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ABSTRACT

The kelp Eisenia arborea displays two widely different morphologies that are correlated
with the local flow environment: in high flow areas, blades are narrow and flat; in low
flow areas, blades are wider and bumpy. It has been suggested that these morphological
differences are adaptations to water flow around the blades; bumps are thought to
generate turbulence even under low flow conditions when nutrient transport limitation
can be an important factor in the growth and survivorship of individuals. To test if a
particular morph offers some advantage or disadvantage to an individual, a series of
multi-disciplinary studies were conducted: (1) Reciprocal transplants of each
morphotype were made between high and low flow environments in the field and their
morphology, growth rate, and survivorship were followed over time; (2) The effect of
blade morphology on nutrient transport rates to blades was measured using an acoustic
doppler velocimeter on freshly collected blades in the laboratory; (3) The effect of water
motion on the photosynthetic performance of intact blades was measured using a PAM
(Pulse Amplitude Modulation) fluorometer; and (4) Genetic similarity of the two morphs
was tested using M13 DNA fingerprinting. It was found that low flow plants perform
better (i.e., have a higher growth rate) than the high flow morph when grown in low flow
environments. This corresponds with the higher transport rates and enhanced
photosynthetic performance seen in the low flow morph under low flow conditions. The

genetic analysis revealed that the two morphs represented two separate populations,



despite their close association in the field. Taken as a whole, these data suggest that
nutrient transport plays an integral role in the relationship between morphology and water
flow in kelps, providing evidence that water motion may be a strong selective force in

kelp evolution.



Acknowledgments

The work presented in this volume could not have been completed without the
assistance and support of many people and institutions. My advisor, Mark Denny,
provided the ideal working environment for nurturing independent growth and
encourages his students to develop and pursue their own ideas, even if it involves things
like molecular biology, while still keeping their feet planted firmly on solid ground (or at
least as far as hard-headed students would allow). His diplomatic skills are legendary
and have saved me from certain ruin on numerous occasions. Most of all, his patience
and love of science have made my many years in graduate school truly inspiring and
satisfying. I must not forget also (and cannot forget) that it was Mark who taught me the
true value of a good pun.

The Denny Lab, especially the current residents (Joanna Nelson, Luke Hunt,
Moose O’Donnell, Chris Harley, and Elizabeth Nelson) have been supportive even
during the most trying times of the writing phase of my thesis. Joanna Nelson has
inspired me to do whatever I believe in, especially if it has to do with volleyball on a
sunny day. Luke Miller, Ben Hale, Dale Stokes, and Kristina Mead have been very
gracious and tolerant office mates over the years, despite the range of musical
experiences and lack of order I subjected them to. I thank Brian Gaylord for helping me
to get up and running in the lab when I was making my first feeble attempts at electronic

wiring and time series analysis, and for many great discussions about science and the use

of chewing gum and bailing wire.



vii

The staff of Hopkins Marine Station have been a real pleasure to interact with and
have not only provided many essential services but have educated me on the proper way
of working in academia. John Lee taught me how to use a mill, lathe, and electronic
equipment, as well as the joys of KPIG and volleyball, all of which were essential
components of my thesis work at Hopkins; Chris Patton generously shared his expertise
in photography, Corel Draw, and most importantly, the use of capsaicin and theobromine;
Judy Thompson worked incredibly hard to make the station run smoothly and efficiently,
and has the best chiles this side of the Mason-Dixon line; Joe Wible provided
incomparable library service and great company on CIRP cruises; Susie Harris helped me
to get books and articles, to keep me smiling, and is just plain cute; Freya Sommer was
the efficient and capable head of the HMS dive program and helped me through some
sticky situations; Sharon Pagni was a very capable news correspondent for the Hopkins
community and a good friend; Nick White provided advice and help with plumbing,
carpentry, and bad jokes; and Jasper Hinton provided many late night discussions about
world peace and the meaning of life.

I thank the unselfish members of The Lab Formerly Known as Alberte: Jim
Coyer, Dick Zimmerman, Jason Smith, and Don Kohrs. I thank Jim also for helping me
to see, hear, and taste the world first hand and in a whole new light. I dare not think what
graduate school would have been like without stroopwafels.

My thesis committee has been an incredibly supportive and helpful group. Paul
Levine was always cordial even when presented with a load of work at the last minute.
He was also an excellent source for really bad jokes and great books. George Somero has

given me lots of free advice that has actually been quite useful. Interactions with George



viil

were always graced by his wonderful sense of humor. Jeff Koseff willingly shared his
precious free time and engineering wisdom, and exhibited much patience with “biologist
types.” Jeff gets extra thanks for technical advice and support, and for his horrific puns,
along with his connections to John Crimaldi. Todd Cowen, Steve Monismith, and the
Environmental Fluid Mechanics Lab at Stanford main campus.

The USC marine lab (Wrigley Institute for Environmental Studies) provided
support for the collections and field studies. In particular, I thank Tony Michaels and his
staff (Cyd Yonkers, Gina Long, Randy and Steve), including the Catalina hyperbaric
chamber crew (led by the inimitable Karl Huggins), for their assistance. The captain and
crew of the R/V Sea Watch taught me the true meaning of the words “too late.”

Many special thanks to Jack Engle and the crew of the R/V Cormorant for travel
to and samples/data from San Clemente and Santa Catalina Islands. More generous.
kind, and helpful people than these, [ do not know.

[ would like to thank all the dive buddies over the years, too numerous to
mention, but special thanks go to Sean The Ladies Man Anderson, Robert The Monkey
Sahaghian, Jeff Schinske, Lady Barbara, Jack Poppa Caps Malone, the Catalina
Hyperbaric Chamber crew, the Santa Cruz crew, the Monterey Bay Aquarium volunteers
and dive officers. and members of the Denny lab.

[ am thankful for my old roomie, also known as The World’s Best Roomie, Lisa
Cameron, for her unwaivering support and friendship; for my parents for over 30 years of
unwaivering love, support, and truck loads of fresh fruit; for my extraordinary inlaws for

their love, encouragement, and inspiration; and my husband for his love, distractions, his



1X

good example, his love of all things spicy, and his gradual shift from gentle moming
person to a wild night person due to the extreme nocturnal habits of his wife.

[ also would like to express my most sincere and deep gratitude for the assistance
and support provided by my colleagues and friends at my undergraduate institution, Cal
State Northridge. Bob Carpenter, Maria Elena Zavala, Larry Allen, and Pete Edmunds
helped me to follow my dreams, and made it possible for me to realize them.

Financial support for this work was provided by generous grants to LM Roberson
from the Howard Hughes Medical Institute, Department of Biological Sciences at
Stanford University, Myers Oceanographic and Marine Biology Trust, Sigma Xi (Grants
in Aid), CenCal Diving Club, USC Wrigley Institute of Environmental Studies (Student
Fellowships), Miller Student Fellowship Fund, Benson Graduate Research Grants in
Systematics and Comparative Biology, as well as National Science Foundation and

Packard Foundation Grants to MW Denny.

“Do geese see god?”
-Anonymous palindrome



Contents

A DS AC e v
Acknowledgments ... .. ... aee vi
Listof Tables ... .. e XIiv
Listof Figures ... et XVl
Nomenclature ... ... . e e XX
Introduction .. ... s 1
Chapter 1 - The biology of Eisenia arborea in Southern California ................... 4
ADSITACT ... e e 5

LD Introduction ..o e e e eas 6

1.2 Methods .. ... e 7

1.2.1 Santa Catalina Island and study areas ............................ ... 7

1.2.2 MOrphometriCs ..... ... el 8

1.2.3 Physical factors ... i 11

1.2.3a Field flow ..o e e 11

1.2.3b Temperature and nutrients ................cceevieeeeenn... 12

1.2.3c Lightlevels ... ... e 13

1.2.4 Matenal properties and attachment strengths ...................... 14

1.3 ReSUIS .. e et 15

1.3.1  Morphometrics ... ... it 15

1.3.2 Physical factors ... 16

1.3.2a Field flow ... ..o 16

1.3.2b Temperature and nutnients .............ccooovieemnemnmnnen.. 17

1.3.2c Lightlevels ....... ... 18

1.3.3 Material properties and attachment strengths ..................... 19

1.4 DISCUSSION . ..ottt et e e e e ee e e 19

Literature Cated ..o e e e 24



xi

Chapter 2 - Variation in blade morphology of the kelp Eisenia arborea: Phenotypic

plasticity or inherited trait? .................... ... 47
ADSITACE . ..ot e 48
2.1 InroduCtion ..........oceiinimniiiiiii e 49
2.2 MethOdS ......oonninitiiiiii e e 51

2.2.1 Genetic analysis ...........coeiiiinininie i 51
2.2.2 Reciprocal Transplant .................cooooeiiininininieiinii 52
2.23 Laboratory Culture ..............coooeuemmeunensnaaeses e 54
224 Common Garden ...............ooeiiuiniiniinienieeiee 55
23 ReSUIS.....ooniii e 55
2.3.1 Genetic analysis ..........ouuveuiuiinineneoniee e, 55
2.3.2 Reciprocal Transplant ..............c.cooovuneninmeneinee. 56
2.3.3 Laboratory culture .............ccooouoimiinininiei e 57
234 Common Garden ............cooeeuieininiiniiniii 57
2.4 DISCUSSION ....uunninniine it e 58
Literature Cited ...........ooieiiiiii e, 63

Chapter 3 - Does shape really matter? Fitness consequences of blade polymorphism

inthe kelp Eiseniaarborea ...............................oovueueimumenimiiii 89
ADSITACE ...t 90
3.1 INtroduction ...........couieniimiiiiiii i 91
3.2 MethOdS .....nininiiie i e 93

3.2.1 Reciprocal transplants ...............ccooeeumeinininoeni 93
3.2.2 Survivorship and Abundance .........................oo L 94
3.23 Common garden ..............ceeeiiiiniinieniiiiee e 95
3.2.4 Laboratory transplants ..................ooovunininiiiiiiii 96
3.3 Results c.oeen e 96
3.3.1 Reciprocal transplants ..............ccocoeveiiininmeninis . 97
3.3.2 Survivorship and Abundance ................cocoiiiniiniii 97

333 Common garden .............coevuininiininiiii L 98



xii

3.3.4 Laboratory transplants ..............0.cccooeeemneemneieeiiii 99

3.4 DHSCUSSION ....ouviiniiiiiiiieie et e 99
Literature Cited ..........ooooiimiiiiiii e, 102
Chapter 4 - The relationship between boundary layers and morphology: How blade
morphology in the kelp Eisenia arborea modulates nutrientflux ..................... 112
ADSITACE ..ot 113
4.1 INtroduCtion ............coiiiiiiiiiiiii e 114
4.2 TREOTY ..ottt e e e e 115
4.2.1 Boundary layers ..............ocooeiuiiiiiiiiieeeee e, 116

422 Thelawofthewall ............ooooiiniiiiiiiinniiiii, 119

423 Prandtlmixinglength ..............o.oooiiiiiiini 122

4.3 Methods ........oeniiiiiiiii e 125
4.3.1 Dyeretention ime ...............cevvuiineoneenenneseneeenenannnn.. 126

4.3.2 Flow visualization ................coeuvninemensonaeneiieeeeein, 127

4.3.3 Boundary layer velocity profiles ................oovuevevnonenninn, 128

4.3.4 Nutrient transport calculations ....................ooooveeeeeeii o, 132

4.4 ReSUIS ... 140
4.4.1 Dyeretention time .............oeumeneneeemnemaineinie 140

4.42 Flow visualization ...................oooeoviinoniinni 140

4.43 Boundary layer velocity profiles ................oooevemeineennonn, 140

4.4.4 Nutrient transport calculations ..................................... 143

4.5 DISCUSSION «..evtiinniiiiiii e e 146
Literature Cited ............cooooiiiiiiiiiiii it 152

Chapter S - The effect of blade morphology and water flow on photosynthesis in

Eisenia arborea ....
Abstract ....

.............................................................................

.............................................................................



xiii

S5.1.1  TREOTY e et aeaae 187

5.2 MethOdS ....c.onnniiniiiii it eaens 190

5.2.1 Chamber Studies ..........ccoeveeiniiieineiiiieniiieienennenn 190

5.2.1a Concentration manipulation ..............c.ccccveeeneen.... 196

5.2.1b Mixing manipulation ..........c..coceviiiiiiinnnennenn.... 199

522 Flumestudies .........ccovuviniiniineiiiiriiiiiiiiiieeeeenenens 199

S3 RESUIS .o 202

53.1 Chamberstudies .........c..coevvvieeiemiiiiiiiiiiiiiiiiieeienenene, 202
5.3.1a Concentration manipulation ..............c...ccevuvvenenn.n. 202
5.3.1b Mixing manipulation ..........ccccoeeeiiiiiiiiiiiiiininan., 204

53.2 Flumestudies .........coveuininiiniiiniiiiiiiiiiieeeneenennnnn. 204

5.4 DISCUSSION ....uonniniitiiiiit ittt e et e eenees 205
Literature Cited ...... ..o 211
Summary and Conclusion ........... ... ..., 236
Biblographly ... e 240
Appendix A —Power SPectrum ..............cooiiiiiniiiiiiiiiiii i 256
Appendix B — Calculating the error of estimates ....................................... 258
Appendix C — Carbonate equilibria ...................................... 260

Appendix D — Contactinformation ............................cciiinii, 261



List of Tables

Chapter 2
2.1 Within population similarity matrix. [. Population | (samples Bi-14) .... 66
2.2 Within population similarity matrix. [I. Pbpulation 2 (samples B20-30) .. 67
2.3 Within population similarity matrix. [II. Population 3 (samples F1-14) ... 68
2.4 Within population similarity matrix. IV. Population 4 (samples F20-32)

.............................................................................................. 69
2.5 Similarity matrix between populations 1 and 2 (bullate morphs) ........... 70

2.6 Similarity matrix between populations | and 3 (between bullate and flat
MOIPRS) ... e 71

2.7 Similarity matrix between populations | and 4 (between bullate and flat
MOTPHS) L. e, 72

2.8 Similarity matrix between populations 2 and 3 (between bullate and flat
MOIPRS) ..ot e 73

2.9 Similarity matrix between populations 2 and 4 (between bullate and flat
MOIPRS) ... 74
2.10 Similarity matrix between populations 3 and 4 (flat morphs) ............... 75
2.11 Summary statistics for Wright’s F-statistic (F”) between the bullate and flat
morph populations ....... ... 76

2.12 Averages and ANOVA results for blade morphometrics. [. Bump height
.............................................................................................. 77

2.13 Averages and ANOVA results for blade morphometrics. II. Blade width
.............................................................................................. 78

Chapter 3
3.1 ANOVA results for growth study ....................coooi ... 104
. Chapter 4

4.1 Flume specifications ...............cooooiiiiii i 155

4.2 Doppler specifications ..............o.oooiiiiiiiiiiiii e 156



43
44
4.5

4.6

Chapter §
5.1

5.2

53

54

5.5

5.6

Xv

Regression equations for us estimates .................ccccviveevennnnnn.n. 157
Flux estimates for Eiseniablades ................c..cocveeevvnennunnnn..... 158
Predicted growth rates of the two Eisenia morphs (Flat and Bullate) based
on nitrate transport estimates (Table 4.4) for high and low flow (10 and 2
cm/s, respectively) and for low and high nutrients (1 and 5 uM NO5",
respectively ..., 159
24-hour nitrate budget estimates for flat and bullate Eisenia blades based
on real-time nitrate concentrations (samples 1/min) at Santa Catalina
Island, CA from 21-27 June 1998 .............cooviininieieineeannnnnnnn. 160

CoefTicients of the photosynthesis model for oxygen production vs. light
for chlorophyll a/hr, gram fresh weight/hr, and per blade area/s normalized

Results of t-tests between photosynthetic parameters (Ppo: and @) .... 215
Statistical test results of the relationship between oxygen production and
bicarbonate concentration in bullate and flat blades of Eisenia ......... 216

Statistical test results of the relationship between PAM fluorescence and

bicarbonate concentration in Eisenia ...............c.oeoveueeeneeannnnn.... 217
Regression results (pooled) for F./F, conversion to oxygen production,
and results of ANCOVA comparison between blade types .............. 218

Initial slope tests of oxygen production based on PAM fluorescence

measurements on whole blades in the flume (flow < 10 cm/s) .......... 219



Chapter 1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1
.12
13

p— et gt

1.14

1.15

1.16

1.17

1.18

1.19

Chapter 2
2.1

xvi

List of Figures
Eisenia arboreablademorphs ............. ool 28
Eisenia arborea holdfast morphology ...............ccooiiiiiiiiiii, 29
Map of Southern California ...........c..oooiiiiiiiiiiiiiii e, 30
Study areas at Santa Catalinalsland .......................................... 31
San Clemente Island sampling sites ...............cccooiiiiiiiiiiiiiiinn. 32
Meaurement of blade morphometrics ...l 33
Reproductive sorionblades ..., 34
a) Bird Rock Study Site; b) Blade morphometrics ......................... 35
San Clemente Island Eisenia morphometrics ....................ccoooee.. 36
Morphology as a function of depth. I. Blade bump height ............... 37
Morphology as a function of depth. II. Blade width ....................... 38
Holdfast morphology as a function of depth ................................ 39

Water velocities encountered at the field site, Santa Catalina Island, CA
summer and winter 1997-1008 ... .. e 40

Monthly average seawater temperatures at Santa Catalina Island, June

1998 to October 1999 ... .., 41
7-day temperature profile from the Intake Pipes low flow site, Santa
Catalina Island, June 1998 ... . i e, 42
Power spectrum of temperature date at the low flow site, Intake Pipes,
Santa Catalina Island, CA ...... ... .. i, 43
Calculated monthly average nitrate concentrations from June 1998 to
October 1999, Santa Catalina Island, CA .........ooiiiiiiiiieaaaaan, 44
Calculated instantaneous nitrate concentrations over a 7-day period from
21-28 June 1998, Santa Catalina Island, CA .......cooiiirireeaaanannn. 45
Light levels (PAR) at Santa CatalinaIsland, CA ........................... 46
Santa Catalina Island collection areas .................c.ocoiiiiiiiiian.. 79



2.2
2.3
24
2.5
2.6
2.7
2.8
29
2.10

Chapter 3
3.1
3.2

3.3
34
3.5

3.6
3.7

Chapter 4
4.1
4.2
43
4.4
4.5
4.6

xvil

Reciprocal transplant pipe ..........coooiiiieeiiiiiiiiii e 80

Reciprocal transplant design ...........cccoooiiiiiiiiiiiiiiiiiiii 81

Sample DNA fingerprint gel ........c.oovinimnmiieiniiiiiiiiiiiiinen 82
Reciprocal transplants after three months ... 83
Transplant morphometrics. I. Blade width ... 84
Transplant morphometrics. II. Blade bump height ......................... 85
Eisenia culture photos. I. Blade width ...l 86
Eisenia culture photos. II. Holdfasts ..o, 87
Aquarium transplants ..........cooiiiiiiiiiiiiiii 88
Field transplant growthrates ........c..cocoiiiiiioiiiiiiniiiiii e 105

Percent survivorship of transplant and resident Eisenia at Santa Catalina
Island, CA Summer 1998 ........ccoiiiiiiiiiiiiieiiiiiiiiiiiiieeeeeneee 106
Average adult Eisenia densities along the permanent transects ......... 107
Average juvenile Eisenia densities along the permanent transects ..... 108
Adult and juvenile Eisenia densities at the 10 m mark on the permanent

transect at Bird Rock, high flow site, Santa Catalina Island, CA summer

1998 to summer 2000 ........ocoineiiiiiiiiiieiiiiiiiie e eeans 109
Week 2 tank transplant growth ..........cooiiiiiiiiiiiiiii 110
Week 1 tank transplant growth ..o 11
Hypothetical boundary layer velocity profile ......................coo 161
TULDULENCE .. vennieniiiieiieereerecreierreeeenreressearesseensannensans 162
Typical velocity Tecord .........coovniiiiiiiniiiiiiiiiiiiiiiiiiiiieae 163
Theoretical non-dimensional velocity profile ................coeiiiiiii 164
Estimating u. from the velocity profile ..., 165

Working section of the flume where velocity measurements were made






