
suggests that there is no substantial separation between the location of stimulus perception and

that of the ultimate organismal response, which, coupled with the known ability of cell wall-
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mediated thigmomorphogenetic responses in plants to be directionally sensitive (Gus-Mayer et
al. 1998, Sampathkumar et al. 2014a, Louveaux et al. 2016), leads me to hypothesize that the
entire set of physiological processes that facilitate morphological plasticity in Nereocystis blades
takes place within individual cells and that cell wall deformation is the likely basis for the
mechanoperception mechanism. Secondly, the lack of separation between the locations of stimuli
and responses suggests that hormones (or some other long-distance signaling molecule) are
unlikely to be involved in this process. I suspect that mechanical loading on the blade distends
the walls of meristematic cells, initiating a signaling cascade that probably only serves to
influence growth and/or division of those same cells.

While I cannot state definitively from the data at hand exactly how cell growth and
division are affected by tension in this system, it does appear that growth of the tissue is
somehow reallocated from the axis perpendicular to that of the tensile force into the axis parallel
with it. This is consistent with, but does not explicitly confirm, the conclusions of Gerard (1987),
who proposed that longitudinal tension caused meristematic cells of Saccharina latissima to
preferentially divide in the longitudinal axis over the transverse axis. Additionally, the final
morphology of the experimental kelp tissues is reflective of the average morphology of those
tissues’ meristoderm cells, with longer tissues, for instance, also exhibiting longer cells. This
suggests that changes in tissue morphology observed in this experiment represent the “sum” of
changes in the morphologies of all growing cells. The tendency for meristoderm cells to be
longer in the highly weighted longitudinal kelps and wider in the highly weighted transverse
kelps most likely reflects increased, or at least more unified, cell elongation (possibly leading to

division) in the principal direction of tensile force (Biro et al. 1980), as predicted by (Gerard
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1987). To verify this hypothesis, we need to observe axes of meristoderm cell divisions directly

and examine whether these were altered by the application of tension.

2.5.3 Nereocystis is sensitive to the location of mechanical loading

My data indicate that only mechanical loading applied directly to actively growing
meristematic tissue will evoke morphological plasticity in Nereocystis blades. This is consistent
with my original hypothesis and my observations from the load direction experiment. The lack of
response to a stimulus applied far from the tissue region where the response is generated
reinforces my previously discussed conclusion that a long-distance signaling mechanism most
likely does not mediate the effect of mechanical loading on kelp blade morphology.

If mechanical loads must be imposed directly on growing tissue by drag, then there must
be tissue located distal to that growing tissue for drag to act upon. In other words, the mechanism
being utilized by Nereocystis to facilitate its flow-induced plasticity may be reliant on intercalary
meristems located at the proximal ends of blades. This may explain, in part, why morphological
plasticity across hydrodynamic gradients in seaweeds has been best described and most
consistently observed in kelps up to this point (e.g. Druehl and Kemp 1982, Gerard 1987, Buck
and Buchholz 2005, Fowler-Walker et al. 2006, Koehl et al. 2008), as this whole group
prominently exhibits intercalary growth (Fritsch 1923, Graham et al. 2017). It could also
potentially explain why it has been historically difficult to convincingly demonstrate plasticity in
seaweeds that rely on apical meristems, such as red algae (Floc’h 1969, Shaughnessy 2004) and
the brown alga Fucus (Sideman and Mathieson 1983, 1985, Blanchette 1997). In a situation
where growth was entirely apical, drag simply could not be imposed directly on the growing

tissue. If plasticity were observed in spite of this, I would infer that some form of long-distance

47



signaling mechanism would be needed to communicate the perception of the stimulus from more

proximal tissue to the growing meristem.

2.6 Conclusions

In summary, I conducted three experiments to investigate how morphological plasticity in
response to mechanical loading in Nereocystis blades was affected by the (1) magnitude, (2)
direction, and (3) location of the applied force. I found that kelp blades subjected to a gradient of
tensile force grew progressively narrower, longer, less ruffled, and, unexpectedly, heavier as the
magnitude of loading increased; the linear reaction norms observed suggests that Nereocystis is
equally well-adapted for all flow environments tested. I found that when high tensile force was
applied transversely across blade tissue, the response seen under high longitudinal tension was
rotated 90°. This indicates that the entire set of physiological mechanisms that facilitate the
plasticity most likely occurs within the same individual meristematic cells, suggesting against the
involvement of a long-distance signaling mechanism. Furthermore, as the average morphology
of a blade’s meristoderm cells paralleled that of the tissue in this experiment, I infer that changes
in blade morphology probably reflect altered cell elongation patterns. Finally, I found that the
growth response to tension only occurred when mechanical loading was applied directly to the
meristematic tissue, reinforcing that there is probably no long-distance signaling involved and
indicating that response to hydrodynamic forces likely requires an intercalary meristem to
facilitate mechanoperception. This study provides information on the evolutionary relationship
between Nereocystis and water flow while lending insight into cellular mechanisms that might

facilitate morphological plasticity in kelps.
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3. Auxins as regulators of growth and morphogenesis in the kelp
Nereocystis luetkeana

3.1 Synopsis

Some kelps exhibit morphological plasticity across hydrodynamic gradients, developing
broad blades in slow flow and narrow blades in fast flow. While the functional significance of
this plasticity as an adaptation to reduce drag has been relatively closely examined, little is
known about the developmental mechanisms that underly the changes in blade morphology. In
this chapter, I examined whether kelp plasticity could potentially be mediated by auxins by
culturing blade tissue disks of the kelp Nereocystis luetkeana in the presence of a range of
concentrations of the auxin NAA and measuring changes in disk size and morphology. I found
that an NAA concentration of 10> M caused tissue disks to grow longer and narrower, but not
heavier, than control disks. This indicates that auxins can have morphogenic effects on
Nereocystis. Auxins may cause these effects by increasing the extensibility of kelp cell walls,
thereby facilitating cell elongation, much like how they function in land plants. The anisotropic
growth observed may be due to pre-existing anisotropy in the material properties of the kelp
meristematic cell walls or anisotropic effects of auxin on different wall faces. The effects of the
10 M NAA treatment on Nereocystis blade tissue were strikingly similar to those of drag-
induced tensile stress. While this is not direct evidence that auxins are involved in regulating
morphological plasticity in response to hydrodynamic forcing, the tantalizing similarity between
the responses to auxin and mechanical loading suggest that auxin signaling may play a role in

kelp plasticity. This hypothesis deserves further study.
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3.2 Introduction

Several species of kelps show pronounced morphological plasticity across hydrodynamic
gradients (e.g. Gerard and Mann 1979, Druehl and Kemp 1982, Gerard 1987, Fowler-Walker et
al. 2006, Koehl et al. 2008). These species generally develop broad blades when grown in wave-
and current-sheltered environments and narrow blades when grown in wave- or current-exposed
environments (e.g. Gerard and Mann 1979, Druehl and Kemp 1982, Gerard 1987, Fowler-
Walker et al. 2006, Koehl et al. 2008). Individuals will also rapidly adjust blade morphologies
when the ambient flow velocity changes (e.g. Gerard and Mann 1979, Druehl and Kemp 1982,
Gerard 1987, Fowler-Walker et al. 2006, Koehl et al. 2008). This plasticity is generally
interpreted as an adaptation to the hydrodynamic environment, permitting these kelps to
minimize the amount of drag they experience in flow while maximizing productivity (Koehl and
Alberte 1988).

While morphological plasticity across hydrodynamic gradients in kelps has been
relatively well studied from a functional perspective (Koehl and Alberte 1988, Johnson and
Koehl 1994, Buck and Buchholz 2005, Hurd and Pilditch 2011), a great deal remains unknown
about how it occurs at a developmental level. Research on the developmental basis of kelp
plasticity has largely taken place in the bull kelp, Nereocystis luetkeana. In this species, changes
in blade morphology are mediated by mechanical loading imposed by drag, as demonstrated by
experiments that have induced morphological changes in blades simply by hanging weights from
growing tissue (Koehl et al. 2008, Coleman and Martone 2020, Ch. 2). The transition from broad
to narrow blade shapes occurs as a result of growth being reallocated from tissue widening into
tissue elongation in response to longitudinally-oriented tension (Coleman and Martone 2020, Ch.

2) and ruffles form in slow flow when blade margins elongate more quickly than blade midlines
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(Koehl et al. 2008). Furthermore, the entire developmental pathway facilitating plasticity in
Nereocystis takes place over short distances and is sensitive to the direction in which mechanical
stimulation is applied (Coleman and Martone 2020, Ch. 2). However, little information is
available about what exact signaling mechanisms or subcellular processes might be occurring to
allow Nereocystis and other kelps to translate mechanical stimulation into changes in growth.

Regulation of growth and development in land plants is intimately dependent upon the
activity of a wide variety of hormones (Taiz and Zeiger 2010). Among the most abundant and
functionally diverse of these hormones are auxins, which play roles in virtually all aspects of
plant development (Taiz and Zeiger 2010). Auxins are well known for their ability to promote
plant cell elongation (reviewed in Majda and Robert 2018), although, like other hormones, their
exact effect depends on their concentration and the type of tissue they are acting on (Taiz and
Zeiger 2010). For example, the most abundant and functionally significant plant auxin, indole-3-
acetic acid (IAA), has detectable effects on Avena (oat) coleoptile tissue elongation at
concentrations lower than 10 M and will increase growth rates up until a concentration of about
10> M (Taiz and Zeiger 2010; Fig. 3.1). Above this concentration, the addition of more IAA
becomes gradually less effective until it eventually starts inhibiting growth at a concentration
between 10* and 10 M.

The influence of auxins on plant cell elongation is rooted in their ability to both induce
changes in the material properties of plant cell walls and increase water uptake by the cell
(reviewed in Cosgrove 2005, Majda and Robert 2018). Auxins induce localized decreases in pH
that cause increases in the extensibility of plant cell walls (Rayle and Cleland 1992, Majda and
Robert 2018), which, when combined with maintenance of turgor pressure, results in expansion

of the cell (reviewed in Cosgrove 2005, Majda and Robert 2018). This expansion becomes
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Fig. 3.1. A typical dose-response curve for IAA-induced
elongation in pea stem or oat coleoptile sections; reproduced
from Taiz and Zeiger (2010).

anisotropic when different parts of the cell wall are unequally extensible, which occurs primarily
as a result of localized variation in the organization of cellulose microfibrils (reviewed in Baskin
2005, Wolf et al. 2012). The phenomenon of wall loosening induced by low pH leading to cell
expansion is referred to as acid growth (Rayle and Cleland 1992, Majda and Robert 2018).
Plants possess a specialized auxin transport system that allows them to unidirectionally
transport auxin between individual cells and throughout tissues (Taiz and Zeiger 2010). This
polar transport of auxin gives plants a great deal of control over local concentrations, and
therefore effects, of auxin in different organs and tissue types (Taiz and Zeiger 2010, Chen and
BaluSka 2013). Auxin is the only plant hormone that can be transported in a polarized manner
(Taiz and Zeiger 2010). Evidence exists that plants can use the auxin transport system to alter

auxin distribution in response to mechanical stimulation (Mitchell 1977, Erner and Jaffe 1982,
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Hamant et al. 2008, Heisler et al. 2010, Sampathkumar et al. 2014b), indicating that auxins play
important roles in mediating plant responses to mechanical signals.

While auxins are typically thought of as plant hormones, they also occur naturally in
kelps (Hart 1982, Kai et al. 2006, Li et al. 2007), including Nereocystis (Van Overbeek 1940).
Experimental addition of auxin has also been shown to increase the rates of tip elongation in the
filamentous brown alga Ectocarpus (Rabillé et al. 2019) and blade elongation in the kelps Alaria
esculenta (Buggeln and Bal 1977) and Saccharina japonica (Kai et al. 2006) along similar dose-
response curves to those observed in plants. There is also evidence that auxin achieves this effect
by increasing cell wall extensibility, much like it does in plants (Rabill¢ et al. 2019).
Unfortunately, past studies that applied auxins to brown algae only measured changes in
cell/tissue length, and so it is unknown whether morphological effects of auxin on brown algae
might be more complex.

Koehl et al. (2008) proposed that, if hormones actually play central roles in regulating
growth and development in kelps like they do in land plants, they could be involved in
modifying growth patterns in response to mechanical stimulation. I suggest that auxins would be
good candidate hormones for this role. It is possible, for instance, that mechanical loads imposed
by drag could increase auxin concentrations in kelp meristematic tissue. This could result in
increased rates of tissue growth, likely via increased expansion of the meristematic cells. Kelp
tissues can show different degrees of extensibility in the longitudinal and transverse axes (Janot
et al. 2012) and cellulose and alginate can be anisotropically distributed within brown algal cell
walls (Terauchi et al. 2016). Given this, if Nereocystis cells had walls that were more extensible
in the longitudinal axis than in the transverse axis, or if the auxin were able to increase

extensibility of lateral wall faces more than longitudinal ones (possibly through anisotropy in
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wall composition), then an increase in auxin may cause the kelp tissues to elongate more than
widen. This would ultimately produce blades that were relatively long and narrow, like those
typically observed in highly wave- or current-swept kelps (e.g. Gerard and Mann 1979, Johnson
and Koehl 1994, Buck and Buchholz 2005, Fowler-Walker et al. 2006).

In order to investigate whether morphological plasticity across hydrodynamic gradients in
kelps could potentially be regulated by auxin activity, I tested (1) how auxins affect kelp growth
and morphology and (2) at what concentrations auxins are effective. In this chapter, I examined
whether the application of exogenous auxin at two concentrations (10 M and 10 M) would
have any morphogenic/growth effects on meristematic tissue of Nereocystis luetkeana. 1
hypothesized, based on Fig. 3.1 and the observations of Buggeln (1976), that both auxin
treatments would increase the rate of tissue elongation compared to a control treatment, leading
to the development of relatively long and narrow tissues, but that the 10~ M treatment would

have a stronger effect than the 10 M treatment.

3.3 Methods

A single blade was haphazardly selected and removed at its base from each of 30 mature
Nereocystis sporophytes growing at Stanley Park near Brockton Point Lighthouse (49°17' 56."N,
123°07'00" W) and brought to the University of British Columbia (UBC) on April 27, 2017.
Nereocystis was chosen as the study kelp for this experiment due to it being the species with the
best characterized growth/morphological response to water motion (Koehl et al. 2008, Coleman
and Martone 2020, Supratya et al. 2020). Collected blades were stored in a sea table for up to 24
hours. A circular cork borer with a 1 cm diameter was used to remove three tissue disks from

each collected blade. This cork borer was slightly flattened on one edge and the flat edge was
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always oriented towards the distal end of the blade when a hole was punched. Tissue disks were
punched out in a row from a region of tissue 10 cm from the blade base (Fig. 3.2), approximately
the region of maximal active growth (Kain 1987, Koehl et al. 2008). The maximum length and
width of each tissue disk was measured with vernier calipers to the nearest 0.1 mm; length was
always oriented in the direction of the original longitudinal axis of the blade and width was
oriented perpendicular to the length (Fig. 3.2). A Denver Instrument TP-214 microbalance was
used to measure the wet mass of each tissue disk to the nearest 0.001 g; the surfaces of the tissue

disks were wiped dry immediately before weighing.

Width

<P

Tissue disk

Fig. 3.2. Nereocystis blade tissue sampling and measurement method used in auxin experiment.

A single tissue disk was placed in each of 30 petri dishes containing half strength /2
growth medium. The synthetic auxin 1-naphthaleneacetic acid (NAA; dissolved in 50% acetone)
was added to 20 of those petri dishes such that 10 had a final NAA concentration of 10~ M and

the other 10 had a final NAA concentration of 10* M; the remaining 10 dishes acted as a control
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treatment. NAA was chosen for use in this experiment over IAA because IAA is known to
degrade when exposed to high light and salt concentrations (Yamakawa et al. 1979, Dunlap et al.
1986). The two experimental concentrations were chosen because they were hypothesized, based
on existing data (Buggeln 1976, Kai et al. 2006), to be close to the concentration that would yield
the greatest effect on growth. The 30 dishes were then placed at random positions on a shaker
table housed in an incubator. The shaker rotated at a rate of 175 rpm in order to agitate the water
in the dishes. The incubator maintained the tissue disks at a temperature of 10°C and exposed
them to irradiance levels of 55-126 pmol m? s'! (depending on the exact position of the dish in
the chamber) on a 12:12 photoperiod. The tissue disks were left in place to grow for 72 hours.

At the end of the growth period, the tissue disks were removed from the incubator and the
wet masses, lengths, and widths were measured for a second time. Principal components analysis
(PCA) was used to identify the axes of maximal variation in the three measured morphological
variables (expressed as percent change). PCA was used so that detection of experimental effects
would not be confounded by correlation that existed among the morphological variables. Linear
mixed effects models were used to analyze the effect of NAA concentration on the resulting
principal components; sample blade was incorporated into each model as a random effect. All
data analysis was performed in R (R Core Team 2021). Linear mixed effects models were
performed using the Ime() function from the nlme package (Pinheiro et al. 2020). Tukey-Kramer
post-hoc tests were performed using the emmeans() function from the emmeans package (Lenth
2020). PCA was performed with the prcomp() function from the R stats package (R Core Team
2021); data were centered and scaled. Assumptions of normality were tested with Shapiro-Wilk
tests performed using the shapiro.test() function from the R stats package (R Core Team 2021).

Assumptions of homoscedasticity were tested with F-tests using the var.test() function from the
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R stats package (R Core Team 2021). Assumptions of independence of residuals were tested

with Durbin-Watson tests using the durbinWatsonTest() function from the car package (Fox and

Weisberg 2019). No analyzed data were found to violate statistical assumptions.

3.4 Results

The first principal component (PC1) was strongly negatively correlated with mass (AMp),

length (ALp), and width (AWp) and was therefore interpreted as a metric of overall growth. The

second principal component (PC2) was strongly negatively correlated with mass (AMp), but
strongly positively correlated with width (AWp). The third principal component (PC3) was
strongly positively correlated with length (ALp), but strongly negatively correlated with width
(AWp) and was therefore interpreted as a metric of shape change. PC1 explained 68.9% of the

variation in the data, PC2 explained 18.1% of the variation, and PC3 explained 12.9% of the

variation (Table 3.1).

Table 3.1. Output of PCA performed for auxin application experiment.

Variable Loadings
PC1 PC2 PC3
Change in disk wet mass (AMDb) -0.550 -0.813 -0.190
Change in disk length (ALp) -0.600 0.226 0.768
Change in disk width (AWD) -0.581 0.536 -0.612
Proportion of variation 0.689 0.182 0.129

There was a near-significant effect of NAA concentration on growth (PC1; ANOVA,
F228=3.04, p=0.064) and a significant effect of NAA concentration on shape (PC3; ANOVA,
F228=3.45 p=0.046; Table 3.2; Fig. 3.3). There was no significant effect of NAA concentration

on PC2 (ANOVA, F»23=0.258, p=0.77). The 10~ M treatment disks grew significantly longer
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and narrower than the control disks (Tukey, p=0.037). See Appendix B for raw morphological

data.

Table 3.2. ANOVA tables for linear mixed effects models used to analyze principal component scores in auxin

application experiment.

Response numDF denDF F p
PC1 (growth) 2 28 3.04 0.064
PC2 2 28 0.258 0.774
PC3 (elongation, -widening) 2 28 3.45 0.046
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Fig. 3.3. Change in morphological variables of Nereocystis blade tissue disks expressed as functions of NAA
concentration. Lowercase letters denote significantly different groups as indicated by a Tukey-Kramer

post-hoc test.

3.5 Discussion

The results of this experiment indicate that auxins have morphogenic effects on

Nereocystis. When Nereocystis meristematic tissues were grown in the presence of the auxin

NAA at a concentration of 10> M, the tissues grew relatively long and narrow (with respect to

the original longitudinal axis of the blade) compared to a control treatment. This was consistent
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with the hypothesis that the addition of auxin would increase the rate of tissue elongation and
results are comparable to those of past studies examining the effects of auxin application on kelp
growth (Buggeln 1976, Kai et al. 2006). However, the decrease in widening and lack of change
in overall growth observed indicate that the effect of auxin on kelp tissue is not to simply
increase growth rates. The observed increase in tissue elongation likely reflects increased cell
expansion in the longitudinal axis. In land plants, auxin mediates cell elongation by reducing the
elastic modulus of cell wall and increasing water uptake by the cell to maintain turgor pressure,
which results in expansion of the cell (reviewed in Cosgrove 2005, Majda and Robert 2018). The
increased elongation observed in Nereocystis could possibly be driven by a similar mechanism.
This hypothesis is further supported by evidence that auxins increase extensibility of cell walls in
Ectocarpus (Rabillé et al. 2019). It has also been previously observed that brown algal cells are
maintained under positive turgor (Kropf et al. 1995, Rabillé et al. 2019) and exhibit wall
loosening prior to expansion (Hable and Kropf 1998).

In land plants, anisotropic growth of cells is facilitated by localized variation in the
extensibility of the cell walls (reviewed in Baskin 2005, Wolf et al. 2012). With this in mind, the
fact that the kelp tissues exposed to the 10~ M auxin treatment elongated more than they
widened may indicate that the meristematic cells of the kelp already had walls that were less
extensible in the transverse axis than in the longitudinal axis. It could also indicate that the auxin
treatment decreased the extensibility of the lateral wall faces more than it did in the than the
longitudinal wall faces, possibly due to anisotropy in wall composition. Brown algae have been
observed to show anisotropy in the cellulose and alginate distributions throughout their cell walls
(Terauchi et al. 2016) as well as differences in extensibility of tissues depending on whether it is

measured in the longitudinal or transverse axis (Janot et al. 2012). To examine more closely
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whether anisotropy in wall properties and/or composition could facilitate the effects of auxin
application observed here, a technique like atomic force microscopy (Tesson and Charrier 2014)
could be used to measure the wall properties of kelp meristematic cells in different axes and see
if they differ. This technique could also be used to directly measure whether the application of
auxin affects kelp wall properties equally in all axes.

When meristematic tissues were cultured in the presence of NAA at a concentration of
10* M, they showed a trend towards decreased overall growth compared to the control treatment,
although the effect was not statistically significant. This was inconsistent with my original
hypothesis that concentrations of both 10> and 10* M would increase tissue elongation, but is
consistent with the known effects of high concentrations of auxins on plant and kelp tissues
(Buggeln 1976, Kai et al. 2006, Taiz and Zeiger 2010). This likely indicates that either the initial
concentration of auxin in the kelp tissue was high and the addition of the 10* M NAA treatment
increased the overall auxin concentration to inhibitory levels, or that Nereocystis displayed a low
threshold of auxin concentration beyond which the hormones become inhibitory.

The increased elongation and reduced widening induced in Nereocystis blade tissue by
the 10~ M auxin treatment are remarkably similar to the effects produced in the same tissue by
the application of mechanical loading (Coleman and Martone 2020, Ch. 2). While there is no
direct evidence directly connecting the effects of auxin with those of mechanical loading, the
striking similarity in the morphogenic effects of the two factors on Nereocystis raises interesting
questions about how they may be linked. Given that increasing auxin concentrations can increase
the extensibility of the cell wall in plants (Braybrook and Peaucelle 2013) and that mechanical
stimulation can induce changes in auxin transport patterns and concentrations in plants (Mitchell

1977, Erner and Jaffe 1982, Hamant et al. 2008, Heisler et al. 2010, Sampathkumar et al. 2014b),
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it may be possible that drag-induced tension on Nereocystis blades induces increases in auxin
concentrations in the kelp’s meristematic cells. This would then, theoretically, cause loosening of
the cell walls, which would result in cell expansion (Cosgrove 2005, Braybrook and Peaucelle
2013, Majda and Robert 2018). The anisotropic growth observed under high mechanical loading
could then indicate that the lateral wall faces are naturally more extensible than the longitudinal
wall faces or that auxin has a disproportionately strong loosening effect on the lateral faces.
Further exploration of the hypothesis that auxin mediates kelp plasticity in response to
mechanical loading could proceed by measuring endogenous auxin concentrations in weighted
and unweighted kelp tissue to see if the application of mechanical loads increases auxin
concentrations. A sequenced kelp genome (e.g. Ye et al. 2015) could also be used to search for
genes comparable to those known to interact with auxins, such as the PIN1 auxin efflux carrier
found in plants. If such genes were identified, immunolabeling could be used to visually track
how the movement of a PIN1-like protein might be influenced by mechanical loading, which
could tell us whether kelps were actually modifying auxin transport patterns in response to

mechanical stimulation.

3.6 Conclusions

In this chapter, I explored the possibility that auxins might play a role in regulating
morphological plasticity across hydrodynamic gradients in kelps. Culturing disks of Nereocystis
blade tissue in 10> M NAA, a synthetic auxin, caused the disks to grow longer and narrower, but
not larger overall, compared to control disks, indicating that auxins can have morphogenic
effects on Nereocystis. Auxins may work by increasing the extensibility of kelp cell walls,

thereby facilitating cell elongation, much like how they function in land plants. The anisotropic
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growth observed may be due to pre-existing anisotropy in the material properties of the kelp

meristematic cell walls or anisotropic effects of auxin on different wall faces. The morphological

changes observed in Nereocystis tissue when cultured in 10° M NAA are strikingly similar to
those observed when the same tissues are subjected to sustained tensile force. While this is not
direct evidence that auxins are involved in regulating morphological plasticity in response to
drag, similar responses to auxin and mechanical loading are tantalizingly suggestive that auxin

signaling may play a role in kelp plasticity and deserve further study.
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4. The potential role of Ca?* signaling in mechanoperception in the

kelp Macrocystis pyrifera

4.1 Synopsis

Some species of kelps show conspicuous morphological plasticity in response to changes
in their flow environment. Individuals will often grow broad, productivity-enhancing blades in
slow flow and narrow, drag-reducing blades in fast flow. The biomechanical consequences of
this phenomenon are relatively well understood, but very little is known about how,
developmentally speaking, these kelps undergo such radical shape changes. In this chapter, |
conducted two experiments to investigate whether stretch activated Ca?* channels might play a
role in the ability of kelps to perceive the drag-induced tensile stimuli that mediate the plasticity.
I found that culturing Macrocystis pyrifera sporophytes in artificial seawater with the
concentration of Ca?* reduced 50% from normal had no effect on the kelp’s morphological
response to mechanical loading, indicating that either (1) stretch activated Ca?* channels are not
involved in kelp mechanoperception, (2) a 50% reduction in Ca?* concentration was insufficient
to inhibit mechanoperception, or (3) Ca?* signaling is involved in mechanoperception but the
ions are derived from internal stores. Any reduction in Ca?" concentration greater than 50%
resulted in total and sometimes rapid mortality of kelps. This is likely due to a loss of Ca*" from
the kelp cell walls, which would result in wall weakening, cellular expansion, and ultimately
lysis. An observed increase in size of kelps subjected to 50% reductions in Ca?* is also likely the

result of non-lethal cellular swelling induced by this mechanism.

63



4.2 Introduction

Brown algae of the order Laminariales, better known as kelps, sometimes show a
remarkable ability to change their thallus shape depending on their hydrodynamic environment
(e.g. Gerard and Mann 1979, Druehl and Kemp 1982, Buck and Buchholz 2005, Fowler-Walker
et al. 2006, Koehl et al. 2008). Species such as Nereocystis luetkeana (Koehl and Alberte 1988,
Johnson and Koehl 1994), and Macrocystis pyrifera (Druehl 1978, Druehl and Kemp 1982) will
grow blades that are narrow and flat when ambient flow speeds are fast. But, when the same
individuals are transplanted to areas with slow ambient flow, the blades will rapidly develop
broad and sometimes undulate shapes (Druehl and Kemp 1982, Koehl et al. 2008). The narrow
blades found in fast flow tend to compress into clumps as water moves past them, which reduces
the amount of drag experienced by the kelp, but also causes blades to shade each other, which
negatively impacts productivity (Koehl and Alberte 1988, Johnson and Koehl 1994). Broad
blades, conversely, tend to spread out and flap in flow, which minimizes the amount that blades
shade each other at the cost of increasing drag (Koehl and Alberte 1988). Collectively, this
morphological plasticity has been interpreted by phycologists as an adaptation that allows kelps
like Nereocystis and Macrocystis to continuously reduce the amount of drag they experience
while increasing productivity (Koehl and Alberte 1988).

Most research on the morphological plasticity of kelps has been focused on its functional
significance (e.g. Koehl and Alberte 1988, Johnson and Koehl 1994, Hurd and Pilditch 2011)
and relatively little is known about the developmental processes that underly it. Experiments in
which weights were hung from blades of Nereocystis luetkeana (Koehl et al. 2008, Coleman and
Martone 2020, Ch. 2) and Saccharina latissima (Gerard 1987) have revealed that the plasticity is

regulated by mechanical loading that would naturally be imposed on kelps by drag. These
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experiments have also indicated that drag-induced shifts from broad to narrow blade
morphologies are the result of the kelps reallocating growth from blade widening into blade
elongation (Gerard 1987, Coleman and Martone 2020, Ch. 2). However, practically nothing is
known about how kelps perceive the mechanical cues that induce the plasticity, or how they
translate those cues into changes in spatial patterns of growth.

A critical component of any form of adaptive phenotypic plasticity is a mechanism of cue
perception (Smith 1990, Getty 1996, Schlichting and Smith 2002). While it is not known how
kelps perceive mechanical cues, such mechanisms are comparatively well understood in land
plants. Thigmomorphogenesis is a term used to describe morphogenic or developmental effects
induced in plants by mechanical stimulation (Jaffe 1973). Common examples of this
phenomenon are decreases in elongation and increases in radial expansion of plant stems induced
by stem bending (Beryl and Mitchell 1977, Biddington 1986, Garner and Langton 1997, Braam
2005, Chehab et al. 2008). Thigmomorphogenesis has generally been interpreted as an adaptive
phenomenon to help plants resist mechanical perturbations such as wind (Biddington 1986,
Telewski and Jaffe 1986, Braam 2005, Chehab et al. 2008).

In addition to the ultimate developmental effects of thigmomorphogenesis, it has been
repeatedly observed that mechanical stimuli can induce immediate increases in both cytosolic
Ca?" concentrations (Toriyama and Jaffe 1972, Knight et al. 1992, Trewavas and Knight 1994)
and expression levels of genes encoding proteins that interact with Ca?*, such as calmodulins
(e.g. Braam and Davis 1990, Braam 1992, Lee et al. 2005) in plant cells. The observed increases
in cytosolic Ca?" are often thought to reflect activity of stretch-activated Ca?" channels embedded
in plasma membranes (Ding and Pickard 1993, Braam 2005, Telewski 2006, Kaneko et al. 2009,

Monshausen and Gilroy 2009, Monshausen and Haswell 2013), although evidence also exists
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that mechanically-induced Ca? fluxes can be derived from internal cellular stores (Knight et al.
1992). Furthermore, it has been shown that both Ca" chelators and calmodulin antagonists can
reduce thigmomorphogenic effects of touch stimuli (Jones and Mitchell 1989). Collectively,
these lines of evidence suggest that Ca?* signaling plays key roles in plant mechanoperception
and in facilitating thigmomorphogenesis. A simple model for plant mechanoperception has been
proposed as follows: (1) mechanical stimuli deform plant cell walls, which stretches plasma
membranes, (2) stretch-activated Ca?* channels in the plasma membrane open, flooding the
cytosol with Ca?*, (3) Ca®" interacts with calmodulins or calmodulin-like proteins, (4)
calmodulins interact with other molecules in order to produce the ultimate response to the
mechanical stimulus, which may involve changes in gene expression (Jaffe et al. 2002,
Monshausen and Gilroy 2009, Monshausen and Haswell 2013).

Although they are distantly related within the tree of eukaryotes (Keeling and Burki
2019), kelps and land plants are ecologically similar (Steneck et al. 2002) and show remarkable
morphological and anatomical convergence (Drobnitch et al. 2015, Starko and Martone 2016a).
It is plausible that they could have evolved a similar reliance on Ca?* signaling for
mechanosensing, especially given how common Ca?* signaling is throughout the tree of life
(Batiza et al. 1996, Berridge et al. 2000, Jaffe et al. 2002, Clapham 2007). If kelps were to utilize
Ca?" signaling in a similar way to land plants for sensing the mechanical stimuli that induce
morphological plasticity across flow gradients, then I would hypothesize that tension imposed by
drag first deforms the walls of the kelp’s meristematic cells, triggering the opening of stretch
activated Ca®* channels, which are already known to exist in brown algae (Taylor et al. 1996,
Verret et al. 2010). This would result in an influx of Ca?* ions that would theoretically initiate an

series of developmental processes that would ultimately result in meristematic cells tending to
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grow and divide more in the longitudinal axis of the blade than in the transverse axis (Coleman
and Martone 2020, Ch. 2). These developmental processes could include mediation by
calmodulins or calmodulin-like proteins. Calmodulins are known to be required for the
establishment of polarity in Fucus serratus zygotes (Love et al. 1997, Brownlee et al. 2001) and
could be similarly necessary in determining the direction of growth and division in kelp
meristematic cells. Active, Ca**-bound calmodulins could influence directions of cell growth by
inducing changes in the expression of genes that affect the cytoskeleton or cell wall, or possibly
by interacting with cytoskeletal or wall elements directly (Bouché et al. 2005, Perochon et al.
2011). For example, actin filaments, which are heavily involved in cell wall synthesis in brown
algae (Katsaros et al. 2002, 2003, 2006), could possibly be influenced through the activity of
calmodulins to build up certain faces of the cell walls in order to direct cell elongation (Baskin
2005, Wolf et al. 2012). Both the actin cytoskeleton (Kropf et al. 1989) and the cell wall (Kropf
et al. 1988, Quatrano and Shaw 1997) are required to establish cell polarity in Fucus zygotes and
are likely to be important for determining directions of growth and division in kelp meristematic
cells, with or without the involvement of calmodulins.

To begin to examine whether a mechanism such as the one described above might
facilitate kelp mechanoperception and morphological plasticity, I conducted two experiments to
search for evidence that morphological plasticity in the kelp Macrocystis pyrifera was dependent
upon the activity of plasma membrane-bound stretch activated Ca?* channels, as these are one of
the mechanistic features most often suggested to underly plant mechanoperception (Jaffe et al.
2002, Monshausen and Gilroy 2009, Monshausen and Haswell 2013). The first experiment,
hereafter referred to as the “calcium exclusion experiment,” investigated whether the kelp

growth response to mechanical loading could be negated by removing all Ca** from the
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environment. [ hypothesized that this would completely inhibit or substantially reduce the
magnitude of the growth response compared to a control. The second experiment, hereafter
referred to as the “calcium gradient experiment,” investigated whether there was any Ca**
concentration lower than that of natural seawater that could affect kelp plasticity without causing
mortality, as kelps subjected to calcium-free seawater in the calcium exclusion experiment did
not survive. I hypothesized that there would be lower-than-normal Ca®" concentrations that

would weaken the kelp growth response to mechanical loading.

4.3 Methods

4.3.1 Calcium exclusion experiment

Macrocystis pyrifera sporophytes were cultured from spores by Monterey Bay Seaweeds
in Moss Landing, California. Sporophytes were grown in tumble culture until they reached a
length of 10-20 cm and were then shipped to the University of British Columbia. Upon arrival,
sporophytes were stored in containers of natural seawater until they were prepared for
experimental use. On February 20, 2021, 40 individual kelps were haphazardly selected; chosen
kelps consisted of a single blade with no splits in progress and had intact stipes and holdfasts.
Sample kelps were cut to a standard initial length of 5 cm as measured from the base of the blade
and then photographed and weighed. The software ImageJ (Rasband 2021) was used to measure
the length, width at 1 cm from the base, and surface area of all experimental blades (Fig. 4.1).
Plastic clothespins were used to hang 10 kelps vertically by the holdfast in each of four 20.8 L
aquaria such that kelps were suspended in mid-water (Fig. 4.2A). Two of the four aquaria were
filled with MBL artificial seawater (Lyman and Fleming 1940, Cavanaugh 1975; formulation in

Table 4.1), hereafter referred to as the “full Ca®>"” treatment, while the other two were filled with
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Fig. 4.1. Morphological
measurements taken for Macrocystis
pyrifera sporophytes.

Table 4.1. Artificial seawater recipes used in calcium exclusion experiment.

Ingredient Concentration (mM)
MBL (full Ca) Ca-free MBL
NaCl 423 436.71
CaCL*2H:0 9.27 0
KCl 9 9
MgCL*6H,0 22.94 22.94
MgSO4*7TH>O 25.5 25.5
NaHCO; 2.14 2.14

calcium-free MBL artificial seawater (Cavanaugh 1975; Table 4.1), hereafter referred to as the
“Ca?'-free” treatment. All kelps had a second clothespin attached to their distal ends, but a
random five individuals from each of the four tanks had a 0.56 N weight attached to that
clothespin (Fig. 4.2A). Individuals that bore this additional weight are hereafter referred to as

belonging to the “high weight” treatment, while those that did not are hereafter referred to as

69



belonging to the “low weight” treatment. The overall experiment was a factorial design with
weight and calcium treatments and two experimental blocks to control for tank effects (Fig.
4.2B). Kelps were maintained in the aquaria at a temperature of 10°C and a salinity of 34 ppt.
They were exposed to ~50 umol m s*! of photons on a 12:12 cycle. Nutrients were added to the
artificial seawater such that the kelps were cultured in the equivalent of f/2 growth medium.
Small submersible pumps were placed in the tanks to gently circulate the water. The kelps were
left in place to grow for seven days.

At the end of the growth period, blade length, width, area, and wet mass were re-
measured for all surviving kelps. Principal components analysis (PCA) was used to identify the
axes of maximal variation in four measured morphological variables (expressed as percent
change). PCA was used so that detection of experimental effects on individual morphological
variables would not be confounded by the fact that some of the morphological variables were
correlated. ANOVA was used to analyze the effect of weight and tank on the resulting principal
component scores. The Kaiser method was used to determine which principal components to
analyze (Kaiser 1960). The effect of calcium concentration was not analyzed, as no kelps
immersed in calcium-free seawater survived the experiment. Tank was incorporated into the
ANOVAs as a fixed effect instead of a random effect due to the low number of blocks (Crawley
2002, Hodges 2013). All data analysis was performed in R (R Core Team 2021). PCA was
performed with the prcomp() function from the R stats package (R Core Team 2021); data were
centered and scaled. ANOVA was performed using the Im() and anova() functions from the R
stats package package (R Core Team 2021). Tukey-Kramer post-hoc tests were performed using
the emmeans() function from the emmeans package (Lenth 2020). Assumptions of normality

were tested with Shapiro-Wilk tests performed using the shapiro.test() function from the R stats
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Fig. 4.2. Experimental design for calcium exclusion experiment. (A) Apparatus for suspending kelps in
tanks. (B) Organization of sample kelps from different weight treatments within Ca** treatments and
experimental blocks. (C) Photograph of experimental apparatus.
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package (R Core Team 2021). Assumptions of homoscedasticity were tested with F-tests using
the ols_test f() function from the olsrr package (Hebbali 2020). No analyzed data were found to

violate statistical assumptions.

4.3.2 Calcium gradient experiment

A second shipment of Macrocystis pyrifera sporophytes were sourced from Monterey
Bay Seaweeds in Moss Landing, CA as described in 4.3.1. On March 7, 2021, 50 individual
kelps were haphazardly selected and were prepared for experimentation and morphologically
characterized using the methods described in 4.3.1. Ten kelps were suspended vertically by their
holdfasts in each of five 20.8 L aquaria. One aquarium was filled with MBL artificial seawater
(Lyman and Fleming 1940, Cavanaugh 1975, Table 4.1), hereafter referred to as the “full Ca?"”
treatment, while the other four aquaria were filled with MBL artificial seawater with 1/2, 1/4,
1/8, and 1/16 the amount of calcium called for by the standard MBL recipe (Table 4.2), hereafter
referred to as the “1/2 Ca>™, “1/4 Ca**”, “1/8 Ca**”, and “1/16 Ca?"” treatments respectively.
Five random individuals from each tank had a 0.56 N weight attached to their distal ends, as
described in 4.3.1 (Fig. 4.2A); individuals that bore this additional weight define the “high
weight” treatment, while those that did not bear weights define the “low weight” treatment. The
experiment had a factorial design with weight and calcium treatments (Fig. 4.3). Kelps were
maintained in the aquaria with the same set of culture conditions as those in 4.3.1. The kelps

were left in place to grow for eleven days.
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Table 4.2. Artificial seawater recipes used in calcium gradient experiment.

Ingredient Concentration (mM)

1/2 Ca MBL 1/4 Ca MBL 1/8 Ca MBL 1/16 Ca MBL
NaCl 430.36 433.26 434.98 435.83
CaCL*2H:0 4.64 2.32 1.16 0.58
KCl 9 9 9 9
MgCL*6H,0 22.94 22.94 22.94 22.94
MgSO4*7TH>O 25.5 25.5 25.5 25.5
NaHCO; 2.14 2.14 2.14 2.14
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A = High weight kelp

A = Low weight kelp

Fig. 4.3. Experimental design for calcium gradient experiment.

4.4 Results
4.4.1 Calcium exclusion experiment

All kelps subjected to the Ca**-free treatment died within minutes of the experiment
beginning. Tissue surfaces became blistered, pigmentation faded, and tissues became soft and
easily broken (Fig. 4.4). Remaining results for this section refer to the kelps from the full Ca**
treatment only.

The first principal component (PC1) was positively correlated with all input variables,
especially change in length and area, and was therefore interpreted as a metric of overall growth.

The second principal component (PC2) was strongly positively correlated with change in length,
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Fig. 4.4. Macrocystis pyrifera tissue (A) before and (B) after being immersed
in Ca?'-free seawater. Note the surface texture and loss of pigmentation in
the kelp in image (B) compared to the one in image (A). Also note that the
clothespins used for hanging the kelps have torn large piece of tissue from

the kelp in image (B).

but strongly negatively correlated with change in width, and was therefore interpreted as a metric

of shape change. PC1 explained 45.4% of the variation in the data and PC2 explained 30.0% of

the variation (Table 4.3).

Table 4.3. Output of PCA performed for calcium exclusion experiment.

Variable Loadings
PCl1 PC2 PC3 PC4
Change in length 0.650 0.402 0.143 0.629
Change in width 0.125 -0.893 0.079 0.424
Change in area 0.700 -0.191 0.223 -0.652
Change in wet mass 0.269 -0.058 -0.961 -0.022
Proportion of variation 0.454 0.300 0.234 0.012

There were no significant effects of weight (ANOVA, F1,16=1.23, p=0.283), or tank

(ANOVA, F1,16=2.50, p=0.134) on growth (PC1; Fig. 4.5A; Table 4.4). There was a significant
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Fig. 4.5. Change in morphological variables of Macrocystis pyrifera from the full Ca?" treatment group in
calcium exclusion experiment expressed as functions of weight applied; “*” denotes significantly different
group pairings as indicated by a Tukey-Kramer post-hoc test; “n.s.” denotes a lack of significantly
different groups as indicated by a Tukey-Kramer post-hoc test.

Table 4.4. ANOVA tables for calcium exclusion experiment.

Response Explanatory df SumSq MeanSq F P

Principal component Weight 1 2.05 2.05 1.23 0.283

1 (PC1; growth) Tank 1 4.14 4.14 2.50 0.114
Residuals 16 26.5 1.66

Principal component Weight 1 12.0 12.0 214 <0.001

2 (PC2; elongation, Tank 1 0.58 0.583 1.04 0.323

-widening) Residuals 16 8.97 0.561

effect of weight (ANOVA, F1,16=21.4, p<0.001), but no significant effect of tank (ANOVA,
F1,16=1.04, p=0.323), on shape (PC2; Fig. 4.5B; Table 4.4). The high weight groups grew
significantly longer and narrower than the low weight groups (Tukey, p<0.001). See

supplemental Fig. C1 for raw morphological data.
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4.4.2 Calcium gradient experiment

No kelps from the 1/16, 1/8, or 1/4 Ca®" treatments survived the experiment. These
individuals exhibited the same symptoms as the individuals from the Ca**-free treatment in the
calcium exclusion experiment. The rate of tissue deterioration was inversely correlated with
calcium concentration, with kelps from the 1/16 Ca?* treatments visibly dying within minutes of
immersion, much like the Ca?*-free kelps from the calcium exclusion experiment, and those from
the 1/4 Ca?" treatment deteriorating more slowly over several days. The remaining results for this
section refer only to the kelps from the full Ca** and 1/2 Ca?" treatments.

The first principal component (PC1) was positively correlated with all input variables and
was interpreted as a metric of overall growth. The second principal component (PC2) was
strongly positively correlated with change in length, but strongly negatively correlated with
change in width, and was therefore interpreted as a metric of shape change. PC1 explained

51.1% of the variation in the data and PC2 explained 26.3% of the variation (Table 4.5).

Table 4.5. Output of PCA performed for calcium gradient experiment.

Variable Loadings
PC1 PC2 PC3 PC4 PC5
Change in length 0.483 0.533 0.088 -0.189 -0.663
Change in width 0.194 -0.810 -0.128 -0.316 -0.437
Change in thickness 0.319 0.065 -0.900 0.276 0.086
Change in area 0.600 0.003 0.112 -0.515 0.602
Change in wet mass 0.517 -0.237 0.391 0.723 0.032
Proportion of variation 0.511 0.263 0.177 0.041 0.008

There were no significant effects of weight (ANOVA, F1,16=1.08, p=0.314) or
weight:calcium interactions (ANOVA, F1,16=2.85, p=0.111) on growth (PC1), but there was a
significant effect of calcium on growth (PC1; ANOVA, F1,16=9.19, p=0.008; Fig. 4.6; Table 4.6).

The high weight, full Ca?" group showed significantly lower growth than both the low weight,
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Fig. 4.6. Change in morphological characters of Macrocystis pyrifera sporophytes from full Ca** and 1/2
Ca?" treatments used in calcium gradient experiment expressed as function of weight applied (low or high)
and Ca’' concentration. Lowercase letters indicate significantly different groups as indicated by a Tukey-

Kramer post-hoc test.

Table 4.6. ANOVA tables for calcium gradient experiment.

Response Explanatory df SumSq MeanSq F P

Principal component Weight 1 1.80 1.80 1.08 0.314

1 (PC1; growth) Calcium 1 15.3 15.3 9.19 0.008
Weight:Calcium 1 4.75 4.75 2.85 0.111
Residuals 16 26.7 1.67

Principal component Weight 1 19.5 19.5 59.5 <0.001

2 (PC2; elongation, Calcium 1 0.257 0.257 0.787 0.388

-widening) Weight:Calcium 1 0.009 0.009 0.028 0.870
Residuals 16 5.23 0.327

1/2 Ca** (Tukey, p=0.048) and high weight, 1/2 Ca>" (Tukey, p=0.020) groups. There was a

significant effect of weight (ANOVA, F1,16=59.5, p<0.001), but no significant effects of calcium

(ANOVA, F1,16=0.787, p=0.388) or weight:calcium interactions (ANOVA, F1,16=0.028,

p=0.870), on shape (PC2). The high weight, full Ca?* group grew significantly longer and

narrower than both the low weight, full Ca?" (Tukey, p<0.001) and low weight, 1/2 Ca** (Tukey,

<0.001) groups and the high weight, 1/2 Ca*" group grew significantly longer and narrower
p group g g group g g y
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than both the low weight, full Ca?* (Tukey, p=0.001) and low weight, 1/2 Ca?* (Tukey, p<0.001)

groups. See Fig. C2 for raw morphological data.

4.5 Discussion

The experiments discussed in this chapter did not reveal any detectable effect of reducing
ambient Ca?* concentrations on morphological plasticity in response to mechanical loading in the
kelp Macrocystis pyrifera. Although the kelps in this experiment showed dramatic growth
responses to continuous longitudinal tension that were consistent with those observed in
Nereocystis luetkeana (Koehl et al. 2008, Coleman and Martone 2020, Ch. 2) and Saccharina
latissima (Gerard 1987), reducing the Ca®* concentration by half did not affect the magnitude of
this response and reducing it by more than half proved lethal for the kelps. These results are
contrary to my original hypothesis and indicate either that stretch activated Ca** channels are not
involved in kelp mechanoperception or that a 50% reduction in ambient Ca?" concentration was
not enough to impede mechanically induced uptake of Ca?" ions by the kelps. It is also possible
that Ca®* signaling is involved, but that the Ca®* ions are derived from internal stores and do not
rely upon transport of ions from the environment, as in Knight et al. (1992).

Perhaps the most striking result of these experiments was just how deadly substantial
reductions in ambient Ca?* were for the kelps. No kelps survived a greater than 50% reduction in
Ca?" concentration, with those subjected to reductions of greater than 75% visibly deteriorating
within minutes of immersion. Kelps that were negatively affected by Ca?* reduction showed
physical symptoms similar to those observed in kelps suffering from hypoosmotic shock even
though experimental salinities were maintained at a very typical 34 ppt. These symptoms

included the formation of raised “blisters” on the tissue surface, loss of pigmentation, and tissues
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becoming soft, limp, and easily broken. Use of the Ca®* chelator EGTA to make Ca®* in the
environment unavailable does not generally induce such dramatic effects in land plant systems
(e.g. Jones and Mitchell 1989, Nakagawa et al. 2007), but ambient Ca?* concentrations of 10 M
or less can damage plant cells (Picton and Steer 1983). Given that Ca?* contributes to the
structural integrity of brown algal cell walls by stabilizing alginate (Terauchi et al. 2016), it is
likely that reducing environmental Ca?* concentrations weakened the cell walls of the
experimental kelps, causing the cells to swell when combined with turgor pressure. This assumes
that kelp cells are under turgor like those of other brown algae (Kropf et al. 1995, Rabillé et al.
2019). In the case of the 1/2 Ca?" treatment kelps from the calcium gradient experiment, such
cellular swelling could explain the observed three-dimensional increase in thallus size compared
to the full Ca®* treatment kelps. However, when kelps were subjected to greater than 50%
decreases in ambient Ca®* concentration, cell wall integrity could have been fatally
compromised, causing cells to swell to the point of bursting. This would greatly resemble the
effect of a hypotonic solution on kelp cells.

The dramatic effects of reduced environmental Ca?* concentrations on the kelps used in
these experiments limited the utility of Ca** deprivation as a method for studying physiological
roles of Ca®" in kelps in this instance. How, then, could stretch activated Ca?* channels be
investigated given the tools currently available for studying kelp physiology? One possible
approach would be to apply a mechanosensitive Ca?" channel blocker, such as gadolinium or
lanthanum (Knight et al. 1992, Kliisener et al. 1995, Knight 1999, White 2000), directly to kelp
meristems to see if they inhibit plasticity, as these chemicals may interfere with the target
channels without preventing the incorporation of Ca** into the kelp cell walls. This assumes that

Ca?" found in brown algal cell walls is derived at least partially from the environment and does
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not come entirely from cytosolic Ca?" that must first be selectively imported by channels. An
alternative approach that does not explicitly investigate the activity of stretch activated channels,
but still addresses a potential role for Ca* in regulating kelp plasticity, would be to see if kelps
can still respond to mechanical loading in the presence of drugs that inhibit the activity of
calmodulins (Jones and Mitchell 1989). Similarly, qPCR could be used to assess whether
expression of calmodulin-like genes in kelps were upregulated during mechanical loading

(Braam and Davis 1990).

4.6 Conclusions

In this chapter, I conducted two experiments to investigate whether morphological
plasticity in response to mechanical loading in the kelp Macrocystis pyrifera could be partially or
completely inhibited by reducing the ambient concentration of Ca?". T found that a 50%
reduction in Ca?* concentration had no effect on the kelp’s response to tension, which suggests
either that (1) stretch activated Ca®* channels are not involved in kelp mechanoperception, (2) a
50% reduction in Ca?" is insufficient to impede kelp plasticity, or (3) Ca?" signaling is occurring,
but the ions are derived from internal stores instead of from the environment. Kelps subjected to
50% Ca?* concentrations also grew relatively large, likely reflecting swelling of cells as walls
were destabilized. Greater than 50% reductions in Ca?" concentration resulted in total, and in
some cases, extremely swift mortality of kelps. Removal of Ca?* from the environment likely
caused loss of Ca?* from the kelp cell walls, which would cause the walls to weaken and the cells
to swell. When only 50% of Ca®* was removed, this cellular swelling might merely have caused
the kelps to increase in size, but when more than 50% of Ca?" was removed, the kelp cells could

have swollen to the point of lysis, resulting in mortality of the kelp. While removal of Ca** from
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the environment was not a perfect method for studying the role of Ca?* signaling in kelp
mechanoperception, this line of inquiry could be expanded through experimentation with drugs
that specifically inhibit Ca®" channels or calmodulins, or through studies examining how
mechanical loading affects the expression of genes coding for calmodulins or calmodulin-like

proteins in kelps.
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5. Grow with the flow: prevalence of phenotypic plasticity across
hydrodynamic gradients in seaweeds

5.1 Synopsis

It is often said in phycology that seaweeds are highly phenotypically plastic across a
range of environmental gradients, including those of hydrodynamic forcing. While many
macroalgae show intraspecific phenotypic variation across gradients of water motion, researchers
examining such variation often fail to test whether it is truly due to plasticity. In this chapter, I
considered biomechanical and developmental mechanisms that might facilitate adaptive
phenotypic plasticity across hydrodynamic gradients in seaweeds in order to make predictions
about when such plasticity should be possible. I hypothesized that plasticity should be possible in
any seaweed at slow flow velocities, where flow would be sensed chemically through boundary
layers, but that it should only be possible in seaweeds with intercalary or diffuse growth at fast
flow velocities, where flow would be sensed mechanically through drag. I tested these
hypotheses by conducting a literature review to see how often phenotypic variation and plasticity
have been observed to occur in seaweeds across hydrodynamic gradients. I found that phenotypic
variation was well documented in brown algae but not well documented in red and green algae.
Only 35% of all instances of variation were examined to see whether they might be due to
phenotypic plasticity. Verifiable plasticity across hydrodynamic gradients was found to be well
documented in brown algae, but not well documented in red and green algae. The data yielded
mixed support my hypotheses with respect to the effects of flow velocity and growth mode on
the occurrence of plasticity. The vast majority of cases of plasticity occurred in brown algae with
intercalary meristems at a high range of flow velocities, but this could have been driven by the

greater number of studies in brown algae than in red and green algae. There were also five
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observations of plasticity occurring in seaweeds with apical meristems at high flow speeds; these
observations merit further study. Overall, more research is needed to clarify the ability of red and
green algae to respond to changes in flow, but phycologists should be aware that assumptions

about phenotypic plasticity to flow in red and green algae are based on very little evidence.

5.2 Introduction

It is commonly said in phycology that seaweeds are highly phenotypically plastic across a
range of environmental gradients (e.g. Kalvas and Kautsky 1993, Blanchette et al. 2002, Duggins
et al. 2003, Miller et al. 2011, Diaz-Tapia et al. 2020), including those of hydrodynamic forcing.
Indeed, many marine macroalgae have been observed to show conspicuous patterns of
intraspecific phenotypic variability across gradients of water motion. Patterns commonly
associated with increased wave or current exposure include the adoption of narrower,
“streamlined” morphologies (Koehl and Alberte 1988, Armstrong 1989, Blanchette et al. 2002,
Duggins et al. 2003, Buck and Buchholz 2005), reduction in thallus size (e.g. Blanchette 1997,
Wolcott 2007), fortification of support tissues (Armstrong 1987, Johnson and Koehl 1994,
Blanchette et al. 2002, Kitzes and Denny 2005), and increasing attachment strength (Jackelman
and Bolton 1990, Kawamata 2001). These patterns have been largely interpreted by phycologists
as adaptive phenomena facilitating increased endurance of seaweeds to increasing water motion
through either drag reduction or increased tolerance to breakage or detachment (Armstrong 1987,
Koehl and Alberte 1988, Blanchette et al. 2002, Wolcott 2007, Starko and Martone 2016b).

However, phenotypic variation is not necessarily indicative of phenotypic plasticity.
Phenotypic plasticity specifically refers to trait variation induced by the environment (Stearns

1989). It may be either adaptive or not (Smith-Gill 1983, Stearns 1989, Padilla and Adolph 1996,
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Ghalambor et al. 2007), and it may result from either active facilitation by the organism (e.g. a
developmental program triggered by an environmental cue; Krueger and Dodson 1981, Smith-
Gill 1983, Harvell 1984) or direct environmental intervention (e.g. physical damage caused by
external factors; Smith-Gill 1983, Blanchette 1997, Wolcott 2007). Phenotypic plasticity should
be contrasted with genetic differentiation, genetically fixed differences between individuals or
populations that do not change with the environment (Alpert and Simms 2002). When such
differences have a positive effect on an organism’s fitness in a specific environment, it can be
termed local adaptation (Kawecki and Ebert 2004). While both plasticity and local adaptation
can be useful evolutionary strategies for dealing with environmental heterogeneity and can
increase organism fitness in specific sets of conditions, the adoption of flexible vs. fixed
phenotypes is thought to be differentially favoured depending on selective circumstances (Alpert
and Simms 2002, Ghalambor et al. 2007). Local adaptation, for instance, is hypothesized to be
most advantageous when immediate environmental conditions are relatively stable, whereas
plasticity is thought to be most advantageous when organisms are subject to greater temporal or
spatial heterogeneity (Cook and Johnson 1968).

Although many studies have observed intraspecific variation in seaweeds across
hydrodynamic gradients (e.g. Armstrong 1989, Gutierrez and Fernandez 1992, Back 1993,
D’ Amours and Scheibling 2007), many have failed to investigate whether variation is due to
plasticity or genetic differentiation (e.g. Jackelman and Bolton 1990, Duggins et al. 2003, Kitzes
and Denny 2005). So, can it really be assumed that plasticity is common in seaweeds?
Differentiating between phenotypic plasticity and genetic differentiation can provide researchers
with a great deal of information and raise new research questions. Because these two phenomena

arise through unique selective conditions (Alpert and Simms 2002, Ghalambor et al. 2007),
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determining whether phenotypic variation reflects one or the other can provide insight into trait
evolution (e.g. Roberson and Coyer 2004, Fowler-Walker et al. 2006, Demes and Pruitt 2019),
which may allow researchers to predict how they will continue to evolve (Roberson and Coyer
2004, Demes and Pruitt 2019). Moreover, differentiating between plastic and genetically fixed
phenotypes is essential for taxonomic studies, as mistaking the former for the latter can lead to
incorrect species designations (e.g. Garbary et al. 1978, Demes et al. 2009, Belton et al. 2014). A
clear understanding of organismal responses to environmental variation can also help researchers
predict how organisms will fare in the face of changing climate (e.g. Richter et al. 2012, Sheth

and Angert 2014).

5.2.1 Flow sensing as a requirement for adaptive plasticity across hydrodynamic gradients

Reliable environmental cues are thought to be important for the evolution of adaptive
phenotypic plasticity (Levins 1963, DeWitt 1998, Ghalambor et al. 2007, Reed et al. 2010) and
these cues would be of little value if organisms could not sense them (Smith 1990, Getty 1996,
Schlichting and Smith 2002). Therefore, in order for seaweeds to evolve adaptive plasticity
across hydrodynamic gradients, there would need to be (1) a chemical or mechanical cue
indicative of flow speed and (2) a biological mechanism for perceiving it. Below I propose two
different cues for water motion that depend upon flow speed, and then consider seaweed growth
modes as mechanisms for sensing those environmental cues. By integrating principles of fluid
dynamics with knowledge of biological mechanisms, I attempt to predict the conditions required
for seaweeds to demonstrate adaptive plasticity in response to flow.

Any organism living in an environment with little or no water motion may be subject to

the effects of the diffusive boundary layer, which reduces diffusion rates of nutrients, gases, and
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other chemicals in and out of living tissue (reviewed in Hurd 2000). While this phenomenon has
not been observed to play a role in regulating phenotypic plasticity in seaweeds, it has been
shown to be involved in a mechanism utilized by several species of fucoid brown algae for
sensing water motion. For example, Fucus distichus and Pelvetia compressa use DIC depletion
within boundary layers as a trigger for gamete release, allowing these seaweeds to coordinate
their reproductive output during low tides to avoid turbulent water motion that would negatively
impact reproductive success (Pennington 1985, Levitan et al. 1992, Pearson et al. 1998). A
boundary layer-mediated chemical cue such as this could potentially be used by any seaweed to
regulate phenotypic plasticity in response water motion, as long as flow velocities are slow. As
ambient flow speed increases, boundary layer thickness decreases, which increases rates of mass
transfer (Wheeler 1980, Gerard 1982, Hurd et al. 1996). Once flow reaches a velocity of
approximately 20 cm s°!, boundary layers are effectively minimized and mass transfer becomes
saturated, nullifying any inhibitory effects (Hurd 2000). Therefore, any chemical metric of water
motion mediated by boundary layer thickness would only be useful in ambient flow speeds
slower than 20 ¢cm s7!, since beyond this speed, algae would not be able to perceive further
changes in water motion.

For seaweeds to differentiate between higher flow speeds, such as those that occur in
wave-swept intertidal habitats (Carrington Bell and Denny 1994, Denny and Gaylord 2002, de
Bettignies et al. 2013), another flow perception mechanism would be necessary. One reliable
index of water motion for flow velocities above 20 cm s™! is mechanical loading imposed by
drag. This phenomenon was first observed in the kelp Saccharina latissima by Gerard (1987),
who found that longitudinal tension continuously applied to kelp blades caused them to grow

narrower and longer. These morphological changes were consistent with those observed in
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several kelp species following field transplants between areas of differing wave exposure (e.g.
Sundene 1964, Norton 1969, Pace 1972, Gerard and Mann 1979), and so it was concluded that
drag was likely the cue being perceived by kelps to facilitate flow-induced plasticity.
Associations between mechanical forces and plasticity in kelps have since been demonstrated in
Egregia menziesii (Kraemer and Chapman 1991b, 1991a) and in Nereocystis luetkeana (Koehl et
al. 2008, Coleman and Martone 2020, Ch. 2).

In order for drag to be a mechanical indicator of flow speed, there must be a substantial
amount of tissue located distal to the growing tissue to act as a drag element (Fig. 5.1). Such a
developmental pattern would be consistent with intercalary or diffuse growth in seaweeds.
Indeed, I observed in Ch. 2 that Nereocystis luetkeana would only exhibit morphological
plasticity in blades when tension was applied directly to the intercalary meristem at the blade
bases (Coleman and Martone 2020). Accordingly, seaweeds with apical growth, such as Fucus or
most red algae (Graham et al. 2017), might be unable to sense drag unless it were perceived in a
non-growing region of the thallus and somehow communicated to the meristem via a long-
distance signaling mechanism, such as a hormone. While there is some evidence that hormones
contribute to growth and development in macroalgae (Hart 1982, de Nys et al. 1990, Basu et al.
2002, Kai et al. 2006, reviewed in Tarakhovskaya et al. 2007, see Ch. 3), hormone activity in
algae remains largely mysterious and no research to date has connected mechanical signals to
hormone activity in any seaweed. How such a response would work in red algae is especially
challenging to imagine, as cell-to-cell communication is largely impeded by the lack of
plasmodesmata and the presence of pit plugs (Pueschel 1977). In summary, based on our
understanding of fluid dynamics and growth modes in seaweeds, adaptive phenotypic plasticity

in response to flow speeds less than 20 cm s™! is theoretically possible in any seaweed, but
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Fig. 5.1. Spatial distribution of drag experienced in flow
by seaweeds with different meristem types. Top: a kelp,
Saccharina; bottom: a fucoid, Fucus. Drag imposed on a
given point along a seaweed in flow is proportional to the
tissue area downstream from that point.

plasticity in response to flow speeds greater than 20 cm s'! should only be possible in seaweeds

with intercalary or diffuse growth (Fig. 5.2).

5.2.2 Objectives

In this chapter, I review over 100 years of phycological literature to address the general
assumption that phenotypic plasticity across hydrodynamic gradients is common in seaweeds, as
well as to assess whether range of flow speed and growth mode are useful predictors of such

plasticity. I investigate (1) how often intraspecific variation across hydrodynamic gradients has
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Fig. 5.2. Predictions of when adaptive phenotypic plasticity
across hydrodynamic gradients should be possible with respect
to ambient flow velocity and growth mode.

been observed in seaweeds, (2) how often the origin of observed variation (i.e., phenotypic
plasticity vs. genetic differentiation) is investigated, (3) how often phenotypic plasticity across
hydrodynamic gradients has been confirmed in seaweeds, and (4) whether range of flow velocity
and growth mode affect the frequency of occurrence of plasticity. I hypothesize that plasticity
should be able to occur in any seaweed when flow is slow, but that it should only occur in
seaweeds with either intercalary meristems or diffuse growth when flow is fast. I also
hypothesize that, due to intercalary meristems being ubiquitous in kelps but uncommon in other
algae (Graham et al. 2017), plasticity in high flow will be more common in the brown algae than

in the red or green algae.

5.3 Methods

I searched the Web of Science for literature published between 1900 and 2020, using the

search terms (alga* OR seaweed*) AND (phenotypic* plastic* OR morpho* OR variab*) AND
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(wave* OR current®* OR expos* OR hydrodynamic* OR water motion OR water movement OR
flow) to capture the broadest range of relevant articles possible. I then read titles and abstracts of
literature returned by the search (6885 items) and selected those that discussed phenotypic
variation in a seaweed across a gradient of water motion. Articles that only discussed variations
in growth rate were ignored, as these would likely only be documenting nutrient limitation by
boundary layers (Hurd 2000), which is different phenomenon than the adaptive flow sensing I
am seeking evidence of in this chapter. All papers in this initial shortlist (84 items) were read
thoroughly to ascertain if they reported primary data documenting phenotypic variation in a
seaweed across an environmental gradient associated with water motion (e.g. wave exposure,
flow velocity, tensile force, etc.). Articles that did not meet this criterion were discarded. For the
remaining articles, I recorded (1) species name, (2) the higher taxonomic group to which the
species belongs (red, green, or brown algae), (3) growth modes in question (e.g. apical meristem,
intercalary meristem, or diffuse), (4) phenotypes observed, (5) the specific environmental factor
attributed to observed phenotypic variation (e.g. wave exposure, flow velocity, or force attributed
to drag), (6) whether the maximum value of the relevant environmental factor corresponded to a
flow velocity greater than or less than 20 cm s!, and (7) whether plasticity was demonstrated for
each individual study species. I considered plasticity to be demonstrated if the authors of an
article reported that changing the relevant environmental factor had a statistically significant
effect on the observed phenotype. Plasticity could have been demonstrated in a laboratory or
field setting, over any time period, using any method. I excluded instances where authors
attributed phenotypic changes to mechanical damage for purposes of this review because damage
is out of the organism’s control and does not require active flow sensing to take place; this

removed three articles from the list. I also read the bibliographies of each article and collected
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any relevant papers that I did not find in my initial Web of Science search; data on the same six
variables listed above were collected from any additional articles found this way. Species names
given in all articles were compared against taxonomic data from AlgaeBase (Guiry and Guiry
2021) and only the most current name was recorded. If two articles described the same data, only
one was included in the data set. The final list of articles deemed to contain relevant data
consisted of 121 items.

Fisher’s exact tests were used to test whether there was an association between
taxonomic group and the tendency for plasticity to be (1) tested for and (2) demonstrated. A
Fisher’s exact test was also used to assess whether, among cases of confirmed plasticity, there
was an association between flow speed and meristem type. These tests were performed in R

using the fisher.test() function from the R Stats Package (R Core Team 2021).

5.4 Results

I assembled 121 papers documenting a total of 128 instances (paper/species
combinations) of intraspecific phenotypic variation across hydrodynamic gradients in 57 species
of seaweed (Table 5.1; Fig. 5.3). 105 instances of variation (82.0%) occurred in the brown algae,
16 (12.5%) occurred in the red algae, and 7 (5.5%) occurred in the green algae. Of the instances
of variation identified, the origin of that variation was investigated for 45 of them (35% of
cases). The origin of variation was found to be investigated a similar proportion of the time in the
brown, red, and green algae (Fisher’s exact test, p=0.50). Among those instances where the
origin of variation was investigated, 32 cases of verifiable phenotypic plasticity were identified.
Twenty-six of these cases (81.3%) occurred in the brown algae, three occurred in the red algae

(9.4%), and three (9.4%) occurred in the green algae. Intraspecific variation was found to be due
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Table 5.1. Counts of instances (paper/species combinations) of phenotypic variation and plasticity in response
to water flow. Percentages of column totals are given in parentheses.

Group Unique species  Instances of Instances where Instances of
variation plasticity was tested  verified plasticity

Brown algae 41 (71.9%) 105 (82.0%) 36 (80.0%) 26 (81.3%)
Red algae 10 (17.5%) 16 (12.5%) 5(11.1%) 3 (9.4%)
Green algae 6 (10.5%) 7 (5.5%) 4 (8.9%) 3 (9.4%)
Total 57 128 45 32

- Plasticity not tested o Plasticity tested

® ® Plasticity

= No plasticity
HER AR

Browns Reds Greens Browns Reds Greens

Algal group Algal group

Fig. 5.3. Counts of instances of phenotypic variation in seaweeds across hydrodynamic gradients where (A)
plasticity was not tested and (B) plasticity was tested expressed as functions of taxonomic group (brown,
red, or green) and whether plasticity was found.

to plasticity a similar proportion of the time in each of the three major taxonomic groups
(Fisher’s exact test, p=0.45). Most cases of plasticity (66%) occurred in seaweeds with
intercalary meristems at fast flow speeds (Fig. 5.4). However, there were also five instances of
seaweeds with apical meristems showing plasticity in fast flow (15.6%). Among confirmed cases

of plasticity, plasticity in fast flow was more likely to occur in a seaweed with an intercalary
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Fig. 5.4. Counts of instances of phenotypic plasticity in seaweeds across hydrodynamic gradients as
functions of flow velocity (slow vs. fast) and growth mode (apical vs. intercalary meristem) for (A) brown,
(B) green, and (C) red algae.

meristem (Fisher’s exact test, p=0.006). There were no observations of plasticity across

hydrodynamic gradients occurring in seaweeds with diffuse growth.

5.5 Discussion

Despite broad claims that phenotypic plasticity is common in seaweeds, there was mixed
evidence for its prevalence in the phycological literature. Intraspecific variation across
hydrodynamic gradients has been well documented in brown algae, but less so in red and green
algae. However, only 35% of cases of observed phenotype variation explicitly tested for
plasticity. Furthermore, among the cases where the origin of variation was investigated, ten
(22%) could not be attributed to plasticity and may represent instances of local adaptation to the

hydrodynamic environment. These findings may suggest that assumptions about the prevalence
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of phenotypic plasticity across hydrodynamic gradients in seaweeds are not well founded in data.
They also serve as reminder to phycologists to consider genetic differentiation as a potential
driving force behind intraspecific phenotypic variation.

As with general phenotypic variation, verifiable phenotypic plasticity across
hydrodynamic gradients has been well documented in brown algae, but not in red and green
algae, with merely three published instances of plasticity each in the red algae and green algae.
Furthermore, one instance of red algal plasticity (Steneck and Adey 1976) and all three instances
of green algal plasticity (de Senerpont Domis et al. 2003) could not be clearly attributed to
changes in water motion by the authors and may instead reflect responses to light, suggesting
that there may be even fewer cases of plasticity in response to water motion than indicated. This
is a striking finding and it is tantalizing to consider that plasticity in response to water motion
could be a trait that is common in brown algae but rare in red and green algae. However,
unfortunately, it is not possible to say for sure that the greater abundance of brown algal
examples of phenotypic plasticity is actually due to brown algae being more plastic; it may
simply reflect a greater number of studies examining trait variation having been conducted in
brown algae than in red and green algae. In fact, the observation that a similar proportion of
instances of variation represented plasticity in each of the three major taxonomic groups of
seaweeds suggests that this is likely the case. To clarify whether brown algae are actually more
likely to exhibit plasticity across flow gradients than other seaweeds, more studies will be needed
to rigorously examine the abilities of red and green algae to adjust phenotypes in response to

flow.
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The literature yielded mixed support for my hypotheses that the occurrence of adaptive
plasticity would be influenced by flow velocity and growth mode. The largest proportion of
cases of plasticity was represented by brown algae with intercalary meristems (almost entirely
kelps) in fast flow, which may represent support for my hypotheses. Furthermore, these instances
of plasticity were largely consistent with morphological plasticity that was adaptive and
mediated by developmental changes (Gerard 1987, Koehl et al. 2008, Charrier et al. 2012,
Coleman and Martone 2020, Ch. 2). Additionally, when plasticity takes place in fast flow speeds,
it is more likely to occur in a seaweed with an intercalary meristem. Collectively, these
observations may suggest that intercalary growth and fast flow are favourable conditions for the
evolution of adaptive phenotypic plasticity in response to water motion. However, while this is
an intriguing hypothesis, I once again cannot rule out the alternate explanation that there have
simply been more studies examining variation and plasticity across flow gradients in kelps than
there have been in other seaweeds and that this is inflating the observed frequencies of seaweeds
with intercalary meristems exhibiting plasticity in high flow. The fact that plasticity was
identified a similar proportion of the time in each of the three taxonomic groups would support
this alternate explanation.

The data contradict my hypotheses with five instances of seaweeds with apical meristems
showing plasticity in high flow. Taken at face value, this would indicate that there must be an
additional mechanism beyond those proposed above making these observations possible.
Seaweeds in these instances could, for example, sense drag in proximal tissue and communicate
that signal to apical meristems to facilitate growth changes. However, closer examination of
these individual cases may suggest that the situation is more nuanced than it initially appears. In

one case, the brown alga Turbinaria ornata developed pneumatocysts when transplanted from
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high to low wave exposure, compensating for dispersal limitation (Stewart 2006). This
phenomenon could be the result of waves mechanically removing pneumatocysts in high flow,
especially given that wave-exposed populations had smaller thalli than wave-protected thalli
(Stewart 2006). In another instance. Steneck and Adey (1976) showed that the crustose coralline
red alga Lithophyllum kaiseri would change its morphology when transplanted across a wave
exposure gradient, becoming more textured and “branched” in high wave exposure. While this
alga has functionally apical growth (Johansen 1981), it is unlikely that the plasticity it showed in
this study was mediated by drag due to its crustose morphology and inflexible tissues. It should
also be noted that the authors could not disentangle the effects of wave exposure from those of
light and grazing in this experiment, and so the plasticity observed may not be due to flow at.
Overall, I suggest that some of the documented instances of plasticity in seaweeds with apical
meristems in fast flow may not involve a flow perception mechanism and therefore would fall
outside of the scope of my hypotheses. However, further study of the biological systems in
question would be required to say this confidently.

In two additional instances of seaweeds with apical meristems showing phenotypic
plasticity in high flow, the red algae Mazzaella splendens and Mazzaella linearis changed
morphology when transplanted across wave exposures (Shaughnessy 2004). This may be the
most compelling evidence uncovered in this review that some seaweeds with apical meristems
are capable of responding to changes in flow. However, curiously, the changes observed in these
red algae were maladaptive in the context of the environments they were transplanted into (i.e.,
growing broader in wave-exposed areas; Shaughnessy 2004). This raises questions about the
developmental or genetic mechanisms are taking place in these Mazzaella species to facilitate

plasticity and how they differ from mechanisms in kelps. These cases merit further examination.
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There were several additional observations made in this analysis that are interesting in the
context of my original hypotheses. Firstly, while many species of kelps clearly demonstrate
plasticity in blade morphology when their flow environment is manipulated (e.g. Druehl and
Kemp 1982, Buck and Buchholz 2005, Fowler-Walker et al. 2006, Koehl et al. 2008), a small
handful do not. One of these is the feather boa kelp, Egregia menziesii. While this alga does
develop smaller bladelets and thicker rachi in increased wave exposure (Abbott and Hollenberg
1976, Blanchette et al. 2002, Henkel et al. 2007), transplantation experiments have failed to
attribute this variation to plasticity (Blanchette et al. 2002). Interestingly, Egregia is
morphologically unique among kelps and has an unusual intercalary meristem that is located
distally when thalli are mature (Burnett and Koehl 2020). This distal position may interfere with
the ability of this kelp’s intercalary meristem to perceive flow, similarly to an apical meristem,
which could explain the lack of observed plasticity.

A large number of studies have documented phenotypic variation across hydrodynamic
gradients in brown algae that are not kelps (i.e., not representatives of the Order Laminariales)
(e.g. Norton 1969, South and Hay 1979, De Paula and de Oliveira 1982, Blanchette 1997,
Mueller et al. 2015). However, unlike in the kelps, very few studies have been able to
demonstrate plasticity in these non-kelp brown algae, which mostly exhibit apical growth. A
genus that has received a great deal of attention is the genus Fucus, which has been the subject of
numerous studies documenting phenotypic variation across hydrodynamic gradients worldwide
(eg. Knight and Parke 1950, Jordan and Vadas 1972, Rice et al. 1985, Kalvas and Kautsky 1993,
Coleman and Muhlin 2008). In spite of the large body of research focusing on this genus, which
includes multiple transplant experiments (Sideman and Mathieson 1985, Blanchette 1997), no

study has been able to attribute the morphological variation often observed in Fucus to plasticity
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(although one did show that tissue material properties were a plastic trait; Molis et al. 2015). I
suggest that the variability in morphology often observed in this genus is due to widespread,
fine-scale genetic differentiation, a hypothesis supported by research that shows that Fucus can
show detectable genetic differentiation at scales of metres (Coyer et al. 2003, Tatarenkov et al.
2007). Interestingly, the only non-kelp brown alga that shows clear morphological plasticity that
resembles that shown by kelps in fast flow conditions is Saccorhiza polyschides (Norton 1969),
which possesses an intercalary meristem (Norton 1970).

Several studies observed morphological variation across exposure gradients in the red
alga Chondrus crispus (e.g. Lilly 1968, MacFarlane 1968, Chen and Taylor 1980, Menéndez and
Fernandez 1989, Gutierrez and Fernandez 1992). However, in spite of multiple attempts, no
study has been able to show that manipulating flow leads to morphological changes in this alga
(Floc’h 1969, Chen and Taylor 1980b), suggesting that morphological variation may be due to

genetic differentiation.

5.6 Conclusions

Phenotypic plasticity is often assumed to be common in seaweeds but is rarely explicitly
tested. In this chapter, I considered biomechanical and developmental mechanisms that might
facilitate adaptive phenotypic plasticity across hydrodynamic gradients in seaweeds in order to
clarify the likelihood of plasticity occurring and to make predictions about when such plasticity
might be possible. I hypothesized that plasticity should be possible in any seaweed at slow flow
velocities, where flow would be sensed chemically through boundary layers, but that it should
only be possible in seaweeds with intercalary or diffuse growth at fast flow velocities, where

flow would be sensed mechanically through drag. I tested my hypotheses by conducting a
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thorough review of the literature on phenotypic variation and plasticity in seaweeds along
hydrodynamic gradients. I found considerable evidence for intraspecific phenotypic variation
across flow gradients in brown algae, but limited evidence for variation in red and green algae.
Among the instances of variation found, plasticity was only tested in 35% of studies. Substantial
evidence of phenotypic plasticity was identified in brown algae, but very little evidence was
found in red or green algae, for which there were at most three cases (9% of cases of plasticity)
each. The data provided mixed support for my hypotheses regarding the effect of flow speed and
growth mode on the occurrence of plasticity. By far the largest proportion of instances of
plasticity occurred in seaweeds with intercalary meristems at high flow speeds, which may
represent support for my hypotheses. Alternatively, this pattern may simply reflect the fact that
there have been more studies of plasticity conducted on brown algae than on red or green algae.
The observation that plasticity was documented within each taxonomic group a similar
proportion of the time supports this explanation. However, researchers should be warned that
generalizations about plasticity in red and green algae are based on very little empirical evidence.
The data contradict my hypotheses in five cases where seaweeds with apical meristems also
exhibited plasticity in high flow. More studies are needed to clarify the ability of red and green
algae to respond to changes in flow environment. Growth mode and flow conditions should be
considered before making assumptions about phenotypic plasticity in response to flow in
seaweeds, and the possibility that intraspecific trait variation may reflect genetic

differentiation/local adaptation should not be discounted.
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6. Conclusions

6.1 Major findings of this work

With this thesis, I endeavoured to improve our understanding of the developmental
mechanisms underlying morphological plasticity across hydrodynamic gradients in kelps. To this
end, I first sought to better characterize the growth response of blades of the kelp Nereocystis
luetkeana to mechanical loading that would normally be imposed by drag (Ch. 2). The
experiments conducted for this purpose revealed that (1) Nereocystis blades grow continuously
narrower and longer with increased application of tension up to the point that the blade tissue
breaks, suggesting that this kelp is capable of fine tuning its morphology to a broad range of
hydrodynamic environments, (2) rotating the direction of applied tension rotates the orientation
of the growth response, which indicates that the developmental process underlying the plasticity
takes place largely at the level of individually stimulated cells and likely does not involve long-
distance signaling, (3) the morphology of mechanically stimulated blade tissue is reflected in the
morphology of meristoderm cells, indicating that morphological changes induced by mechanical
loading stem from changes in the direction of meristoderm cell growth and/or division, and (4)
applying a mechanical stimulus to distal non-growing blade tissue does not induce a growth
response in meristematic tissue, further suggesting that a long-distance signaling mechanism is
unlikely to be involved in regulating kelp plasticity.

Next, I investigated whether auxin signaling could play a role in mediating kelp growth
responses to mechanical loading (Ch. 3). I showed that applying exogenous auxin at a
concentration of 10> M affected the morphology of kelp tissues, causing them to grow relatively

long and narrow, but did not affect overall growth in terms of biomass. While this is not clear
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evidence that auxins mediate morphological plasticity in kelps, the morphological effects of
auxin and mechanical loading are strikingly similar.

I examined whether plasma membrane-bound stretch activated Ca** channels might be
involved in the perception of mechanical cues that induce morphological plasticity (Ch. 4). I
found that reducing the ambient Ca?" concentration by 50% had no effect on the ability of
Macrocystis pyrifera to sense and respond to mechanical loading. This could indicate that (1)
stretch activated Ca®* channels and Ca?* signaling are not involved in kelp mechanoperception,
(2) stretch activated Ca?* channels are involved, but a 50% reduction in Ca*" concentration is not
great enough to interfere with mechanoperception, or (3) Ca?* signaling is involved in kelp
mechanoperception, but the Ca®" ions are derived from internal stores rather than plasma-
membrane bound channels. In this chapter, I also show that a reduction in ambient Ca**
concentration of more than 50% is lethal for Macrocystis.

Finally, I investigated how often phenotypic plasticity across hydrodynamic gradients has
been clearly documented in different seaweeds and considered whether mechanisms of flow
perception could constrain the evolution of this trait (Ch. 5). I found that researchers have only
explicitly tested whether observations of intraspecific phenotypic variation across hydrodynamic
gradients in seaweeds are due to plasticity 35% of the time. Additionally, when plasticity across
flow gradients has been clearly documented, it has been found considerably more often in brown
algae, especially those with intercalary meristems, than it has in other groups of seaweeds. This
could reflect that intercalary meristems have facilitated the evolution of phenotypic plasticity in
kelps by acting as flow sensors, but it is also possible that there have simply been more studies
on intraspecific variation in brown algae with intercalary meristems than there have been in other

macroalgae. More research is needed to clarify the ability of red and green algae to show
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plasticity in response to flow. Researchers should be aware that the assumption that plasticity

across flow gradients is very common in seaweeds is based on very little evidence.

6.2. A tentative model for the developmental mechanism underlying

morphological plasticity across hydrodynamic gradients in kelps

The ultimate effect of tensile stimuli on kelp blade tissue appears to be a reallocation of
tissue growth from the axis perpendicular to the direction of the tension into the axis parallel to
the direction of the tension (Coleman and Martone 2020, Ch. 2). This response to mechanical
loading is dose-dependent, with blades growing progressively longer and narrower as the
magnitude of tensile force increases (Coleman and Martone 2020, Ch. 2). Changes in tissue
morphology are reflected in the average morphology of corresponding meristoderm cells, which,
especially when combined with the observed sensitivity of the plastic response to the direction of
mechanical stimulation, suggests that the effects of mechanical loading on blade growth is rooted
in the activity of individually stimulated cells (Ch. 2). This is further supported by the observed
lack of response to tensile stimuli applied distantly from the meristem (Ch. 2). Gerard (1987)
suggested — but did not explicitly show — that longitudinally oriented tension induced the cells of
Saccharina latissima to preferentially divide longitudinally instead of transversely with respect
to the main axis of the kelp blade. My data are consistent with this hypothesis, but it remains
unclear how much cell division and cell elongation each contribute to the increased growth of
cells and tissues observed in whichever direction mechanical loading was applied. Gerard’s cell
division hypothesis could be verified by microscopically visualizing whether the application of

tension affects the frequency and direction of meristoderm cell divisions.
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Assuming morphological plasticity in response to mechanical loading is the result of
changes in the direction of elongation and/or division of individually stimulated meristoderm
cells, the process of kelps modifying their blade morphology in response to a tensile stimulus
most likely begins with mechanical deformation of meristoderm cell walls. Researchers
examining responses to mechanical stimuli in plants and fungi have largely proposed that
perception of any mechanical perturbation will begin with wall deformation (e.g. Jaffe et al.
2002, Braam 2005, Chehab et al. 2008, Monshausen and Gilroy 2009), and so I suggest it is
plausible that the same is true in kelps, especially given the many similarities in cellular structure
between kelps and plants (Kloareg and Quatrano 1988, Michel et al. 2010, Starko et al. 2018).

The steps in the developmental process underlying kelp morphological plasticity that
immediately follow cell wall deformation remain unclear. In Chapter 4, I proposed that
mechanical deformation of meristoderm cell walls might trigger the opening of stretch activated
Ca?" channels embedded in plasma membranes, resulting in an influx of Ca?* that would initiate
a signaling cascade that would ultimately yield changes in cellular growth patterns. This has
been repeatedly proposed as a potential mechanism of mechanoperception in land plants (e.g.
Jaffe et al. 2002, Chehab et al. 2008, Monshausen and Gilroy 2009, Landrein and Ingram 2019).
However, experiments in which I subjected mechanically perturbed kelps to reduced ambient
Ca?" concentrations failed to produce any evidence that limiting Ca?* availability could inhibit
the kelp’s growth response to tension (Ch. 4). Similar experiments have been able to demonstrate
that the application of Ca?" chelators can weaken plant responses to mechanical stimuli (Jones
and Mitchell 1989) and that removal of Ca?" from the environment can inhibit electrochemical
responses to touch in characean green algae (Kaneko et al. 2005). While reducing the ambient

Ca?" concentration failing to alter plasticity in Macrocystis could indicate that Ca?* signaling is
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not involved in mechanoperception, it is also possible that a 50% reduction in Ca?* concentration
— the greatest reduction I could apply without swiftly inducing mortality (Ch. 4) — may not have
been sufficient to effectively inhibit an influx of Ca?" via stretch activated channels. T suggest
that further research will be necessary to convincingly say one way or another if stretch activated
Ca®* channels (or Ca®* signaling in general) are involved in kelp mechanoperception. Given the
apparently great sensitivity of kelps to reductions in Ca?" availability, such research could
examine whether mechanical stimulation causes increases in cytosolic Ca** or upregulation of
Ca*"-sensitive genes in kelps, as it does in land plants (e.g. Braam and Davis 1990, Knight et al.
1992).

An intermediate step in the developmental process underlying kelp plasticity could
involve auxin signaling. I observed in Chapter 3 that a 10 M treatment of exogenous auxin
caused Nereocystis blade tissue to grow relatively long and narrow, which is very reminiscent of
the observed effects of longitudinal mechanical loading on the same tissues (Ch. 2). Furthermore,
auxin is known to occur naturally in Nereocystis (Van Overbeek 1940). While the experiment
described in Chapter 3 does not directly tie auxin activity to kelp morphological plasticity, it is
tantalizing to imagine that mechanical stimulation might induce an increase in auxin
concentration in kelp meristoderm cells. For example, auxin activation could be a downstream
effect of a Ca?" influx facilitated by stretch activated Ca?* channels, assuming that such
structures are involved in kelp plasticity (Ch. 4). Elevated auxin concentrations likely cause kelp
meristoderm cells to grow longer and narrower by increasing the extensibility of the cell walls,
as this is how auxins promote cell elongation in plants (Braybrook and Peaucelle 2013, Majda
and Robert 2018). The anisotropic growth observed in kelp tissues treated with 10> M auxin

could reflect pre-existing anisotropy in the material properties of meristoderm cell walls, most
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likely driven by cellulose microfibril patterning (Kloareg and Quatrano 1988), favouring
expansion in the longitudinal axis (Baskin 2005, Majda and Robert 2018). These hypotheses
would need to be clarified by explicitly testing the effects of auxin application on the material
properties of different regions of kelp meristoderm cell walls, possibly using atomic force
microscopy (Tesson and Charrier 2014). The involvement of auxin in morphological plasticity of
kelps also needs to be clarified, as we currently have no direct evidence that it is. An initial step
in this follow-up research could be to measure and compare endogenous auxin concentrations in
kelp tissues that have and have not been subjected to tension.

Regardless of whether auxin is involved in regulating morphological plasticity in kelps,
mechanical stimulation likely influences the direction of growth and/or division of meristoderm
cells through effects on the cytoskeleton and cell wall. In plant cells, the direction of growth is
largely dictated by the orientation of cellulose microfibrils embedded in the walls, which is in
itself determined through the activity of cortical microtubules (Baskin 2005, Wolf et al. 2012).
The orientation of cellulose microfibrils controls the extensibility of the plant cell wall, and the
direction of cell growth is determined by the differential extensibility of wall faces (Baskin
2005). In brown algae, actin filaments determine the orientation of cellulose microfibrils in cell
walls (Karyophyllis et al. 2000, Katsaros et al. 2002, 2006), which, much like in plants, can
control the direction of cell growth (Karyophyllis et al. 2000, Katsaros et al. 2006). Additionally,
the cell wall and actin cytoskeleton play essential roles in the formation and fixation of cell
polarity (Fowler and Quatrano 1995, Katsaros et al. 2006). Mechanical loading might induce
meristoderm cells to grow and/or divide in the longitudinal axis (with respect to the orientation
of the blade), at least in part, by modifying cell wall material properties. Stretching of the

meristoderm cells caused by tension on the kelp blade could, for example, induce anisotropic
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stiffening of cell walls that could cause subsequent cellular growth to proceed in the direction of
tension. It has been shown that tension causes kelp cells to incorporate more carbon into their
cell walls (Kraemer and Chapman 1991a) and affects the crystallinity of cellulose embedded in
kelp cell walls (Hackney et al. 1994). These phenomena could reflect the kelp modifying wall
composition to increase stiffness. Such a mechanism could potentially work in concert with an
influx of auxin to stiffen some wall faces while simultaneously loosening others to direct growth.
Wall property modification could also be initiated by an influx of Ca*" facilitated by stretch
activated channels. The hypotheses that wall properties direct the division of meristoderm cells
and that these wall properties are modified by mechanical loading to change blade morphology
could be investigated using atomic force microscopy (Tesson and Charrier 2014). Wall stiffness
could be measured in the longitudinal and lateral faces of meristoderm cells and compared

between tissues that had and had not been stretched.

6.3 Concluding remarks

The research described in this thesis ultimately represents an early investigation of the
developmental mechanisms underlying morphological plasticity across hydrodynamic gradients
in kelps. Although we have long known that kelps can exhibit morphological plasticity (e.g.
Sundene 1964, Gerard and Mann 1979, Gerard 1987), until now little research had been
conducted to elucidate the process by which it occurs. While the current work improves our
understanding of kelp morphological plasticity, fundamental questions remain unanswered. Are
changes in kelp blade morphology brought about by changes in the frequency of cell divisions in
different axes? What cell signaling mechanisms are involved? Is the direction of kelp

meristoderm cell division controlled by wall material properties? Are the developmental
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mechanisms for sensing and responding to flow unique to brown algae? Much more research will
be needed to answer these and other questions.

The morphological plasticity shown by kelps such as Nereocystis and Macrocystis across
hydrodynamic gradients is a remarkable phenomenon that likely contributes greatly to the ability
of these species to occupy a range of hydrodynamic environments (Ch. 2). A mechanistic
understanding of how kelps perceive and respond to flow may help us clarify the functioning of
kelp forests and anticipate changes in associated coastal ecosystems. Research has already
indicated that warming oceans may interfere with the ability of Nereocystis to adjust its blade
morphology, with likely downstream effects on productivity (Supratya et al. 2020). Thus, greater
knowledge of the developmental processes underlying plasticity could have value for conserving

kelps and kelp forest ecosystems.

107



Bibliography

Abbott, .A. & Hollenberg, G.J. 1976. Marine algae of California. Stanford University Press,
Stanford. 827 pp.

Alpert, P. & Simms, E.L. 2002. The relative advantages of plasticity and fixity in different
environments: when is it good for a plant to adjust? Evol. Ecol. 16:285-97.

Armstrong, S.L. 1987. Mechanical properties of the tissues of the brown alga Hedophyllum
sessile (C. Ag.) Setchell: variability with habitat. J. Exp. Mar. Biol. Ecol. 114:143-51.

Armstrong, S.L. 1989. The behavior in flow of the morphologically variable seaweed
Hedophyllum sessile (C. Ag.) Setchell. Hydrobiologia. 183:115-22.

Auld, J.R., Agrawal, A.A. & Relyea, R.A. 2010. Re-evaluating the costs and limits of adaptive
phenotypic plasticity. Proc. R. Soc. Lond. B Biol. Sci. 277:503—11.

Bick, S. 1993. Morphological variation of northern Baltic Fucus vesiculosus along the exposure
gradient. Ann. Bot. Fenn. 30:275-83.

Baskin, T.I. 2005. Anisotropic expansion of the plant cell wall. Annu. Rev. Cell Dev. Biol.
21:203-22.

Basu, S., Sun, H., Brian, L., Quatrano, R.L. & Muday, G.K. 2002. Early embryo development in
Fucus distichus is auxin sensitive. Plant Physiol. 130:292-302.

Batiza, A.F., Schulz, T. & Masson, P.H. 1996. Yeast respond to hypotonic shock with a calcium
pulse. J. Biol. Chem. 271:23357-62.

Belton, G.S., van Reine, W.F.P., Huisman, J.M., Draisma, S.G.A. & D. Gurgel, C.F. 2014.
Resolving phenotypic plasticity and species designation in the morphologically
challenging Caulerpa racemosa—peltata complex (Chlorophyta, Caulerpaceae). J.
Phycol. 50:32-54.

Bennett, S., Wernberg, T., Connell, S.D., Hobday, A.J., Johnson, C.R. & Poloczanska, E.S.
2016. The “Great Southern Reef”: social, ecological and economic value of Australia’s
neglected kelp forests. Mar. Freshw. Res. 67:47.

Berridge, M.J., Lipp, P. & Bootman, M.D. 2000. The versatility and universality of calcium
signalling. Nat. Rev. Mol. Cell Biol. 1:11-21.

Beryl, C. & Mitchell, C.A. 1977. Characterization of mechanical stress dwarfing in
chrysanthemum. J. Am. Soc. Hortic. Sci. 102:591-4.

Biddington, N.L. 1986. The effects of mechanically-induced stress in plants — a review. Plant
Growth Regul. 4:103-23.

Biro, R.L., Hunt, E.R., Erner, Y. & Jaffe, M.J. 1980. Thigmomorphogenesis: changes in cell
division and elongation in the internodes of mechanically-perturbed or ethrel-treated bean
plants. Ann. Bot. 45:655-64.

Biro, R.L. & Jaffe, M.J. 1984. Thigmomorphogenesis: Ethylene evolution and its role in the
changes observed in mechanically perturbed bean plants. Physiol. Plant. 62:289-96.

Blanchette, C.A. 1997. Size and survival of intertidal plants in response to wave action: a case
study with Fucus gardneri. Ecology. 78:1563-78.

Blanchette, C.A., Miner, B.G. & Gaines, S.D. 2002. Geographic variability in form, size and
survival of Egregia menziesii around Point Conception, California. Mar. Ecol. Prog. Ser.
239:69-82.

Boller, M.L. & Carrington, E. 2006. The hydrodynamic effects of shape and size change during
reconfiguration of a flexible macroalga. J. Exp. Biol. 209:1894-903.

108



Bouché, N., Yellin, A., Snedden, W.A. & Fromm, H. 2005. Plant-specific calmodulin-binding
proteins. Annu. Rev. Plant Biol. 56:435-66.

Braam, J. 1992. Regulation of expression of calmodulin and calmodulin-related genes by
environmental stimuli in plants. Cell Calcium. 13:457—-63.

Braam, J. 2005. In touch: plant responses to mechanical stimuli. New Phytol. 165:373—89.

Braam, J. & Davis, R.W. 1990. Rain-, wind-, and touch-induced expression of calmodulin and
calmodulin-related genes in Arabidopsis. Cell. 60:357—64.

Bradshaw, A.D. 1965. Evolutionary significance of phenotypic plasticity in plants. Adv. Genet.
15:115-55.

Brady-Champbell, M.M., Campbell, D.B. & Harlin, M.M. 1984. Productivity of kelp (Laminaria
spp.) near the southern limit in the Northwestern Atlantic Ocean. Mar. Ecol. Prog. Ser.
18:79-88.

Braybrook, S.A. & Peaucelle, A. 2013. Mechano-chemical aspects of organ formation in
Arabidopsis thaliana: the relationship between auxin and pectin. PLoS ONE. 8:¢57813.

Brownlee, C., Bouget, F.-Y. & Corellou, F. 2001. Choosing sides: establishment of polarity in
zygotes of fucoid algae. Semin. Cell Dev. Biol. 12:345-51.

Buck, B.H. & Buchholz, C.M. 2005. Response of offshore cultivated Laminaria saccharina to
hydrodynamic forcing in the North Sea. Aquaculture. 250:674-91.

Buggeln, R.G. 1976. Auxin, an endogenous regulator of growth in algae? J. Phycol. 12:355-8.

Buggeln, R.G. & Bal, A.K. 1977. Effects of auxins and chemically related non-auxins on
photosynthesis and chloroplast ultrastructure in Alaria esculenta (Laminariales). Can. J.
Bot. 55:2098-105.

Burnett, N.P. & Koehl, M.A.R. 2020. Thallus pruning does not enhance survival or growth of a
wave-swept kelp. Mar. Biol. 167:52.

Canadian Hydrographic Service 2019. Juan de Fuca Strait and Strait of Georgia. Fisheries and
Oceans Canada, Ottawa. 141 pp.

Carrington Bell, E. & Denny, M.W. 1994. Quantifying “wave exposure”: a simple device for
recording maximum velocity and results of its use at several field sites. J. Exp. Mar. Biol.
Ecol. 181:9-29.

Carrington, E. 1990. Drag and dislodgment of an intertidal macroalga: consequences of
morphological variation in Mastocarpus papillatus Kiitzing. J. Exp. Mar. Biol. Ecol.
139:185-200.

Cavanaugh, G.M. (Ed.) 1975. Formulae and methods VI. The Marine Biological Laboratory,
Woods Hole, MA. 84 pp.

Charrier, B., Le Bail, A. & de Reviers, B. 2012. Plant Proteus: brown algal morphological
plasticity and underlying developmental mechanisms. Trends Plant Sci. 17:468-77.

Chehab, E.W., Eich, E. & Braam, J. 2008. Thigmomorphogenesis: a complex plant response to
mechano-stimulation. J. Exp. Bot. 60:43-56.

Chehab, E.W., Yao, C., Henderson, Z., Kim, S. & Braam, J. 2012. Arabidopsis touch-induced
morphogenesis is jasmonate mediated and protects against pests. Curr. Biol. 22:701-6.

Chen, L.C.M. & Taylor, A.R.A. 1980a. Investigations of distinct strains of Chondrus crispus
Stackh. I: Field and laboratory observations. Bot. Mar. 23:435-40.

Chen, L.C.M. & Taylor, A.R.A. 1980b. Investigations of distinct strains of Chondrus crispus
Stackh. II: Culture studies. Bot. Mar. 23:441-8.

Chen, R. & Baluska, F. (Eds.) 2013. Polar auxin transport. Springer Berlin Heidelberg, Berlin,
Heidelberg.

109



Clapham, D.E. 2007. Calcium signaling. Cell. 131:1047-58.

Clark, R.P., Edwards, M.S. & Foster, M.S. 2004. Effects of shade from multiple kelp canopies
on an understory algal assemblage. Mar. Ecol. Prog. Ser. 267:107-19.

Cock, J.M., Sterck, L., Rouzé, P., Scornet, D., Allen, A.E., Amoutzias, G., Anthouard, V. et al.
2010. The Ectocarpus genome and the independent evolution of multicellularity in brown
algae. Nature. 465:617-21.

Coleman, L.J.M. & Martone, P.T. 2020. Morphological plasticity in the kelp Nereocystis
luetkeana (Phaeophyceae) is sensitive to the magnitude, direction, and location of
mechanical loading. J. Phycol. 56:1377-97.

Coleman, M.A. & Muhlin, J.F. 2008. Patterns of spatial variability in the morphology of
sympatric fucoids. Northeast. Nat. 15:111-22.

Cook, S.A. & Johnson, M.P. 1968. Adaptation to heterogeneous environments. I. Variation in
heterophylly in Ranunculus flammula L. Evolution. 22:496-516.

Cosgrove, D.J. 2005. Growth of the plant cell wall. Nat. Rev. Mol. Cell Biol. 6:850—61.

Coutand, C., Julien, J.L., Moulia, B., Mauget, J.C. & Guitard, D. 2000. Biomechanical study of
the effect of a controlled bending on tomato stem elongation: global mechanical analysis.
J. Exp. Bot. 51:1813-24.

Coyer, J.A., Peters, A.F., Stam, W.T. & Olsen, J.L. 2003. Post-ice age recolonization and
differentiation of Fucus serratus L. (Phaeophyceae; Fucaceae) populations in Northern
Europe. Mol. Ecol. 12:1817-29.

Crawley, M.J. 2002. Statistical computing: an introduction to data analysis using S-Plus. Ist
edition. Wiley, Chichester, West Sussex, England ; New York. 772 pp.

D’Amours, O. & Scheibling, R.E. 2007. Effect of wave exposure on morphology, attachment
strength and survival of the invasive green alga Codium fragile ssp. tomentosoides. J.
Exp. Mar. Biol. Ecol. 351:129-42.

David, J.R., Gibert, P. & Moreteau, B. 2004. Evolution of reaction norms. /n DeWitt, T. J. &
Scheiner, S. M. [Eds.] Phenotypic Plasticity: Functional and Conceptual Approaches.
Oxford University Press, New York, pp. 50-63.

de Bettignies, T., Wernberg, T. & Lavery, P. 2013. Size, not morphology, determines
hydrodynamic performance of a kelp during peak flow. Mar. Biol. 160:843-51.

De Jong, G. 2005. Evolution of phenotypic plasticity: patterns of plasticity and the emergence of
ecotypes. New Phytol. 166:101-17.

de Nys, R., Jameson, P.E., Chin, N., Brown, M.T. & Sanderson, K.J. 1990. The cytokinins as
endogenous growth regulators in Macrocystis pyrifera (L.) C. Ag. (Phaeophyceae). Bot.
Mar. 33:467-75.

De Paula, E.J. & de Oliveira, E.C. 1982. Wave exposure and ecotypical differentiation in
Sargassum cymosum (Phaeophyta-Fucales). Phycologia. 21:145-53.

de Senerpont Domis, L.N., Fama, P., Bartlett, A.J., Prud’homme van Reine, W.F., Espinosa,
C.A. & Trono, G.C. 2003. Defining taxon boundaries in members of the morphologically
and genetically plastic genus Caulerpa (Caulerpales, Chlorophyta). J. Phycol. 39:1019—
37.

Demes, K.W., Graham, M.H. & Suskiewicz, T.S. 2009. Phenotypic plasticity reconciles
incongruous molecular and morphological taxonomies: the giant kelp, Macrocystis
(Laminariales, Phaeophyceae), is a monospecific genus. J. Phycol. 45:1266-9.

Demes, K.W. & Pruitt, J.N. 2019. Individuality in seaweeds and why we need to care. J. Phycol.
55:247-56.

110



Demes, K.W., Pruitt, J.N., Harley, C.D.G. & Carrington, E. 2013. Survival of the weakest:
increased frond mechanical strength in a wave-swept kelp inhibits self-pruning and
increases whole-plant mortality. Funct. Ecol. 27:439-45.

Denny, M. & Gaylord, B. 2002. The mechanics of wave-swept algae. J. Exp. Biol. 205:1355-62.

Denny, M., Gaylord, B., Helmuth, B. & Daniel, T. 1998. The menace of momentum: dynamic
forces on flexible organisms. Limnol. Oceanogr. 43:955-68.

Denny, M.W. 2006. Ocean waves, nearshore ecology, and natural selection. Aquat. Ecol.
40:439-61.

Denny, M.W., Daniel, T.L. & Koehl, M.A.R. 1985. Mechanical limits to size in wave-swept
organisms. Ecol. Monogr. 55:69—102.

Denny, M.W., Miller, L.P., Stokes, M.D., Hunt, L.J.H. & Helmuth, B.S.T. 2003. Extreme water
velocities: Topographical amplification of wave-induced flow in the surf zone of rocky
shores. Limnol. Oceanogr. 48:1-8.

DeWitt, T.J. 1998. Costs and limits of phenotypic plasticity: tests with predator-induced
morphology and life history in a freshwater snail. J. Evol. Biol. 11:465-80.

DeWitt, T.J. & Scheiner, S.M. (Eds.) 2004. Phenotypic plasticity: functional and conceptual
approaches. 1st ed. Oxford University Press, New York. 272 pp.

DeWitt, T.J., Sih, A. & Wilson, D.S. 1998. Costs and limits of phenotypic plasticity. Trends
Ecol. Evol. 13:77-81.

Diaz-Tapia, P., Maggs, C.A., Nelson, W., Macaya, E.C. & Verbruggen, H. 2020. Reassessment
of the genus Lophurella (Rhodomelaceae, Rhodophyta) from Australia and New Zealand
reveals four cryptic species. Eur. J. Phycol. 55:113-28.

Ding, J.P. & Pickard, B.G. 1993. Modulation of mechanosensitive calcium-selective cation
channels by temperature. Plant J. 3:713-20.

Dring, M.J. & Liining, K. 1975. Induction of two-dimensional growth and hair formation by blue
light in the brown alga Scytosiphon lomentaria. Z. Fiir Pflanzenphysiol. 75:107-17.

Drobnitch, S.T., Jensen, K.H., Prentice, P. & Pitterman, J. 2015. Convergent evolution of
vascular optimization in kelp (Laminariales). Proc. R. Soc. B.

Druehl, L. & Clarkston, B. 2016. Pacific seaweeds: a guide to common seaweeds of the west
coast. 2nd ed. Harbour, Madeira Park, British Columbia. 320 pp.

Druehl, L.D. 1978. The distribution of Macrocystis integrifolia in British Columbia as related to
environmental parameters. Can. J. Bot. 56:69—79.

Druehl, L.D. & Kemp, L. 1982. Morphological and growth responses of geographically isolated
Macrocystis integrifolia populations when grown in a common environment. Can. J. Bot.
60:1409-13.

Duggins, D., Eckman, J.E., Siddon, C.E. & Klinger, T. 2001. Interactive roles of mesograzers
and current flow in survival of kelps. Mar. Ecol. Prog. Ser. 223:143-55.

Duggins, D.O., Eckman, J.E., Siddon, C.E. & Klinger, T. 2003. Population, morphometric and
biomechanical studies of three understory kelps along a hydrodynamic gradient. Mar.
Ecol. Prog. Ser. 265:57-76.

Dunlap, J.R., Kresovich, S. & McGee, R.E. 1986. The effect of salt concentration on auxin
stability in culture media. Plant Physiol. 81:934—6.

Erner, Y., Biro, R. & Jaffe, M.J. 1980. Thigmomorphogenesis: Evidence for a translocatable
thigmomorphogenetic factor induced by mechanical perturbation of beans (Phaseolus
vulgaris). Physiol. Plant. 50:21-5.

111



Erner, Y. & Jaffe, M.J. 1982. Thigmomorphogenesis: the involvement of auxin and abscisic acid
in growth retardation due to mechanical perturbation. Plant Cell Physiol. 23:935-41.

Floc’h, J.-Y. 1969. First results of a transplant experience in Chondrus crispus (L.) Lyngb. Proc.
Int. Seaweed Symp. 6:171-7.

Foreman, R.E. 1984. Studies on Nereocystis growth in British Columbia, Canada. /n Bird, C. J.
& Ragan, M. A. [Eds.] Eleventh International Seaweed Symposium. Springer
Netherlands, pp. 325-32.

Fowler, J.E. & Quatrano, R.S. 1995. Cell polarity, asymmetric division, and cell fate
determination in brown algal zygotes. Semin. Dev. Biol. 6:347-58.

Fowler-Walker, M.J., Wernberg, T. & Connell, S.D. 2006. Differences in kelp morphology
between wave sheltered and exposed localities: morphologically plastic or fixed traits?
Mar. Biol. 148:755-67.

Fox, J. & Weisberg, S. 2019. An {R} companion to applied regression. 3rd Ed. Sage, Thousand
Oaks, CA. 607 pp.

Friedland, M.T. & Denny, M.W. 1995. Surviving hydrodynamic forces in a wave-swept
environment: consequences of morphology in the feather boa kelp, Egregia menziesii
(Turner). J. Exp. Mar. Biol. Ecol. 190:109-33.

Fritsch, F.E. 1923. The structure and reproduction of the algae. Cambridge University Press,
Cambridge. 939 pp.

Garbary, D.J., Grund, D. & McLachlan, J. 1978. The taxonomic status of Ceramium rubrum
(Huds.) C. Ag. (Ceramiales, Rhodophyceae) based on culture experiments. Phycologia.
17:85-94.

Garner, L.C. & Langton, F.A. 1997. Brushing pansy (Viola tricolor L.) transplants: A flexible,
effective method for controlling plant size. Sci. Hortic. 70:187-95.

Gaylord, B. 2000. Biological implications of surf-zone flow complexity. Limnol. Oceanogr.
45:174-88.

Gaylord, B., Denny, M.W. & Koehl, M.A.R. 2008. Flow forces on seaweeds: field evidence for
roles of wave impingement and organism inertia. Biol. Bull. 215:295-308.

Gerard, V.A. 1982. In situ water motion and nutrient uptake by the giant kelp Macrocystis
pyrifera. Mar. Biol. 69:51-4.

Gerard, V.A. 1987. Hydrodynamic streamlining of Laminaria saccharina Lamour. in response to
mechanical stress. J. Exp. Mar. Biol. Ecol. 107:237-44.

Gerard, V.A. & Mann, K.H. 1979. Growth and production of Laminaria longicruris
(Phaeophyta) populations exposed to different intensities of water movement. J. Phycol.
15:33-41.

Getty, T. 1996. The maintenance of phenotypic plasticity as a signal detection problem. Am. Nat.
148:378-85.

Ghalambor, C.K., McKay, J.K., Carroll, S.P. & Reznick, D.N. 2007. Adaptive versus non-
adaptive phenotypic plasticity and the potential for contemporary adaptation in new
environments. Funct. Ecol. 21:394-407.

Gibert, P., Moreteau, B., David, J.R. & Scheiner, S.M. 1998. Describing the evolution of
reaction norm shape: body pigmentation in Drosophila. Evolution. 52:1501-6.

Gotthard, K. & Nylin, S. 1995. Adaptive plasticity and plasticity as an adaptation: a selective
review of plasticity in animal morphology and life history. Oikos. 74:3.

Graham, L.E., Graham, J.M., Wilcox, L.W. & Cook, M.E. 2017. Algae. 3rd Ed. LJLM Press,
Madison, WI. 688 pp.

112



Graham, M.H. 2004. Effects of local deforestation on the diversity and structure of Southern
California giant kelp forest food webs. Ecosystems. 7:341-57.

Guiry, M.D. & Guiry, G.M. 2021. AlgaeBase. Available At: https://www.algaebase.org.

Gundersen, J.K. & Jorgensen, B.B. 1990. Microstructure of diffusive boundary layers and the
oxygen uptake of the sea floor. Nature. 345:604.

Gus-Mayer, S., Naton, B., Hahlbrock, K. & Schmelzer, E. 1998. Local mechanical stimulation
induces components of the pathogen defense response in parsley. Proc. Natl. Acad. Sci.
U. S. 4. 95:8398—-403.

Gutierrez, L.M. & Ferndndez, C. 1992. Water motion and morphology in Chondrus crispus
(Rhodophyta). J. Phycol. 28:156—62.

Hable, W.E. & Kropf, D.L. 1998. Roles of secretion and the cytoskeleton in cell adhesion and
polarity establishment in Pelvetia compressa zygotes. Dev. Biol. 198:45-56.

Hackney, J.M., Kraemer, G.P., Atalla, R.H., VanderHart, D.L. & Chapman, D.J. 1994. Influence
of hydrodynamic environment on composition and macromolecular organization of
structural polysaccharides in <i>Egregia menziesii<i> cell walls. Planta. 192:461-72.

Hale, B. 2001. Macroalgal materials: foiling fracture and fatigue from fluid forces. PhD,
Stanford, Stanford, 367 pp.

Hamant, O., Heisler, M.G., Jonsson, H., Krupinski, P., Uyttewaal, M., Bokov, P., Corson, F. et
al. 2008. Developmental patterning by mechanical signals in Arabidopsis. Science.
322:1650-5.

Haring, R. & Carpenter, R. 2007. Habitat-induced morphological variation influences
photosynthesis and drag on the marine macroalga Pachydictyon coriaceum. Mar. Biol.
151:243-55.

Hart, L.C. 1982. Auxins as plant growth regulators in the marine alga Pelagophycus porra
(Leman) Setchell (Phaeophyta, Laminariales). PhD, University of Southern California,
Ann Arbor, 271 pp.

Harvell, C.D. 1984. Predator-induced defense in a marine bryozoan. Science. 224:1357-9.

Hebbali, A. 2020. olsrr: tools for building OLS regression models. 0.5.3.

Heisler, M.G., Hamant, O., Krupinski, P., Uyttewaal, M., Ohno, C., Jonsson, H., Traas, J. et al.
2010. Alignment between PIN1 polarity and microtubule orientation in the shoot apical
meristem reveals a tight coupling between morphogenesis and auxin transport. PLoS
Biol. 8:¢1000516.

Henkel, S.K., Hofmann, G.E. & Whitmer, A.C. 2007. Morphological and genetic variation in
Egregia menziesii over a latitudinal gradient. Bot. Mar. 50.

Hodges, J.S. 2013. Richly parameterized linear models: additive, time series, and spatial models
using random effects. 1st edition. Chapman and Hall/CRC, Boca Raton. 469 pp.

Holbrook, N.M., Denny, M.W. & Koehl, M.A.R. 1991. Intertidal “trees”: consequences of
aggregation on the mechanical and photosynthetic properties of sea-palms Postelsia
palmaeformis Ruprecht. J. Exp. Mar. Biol. Ecol. 146:39-67.

Hurd, C.L. 2000. Water motion, marine macroalgal physiology, and production. J. Phycol.
36:453-72.

Hurd, C.L. 2017. Shaken and stirred: the fundamental role of water motion in resource
acquisition and seaweed productivity. Perspect. Phycol. 4:73-81.

Hurd, C.L., Harrison, P.J. & Druehl, L.D. 1996. Effect of seawater velocity on inorganic
nitrogen uptake by morphologically distinct forms of Macrocystis integrifolia from wave-
sheltered and exposed sites. Mar. Biol. 126:205-14.

113



Hurd, C.L. & Pilditch, C.A. 2011. Flow-induced morphological variations affect diffusion
boundary-layer thickness of Macrocystis pyrifera (Heterokontophyta, Laminariales). J.
Phycol. 47:341-51.

Jackelman, J.J. & Bolton, J.J. 1990. Form variation and productivity of an intertidal foliose
Gigartina species (Rhodophyta) in relation to wave exposure. Hydrobiologia. 204:57-64.

Jaffe, M.J. 1973. Thigmomorphogenesis: The response of plant growth and development to
mechanical stimulation: With special reference to Bryonia dioica. Planta. 114:143-57.

Jaffe, M.J., Leopold, A.C. & Staples, R.C. 2002. Thigmo responses in plants and fungi. Am. J.
Bot. 89:375-82.

Janot, K., Hutton, M. & Schram, J. 2012. A tale of two kelps: a survey of the material properties
of Alaria marginata and Saccharina sessilis. Friday Harbour, WA.

Johansen, H.W. 1981. Coralline algae, a first synthesis. CRC Press, Boca Raton. 239 pp.

Johnson, A. & Koehl, M. 1994. Maintenance of dynamic strain similarity and environmental
stress factor in different flow habitats: thallus allometry and material properties of a giant
kelp. J. Exp. Biol. 195:381-410.

Jones, R.S. & Mitchell, C.A. 1989. Clacium ion involvement in growth inhibition of
mechanically stressed soybean (Glycine max) seedlings. Physiol. Plant. 76:598—602.

Jordan, A.J. & Vadas, R.L. 1972. Influence of environmental parameters on intraspecific
variation in Fucus vesiculosus. Mar. Biol. 14:248-52.

Kai, T., Nimura, K., Yasui, H. & Mizuta, H. 2006. Regulation of sorus formation by auxin in
Laminariales sporophyte. J. Appl. Phycol. 18:95.

Kain, J.M. 1987. Patterns of relative growth in Nereocystis luetkeana (Phacophyta). J. Phycol.
23:181-7.

Kaiser, H.F. 1960. The application of electronic computers to factor analysis. Educ. Psychol.
Meas. 20:141-51.

Kalvas, A. & Kautsky, L. 1993. Geographical variation in Fucus vesiculosus morphology in the
Baltic and North Seas. Eur. J. Phycol. 28:85-91.

Kaneko, T., Saito, C., Shimmen, T. & Kikuyama, M. 2005. Possible involvement of
mechanosensitive Ca?" channels of plasma membrane in mechanoperception in Chara.
Plant Cell Physiol. 46:130-5.

Kaneko, T., Takahashi, N. & Kikuyama, M. 2009. Membrane stretching triggers
mechanosensitive Ca?" channel activation in Chara. J. Membr. Biol. 228:33-42.

Karyophyllis, D., Katsaros, C. & Galatis, B. 2000. F-actin involvement in apical cell
morphogenesis of Sphacelaria rigidula (Phaeophyceae): mutual alignment between
cortical actin filaments and cellulose microfibrils. Eur. J. Phycol. 35:195-203.

Katsaros, C., Karyophyllis, D. & Galatis, B. 2003. F-actin cytoskeleton and cell wall
morphogenesis in brown algae. Cell Biol. Int. 27:209-10.

Katsaros, C., Karyophyllis, D. & Galatis, B. 2006. Cytoskeleton and morphogenesis in brown
algae. Ann. Bot. 97:679-93.

Katsaros, C.1., Karyophyllis, D.A. & Galatis, B.D. 2002. Cortical F-actin underlies cellulose
microfibril patterning in brown algal cells. Phycologia. 41:178-83.

Kawamata, S. 2001. Adaptive mechanical tolerance and dislodgement velocity of the kelp
Laminaria japonica in wave-induced water motion. Mar. Ecol. Prog. Ser. 211:89-104.

Kawecki, T.J. & Ebert, D. 2004. Conceptual issues in local adaptation. Ecol. Lett. 7:1225-41.

Keeling, P.J. 2004. Diversity and evolutionary history of plastids and their hosts. Am. J. Bot.
91:1481-93.

114



Keeling, P.J. & Burki, F. 2019. Progress towards the tree of eukaryotes. Curr. Biol. 29:R808—17.

Keren, S. 2020. Modeling tree species count data in the understory and canopy layer of two
mixed old-growth forests in the dinaric region. Forests. 11:531.

Kitzes, J.A. & Denny, M.W. 2005. Red algae respond to waves: morphological and mechanical
variation in Mastocarpus papillatus along a gradient of force. Biol. Bull. 208:114-9.

Kloareg, B. & Quatrano, R. 1988. Structure of the cell walls of marine algae and
ecophysiological functions of the matrix polysaccharides. Oceanogr. Mar. Biol. Annu.
Rev. 26:259-315.

Kliisener, B., Boheim, G., Liss, H., Engelberth, J. & Weiler, E.W. 1995. Gadolinium-sensitive,
voltage-dependent calcium release channels in the endoplasmic reticulum of a higher
plant mechanoreceptor organ. EMBO J. 14:2708—14.

Knight, H. 1999. Calcium signaling during abiotic stress in plants. /nt. Rev. Cytol. 195:269-324.

Knight, M. & Parke, M. 1950. A biological study of Fucus vesiculosus L. and F. serratus L. J.
Mar. Biol. Assoc. U. K. 29:439-514.

Knight, M.R., Smith, S.M. & Trewavas, A.J. 1992. Wind-induced plant motion immediately
increases cytosolic calcium. Proc. Natl. Acad. Sci. U. S. A. 89:4967-71.

Koehl, M.A.R. 1984. How do benthic organisms withstand moving water? Am. Zool. 24:57-70.

Koehl, M.A.R. & Alberte, R.S. 1988. Flow, flapping, and photosynthesis of Nereocystis
leutkeana: a functional comparison of undulate and flat blade morphologies. Mar. Biol.
99:435-44.

Koehl, M.A.R., Silk, W.K., Liang, H. & Mahadevan, L. 2008. How kelp produce blade shapes
suited to different flow regimes: a new wrinkle. Integr. Comp. Biol. 48:834-51.

Koehl, M.A.R. & Wainwright, S.A. 1977. Mechanical adaptations of a giant kelp. Limnol.
Oceanogr. 22:1067-71.

Kraemer, G.P. & Chapman, D.J. 1991a. Effects of tensile force and nutrient availability on
carbon uptake and cell wall synthesis in blades of juvenile Egregia menziesii (Turn.)
Aresch. (Phaeophyta). J. Exp. Mar. Biol. Ecol. 149:267-717.

Kraemer, G.P. & Chapman, D.J. 1991b. Biomechanics and alginic acid composition during
hydrodynamic adaptation by Egregia menziesii (Phacophyta) juveniles. J. Phycol. 27:47—
53.

Kropf, D., Kloareg, B. & Quatrano, R. 1988. Cell wall is required for fixation of the embryonic
axis in Fucus zygotes. Science. 239:187-90.

Kropf, D.L., Berge, S.K. & Quatrano, R.S. 1989. Actin localization during Fucus
embryogenesis. Plant Cell. 1:191-200.

Kropf, D.L., Gibbon, B.C. & Money, N.P. 1995. Role of cytosolic pH in axis establishment and
tip growth. Can. J. Bot. 73:126-30.

Krueger, D.A. & Dodson, S.I. 1981. Embryological induction and predation ecology in Daphnia
pulex. Limnol. Oceanogr. 26:219-23.

Krumhansl, K.A. & Scheibling, R.E. 2012. Production and fate of kelp detritus. Mar. Ecol. Prog.
Ser. 467:281-302.

Kiibler, J.E. & Dudgeon, S.R. 1996. Temperature dependent change in the complexity of form of
Chondrus crispus fronds. J. Exp. Mar. Biol. Ecol. 207:15-24.

Landrein, B. & Ingram, G. 2019. Connected through the force: mechanical signals in plant
development. J. Exp. Bot. 70:3507—19.

115



Lee, D., Polisensky, D.H. & Braam, J. 2005. Genome-wide identification of touch- and darkness-
regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes. New Phytol.
165:429-44.

Legendre, P. 2018. Imodel2: model II regression. 1.7-3.

Leigh, E.G., Paine, R.T., Quinn, J.F. & Suchanek, T.H. 1987. Wave energy and intertidal
productivity. Proc. Natl. Acad. Sci. 84:1314-8.

Lenth, R. 2020. Emmeans: estimated marginal means, aka least-squares means. 1.5.4.

Levins, R. 1963. Theory of fitness in a heterogeneous environment. II. Developmental flexibility
and niche selection. Am. Nat. 97:75-90.

Levitan, D.R., Sewell, M.A. & Chia, F.-S. 1992. How distribution and abundance influence
fertilization success in the sea urchin Strongylocentrotus franciscanus. Ecology. 73:248—
54.

Li, T., Wang, C. & Miao, J. 2007. Identification and quantification of indole-3-acetic acid in the
kelp Laminaria japonica Areschoug and its effect on growth of marine microalgae. J.
Appl. Phycol. 19:479-84.

Liggan, L.M. & Martone, P.T. 2018. Under pressure: biomechanical limitations of developing
pneumatocysts in the bull kelp (Nereocystis luetkeana, Phaeophyceae). J. Phycol.

Lilly, G.R. 1968. Some aspects of the ecology of Irish moss, Chondrus crispus (L.) Stack., in
Newfoundland waters. Fish Res Bd Can Tech Rep. 43.:1-44.

Lotz, L.A.P. & Blom, C.W.P.M. 1986. Plasticity in life-history traits of Plantago major L. ssp.
pleiosperma Pilger. Oecologia. 69:25-30.

Louveaux, M., Julien, J.-D., Mirabet, V., Boudaoud, A. & Hamant, O. 2016. Cell division plane
orientation based on tensile stress in Arabidopsis thaliana. Proc. Natl. Acad. Sci.
113:E4294-303.

Love, J., Brownlee, C. & Trewavas, A.J. 1997. Ca** and calmodulin dynamics during
photopolarization in Fucus serratus zygotes. Plant Physiol. 115:249-61.

Lyman, J. & Fleming, R.H. 1940. Composition of seawater. J. Mar. Res. 3:134—46.

MacFarlane, C.I. 1968. Chondrus crispus Stackh. - A synopsis. Nova Scotia Research
Foundation, Seaweeds Division, Halifax. 48 pp.

Majda, M. & Robert, S. 2018. The role of auxin in cell wall expansion. Int. J. Mol. Sci. 19:951.

Malabarba, J., Reichelt, M., Pasquali, G. & Mithofer, A. 2019. Tendril coiling in grapevine:
jasmonates and a new role for GABA? J. Plant Growth Regul. 38:39—45.

Mann, K.H. 1973. Seaweeds: their productivity and strategy for growth. Science. 182:975-81.

Martone, P.T. 2006. Size, strength and allometry of joints in the articulated coralline
Calliarthron. J. Exp. Biol. 209:1678—-809.

Martone, P.T. 2007. Kelp versus coralline: cellular basis for mechanical strength in the wave-
swept seaweed Calliarthron (Corallinaceae, Rhodophyta). J. Phycol. 43:882-91.

Martone, P.T., Kost, L. & Boller, M. 2012. Drag reduction in wave-swept macroalgae:
alternative strategies and new predictions. Am. J. Bot. 99:806—15.

Menéndez, M.P. & Fernandez, C. 1989. Estructura espacial de dos poblaciones de Chondrus
crispus Stackh. en la costa central de Asturias. Rev Biol Univ Oviedo. 7:59-65.

Mestre, L., Toro-manriquez, M., Soler, R., Huertas-herrera, A., Martinez-pastur, G. & Lencinas,
M.V. 2017. The influence of canopy-layer composition on understory plant diversity in
southern temperate forests. For. Ecosyst. 4:1-13.

116



Michel, G., Tonon, T., Scornet, D., Cock, J.M. & Kloareg, B. 2010. The cell wall polysaccharide
metabolism of the brown alga Ectocarpus siliculosus. Insights into the evolution of
extracellular matrix polysaccharides in Eukaryotes. New Phytol. 188:82-97.

Miller, R.J., Lafferty, K.D., Lamy, T., Kui, L., Rassweiler, A. & Reed, D.C. 2018. Giant kelp,
Macrocystis pyrifera , increases faunal diversity through physical engineering. Proc. R.
Soc. B Biol. Sci. 285:20172571.

Miller, R.J., Reed, D.C. & Brzezinski, M.A. 2011. Partitioning of primary production among
giant kelp (Macrocystis pyrifera), understory macroalgae, and phytoplankton on a
temperate reef. Limnol. Oceanogr. 56:119-32.

Miller, S.M., Hurd, C.L. & Wing, S.R. 2011. Variations in growth, erosion, productivity, and
morphology of Ecklonia radiata (Alariaceae; Laminariales) along a fjord in southern
New Zealand. J. Phycol. 47:505-16.

Milligan, K.L.D. & DeWreede, R.E. 2000. Variations in holdfast attachment mechanics with
developmental stage, substratum-type, season, and wave-exposure for the intertidal kelp
species Hedophyllum sessile (C. Agardh) Setchell. J. Exp. Mar. Biol. Ecol. 254:189-2009.

Milligan, K.L.D. & DeWreede, R.E. 2004. Morphological variations do not effectively reduce
drag forces at high wave-exposure for the macroalgal species, Hedophyllum sessile
(Laminariales, Phaeophyta). Phycologia. 43:236—44.

Mitchell, C.A. 1977. Influence of mechanical stress on auxin-stimulated growth of excised pea
stem sections. Physiol. Plant. 41:129-34.

Molis, M., Scrosati, R.A., El-Belely, E.F., Lesniowski, T.J. & Wahl, M. 2015. Wave-induced
changes in seaweed toughness entail plastic modifications in snail traits maintaining
consumption efficacy. J. Ecol. 103:851-9.

Monshausen, G.B. & Gilroy, S. 2009. Feeling green: mechanosensing in plants. 7rends Cell
Biol. 19:228-35.

Monshausen, G.B. & Haswell, E.S. 2013. A force of nature: molecular mechanisms of
mechanoperception in plants. J. Exp. Bot. 64:4663—80.

Morin, J.P., Moreteau, B., Pétavy, G., Parkash, R. & David, J.R. 1997. Reaction norms of
morphological traits in Drosophila: adaptive shape changes in a stenotherm
circumtropical species? Evolution. 51:1140-8.

Moulia, B., Coutand, C. & Julien, J.-L. 2015. Mechanosensitive control of plant growth: bearing
the load, sensing, transducing, and responding. Front. Plant Sci. 6:52.

Mueller, R., Fischer, A.M., Bolch, C.J.S. & Wright, J.T. 2015. Environmental correlates of
phenotypic variation: do variable tidal regimes influence morphology in intertidal
seaweeds? J. Phycol. 51:859-71.

Murren, C.J., Auld, J.R., Callahan, H., Ghalambor, C.K., Handelsman, C.A., Heskel, M.A.,
Kingsolver, J.G. et al. 2015. Constraints on the evolution of phenotypic plasticity: limits
and costs of phenotype and plasticity. Heredity. 115:293-301.

Nakagawa, Y., Katagiri, T., Shinozaki, K., Qi, Z., Tatsumi, H., Furuichi, T., Kishigami, A. et al.
2007. Arabidopsis plasma membrane protein crucial for Ca** influx and touch sensing in
roots. Proc. Natl. Acad. Sci. 104:3639—-44.

Nicholson, N.L. 1970. Field studies on the giant kelp Nereocystis. J. Phycol. 6:177-82.

Nicholson, N.L. & Briggs, W.R. 1972. Translocation of photosynthate in the brown alga
Nereocystis. Am. J. Bot. 59:97.

Norton, T.A. 1969. Growth form and environment in Saccorhiza polyschides. J. Mar. Biol.
Assoc. UK. 49:1025-45.

117



Norton, T.A. 1970. Synopsis of biological data on Saccorhiza polyschides.

Nussey, D.H., Postma, E., Gienapp, P. & Visser, M.E. 2005. Selection on heritable phenotypic
plasticity in a wild bird population. Science. 310:304—6.

Pace, D.R. 1972. Polymorphism in Macrocystis integrifolia Bory in relation to water motion. MS
Thesis, University of British Columbia, Vancouver, 72 pp.

Padilla, D.K. & Adolph, S.C. 1996. Plastic inducible morphologies are not always adaptive: the
importance of time delays in a stochastic environment. Evol. Ecol. 10:105-17.

Palmer, A.R. 1990. Effect of crab effluent and scent of damaged conspecifics on feeding,
growth, and shell morphology of the Atlantic dogwhelk Nucella lapillus (L.). In
Johannesson, K., Raffaelli, D. G. & Ellis, C. J. H. [Eds.] Progress in Littorinid and
Muricid Biology. Springer Netherlands, pp. 155-82.

Pearson, G.A., Serrdao, E.A. & Brawley, S.H. 1998. Control of gamete release in Fucoid algae:
sensing hydrodynamic conditions via carbon acquisition. Ecology. 79:1725-39.

Pennington, J.T. 1985. The ecology of fertilization of echinoid eggs: the consequences of sperm
dilution, adult aggregation, and synchronous spawning. Biol. Bull. 169:417-30.

Perochon, A., Aldon, D., Galaud, J.-P. & Ranty, B. 2011. Calmodulin and calmodulin-like
proteins in plant calcium signaling. Biochimie. 93:2048-53.

Picton, J.M. & Steer, M.W. 1983. Evidence for the role of Ca®" ions in tip extension in pollen
tubes. Protoplasma. 115:11-7.

Pigliucci, M. 2001. Phenotypic plasticity: beyond nature and nurture. Johns Hopkins University
Press, Baltimore. 328 pp.

Pigliucci, M., Whitton, J. & Schlichting, C.D. 1995. Reaction norms of Arabidopsis. 1. Plasticity
of characters and correlations across water, nutrient and light gradients. J. Evol. Biol.
8:421-38.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & R Core Team 2020. nlme: linear and nonlinear
mixed effects models. 3.1-152.

Pueschel, C.M. 1977. A freeze-etch study of the ultrastructure of red algal pit plugs.
Protoplasma. 91:15-30.

Quatrano, R.S. & Shaw, S.L. 1997. Role of the cell wall in the determination of cell polarity and
the plane of cell division in Fucus embryos. Trends Plant Sci. 2:15-21.

R Core Team 2021. R: a language and environment for statistical computing. 4.0.4. R
Foundation for Statistical Computing, Vienna.

Rabillé, H., Billoud, B., Tesson, B., Panse, S.L., Rolland, E. & Charrier, B. 2019. The brown
algal mode of tip growth: Keeping stress under control. PLoS Biol. 17.

Ragazzola, F., Foster, L.C., Form, A.U., Biischer, J., Hansteen, T.H. & Fietzke, J. 2013.
Phenotypic plasticity of coralline algae in a high CO; world. Ecol. Evol. 3:3436—46.

Rasband, W. 2021. ImagelJ. 1.53i. U. S. National Institutes of Health, Bethesda.

Rayle, D.L. & Cleland, R.E. 1992. The Acid Growth Theory of auxin-induced cell elongation is
alive and well. Plant Physiol. 99:1271-4.

Reed, D.C., Rassweiler, A. & Arkema, K.K. 2008. Biomass rather than growth rate determines
variation in net primary production by giant kelp. Ecology. 89:2493-505.

Reed, T.E., Waples, R.S., Schindler, D.E., Hard, J.J. & Kinnison, M.T. 2010. Phenotypic
plasticity and population viability: the importance of environmental predictability. Proc.
R. Soc. Lond. B Biol. Sci. 277:3391-400.

Relyea, R.A. 2002. Costs of phenotypic plasticity. Am. Nat. 159:272-82.

118



Reznick, D.N. 1990. Plasticity in age and size at maturity in male guppies (Poecilia reticulata):
an experimental evaluation of alternative models of development. J. Evol. Biol. 3:185—
203.

Rice, E.L., Kenchington, T.J. & Chapman, A.R.O. 1985. Intraspecific geographic-morphological
variation patterns in Fucus distichus and F. evanescens. Mar. Biol. 88:207-15.

Richter, S., Kipfer, T., Wohlgemuth, T., Guerrero, C.C., Ghazoul, J. & Moser, B. 2012.
Phenotypic plasticity facilitates resistance to climate change in a highly variable
environment. Oecologia. 169:269-79.

Rigg, G.B. 1912. Notes on the ecology and economic importance of Nereocystis luetkeana: a
contribution from the Puget Sound Marine Station. Plant World. 15:83-92.

Roberson, L.M. & Coyer, J.A. 2004. Variation in blade morphology of the kelp Eisenia arborea:
incipient speciation due to local water motion? Mar. Ecol. Prog. Ser. 282:115-28.

Sampathkumar, A., Krupinski, P., Wightman, R., Milani, P., Berquand, A., Boudaoud, A.,
Hamant, O. et al. 2014a. Subcellular and supracellular mechanical stress prescribes
cytoskeleton behavior in Arabidopsis cotyledon pavement cells. Elife. 3:¢01967.

Sampathkumar, A., Yan, A., Krupinski, P. & Meyerowitz, E.M. 2014b. Physical forces regulate
plant development and morphogenesis. Curr. Biol. 24:R475-83.

Schlichting, C. & Pigliucci, M. 1998. Phenotypic evolution: a reaction norm perspective.
Sinauer, Sunderland. 387 pp.

Schlichting, C.D. & Smith, H. 2002. Phenotypic plasticity: linking molecular mechanisms with
evolutionary outcomes. Evol. Ecol. 16:189-211.

Schmitz, K. & Lobban, C.S. 1976. A survey of translocation in Laminariales (Phaeophyceae).
Mar. Biol. 36:207—16.

Shaffer, A. 2004. Preferential use of nearshore kelp habitats by juvenile salmon and forage fish.
In Proceedings of the 2003 Georgia Basin/Puget Sound Research Conference. pp. 1-11.

Shaughnessy, F.J. 2004. Contrasting patterns of allometry and realized plasticity in the sister
species Mazzaella splendens and Mazzaella linearis (Rhodophyta). J. Phycol. 40:846-56.

Sheth, S.N. & Angert, A.L. 2014. The evolution of environmental tolerance and range size: a
comparison of geographically restricted and widespread Mimulus. Evolution. 68:2917—
31.

Siddon, E.C., Siddon, C.E. & Stekoll, M.S. 2008. Community level effects of Nereocystis
luetkeana in southeastern Alaska. J. Exp. Mar. Biol. Ecol. 361:8-15.

Sideman, E.J. & Mathieson, A.C. 1983. The growth, reproductive phenology, and longevity of
non-tide-pool Fucus distichus (L.) Powell in New England. J. Exp. Mar. Biol. Ecol.
68:111-27.

Sideman, E.J. & Mathieson, A.C. 1985. Morphological variation within and between natural
populations of non-tide pool Fucus distichus (Phaecophyta) in New England. J. Phycol.
21:250-7.

Smith, H. 1990. Signal perception, differential expression within multigene families and the
molecular basis of phenotypic plasticity. Plant Cell Environ. 13:585-94.

Smith-Gill, S.J. 1983. Developmental plasticity: developmental conversion versus phenotypic
modulation. Am. Zool. 23:47-55.

South, G.R. & Hay, C.H. 1979. Influence of wave action and latitude on morphology and
standing crop of New Zealand Durvillaea antarctica (Chamisso) Hariot (Phaeophyta,
Durvilleales). J. R. Soc. N. Z. 9:289-96.

119



Starko, S., Claman, B.Z. & Martone, P.T. 2014. Biomechanical consequences of branching in
flexible wave-swept macroalgae. New Phytol.

Starko, S., Mansfield, S.D. & Martone, P.T. 2018. Cell wall chemistry and tissue structure
underlie shifts in material properties of a perennial kelp. Eur. J. Phycol. 1-11.

Starko, S. & Martone, P.T. 2016a. An empirical test of ‘universal’ biomass scaling relationships
in kelps: evidence of convergence with seed plants. New Phytol. 212:719-29.

Starko, S. & Martone, P.T. 2016b. Evidence of an evolutionary-developmental trade-off between
drag avoidance and tolerance strategies in wave-swept intertidal kelps (Laminariales,
Phaeophyceae). J. Phycol. 52:54—63.

Stearns, S.C. 1989. The evolutionary significance of phenotypic plasticity. BioScience. 39:436—
45.

Steneck, R.B. & Adey, W.H. 1976. The role of environment in control of morphology in
Lithophyllum congestum, a Caribbean algal ridge builder. Bot. Mar. 19:197-215.

Steneck, R.S., Graham, M.H., Bourque, B.J., Corbett, D., Erlandson, J.M., Estes, J.A. & Tegner,
M.J. 2002. Kelp forest ecosystems: biodiversity, stability, resilience and future. Environ.
Conserv. 29:436-59.

Stewart, H.L. 2006. Morphological variation and phenotypic plasticity of buoyancy in the
macroalga Turbinaria ornata across a barrier reef. Mar. Biol. 149:721-30.

Sundene, O. 1964. The ecology of Laminaria digitata in Norway in view of transplant
experiments. Nor. J. Bot. 11:83-107.

Supratya, V.P., Coleman, L.J.M. & Martone, P.T. 2020. Elevated temperature affects phenotypic
plasticity in the bull kelp ( Nereocystis luetkeana , Phacophyceae). J. Phycol. 56:1534—
41.

Taiz, L. & Zeiger, E. 2010. Plant physiology. 5th ed. Sinauer Associates, Sunderland, MA. 782
pp.

Tarakhovskaya, E.R., Maslov, Y.I. & Shishova, M.F. 2007. Phytohormones in algae. Russ. J.
Plant Physiol. 54:163-70.

Tatarenkov, A., Jonsson, R.B., Kautsky, L. & Johannesson, K. 2007. Genetic structure in
populations of Fucus vesiculosus (Phaeophyceae) over spatial scales from 10 m to 800
km. J. Phycol. 43:675-85.

Taylor, A.R., Manison, N.F., Fernandez, C., Wood, J. & Brownlee, C. 1996. Spatial organization
of calcium signaling involved in cell volume control in the Fucus rhizoid. Plant Cell.
8:2015-31.

Teagle, H., Hawkins, S.J., Moore, P.J. & Smale, D.A. 2017. The role of kelp species as biogenic
habitat formers in coastal marine ecosystems. J. Exp. Mar. Biol. Ecol. 492:81-98.

Telewski, F.W. 2006. A unified hypothesis of mechanoperception in plants. Am. J. Bot.
93:1466-76.

Telewski, F.W. & Jaffe, M.J. 1986. Thigmomorphogenesis: Anatomical, morphological and
mechanical analysis of genetically different sibs of Pinus taeda in response to mechanical
perturbation. Physiol. Plant. 66:219-26.

Terauchi, M., Nagasato, C., Inoue, A., Ito, T. & Motomura, T. 2016. Distribution of alginate and
cellulose and regulatory role of calcium in the cell wall of the brown alga Ectocarpus
siliculosus (Ectocarpales, Phaeophyceae). Planta. 244:361-77.

Terauchi, M., Nagasato, C. & Motomura, T. 2015. Plasmodesmata of brown algae. J. Plant Res.
128:7-15.

120



Tesson, B. & Charrier, B. 2014. Brown algal morphogenesis: atomic force microscopy as a tool
to study the role of mechanical forces. Front. Plant Sci. 5.

Toriyama, H. & Jaffe, M.J. 1972. Migration of calcium and its role in the regulation of
seismonasty in the motor cell of Mimosa pudica 1. Plant Physiol. 49:72-81.

Travis, J. 1994. Evaluating the adaptive role of morphological plasticity. /n Wainwright, P. C. &
Reilly, S. M. [Eds.] Ecological Morphology. University of Chicago Press, Chicago, pp.
99-122.

Trewavas, A. & Knight, M. 1994. Mechanical signalling, calcium and plant form. Plant Mol.
Biol. 26:1329-41.

Van Kleunen, M. & Fischer, M. 2005. Constraints on the evolution of adaptive phenotypic
plasticity in plants. New Phytol. 166:49—60.

Van Overbeek, J. 1940. Auxin in marine plants. II. Bot. Gaz. 101:940-7.

Van Tienderen, P.H. 1997. Generalists, specialists, and the evolution of phenotypic plasticity in
sympatric populations of distinct species. Evolution. 51:1372-80.

Verret, F., Wheeler, G., Taylor, A.R., Farnham, G. & Brownlee, C. 2010. Calcium channels in
photosynthetic eukaryotes: implications for evolution of calcium-based signalling:
Tansley review. New Phytol. 187:23—43.

Via, S., Gomulkiewicz, R., De Jong, G., Scheiner, S.M., Schlichting, C.D. & Van Tienderen,
P.H. 1995. Adaptive phenotypic plasticity: consensus and controversy. Trends Ecol. Evol.
10:212-7.

Via, S. & Lande, R. 1985. Genotype-environment interaction and the evolution of phenotypic
plasticity. Evolution. 39:505-22.

Vogel, S. 1984. Drag and flexibility in sessile organisms. Am. Zool. 24:37—44.

Vogel, S. 1996. Life in moving fluids: the physical biology of flow. 2nd ed. Princeton University
Press, Princeton. 486 pp.

Wang, X.L., Feng, Y. & Swail, V.R. 2014. Changes in global ocean wave heights as projected
using multimodel CMIPS5 simulations. Geophys. Res. Lett. 41:1026-34.

Wheeler, W.N. 1980. Effect of boundary layer transport on the fixation of carbon by the giant
kelp Macrocystis pyrifera. Mar. Biol. 56:103—10.

White, P.J. 2000. Calcium channels in higher plants. Biochem. Biophys. Acta. 1465:171-809.

Wilken, D.H. 1977. Local differentiation for phenotypic plasticity in the annual Collomia
linearis (Polemoniaceae). Syst. Bot. 2:99-108.

Wolcott, B.D. 2007. Mechanical size limitation and life-history strategy of an intertidal seaweed.
Mar. Ecol. Prog. Ser. 338:1-10.

Wolf, S., Hématy, K. & Hofte, H. 2012. Growth control and cell wall signaling in plants. Annu.
Rev. Plant Biol. 63:381-407.

Woltereck, R. 1909. Weitere experimentelle untersuchungen iiber artveranderung, speziell {iber
das wesen quantitativer artunterscheide by daphniden. Verhandlungender Dtsch. Zool.
Ges. 19:110-92.

Yamakawa, T., Kurahashi, O., Ishida, K., Kato, S., Kodama, T. & Minoda, Y. 1979. Stability of
indole-3-acetic acid to autoclaving, aeration and light illumination. Agric Biol Chem.
43:879-80.

Ye, N., Zhang, X., Miao, M., Fan, X., Zheng, Y., Xu, D., Wang, J. et al. 2015. Saccharina
genomes provide novel insight into kelp biology. Nat. Commun. 6:6986.

Young, [.R., Zieger, S. & Babanin, A.V. 2011. Global trends in wind speed and wave height.
Science. 332:451-5.

121



Zangerl, A.R. & Bazzaz, F.A. 1983. Plasticity and genotypic variation in photosynthetic
behavior of an early and a late successional species of Polygonum. Oecologia. 57:270-3.
Zeileis, A. & Hothorn, T. 2002. Diagnostic checking in regression relationships. R News. 2:7-10.

122



Appendices

Appendix A — Supplementary Information for Chapter 2

Table A1: ANOVA table for model of change in stress from stress magnitude experiment

Response Explanatory df SumSq MeanSq F p
Weight 1 64.3 64.3 2.81 0.13

Change in stress Kelp 3 130.6 43.5 1.91 0.20
Weight:Kelp 3 37.3 12.4 0.54 0.66

Residuals 9 205.6 22.8

Table A2: ANOVA tables for load magnitude experiment (with stress as predictor)

Response Explanatory df SumSq MeanSq F p
Stress 1 54.1 54.1 17.3 0.001

Change in blade length Kelp 3 12.7 4.22 1.35 0.30

(ALp) Stress:Kelp 3 12.1 4.02 1.29 0.32

Residuals 13 40.6 3.12

Stress 1 115.8 115.8 30.8 <0.001
Change in blade width Kelp 3 29.9 9.95 2.65 0.093
(AWB) Stress:Kelp 3 21.6 7.20 1.92 0.18

Residuals 13 488 3.75

Stress 1 2.94 2.94 0.60 0.45
Kelp 3 6.00 2.00 0.41 0.75
Stress:Kelp 3 6.67 2.22 046 0.72
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Change in blade thickness Residuals 13 633 4.87
(AT)
Stress 1 2.37 2.37 10.0 0.007
Change in ruffle Kelp 3 2.72 0.91 3.83 0.036
(AR) Stress:Kelp 3 0.17 0.058 0.25 0.86
Residuals 13 3.08 0.24
Stress 1 18.5 18.5 7.90 0.015
Change in blade wet mass Kelp 3 11.8 3.94 1.68 0.22
(AMg) Stress:Kelp 3 3.18 1.06 0.45 0.72
Residuals 13 304 2.33
Stress 1 20.4 20.4 5.55 0.035
Change in blade area Kelp 3 24.1 8.02 2.18 0.14
(A4B) Stress:Kelp 3 26.7 8.90 242 0.11
Residuals 13 478 3.68
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Fig. Al. Change in stress experienced by Nereocystis blades at 10 cm from the origin over the course of
experimental growth periods expressed as a function of weight applied.
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Fig. A2. Change in morphological characters of Nereocystis blades expressed as functions of mean stress
applied during load magnitude experiment. OLS regression lines indicate a statistically significant
relationship between mean stress and the specified response variable. Change in blade length = ALg; change
in blade width = AW3s; change in blade midline thickness = AT; change in blade ruffle = AR; change in blade
wet mass = AMs; change in blade area = AA4s.
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Fig. A3. Change in morphological characters of kelp tissue samples used in load direction experiment
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expressed as functions of weight and orientation. Change in tissue length = ALs; change in tissue width =
AWs; change in tissue area = A4s; change in tissue wet weight = AMs. Lowercase letters denote significantly

different groups as indicated by a Tukey-Kramer post-hoc test.
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Fig. A4. Mean meristoderm cell morphological characters of kelp tissue samples used in load direction
experiment expressed as functions of weight and orientation. Mean cell length = ALc; mean cell width = AWc;
mean cell area = AAc. Lowercase letters denote significantly different groups as indicated by a Tukey-
Kramer post-hoc test.
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Fig. AS. Density plots of (A) lengths and (B) widths of Nereocystis meristoderm cells as functions of weight

and orientation applied during load direction experiment.
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Appendix B — Supplementary Information for Chapter 3
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Fig. B1. Change in morphological variables of Nereocystis tissue disks expressed as functions of NAA

concentration.
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Appendix C — Supplementary Information for Chapter 4
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Fig. C1. Change in morphological characteristics of surviving Macrocystis pyrifera from calcium exclusion
experiment expressed as functions of weight applied.
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Fig. C2. Change in morphological characteristics of surviving Macrocystis pyrifera from calcium gradient
experiment expressed as functions of weight applied and calcium concentration.
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