
1*1 National Library 
of Canada 

Acquisitions and 
BiDliographic Services Branch 

395 Wellington Street 
Ottawa, Ontario 
K1A0N4 

Biblioti ,eque nationale 
du Canada 

Direction des acquisitions et 
des services bibliographiques 

395, rue Wellington 
Ottawa (Ontario) 
K1A0N4 

Your tile Voire reference 

NOTICE 

Ckii tile Notit) iterance 

AVIS 

The quality of this microform is 
heavily dependent upon the 
quality of the original thesis 
submitted for microfilming. 
Every effort has been made to 
ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the 
university which granted the 
degree. 

Some pages may have indistinct 
print especially if the original 
pages were typed with a poor 
typewriter ribbon or if the 
university sent us an inferior 
photocopy. 

La qualite de cette microforme 
depend grandement de la qualite 
de la these soumise au 
microfilmage. Nous avons tout 
fait pour assurer une qualite 
superieure de reproduction. 

S il manque des pages, veuillez 
communiquer avec I'universite 
qui a confere le grade. 

La qualite d'impression de 
certaine& pages peut iaisser a 
desirer, surtout si les pages 
originales ont ete 
dactylographies a I'aide d'un 
ruban use ou si I'universite nous 
a fait parvenir une photocopie de 
qualite inferieure. 

Reproduction in full or in part of 
this microform is governed by 
the Canadian Copyright Act, 
R.S.C. 1970, c. C-30, and 
subsequent amendments. 

La reproduction, meme partielle, 
de cette microforme est soumise 
a la Loi canadienne sur le droit 
d'auteur, SRC 1970, c. C-30, et 
ses amendements subsequents. 

Canada 



DEMOGRAPHY OF HARVESTED 
POPULATIONS OF 

ASCOPHYLLUM NODOSUM 

by 

M. L. Lazo 

Submitted in partial fulfillment of the 
requirements for the degree of Ph.D. in Biology 

at 

Dalhousie University 
Halifax, Nova Scotia 

May 1992 

C) Copyright by M.L Lazo, 1992 



1*1 National Library 
of Canada 

Bibliotheque nationale 
du Canada 

Acquisitions and 
Bibliographic Services Branch 

395 Wellington Street 
Ottawa, Ontaro 
K1A0N4 

Direction des acquisitions et 
des services bibliographiques 

395, rue Wellington 
Ottawa (Ontario) 
K1A0N4 

Your tile Voire reference 

Our tile Notre retemnce 

The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form or format, making 
this thesis available to interested 
persons. 

L'auteur a accorde une licence 
irrevocable et non exclusive 
permettant a la Bibliotheque 
nationale du Canada de 
reproduire, prefer, distribuer ou 
vendre des copies de sa these 
de quelque maniere et sous 
quelque forme que ce soit pour 
mettre des exemplaires de cette 
these a la disposition des 
personnes interessees. 

The author retains ownership of 
the copyright in his/her thesis. 
Neither the thesis nor substantial 
extracts from it may be printed or 
otherwise reproduced without 
his/her permission. 

L'auteur conserve la propriety du 
droit d'auteur qui protege sa 
these. Ni la these ni des extraits 
substantiels de celle-ci ne 
doivent etre imprimes ou 
autrement reproduits sans son 
autorisation. 

ISBN 0-315-80158-1 

Canada 



Name Y\ U U\ 2 O 
Dissertation Abstracts International is a r r a n g e d b y b r o a d , genera l subject categories. Please select the o n e subject which most 
nearly describes the content of your dissertation. Enter ;Se corresponding four-digi t c o d e in the spaces p rov ided . 

SUBJECT TERM 

U HE] U-M-I 
SUBJECT CODE 

Subject Categories 

THE HUMANITIES AND SOCIAL SCIENCES 
COMMUNICATIONS AND THE ARTS 
Architecture 0729 
Art History 0377 
Cinema 0900 
Dance 0378 
Fine Arts ,. 0357 
Information Science 0723 
Journalism , ,. 0391 
Library Scienco 0399 
Mass Communications . . .0708 
Music 0413 
Speech Communication 0459 
Theater 0465 

EDUCATION 
General , 0515 
Administration 0514 
Adult and Continuing . . . .0516 
Agricultural 0517 
Art 0273 
Bilingual and Multicultural 0282 
Businoss 0688 
Community College 0275 
Curriculum and Instruction 0727 
Early Childhood 0518 
Elorr.entary , 0524 
Finance 0277 
Guidanco and Counseling 0519 
Health 0680 
Higher 0745 
History of 0520 
Home Economics ,0278 
Industrial 0521 
Language and Literature . . . 0 2 7 9 
Mathematics 0280 
Music 0522 
Philosophy of 0998 
Physical 0523 

Psychology , 0525 
Reading 0535 
Religious , 0527 
Sciences , . . .0714 
Secondary 0533 
Social Sciences 0534 
Sociology of . .0340 
Special 0529 
Teacher Training 0530 
Technology , 0710 
TestsancTMeasurements 0288 
Vocational 0747 

LANGUAGE, LITERATURE AND 
LINGUISTICS 
Language 

General 0679 
Ancient 0289 
Linguistics 0290 
Modern 0291 

Literature 
General 0401 
Classical 0294 
Comparative 0295 
Medieval 0297 
Modern 0298 
African 0316 
American 0591 
Asian 0305 
Canadian (English) 0352 
Canadian (French) 0355 
English 0593 
Germanic 0311 
Latin American 0312 
Middle Eastern 0315 
Romance 0313 
Slavic and East European 0314 

PHILOSOPHY, RELIGION AND 
THEOLOGY 
Philosophy 0422 
Religion 

General . . . 0318 
Biblical Studies 0321 
Clergy 0319 
History of 0320 
Philosophy of 0322 

Theology 0469 

SOCIAL SCIENCES 
American Studies 0323 
Anthropology 

Archaeology 0324 
Cultural 0326 
Physical... 0327 

Business Administration 
General . 0310 
Accounting „ 0272 
Banking 0770 
Management 0454 
Marketing 0338 

Canadian Studies 0385 
Economics 

General 0501 
Agricultural 0503 
Commerce-Business 0505 
Finance 0508 
History 0509 
Labor 0510 
Theory 0.511 

Folklore 0356 
Geography 0366 
Gerontology 0351 
History 

General 0578 

Ancient 0579 
Medieval . .0581 
Modern 0582 
Black 0328 
African .0331 
Asia, Australia and Oceania 0332 
Canadian 0334 
European.. 0335 
Latin American 0336 
Middle Eastern 0333 
United States 0337 

History of Science 0585 
Law 0398 
Political Science 

General 0615 
Internatio'.al Law and 

Relations 0616 
Public Administration 0617 

Recreation 0814 
Social Work 0452 
Sociology 

General 0626 
Criminology and Penology . . .0627 
Demography 0938 
Ethnic and Racial Studies 0631 
Individual and Family 

Studies 0628 
Industrial and Labor 

Relations 0629 
Public and Social Welfare . . . .0630 
Social Structure and 

Development 0700 
Theory and Methods 0344 

Transportation 0709 
Urban and Regional Planning . . . .0999 
Women's Studies 0453 

THE SCIENCES AND ENGINEERING 
BIOLOGICAL SCIENCES 
Agriculture 

General 0473 
Agronomy 0285 
Animal Culture and 

Nutrition 0475 
Animal Pathology, 0.176 
Food Science ana 

Technology ,.,..,. 0359 
Forestry and Wildlife 0478 
Plant Culture 0479 
Plant Pathology 0480 
Plant Physiology 0817 
Range Management 0777 
Wood Technology . . . . .0746 

Biology 
General , 0306 
Anatomy 0287 
Biostatistks , , „ 0308 
Botany 0309 
Cell 0379 
Ecology 0329 
Entomology 0353 
Genetics 0369 
Limnology 0793 
Microbiology , 0410 
Molecular 0307 
Nouroscience , 0317 
Oceanography 0416 
Physiology 0433 
Radiation 0821 
Veterinary Science,........, 0778 
Zoology 0472 

Biophysics 
General : 0786 
Medica l . , 0760 

EARTH SCIENCES 
Biogeochemistry ,„..., 0425 
Geochemistry 0996 

Geodesy 0370 
Geology 0372 
Geophysics . . , 0373 
Hydrology. 0388 
Mineralogy v 0411 
Paleobotany 0345 
Paleoecology , 0426 
Paleontology 0418 
Paleozoology 0985 
Palynology 0427 
Physical Geography 0368 
Physical Oceanography 0415 

HEALTH AND ENVIRONMENTAL 
SCIENCES 
Environmental Sciences 0768 
Health Sciences 

General , 0566 
Audiology 0300 
Chemotherapy 0992 
Dentistry 0567 
Education 0350 
Hospital Management 0769 
Human Development 0758 
Immunology 0982 
Medicine and Surgery 0564 
Mental Health 0347 
Nursing 0569 
Nutrition 0570 
Obstetrics and Gynecology . .0380 
Occupational Health ana 

Therapy 0354 
Ophthalmology 0381 
Pathology 0571 
Pharmacology 0419 
Pharmacy 0572 
Physical Therapy 0382 
Public Health 0573 
Radiology 0574 
Recreation 0575 

Speech Pathology 0460 
Toxicology 0383 

Home Economics 0386 

PHYSICAL SCIENCES 
Pure Sciences 
Chemistry 

General 0485 
Agricultural 0749 
Analytical 0«d6 
Biochemistry 0437 
Inorganic 0488 
Nuclear 0738 
Organic 0490 
Pharmaceutical 0491 
Physical 0494 
Polymer 0495 
Radiation 0754 

Mathematics 0405 
Physics 

General 0605 
Acoustics 0986 
Astronomy and 

Astrophysics 0606 
Atmospheric Science 0608 
Atomic 0748 
Electronics and Electricity 0607 
Elementary Particles ana 

High Energy 0798 
Fluid and Plasma 0759 
Molecular 0609 
Nuclear 0610 
Optics .; 0752 
Radiatio.1,1 0756 
Solid State 0611 

Statistics 0463 

Applied Sciences 
Applied Mechanics 0346 
Computer Science 0984 

Engineering 
General 0537 
Aerospace 0538 
Agricultural 0539 
Automotive 0540 
Biomedical 0541 
Chemical ,0542 
Civil ,,'0543 
Electronics and Electrical . . . . . .0544 
Heat and Thermodynamics J'„ 0348 
Hydraulic 0545 
Industrial 0546 
Marine 0547 
Materials Science 0794 
Mechanical 0548 
Metallurgy 0743 
Mining 0511 
Nuclear 0552 
Packaging 0549 
Petroleum 0765 
Sanitary and Municipal 0554 
System Science 0790 

Geotechnology 0428 
Operations Research 0796 
Plastics Technology 0795 
Textile Technology 0994 

PSYCHOLOGY 
General 0621 
Behavioral 0384 
Clinical 0622 
Developmental , 0620 
Experimental 0623 
Industrial 0624 
Personality 0625 
Physiological 0989 
Psychobiology 0349 
Psychometrics 0632 
Social 0451 



to feminism 

IV 



Table of contents 

Abstract 1 
Introduction 3 

Chapter 1 
Identifying Size-Based Stages 14 

Abstract 14 
Introduction 15 
Materials and Methods 16 
Results 22 
Discussion 24 

Chapter 2 
Effects of Harvesting on Ascophyllum nodosum 
a Life-Cycle approach 31 

Abstract * 31 
I ntrod uctio n 3 2 
Materials and Methods 3 4 
Results 41 
Discussion 46 

Chapter 3 
Effects of Interference on Growth, Structural 
Organization and Reproduction. Sorting Through the 
Contradictions 70 

Abstract 70 
Introduction 71 
Materials and methods 7 5 
Results 85 
Discussion , 90 

Chapter 4 
Herbivores Consume Most Ascophyllum nodosum 
Recruits but do not Affect Modules 117 

Abstract 117 
Introduction , 118 

v 



< 

Materials and methods 120 
Results 123 
Discussion > 125 

Discussion , 137 
Conclusions 147 
Bibliography 148 
Appendix 

Report on Damage to the Experiments 161 

vi 



TABLES 

Chapter 1 
Table 1 , 27 
Table 2 28 
Table 3 2 8 
Table 4 28 

Chapter 2 
Table 1 5 5 
Table 2 56 
Table 3 , 57 
Table 4 58 
Table 5 58 
Table 6 5 9 

Chapter 3 
Table 2 100 
Table 3 100 
Table 4 101 
Table 5 101 
Table 6 102 
Table 7 102 

Chapter 4 
Table 1 13 2 
Table 2 132 
Table 3 , 13 2 

FIGURES 
Chapter 1 
Figure 1 29 

Chapter 2 
Figure 1 60 
Figure 2 62 
Figure 3 64 
Figure 4 66 
Pgure5 68 

v i i 



Chapter 3 
Rgures 1 to 4 103 
Rgure5 105 
Rgure 6 , 107 
Rgure7 109 
Rgure 8 111 
Rgure 9 113 
Figure 10 115 

Chapter 4 
Rgure 1 133 
Rgure 2 135 

Appendix 
Rgure 1 165 

V I I I 



Abstract 

The objectives were to determine the main factors that influence 
the growth of the seaweed Ascophyllum nodosum stands in 
southwestern Nova Scotia. A demographic approach was taken. 
Response variables were assessed at each life-cycle stage. 
A method to distinguish stages in the life cycle of modules was 
developed. Experimental studies were conducted to determine the 
effects of harvesting intensity and season, interference and 
herbivory on growth, reproduction, vegetative spread and survival. 

The relationship between size and reproduction determined 4 life 
cycle stages. These were, class 1, below a minimum critical size 
needed for reproduction, class 2 and 3 within reproductive size, 
with class 2 being vegetative and class 3 reproductive, and class 4 
the largest modules and almost always reproductive. This class also 
produced 10 times more eggs than modules in class 3. 

Harvesting intensity and season did not appear to affect growth in 
size. The response of all classes (except class 4) was similar in 
that they all grew on average 10 cm in two years. Growth decreased 
with life cycle stage, with class 4 experiencing breakage rather 
than increases in size. As class 1 and 2 were the most numerous 
classes and of the fastest growth rates, the rggrowth rate of a 
stand depends upon the numbers of modules in classes 1 and 2. 

Interference influenced vegetative spread, growth in biomass and 
reproduction but effects were unusual. Low density promoted 
module natality but modules did not grow in size. High density 
inhibited vegetative spread but enhanced growth in size. More 
modules attained reproduction at high than at low densities. High 
density exerted a negative effect on the formation of class 1 
modules but the effect on the other classes was positive or 
negative. 

Herbivores consumed 99 % of the germlings in one year but did not 
affect modules. Vegetative spread emerged as a key factor of 
population growth. The present study suggested that the main 
factors that influence population growth are the growth rates of the 
smallest modules, interference and vegetative spread. 
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Introduction 

The fundamental objective of population ecology is to understand 
and describe the size and numbers of individuals in a population 
(Harper 1981, Chapman 1986a and ref. therein). A powerful way in 
which this can be thoroughly achieved for plant populations is by 
means of demographic assessment (Hutchings 1990). Statistics of 
births and deaths provide keys to predict future population trends. 
The basic equation that describes population dynamics is 

N= No + births - deaths + immigrants - emigrants (1) 

where No is the number of individuals at time zero and N is the 
number of individuals at the next time interval considered. 

Stand biomass has been more relevant to exploitation and 
consequently more widely studied than plant vitr' rates (growth, 
mortality, reproduction). This approach has limited predictive value. 
Knowledge of growth rates is important to maintaining sustainable 
harvest. Also, in the long term, yield depends on demographic 
parameters such as reproduction and mortality rates. For instance, 
a model of biomass recovery as a function of time in Norwegian 
stands of the seaweed Ascophyllum nodosum was used to determine 
the time interval between cuts (Seip 1980). As population 
parameters such as recruitment rates are not accounted for, 
detrimental effects on these are not readily detected. If harvesting 
reduces recruitment, the population will eventually decline but this 

3 



4 
effect will not be detected by a model of biomass because 
individuals are long-lived and can regrow after harvesting. 

Examination of population parameters provides a powerful tool to 
understand, describe and control populations of interest. While 
management may be possible with methods other than demographic 
assessments (i.e. assessments of counts or biomass), insights into 
future population trends are gained with statistics of vital rates. 
For instance, since the largest individuals can produce a 
disproportionate amount of offspring (Weiner 1988), selective 
cutting can severely reduce the number of individuals in the new 
generation. Assessment of the fecundity of individuals in different 
sizes can unravel the effect of cutting on future population size. 

Simple counts of plants are not sufficient to assess changes through 
time because counts are not sensitive to alterations in population 
demography (Harpor 1977, Hutchings 1990). For instance, Ophrys 
sphegodes in England is an endangered species of orchid. Counts of 
individuals carried over 10 years showed no particular change in the 
size of the population (Hutchings 1990). However, an analysis of 
demographic parameters showed that there was no new recruitment 
from seed and deaths of adults were being masked by sprouting from 
previously dormant tubers. Counts in the population did not give any 
logical reason to conclude that the size of the population was 
changing in any direction. Grazing animals were kept out of the area 
during flowering and settling time which resulted in increased 
seedling survival. The response of the population to the change in 
management would have not been clear without an analysis of 
recruitment and mortality rates. 

The usefulness of demographic assessments is as follows: a) gain in 
information on the species' life cycles; b) detection of population 
deterioration and c) ability to determine how and why a population 
is changing (Hutchings 1990). Census techniques require more effort 
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and time than counts, but the insights obtained often make them 
well worth the effort. 

Solbrig (1980), then adapted by Chapman (1986a), reported a list of 
minimum parameters needed to study plant populations. The list 
includes events of the life cycle correlated with age. As size is 
often a better predictor of those events (Chapman 1986b; Ebenman & 
Persson 1988) than age, I have adapted these parameters to size and 
expressed them in seaweed terminology. These are: 

1. germling and adult mortality, 

2. reproductive life and size span, 
3. fertility (i.e. proportion of individuals reproducing at a particular 

time), and, 

4. fecundity (i.e. number of spores or gametes produced by each size 

stage). 

Although not included, vegetative spread (i.e. formation of new 
fronds) is an important component of fecundity in species that 
reproduce clonally (Taylor et al. 1981). In fact, vegetative spread 
can be the most important determinant of population growth in 
species with limited sexual recruitment (this study). Vegetative 
spread is also a significant factor of competitive relationships 
(Sackville-Hamilton et al. 1987). It is to be noted that vegetative 
spread is both the formation of new plants through a split-up 
process as well as the emergence of new fronds from meristematic 
tissue (see below in life cycle and morphology). 

Studies where the above parameters have been looked at together 
are largely lacking despite the fact that they are the primary 
determinants of the size and abundance of plants (Chapman 1986a). 
The aim of the present study was to look at the above population 
parameters so as to understand the underlying mechanisms that 
regulate the growth of Ascophyllum nodosum populations. The 
information gained was, then, used to test basic assumptions of the 
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Lefkovitch matrix model that may be employed to determine the 
effect of harvesting on population growth. 

Species 

Ascophyllum nodosum is a species of seaweed within the division 
Phaeophyta and a member of the order Fucales. This species has two 
life forms, the attached form and the unattached form (Sharp 
1987a). The former grows in the intertidal zone of rocky shores and 
is the object of this study. In southwestern Nova Scotia this 
species is found from the mean high water spring tide line to about 
6 m in the subtidal. Its distribution extends from northern Norway 
and the White sea to Portugal in the Eastern Atlantic (Sharp 1987a). 
In the Western Atlantic, A. nodosum extends from Newfoundland and 
the St. Lawrence estuary (Sharp 1987a) to New Jersey (Baardseth 
1970). 

Ascophyllum nodosum is a dominant species of Western Atlantic 
shores but its abundance and size depends on the degree of exposure 
(Cousens 1985, Sharp 1987a). Ascophyllum nodosum does not 
withstand wave action and damage by ice. The greater the exposure 
to wave action and ice, the smaller the fronds (Cousens 1985). 
Plants are also broken and dislodged by ice (Aberg 1990a, b). The 
amount of biomass lost due to ice can make up a significant part of 
the annual crop (Mathieson et al. 1982). 

The present study site is located in Woods Harbour, at 43° 32' lat. N 
and 65° 44' long. W, southwestern Nova Scotia. The site is mainly 
sheltered but at particular points exposure is greater. The 
experimental areas chosen extended horizontally from a distance of 
1.5 m from the Fucus zone to 22 m below. The plant sizes increase 
with depth suggesting that conditions for growth improve with 
depth. 
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Life Cycle and Morphology 

Ascophyllum has a monophasic life cycle with separate male and 
female gametophytes. The consistency of the dioecious trait has 
been used to identify genetic individuals (Aberg 1989). Fertilization 
takes place when sperm and eggs are released. Zygotes develop into 
an individual (genet) consisting primarily of a shoot with a holdfast. 
Reiteration (White 1979) of this unit results in a holdfast with from 
1 to about 1000 shoots (unreported data collected in another study, 
Chapter 2). This type of construction is called modular (White 1979, 
Harper 1981, Begon et al. 1986). The shoots are called modules in 
terrestrial ecology and fronds in seaweed ecology. The term module 
will be used here to refer to primary fronds (Sharp 1987a) of an A. 
nodosum individual bearing in mind that the terms 'shoot', 'frond', 
and 'module' mean the same. 

Module branching is typically dichotcmous but lateral branches 
arising from lateral meristems are common as well. The 
reproductive structures, which arise from the same lateral 
meristems, are sac-like and are called receptacles. In the early 
stages of formation lateral branches and receptacles are 
morphologically similar. In a later stage the receptacles contain 
cavities or sacs called conceptacles where gametes are formed. 
When mature, gametes are released through a single pore in the 
conceptacle. More details on the morphology of this species are 
given elsewhere (Sharp 1987a). 

New modules emerge clonally from the meristematic tissue of the 
holdfast or from the base of other modules and are called primary 
modules (to be distinguished from the lateral branches because 
these latter arise from lateral meristems). Each new module forms 
its own holdfast tissue with which the holdfast of the genet 
expands. The formation of new modules through clonal reproduction 
may be considered vegetative spread. Losses of holdfast tissue split 
the genet into separate clones (or 'plants') which can grow and split 
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again. Clones must be distinguished from the genet or 'individual' 
because the genets originate from a zygote. The occurrence of 
clonal reproduction in this species suggests that the genet may grow 
indefinitely and spread in time and space. Evidence from other 
species supports this view. Studies have shown that clones of a 
single genet may be spread over an area of 43 ha and that the genet 
may exceed 10,000 years oid (Harberd 1962, 1967, see also Harper 
1977, White 1979, Sackville-Hamilton et al. 1987). 

The life span of an A. nodosum clone (or 'plant') is not known for 
certain but in theory it may be between 50 to 60 years (Aberg 
1990b). Modules are also long-lived with a life span of up to 16 
years (Peckol et al. 1988) or more, although rarely (pers. observ.). 

The meaning of the terms used in the above section are below. As 
clones of different genets cannot be distinguished in this species, I 
refer to the clones throughout my thesis as 'plants' bearing in mind 
that these 'plants' may be clones of the same and/or different 
genets. I chose tro term 'plant' because it is the most common term 
used by botanists. 

Clone: Individuals derived by vegetative propagation from a single 
genet (White 1979, Begon et al. 1986). 

Genet: The individual derived from a single embryo (Harper 1977, 
1981, White 1979, Sackville-Hamilton et al. 1937, Begon et al. 
1986). 

Module: An axis. Multicellular unit of construction that is reiterated 
during the process of the genet's growth (Harper 1977, 1981, 
White 1979, Begon et al. 1986). 

Ramet: A single module of a genet. Ramet is a particular type of 
module (Harper 1977, White 1979, Harper 1981). If it can 
survive on its own it is called ramet (Harper per. comm.). The 
modules of A. nodosum are ramets but I have used the term 
module in my thesis because it is a more general term and 
more widely known among zoologists and botanists. 

I 
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Shoot: An axis with lateral appendages (i.e., branches and 

receptacles) and lateral meristems (White 1979). 

Because modules are tightly packed, the morphology of an A. 
nodosum individual may be considered phalanx type (Harper 1981). 
This form grows as an advancing front, monospecific and occupying a 
zone of land and resources impenetrable to others. This growth 
form's disadvantage is self-shading and limited extent of spread. 

The phenology of southwestern Nova Scotian stands is as follows 
(Sharp 1987a, pers. observ.). Fertilization takes place in early 
spring. Receptacles are shed approximately in May-June. A period of 
lateral growth follows during which lateral branches and 
receptacles are formed. Lateral branches and receptacles continue 
to grow until late fall. Thereafter only receptacles grow reaching 
maturity in winter and releasing gametes in spring. Maximum 
growth in module size takes place from spring to late fall. Growth 
rates and timing of maximum growth however, typically vary wiih 
locality (Mathieson et al. 1976). 

Size 

Since modular species grow as a result of the number and size of 
modules (see Harper 1977), the size of an A nodosum genet is the 
summed biomass or numbers of all its modules of all plants 
originated clonally from a single zygote. Thus, the size of a genetic 
individual is potentially unlimited (Harper 1977, Hughes 1983, 
extracted from Schmid 1990). Plant and module sizes, instead, are 
easier to assess. The size of a plant is its biomass and number of 
modules. The size of a module is its biomass or an equivalent 
variable. The mean fresh weight of a plant in the studied stand is 
162.2 g but can be as high as 9,850 g. On average, shoots are about 
23-cm long but they can reach 170 cm, although rarely. The average 
fresh weight of a module is 3.6 g, with maximum of 1229.4 g. The 
data just given are from stands that had not been harvested for 
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approximately two years. Information on the distribution of 
biomass from the holdfast to the canopy is given elsewhere (Cousens 
1985). 

Ecology 

Ascophyllum nodosum forms primarily monospecific stands. At the 
upper and lower limits of the A. nodosum zone are Fucus species and 
Chondrus crispus, respectively. The reason why A. nodosum 
apparently displaces these species may be a combination of 
successful sexual recruitment and life span. Experimentally scraped 
areas were colonized first by Fucus but later supplanted by A. 
nodosum (Keser & Larson 1984). Displacement and dominance was 
attributed to increased germling survival, longevity and resistance 
to mechanical removal. However, grazing significantly suppresses 
the recruitment of A. nodosum zygotes (Vadas et al. 1982 extracted 
from Chapman 1986a). There may be then a mechanism other than 
sexual recruitment that ensures space preemption. One such factor 
may be vegetative spread because species with a perennial holdfast 
and or extensive vegetative spread can prevent other species from 
invading their stands (Sousa et al. 1981). An evaluation of sexual 
recruitment relative to the role of vegetative spread would be 
useful to assess their relevance to population growth. 

Demography 

To be comprehensive, a demographic study of a modular species such 
as A. nodosum must include the statistics of births and deaths of the 
modules as well as that of the genets (Sackville-Hamilton et al. 
1987). The equation that describes the population growth of 
modules is 

n= no + module birth + module deaths (Harper 1981) (2) 
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Where no is the number of modules at time zero and n is the number 

of modules 1 time interval later. 

Equation 2 describes the growth in size of genets, whereas equation 
1 for N (above) describes the changes in numbers of genets. The 
population biology and demography of modules can be exemplified 
with the growth of a single zygote in culture (Harper 1981). A 
zygote gives rise to numerous modules that grow and then die. The 
set of modules may be considered a population of modules. The 
growth rate of this population is given by the births minus deaths of 
modules. The development of the population can consist of a phase 
of exponential growth followed by a linear phase where growth 
becomes resource-limited, to a phase where birth and death rates of 
modules are balanced. The sequence of phases is the growth of a 
single individual but it is, also, a population process at the module 
level. It is difficult to put this within a context of time because 
growth is density-dependent at some point (see Chapter 3). Light at 
ground level may be as low as 0.1 % of that of the surface (Cousens 
1982a). Thus, zygotes and germlings may spend an indeterminate 
time without developing until conditions for growth improve. The 
lack of research suggests the relevance of the population dynamics 
of genets and modules to population theory has not been 
acknowledged in seaweed ecology. 

Not distinguishing between genets and modules may have major 

implications in the formulation of population dynamics theory. The 

distinction between the two levels may be particularly important to 

understand the effects of interference upon seaweed stands. There 

is a small controversy in seaweed ecology concerning the effects of 

interference. One contention is that seaweeds grow and reproduce 

more at increased density than at low density (Schiel & Choat 1980, 

Schiel 1985a). The other contention is that there is a negative 

relationship between density and mean size. Density stress imposes 

a boundary condition for maximum mean size (Cousens & Hutchings 
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1983, Westoby & Howell 1986). A regression line with a -1.5 slope 
can be found for that boundary. Below that boundary condition any 
combination of density and size is possible. Cousens and Hutchings 
proposed that Schiel's & Choat's means were below such boundary 
and thus did not contradict general theory. This apparent 
contradiction may have arisen partly from the fact that Cousens & 
Hutchings and Schiel & Choat did not distinguished between plants 
and modules. Size and the way that plants and modules grow are not 
entirely comparable. The contention of the above authors may then 
appear contradictory because the responses of modules and plants 
are confounded. The two levels have to be distinguished to 
determine whether the responses of marine and terrestrial plants 
are comparable. 

Harvesting 

Harvesting of seaweeds is practised around the world (McHugh 
1991). In Canada this industry is concentrated in the eastern 
provinces. The most profitable species are Chondrus crispus, 
Laminaria spp and A. nodosum (Pringle & Semple 1980, Sharp 
1987a,b). Most research on harvesting populations has been 
concerned with the effects of harvesting intensity, frequency and 
cutting method on growth (Burns & Mathieson 1972, Sharp 1987a, 
Santelices et al. 1989, Sharp & Pringle 1990, Schiel & Nelson 1990, 
Vasquez & Santelices 1990). Responses other than growth (Burns & 
Mathieson 1972, Vasquez & Santelices 1990) have received little 
attention. However, assessment of the effect of harvesting on 
survivorship is essential to maintain long-term yield. 

Research in the management of fisheries and forests includes a vast 
number of modelling studies, the majority of these being 
demographic (Getz & Haight 1989). Although harvesting of seaweeds 
has been practised for a long time and involves a multimillion dollar 
industry (Pringle & Semple 1980, Sharp 1987a), demographic 
modelling has not been recognized as a useful tool. Getz and Haight 
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(1989) summarized information on management of forests, fisheries 
and even rearing of insects for biological control but there was not 
one example of seaweed harvesting. There have also been very few 
attempts at all to manage the southwestern A. nodosum Nova Scotian 
stands (Sharp 1991, pers. com.). Size-based demographic models, 
such as the Leslie matrix models or modifications of it have been 
constructed to simulate the effects of harvesting in seaweeds (Ang 
1987, Ang et al. 1990) or to achieve greater understanding of algal 
resources (Nyman et al. 1990, Chapman unpub.). However, studies 
using demographic models represent a marginal effort relative to 
the extent of exploitation. 

Other problems with research in management of algal resources 
concern the methodology employed. Some empirical studies were 
unreplicated (Gendron 1989). The techniques employed were not the 
same as those used in commercial harvesting (Smith 1986, Gendron 
1989), which result in more or less selective cuts or in cuts at 
heights different than incurred during commercial harvesting. 

Management of A. nodosum in Nova Scotia is basically the result of 
personal experience. Stands are cut, left alone for a recovery period 
and cut again when the biomass seems to be at prior levels 
(anecdotal evidence). This scenario has worsened in recent times. 
With greater technology, the exploitation rate increased from about 
60 to over 80% (Sharp 1991). The timing for a second harvest has 
also been adjusted to shorter time intervals between cuts. The 
present scenario suggests that the companies involved in the 
exploitation of this resource fail to address the issue of 
management and, what it is more, have moved towards uncontrolled 
exploitation. 



Chapter 1 

Identifying Size-Based Stages 

Abstract 

Size-based demographic studies have become common in recent 
times. It is important to classify size into appropriate categories 
or stages. The relationship between size, reproductive state and 
reproductive output in Ascophyllum nodosum modules v.as assessed. 
Findir.-s were used to develop c method to classify modules into 
categories with biological meaning. 

It was found that a minimum size was required for reproduction but 
attainment of the minimum size did not necessarily trigger 
formation of receptacles. The number of modules in reproductive 
state increased with size. Reproductive output increased with 
module size also. Using the relationship between size and number of 
reproductive modules and reproductive output, four size classes 
were identified. It is reasonable then to consider these classes as 
stages of the life cycle of A. nodosum modules 

14 
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Introduction 

Size-based demography studies hsive become more common in recent 
years in marine (Chapman 1986b, Ang 1987, Aberg 1990a,b; Ang & De 
Wreede 1990) and terrestrial ecology (Werner 1975, Werner & 
Caswell 1977, Bierzychudek 1982, Ebenman & Persson 1988). One of 
the reasons for the increasing popularity of size-based demographic 
studies is that plant size is generally a good predictor of stages of 
the life cycle. Reproduction under a certain size may not occur at 
all but its likelihood increases steadily thereafter with size 
(Wener 1975, Watkinson 1986, Caswell 1988, Lazo & McLachlan 
1989). Fecundity in higher plants (Weiner 1984, Watkinson 1986, 
Caswell 1988) and seaweeds is often positively correlated with size 
(Chapman 1984). Also, reproductive output is believed to increase 
with biomass (Schiel 1985a, Ang 1987, Aberg 1990b,c,d). Whether 
reproductive biomass is directly proportional to fecundity, however, 
remains to be confirmed. The relationship between size and 
reproduction may then determine life cycle stages, for instance, 
differential mortality, reproductive performance and probability of 
flowering (Watkinson 1986). 

Size-based demographic studies are possible without classifying 
individuals into life cycle stages. However, classification of 
individuals into classes that are associated with demographic 
processes (e.g. reproduction) for macrophytes are to be preferred 
because demographic assessments and particularly size-based 
transition matrix models are easier to interpret (Aberg 1990c). 
Classes correlated with demographic processes are those that 
identify stages of the life cycle, e.g. reproductively mature (Werner 
1975, Caswell 1988). Size-based classes that comprise individuals 
in particular levels of reproductive maturity then can be considered 
to identify stages of the life-cycle. 
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Ascophyllum nodosum is a species of brown seaweed with modular 
construction. Plants are believed to be either male or female 
(Baardseth 1970, Aberg 1989). The reproductive structures, the 
receptacles, arise from lateral meristems, Personal observations 
suggested that reproductive modules tended to be more common 
among modules of large size and that large reproductive modules 
tended to have more receptacles than smaller ones. Reproductive 
state and fecundity then appeared to be size-dependent. Therefore 
this species offered an opportunity to develop a method to identify 
life cycle stages based on module size. 

Materials and Methods 

Hereafter life cycle stages are to referred in the text as size 
classes. Assessments ot size classes were conducted for modules, 
not plants. Ascophyllum nodosum in this and the following chapters 
(except in the introductions) was referred to as Ascophyllum. 

Sampling 
In January 1988 three rectangular plots (16 m X 21 m) were laid out 
from about 1.5 m distance from the Fucus belt with the long sides 
seawards. Because there were only few, small Ascophyllum plants 
immediately below the Fucus belt this zone was not included. As the 
size of the individuals increases with depth (unreported data 
collected from this study), and to ensure an even distribution of 
samples, a stratified random sampling procedure was employed. One 
horizontal transect at the top, middle (10.5 m from top) and bottom 
of the plot was run. All random sampling procedures employed in 
this study are as indicated elsewhere (Elliot 1971, Southwood 1966, 
Cochran 1977, Krebs 1989, Manly 1990). 

Five 20-cm X 20-cm quadrats were placed along each transect using 
random numbers (15 quadrats/plot). All plants in these quadrats 
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were scraped from the substratum with a putty knife, bagged, 
brought back to the laboratory and processed within 24 h. 

For each sample collected, the total wet weight of the sample and 
the wet weight and reproductive state of each module greater than 4 
cm was recorded. Modules with receptacles were considered 
reproductive, otherwise they were vegetative. 

Size Classes 

A size frequency distribution of module weights showed that the 
number of reproductive modules increased with weight. Below 2.0 g 
modules were almost always vegetative. This set the limit for 
class 1 which included 85 % of the population. Of these 4 % were 
reproductive (obviously at the time of the year where reproduction 
takes place). Modules heavier than 42.0 g were almost always 
reproductive and this set the limit for another size class (class 4), 
comprising 1 % of the population. The remaining (2.0 - 42.0 g) 
modules were either vegetative or reproductive. Modules within this 
size interval were then divided into 2 more classes, class 2 being 
vegetative modules and class 3 being reproductive modules. The 
four classes can therefore be considered to be based on the 
relationship between weight and number of modules in reproductive 
state (i.e. reproductive frequencies). Note, however, that classes 2 
and 3 are of same size but they will be referred to throughout my 
thesis as size classes for simplicity. The cut off point between the 
classes was, to an extent, subjective. However, I tested whether 
the number of modules in a reproductive state varied significantly 
among size classes. Results are in the text. The basis for this 
classification is supported by a study conducted by Mack & Harper 
(1977). These authors recognized that it is difficult to divide 
continuous data into unbiased size classes. Mack & Harper suggested 
that, where a close correlation between reproduction and weight 
exists, there is sound basis for size class divisions. 
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One objective of this study was to assess whether the relationship 
between size and reproductive state varied from one year to the 
next. To achieve this objective modules had to be assigned to a size 
class in the field to be monitored at regular intervals (see below). 
Because of this, modules could not be cut and thus biomass could not 
be estimated directly. The relationship between length and biomass 
was then assessed by means of regression analysis. The regression 
equation was: 

In (length)= 3 + 0.44 In (weight) - 0.02 In (weight2) r2= 0.85 
significant at 0.0001 

Highly accurate predictions can be obtained from the correlation 
between length and stem diameter in terrestrial species (Hutchings 
1975). However, as opposed to stem diameter, the measure of 
circumference of modules is a crude one (as used for plants, Cousens 
1984, Aberg 1990c). High accuracy is desirable when the purpose is 
to estimate data which is subsequently used in statistical analysis. 
Here I only used the regression equation to identify the range of 
lengths of modules in each class. 

Care was taken to meet the assumptions of the regression analysis 
as indicated in Neter et al. (1983). The distribution of the data was 
found to be normal (normal plot, P > 0.01) and variances were 
homogeneous (residual plot= random pattern). The samples used in 
the regression analysis were from harvested (Chapter 2, sampling) 
and control stands (see sampling, above). The lengths of each size 
class are below. 
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Class 

class 1 

class 2 

class 3 

class 4 

Characteristics 

rarely reproductive 

vegetative 

reproductive 

rarely vegetative 

Length 
(cm) 

4.0 - 27.5 

27.6 - 78 

27.6 - 78 

>78 

Classes 2 and 3 are of same size but were considered different 
because they are biologically different, one is vegetative and the 
other reproductive. I also distinguished these 2 classes because the 
fact that modules are large enough to reproduce does not mean they 
will become reproductive. It is known for several other species that 
individuals may spend their entire life within reproductive size and 
yet never become reproductive (Chapman 1984, see also Watkinson 
1986, Braga 1990). Thus, it is possible that the physiological 
mechanisms operating in vegetative and reproductive modules are 
different. Since reproduction is, nevertheless, possible within this 
size interval, vegetative modules may be considered reproductively 
mature. 

Contingency tables were used to test whether frequencies of 
reproduction dependf ' on size class. Care was taken to meet 
assumptions of this analysis (Zar 1984). 

Tagging 

Plots were reduced to 14-m x 19-m and three permanent horizontal 
transects were laid out at the top, middle and bottom of the plot, 
marking the ends with steel rods partly buried in the substratum. 
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One point along each transect was selected every 3.5 m. The plant 
nearest to each of these points of the transect was chosen (5 
plants/transect). 

One module of each of four size classes (see above) in each plant 
was selected. The selection method consisted of picking a module 
from the base. The module chosen was the first I saw. Each 
selected module was tagged and the length and size class recorded. 
Tags, which were made of monofilament as used by Sharp & 
Tremblay (1985), were tied around the base of the module. A total 
of 180 modules were tagged. Tagged modules from another study 
(Chapter 2) were not used here because those stands were subjected 
to treatments whereas the present stands were not. The presence or 
absence, length and reproductive state of each module at the end of 
the study was assessed. 

Fecundity 

Computation of fecundity included only classes 3 and 4. Class 1 was 
not included because it was almost always vegetative and class 2 
because it was vegetative. A random sample of 67 modules was 
collected in January 1990 from the three plots described above and 
from adjacent stands cut in 1988. Harvesting does not significantly 
affect the number of receptacles/module or the number of 
conceptacles/receptacle formed after the harvest (unreported 
analysis from another study, Chapter 2). At the time oogonia were 
not differentiated. The sample was then used to estimate the 
number of conceptacles/size class and sex ratio of the population. 
Five to ten receptacles/module were analyzed. The sex of each 
selected module was determined by visual examination of one or 
more conceptacles of two modules of the same plant. Data recorded 
for each module was length, mean receptacle weight, number of 
receptacles/module, number of conceptacles/receptacle and sex. 
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In April of 1990 a second sample of *1 modules was collected. 
Oogonia had then matured. Two receptacles were analyzed for each 
module. Data recorded for each module were length, mean receptacle 
weight, number of conceptacles/receptacle and sex. One conceptacle 
was split open and the number of oogonia counted. Since there are 4 
eggs/oogonium, the number of oogonia/conceptacle was multiplied 
by 4 to obtain the total number of eggs produced in a single 
conceptacle. 

The effect of module length on the production of eggs was tested to 
determine significant differences in fecundity between classes 3 
and 4. The effect of the abundance of conceptacles/receptacle on 
the production of eggs of a conceptacle was determined to assess 
whether the mean egg/conceptacle depended on conceptacle 
abundance. The fecundities of classes 3 and 4 were estimated by 
computing the: .1) numbers of receptacles/module, 2) number of 
conceptacles/receptacle and 3) eggs/conceptacle. The egg 
production of a module was computed multiplying: mean number of 
eggs/conceptacle X mean number of conceptacles/receptacle X 
numbers of receptacles/module. 

Data were analyzed with ANOVA. Care was taken to ensure 
assumptions of ANOVA were met (Underwood 1981). Normality was 
checked with normal plots and Kolmogorov-Smirnov (K-S) tests and 
homogeneity of variances with Cochran's test. Data on number of 
receptacles/module were transformed to logio to stabilize the 
variances. Error terms and degrees of freedom (d.f.) were estimated 
following the guidelines of Underwood (pers. com.) and Zar (1984). 
The power of the ANOVAs was also estimated (Zar 1984). Overall 
power ranged between 70% and 99%. Exceptions are given in text. 
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Results 

Relationship between size and reproduction. The length of 
tagged modules in may 1989 and in April 1990 was divided in 10-cm 
intervals and the numbers and percentages of reproductive modules 
within each interval was estimated (Table 1). Table 1 shows that 
the percentage of modules attaining reproduction increases with 
length. Table 1 shows that this pattern was consistent in two 
consecutive years as well. Each year, the relationship between 
length and reproductive state was statistically significant. Only 
two modules smaller than 30 cm were reproductive in 1990. 

A test was run to determine whether the number of reproductive 
modules differed among the size classes proposed here (see material 
and methods). Module lengths in May 1989 and April 1990 were then 
divided into 3 size classes and tested for differences in 
reproductive frequencies. Classes 2 and 3 were pooled because they 
differed by their reproductive state and not by their size. It was 
found that the size classes were significantly different (Table 2). 
Moreover, the relationship between size class and reproductive 
frequencies was statistically significant in the two consecutive 
years which suggests that the size-reproductive frequency 
relationship was not a sample artifact. The fact that class 2 is 
vegetative and class 3 reproductive enforces the distinctiveness of 
each class. The relationship between size and reproductive state 
can, then, be used to predict reproductive likelihood. 

Assessment of the Fecundity of Classes 3 and 4. The mean 
number of receptacles per module did not depend on sex but on size 
class (Table 3). Class 4 modules produced on average five times 
(264) more receptacles than class 3 (50). Female modules bore an 
average of 32 receptacles/module in class 3 and 233 in class 4. The 
mean number of receptacles/module (pooling classes) was 124 in 
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the males and 164 in the females. This difference was not 
statistically significant but the power of the performed ANOVA was* 
low (< 80%). However, power analysis also showed that the sample 
size should have been extremely large for the test to detect a 
significant difference with such small differences between male 
and female modules. 

The average number of conceptacles in a receptacle depended on sex 
and size class but the interaction between these two was non­
significant (Table 4). Averaging class 3 and class 4, male 
receptacles had significantly more conceptacles (102) than female 
receptacles (77). Pooling sexes, receptacles of class 4 modules bore 
96 conceptacles whereas receptacles of class 3 modules bore 86. 
The conceptacle load for female receptacles in class 3 was 64 and 
89 in class 4. Data were pooled to illustrate the differences in 
receptacle load in the classes and sexes. No statistical analysis 
was conducted with the pooled data. 

The mean number of eggs in a single conceptacle was 459. The egg 
production of a conceptacle did not depend on the abundance of 
conceptacles in the receptacle (P>0.05, Fig. 1). The coefficient of 
determination of receptacle weight vs number of eggs/conceptacle 
was 0.08. The coefficient of determination between receptacle 
mass and number of eggs/receptacle was even lower, 0.06. Although 
significant (P= 0.001), receptacle mass accounted for very little 
variance in egg production. The egg production of a conceptacle was 
then virtually the same in small and large receptacles. Thus, the 
fecundity of a module resulted from the number of receptacles and 
not from their biomass. 

The reproductive output of a receptacle was equal to the mean 
number of eggs/conceptacle X the number of 
conceptacles/receptacle. Thus, the fecundity of a receptacle in a 
female class 3 module was, 
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459 X 64 = 29,376 
and of a female class 4 was 
459 X 89- 40,851 

The number of eggs produced by a female module (fecundity) in class 
3 and 4 is equal to the reproductive output/receptacle X number of 
receptacles/module 

no. egg/class 3 = 29,376 X 32 = 940,032 and, 
no. egg/class 4 = 40,851 X 233 = 9,518,283 

Females in class 4 then produced 10.1 times more eggs than females 
in class 3 and thus potentially produced 10 times more offspring as 
well. 

Sex Ratio. The sex ratio within each size class was 1:1. However, 
an anomalous gender distribution was found. The receptacles of a 
single module could be female or male. The conceptacles of a 
receptacle could be either female or male. Moreover, within a single 
conceptacle, there were sometimes oogonia and spermatangia. This 
meant then that the number of eggs produced by a module depends on 
whether it is monoecious or hermaphrodite and on how much male 
tissue there is in the conceptacles. It was also not clear how the 
amounts of female and male tissues in a receptacle should be 
assessed. I did not determine the number of anomalous individuals 
in my samples, and so I did not consider them in the estimation of 
the sex ratio. However, if their numbers were significant, the sex 
ratio might not be 1:1. It would depend on the overall amount of 
male and female tissues in the population. The male:female ratio 
might then affect the above estimates of fecundity. 

Discussion 

Life cycle stages 
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This study suggested that Ascophyllum modules can reasonably be 
viewed as growing into 4 stages correlated with events of their life 
cycle. These stages were determined by size, likelihood of 
reproduction and fecundity. A minimum size (27.5 cm) was required 
for reproduction. Below that minimum size modules (class 1) 
largely failed to become reproductive. Above that size, modules in 
reproductive state were noted suggesting that reproductive maturity 
was achieved. Between 27.5 cm and 78 cm, modules could be either 
vegetative or reproductive. Modules within this size interval that 
did not attain reproduction, were assigned to class 2 and those that 
were reproductive to class 3. The number of modules in 
reproductive state increased with size, modules in class 3 being 
generally larger in size than those in class 2. Class 4 included the 
largest modules. These were almost always reproductive and 
contributed ten times more offspring/module to the next generation 
than class 3. The fact that the relationship between size and 
reproductive state was statistically significant and that 
differences in fecundity due to size were so high suggested that size 
can be used to predict stages of the life cycle (i.e. reproduction, 
fecundity) and thus these size classes may be considered distinct 
stages of the life cycle of modules. 

Fecundity cannot always be estimated accurately from reproductive 
weight. The correlation between reproductive mass and number of 
eggs was low and thus mass was not a good predictor of fecundity. 
There must then be other factors whose influence on egg production 
is more significant than receptacle mass. Another problem was 
hermaphroditism with conceptacles comprising sometimes both 
sexes. The fecundity of a size class in terms of eggs then might 
depend upon how much female and male tissue there is in that class. 

In recent years, size-based classes have been used in ecological 
studies (Chapman 1986b, Werner & Caswell 1977, Caswell 1988) and 
in matrix models to project future population growth (Ang 1987, 
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Getz & Haight 1989, Aberg 1990a,b). There are two ways to choose 
size classes for transition matrix models. In one, size classes are 
biologically distinct, i.e. represent different stages (Crouse et al. 
1987). This method is mostly limited to species where life cycle 
stages are morphologically distinguishable. In the other, size is 
divided relatively arbitrarily into intervals (Getz & Haight 1989, 
Aberg 1990c) and can be used when no differentiation into 
morphologically distinct stages exists. The disadvantage of this 
method is that it may produce too many size classes which are not 
biologically relevant (Aberg 1990c). My method might be viewed as 
a combination of both and can be used to construct demographic 
matrix models (Caswell 1989, and pers. com.). This method uses 
size as an indicator of stages but the stages are correlated with 
demographic processes. The main advantage of my method is that 
models may provide more information on future population trends 
(Aberg 1990a,b, also Caswell 1988, 1989). However, my 
classification has to be compared with other classifications of the 
same individuals to determine which one provides the most 
information about demographic fate. As far as I know this was the 
first time this method was used for a plant species. In species 
where size-based stages do not exist the alternative might be to use 
an algorithm including information on the life-cycle where possible. 
Aberg (1990c) used this approach to model populations of 
Ascophyllum plants where several categories were produced. Only 
one (the smallest) was biologically distinct. 
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Table 1. Percentage of reproductive modules along a range of 10-
cm length intervals. Numbers of reproductive modules in each length 
interval are indicated between parentheses. The total number (N) of 
modules (vegetative and reproductive pooled) in each interval is also 
indicated. 

Length 

0-10 
1 0 - 2 0 
2 0 - 3 0 
3 0 - 4 0 
4 0 - 5 0 
5 0 - 6 0 
6 0 - 7 0 
7 0 - 8 0 
8 0 - 9 0 
>90 

1989 

0 (0) 
0 (0) 
0 (0) 

32 (6) 
44 (7) 
75 (15) 
85 (11) 
94 (15) 

100 (17) 
100 (9) 

N 

11 
17 
21 
19 
16 
20 
13 
16 
17 

9 

1990 

1 (D 
0 (0) 

1 (1) 
31 (4) 
37 (6) 
67 (10) 
64 (7) 

100 (3) 
92 (12) 
92 (11) 

N 

14 
6 

16 
13 
16 
15 
11 
3 

13 
12 

1989 X2= 101.307 P>0.0001; 1990 X2- 54.214 P= >0.0001 
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Table 2. Percentage of reproductive modules in the three lengths 
intervals (cm) corresponding to classes 1, 2 & 3, and 4. Numbers of 
reproductive modules within each interval are given within 
parenthesis. 

1989 X2= 

Year 
1989 
1990 

75.04^ p= 

4-27 
0(0) 
4(1) 

27.1 
51 
43 

-78 
(43) 
(29) 

>0.0001; 1990X2=40.782 P= 

> 78 
100 (37) 

93 (25) 

: >0.0001 

Table 3. ANOVA table. Effects of class and sex on the mean 
number of receptacles/module, c X s= size class by sex 
interaction. N= 67 

Source df S.S. F P 
class 
sex 
c X s 
error 

1 
1 
1 

56 

11.88 
0.44 
0.02 

21.33 

31.18 
1.14 
0.06 

0.00I 
>0.05 
>0.05 

Table 4. ANOVA table. Effects of class and sex on the mean number 
of conceptacles/receptacle in any given module, 
c x s« size class by sex interaction. N=67 

Source 
class 
sex 
c X s 
error 

df 
1 
1 
1 

54 

S.S. 
3507.6 
9641.5 
1332.7 

42135.4 

F P 
4.49 0.04 
12.36 0.0009 
1.70 >0.05 
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Figure 1. Relationship between mean number of eggs/conceptacle 
and number of conceptacles in a receptacle. 
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Chapter 2 

Effects of Harvesting on Ascophyllum nodosum: a 
Life-Cycle Approach 

Abstract 

Southwestern Nova Scotian populations of Ascophyllum nodosum 
have a long history of being harvested but little or nothing is known 
of their vital rates (e.g. growth, survival) and the potential effects 
of harvesting on these rates. The vital rates of a population are the 
result of the combined vital rates of the life cycle stages. This 
study assessed the effects of harvesting on population vital rates 
using a life-cycle approach. Specifically, the effects of harvesting 
season and intensity on growth and mortality were assessed for 
each stage of the life cycle of the modules. 

Harvesting enhanced growth as it was greater in harvested compared 
to uncut stands, although this finding needs statistical confirmation 
for most size classes. Differences among treatments, however, 
appeared largely non-significant. The effect of harvesting season 
accounted for less variation than the effect of harvesting intensity 
(needs statistical confirmation). Growth rates declined with 
increased size class, class 4 exhibiting more breakage than 
increases in size. Despite the differences in growth rates, the 
response to harvesting intensity of classes 1 to 3 was similar in 
that they all grew approximately 10 cm in two years. The small size 
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classes attained maximum growth in all treatments. Class 3 
achieved maximum growth only in intensely cut plots. 

Introduction 

"How many of us would fly in an airplane built in someone's backyard without 

any blueprints? This airplane may look like others we have seen fly but that Is 

not enough to ensure that it will fly...Should we demand any less of ourselves 

than to manage resources according to policies designed by resource 

scientists?... The absence of theory in resource management is just as likely 

to lead to a disaster, as is the absence of theory in aviation" (Getz & Haight 

1989). 

Through its long history of exploitation (Sharp 1987a) the 
southwestern Nova Scotian population of Ascophyllum nodosum has 
been harvested without blueprints (Sharp 1991). Management is 
rudimentary. Typically, this population is cut, left alone for 1 to 3 
years and reharvested again (Sharp 1987a). The stand is harvested 
again if it has approximately same standing crop of biomass that it 
had before the previous harvest. There are little or no assessments 
of vital rates (growth, mortality) of this stand. Understanding the 
impact of harvesting on the vital rates is key to ensuring the long-
term use and conservation of this natural resource. 

In populations where different stages of the life cycle co-exist, 
population vital rates result from the combined vital rates of each 
life cycle stage. The population of modules of A. nodosum can be 
considered to grow into four life cycle stages (Chapter 1). The 
effect of harvesting may then depend on the responses of modules in 
each stage. Thus, the objective of my study was to assess the vital 
rates of each life cycle stage under various harvesting treatments. 

Reviewing the literature, Sharp (1987a) reported growth rates for A. 
nodosum from several North Atlantic populations. Growth rates 
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varied from an average of 0.33-1.2 cm/month to 3.4 cm/month. 
Annual growth may be as high as 25 cm/year (Keser & Larson 1984, 
Peckol et al. 1988). The growth rate estimated for southwestern 
Nova Scotian stands was 1 cm/month vSharp 1981). Discrepancies 
among populations are believed to result from geographic, vertical 
and temporal distribution of environmental factors (Mathieson et al. 
1976, Sharp 1987a, Peckol et al. 1988). It is possible too, that 
variation also arises from differences in growth among life cycle 
stages. If growth rates change with life cycle stage, the overall 
mean growth will change with a change in the number of individuals 
in each stage. Assessing the variation due to life cycle stage may 
contribute to the accuracy of the estimates of population growth. 
Although the present study was not about methods to assess growth, 
methods other than the one used here are briefly discussed. 

Since yield results from module growth minus mortality, mortality 
should be determined. The relevance to yield of losses through 
module breakage cannot be overlooked either. A significant part of 
the annual growth may be lost due to ice damage (Mathieson et al. 
1982). If the degree of exposure to ice and desiccation increases in 
the stand after harvesting, breakage and mortality may increase. 
One might then expect that mortality and breakage are functions of 
harvesting intensity. Thus, growth may decline with harvesting 
intensity. Alternatively, since harvesting removes the canopy, 
growth of the understory modules may be enhanced and increased 
with the intensity of harvesting. 

The effects of season and intensity of harvesting need to be 
investigated. If the effects of harvesting are detrimental, one may 
hypothesize that winter cuts may be worse than summer cuts due to 
increased exposure to ice and desiccation. The effects may also 
depend on the intensity of the cuts. The present study then had two 
objectives, to assess the effects of harvesting season and intensity 
on the growth, breakage and mortality of modules. 
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Materials and Methods 

Study Site 
The studied population is located at Woods Harbour, southwestern 
Nova Scotia, Canada. The site consists of a ledge extending 
horizontally seaward approximately 20 m to 100 m from the upper 
intertidal. The substratum is mainly composed of large granite 
boulders fixed in a mixture of sand, mud and cobbles. The 
Ascophyllum zone is limited above by a narrow band (approx. 0.50 m 
wide) of Fucus species, mainly F. vesiculosus. The studied stand is 
largely monospecific with Fucus spp occupying the tops of the 
highest rocks. Individuals are attached to boulders and thus cover is 
variable depending upon the interspersion of boulders. Almost all of 
the boulders are occupied by Ascophyllum. The stand is usually 
harvested. The last cutting was approximately two years prior to 
this study (anecdotal evidence). No formal records of the harvesting 
history for the stand prior to the study exist. 

Experimental Design 
A factorial design was used. One factor was harvesting season, with 
two levels, summer and winter. The other factor was harvesting 
intensity with four levels: 

a) high intensity (45 min.) 
b) medium intensity (30 min.), 
c) low intensity (15 min.), 
d) control (no harvest). 

Plots were laid out in the field and one treatment was randomly 
assigned (i.e. using random numbers) to each of them. 

Cuts at the above intensities were conducted in winter (February 
1988) and summer (June 1988) to determine the effect of harvesting 
season and intensity. Each treatment was replicated 3 times. A 
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control consisting of 3 plots left intact was included. In total there 
were 21 plots. Treatments are referred to in the text as control, 
low winter, medium winter plots, etc. Harvesting was carried out 
with the Norwegian suction cutters of the type currently employed 
by a local contractor. Cuttings were as usual carted off. The 
cutters were operated by employees of the local harvesting company. 
A buoy was placed at each corner of the plot and the cutter 
harvested within those boundaries. It was not possible to determine 
the amount of biomass that should be removed in each level of 
harvesting intensity prior to the actual harvesting because there 
was no accurate way to determine how much biomass of the stand 
was being removed during the actual harvest. Therefore, harvesting 
intensity was measured here as effort (i.e. time harvesting) placed 
in the stand. The more time the worker spends in a stand the more 
thorough the cut (Fig. 2 shows that growth rates varied with 
harvesting intensity, suggesting that the method employed here 
resulted in three different levels of harvesting intensity). The 
amount of biomass removed was estimated as a percentage of the 
biomass in the stand prior to the harvest. The stands were sampled 
prior and after the harvest to estimate biomass (see below). 
Biomass sampling prior to and after harvesting indicated that the 
sensitivity of the sampling method employed was sometimes 
insufficient to assess the amount of biomass removed in plots cut at 
low intensity. Nevertheless, in those plots where a difference (i.e. 
between prior to and after harvest) was detected, an average of 18% 
(standard deviation, SD- 5) of the stand biomass was removed in the 
low-intensity harvest. In the medium-intensity harvesting 
treatment, on average, 60% (SD= 19) of the biomass was removed. 
As much biomass as possible was cut in the high intensity 
treatment, which amounted to an average of 70% (SD= 18). Bags 
were weighed after the harvest at the plant but unfortunately 
recording of weights was not properly conducted by the operators. 
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Sampling 
Plots (16 m X 21 m), each comprising 3 transects, were laid out just 
as described in Chapter 1. The sampling procedure employed was 
also described in Chapter 1. Here additional information is given. 

Each plot was sampled before and after harvesting to assess the 
amount of biomass removed by the harvest and the module size 
structure (see methods in Chapter 1). The total wet weight of each 
sample collected prior to and after harvesting was assessed. For all 
modules greater than 4 cm the wet weight and reproductive state 
were assessed. Modules bearing receptacles were considered 
reproductive; otherwise, modules were considered vegetative. The 
length of 2656 modules was also determined. When a sample (the 
content of a quadrat) was too large to be processed relatively 
readily, a subsample was randomly taken. To select the subsample 
all modules greater than 4 cm from the same sample, were mixed by 
hand in a container and then the sample was emptyed on a 30 cm-
wide surface divided into 30-cm x 30-cm squares. The surface 
comprised as many squares as needed to obtain an even cover of 
modules. One square was selected by means of random numbers. Its 
content was the subsample. 

Tagging 
Once harvesting was completed growth rates of individually marked 
modules were determined. Plots were reduced to 14-m x 19-m to 
avoid edge effects and modules were tagged. The tagging procedure 
employed was described in Chapter 1. A total of 1260 modules was 
tagged and monitored every three months for almost two years (see 
below). The presence or absence, length and reproductive state of 
the tagged modules was recorded at each census. Tag loss due to 
handling was extremely rare. Each module carried at least two tags 
(see below). Broken tags (not the modules) were replaced during 
censuses. 
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Some proble.ns with the tags developed. A number of them 
deteriorated and were lost within the first six months of the survey. 
In November 1988, two more tags made of heavier, braided fishing 
line were tied around the module. Thus modules carried two to three 
tags. Where tag loss was evident, another identical moduie from the 
same plant was tagged, for that time only. Modules were not 
substituted again during the study. Due to the second tagging, each 
module had 3 tags. There was still uncertainty as to whether tag 
loss would continue and could be confounded with module mortality. 
Another problem was that the tag rubbed the module and might cut 
it. In order to determine whether tags caused mortality and whether 
tag loss was significant, a control for tags was conducted between 
July 1989 and June 1990. The control consisted essentially of 
modules that were selected but not tagged and their survivorship 
compared to the survivorship of the tagged modules. The experiment 
comprised three plots running between the experimental plots. 
Three transects were laid out and plants selected along these in the 
same fashion as in the experimental plots. All modules, except four 
of each size class, were cut off the holdfast. The number of modules 
selected in each size class was recorded for each plant, transect and 
plot. At the end of the study the total number of modules surviving 
one year was assessed. It was found that tag loss was not 
significant and that the loss of modules observed in experimental 
plots was due to natural mortality. Eleven percent of the selected 
modules in the control-for tag experiment had been naturally 
removed during that time. The number of tagged modules in 
experimental plots that could not be accounted for (i.e. presumably 
dead) was also assessed. The assessment was done for both 1988-
1989 and 1989-1990. Eight and 13% of the modules initially tagged 
were missing at the end of the first and second year respectively 
(all treatments pooled). A G-test (Sokal & Rohlf 1981) showed that 
these percentages were statistically similar. Further, the average 
of these two years (10.5%) was practically identical to the module 
mortality in the control-for-tag experiment. 
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Size Classes 
Intact modules were assigned to one of the 4 size classes described 
in Chapter 1. Modules truncated by the harvest were assigned to 
different categories. The literature suggests that if modules are 
cut too low, regrowth may be delayed or prevented (David 1943). 
The correlation between size and reproductive state (chapter 1) also 
suggests that reproductive modules may grow faster than vegetative 
modules. Treatment effects may then depend upon whether the 
module is cut and its reproductive state. Thus, if truncated during 
harvesting, modules were assigned to either class 'cut reproductive' 
or 'cut' depending on whether they had receptacles or not. The 
regression equation in Chapter 1 was not used to assign modules to 
these two classes). 

The classification of each module into a particular size class was 
maintained throughout the study. For instance, modules that were 
class 2 at the beginning of the study were considered class 2 until 
the end and tested for treatment effects as such. However, modules 
could have moved to another class during this study. They were not 
reassigned to another class because the objective of the present 
study was to assess the effect of harvesting on a particular size 
class, one and two years after the harvest. This method is useful 
particularly for slow-growing species like Ascophyllum where 
responses may not be readily observable. 

The response variables were: 
Growth. It was measured as the difference between final length 
and initial length for the two periods, which ran from July 1988 to 
May 1989 and July 1988 to April 1990. The two periods comprised 
less than 12 or 24 months respectively but I refer to them as one-
and two-year periods for simplicity. Growth thus estimated 
includes losses through breakage and is therefore net growth. 
Growth was negative if the fragment lost was greater than the 
increase in size. If modules broke but the increase in size was 
greater than the loss, growth was positive. Modules with positive 
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and negative growth cannot be completely separated. (Seasonal 
variation in growth is not presented here because this study aimed 
at determining yearly rather than seasonal growth. Differences in 
initial size between modules from winter and summer plots were 
analyzed with ANCOVA, with initial size being the covariate. See 
below). 

Breakage. It was the percentage of modules with negative growth 
in each treatment. Since breakage can exert a significant effect on 
growth (Mathieson et al. 1982) and breakage can increase in a cut 
stand, two sets of statistical analyses were run to assess 
treatment effects on growth. One considered both positive and 
negative net growth values and the other only positive net growth 
values. 

Survivorship. It was the proportion of modules in each size class 
that survived two years. 

Statistical Analysis 
The effects of harvesting season and intensity on module growth 
were tested for statistical significance. To account for differences 
in module size at the start of the experiment, initial module length 
was included in the analysis as a covariate (ANCOVA). However, the 
covariate was not significant and so the analysis was replaced with 
ANOVA. Data from individual plots were averaged for each size 
class and these averages were used in the statistical tests. The 
model was: 

Yjjk- mean + Sj + Hj + (S X H)jj + E k(jj), 

mean = Average growth of the entire population, 
S = Effect of harvesting season, 
H = Effect of harvesting intensity, 
S X H= Effect of harvesting season by intensity interaction, 
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E = error in S and H 

If the p values of the F test were > 0.05, differences between means 
were considered non-significant. Error terms and degrees of 
freedom (df) were estimated following guidelines of Underwood 
(pers. com.) and Zar (1984). The power of the performed ANOVAs 
was estimated as well (Zar 1984). When the power was < 80% and 
the effects were non-significant, the results of ANOVAs were not 
reported. ANOVAs were reported when at least one main effect was 
significant. Variances were tested for homogeneity with Cochran's 
test (Underwood 1981). Significance values of 0.01 or smaller 
meant that the probability variances were heterogeneous was 
significant. ANOVA is robust to transgression of the assumption of 
normality (Underwood 1981). Data were nevertheless tested for 
normality with normal plots. If the significance value of the plot 
was 0.05 or smaller, data were normal. The assumption of normality 
was also checked with the Kolmogorov-Smirnov (K-S) test. If the 
result of this test was a P value greater than 0.05 the distribution 
of the data was consistent with a normal distribution. Below are 
the results of the tests of the assumptions of the ANOVA's in Table 
5. 

Size 
Class 

1 

Cut 
Repr. 

Test 

K-S test 
normal plots 
Cochran's test 

K-S test 
normal plots 
Cochran's test 

Results 

P > 0.05 
P - 0.05 
P > 0.05 

P > 0.05 
P = 0.05 
P > 0.05 
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Controls were not included in the above ANOVA model. However, 
upon detection of significant differences, comparisons with controls 
were conducted with Dunnett's test. Tukey's test test was employed 
for pairwise comparisons among the levels of a treatment. Dunnett 
and Tukey tests are recommended by Day & Quinn (1989). Figures 
were constructed using the data prior to averaging. 

One separate ANOVA for each size class was performed to test for 
the effects of harvesting on the growth of each size class. Due to 
the tagging procedure employed, size classes were not independent 
(Hurlbert 1984). Because the modules of a plant are in tight clumps, 
they could influence each other's growth. Thus, size classes could 
not be compared for significant differences. Conclusions concerning 
growth differences among size classes were based on the visual 
examination of their standard errors. 

Survivorship curves were estimated and tested using the Desu-Lee 
statistic (SPSS.X 1986). 

Results 

Population Growth 

What follows is a description of the effect of harvesting on growth 
in each treatment given in Table 1. Note that no statistical tests 
were conducted on the data in Table 1. Tests for significant 
differences were carried out separately for each size class and are 
given below. Growth in cut plots appeared greater relative to 
control plots (Table 1). One year after the harvest, the growth in 
plots cut at medium intensity was lower than in plots cut at low or 
high intensity. Two years after the harvest, growth increased with 
the intensity of the cut (Table 1, Fig. 1). The average growth over the 
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two periods, at each harvesting intensity treatment, was slightly 
higher when plots were cut in winter than in summer. Exceptions 
were the high intensity plots where the winter averages were 
similar to or lower than those of summer. Overall, there was little 
difference between the growth in summer and winter plots over two 
years (pooling harvesting intensity treatments and classes, Fig. 2). 

Pooling all size classes and treatments, modules grew on average 6 
cm over 2 years. Variability in growth was very high (SD- 17.5), 
some modules growing 25 cm in one year and 35 cm in two years. 
The overall average was for the tagged modules. However, the 
number of modules in each size class that I tagged was different 
from that in the whole stand. The abundance of each size class may 
also vary, but not necessarily, with the intensity of the harvest. 
Sampling the stands after the harvest permitted an estimate of the 
number of modules in each size class, which is given in Table 2. 
Since the growth of cut and cut reproductive modules was roughly 
similar to the growth of the other classes (below), the two were 
added to each of classes 1 to 3, depending on their size. None was 
added to class 4 because all truncated modules were smaller than 
class 4. The mean growth of each size class estimated from tagged 
modules in each harvesting treatment is also given in Table 2. With 
the data in Table 2, the mean growth of harvested stands was 
estimated (Table 3). The actual increase in module length in cut 
stands, pooling all treatments and size classes, averaged 8.8 cm in 
two years for summer and winter plots. The average from harvested 
stands (Table 3) and from my sample of tagged modules (Table 1) 
were then roughly similar. The averages from summer plots were 
slightly higher than those from winter plots (Table 3) which was 
different from the tagged module response for the two-year period. 
The discrepancy is due to the fact that there were more class 1 
modules in the plots cut in summer than in the plots cut in winter. 
The difference between seasons was nevertheless, negligible. Table 
3 also shows that stand growth did not increase with harvesting 
intensity. Increase in module length in uncut stands over the two-
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year period (4.2 cm) was nevertheless lower than in harvested 
stands. Again the difference between the estimates from the tagged 
modules and Table 3 was due to the fact that the proportions of 
modules/size class in the whole plots and in my sample were 
different. 

Treatment Effects on Growth over the One-Year Period 

The average growth in each treatment is given in Figure 3. Most 
treatments were statistically non-significant. The power of the 
ANOVAs of all the non-significant effects was less than 80%. The 
lack of significance might be then due to the low power of the 
ANOVA rather than to actual lack of treatment effect. ANOVA tables 
then were not worth reporting here. The statistical tests excluding 
negative values for the two studied periods, also lacked power and 
thus they were not reported here. 

One cause of the low power of the tests might be that treatments 
did not appear to exert obvious effects. For example, the average 
growth of most classes in winter and summer plots was similar 
(Table 4). Class 4 experienced breakage rather than increases in 
size (Table 4, Figure 3). With some exceptions, in plots cut either in 
summer or winter, averages varied relatively little with the 
intensity of the cuts (Fig. 3). The sample size then would have to be 
very high for the ANOVAs to have power to detect significance 
between treatments. Another reason for the non-significance of the 
main effects might be that there was a significant interaction in 
two cases (below). 

The only cases in which treatment effects were detected were 
classes 1 and cut reproductive (Table 5). Although differences were 
small, harvesting season influenced the growth of class 1, growth 
being greater in plots cut in winter (5.5 cm SD=1.7) than in summer 
(4 cm, SD 1.3) and in the controls (2.3 cm, SD= 0.9, Dunnett P= 0.05). 
Growth in summer and control plots was comparable (Dunnett P> 
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0.05). The effect of harvesting intensity on cut reproductive 
modules was significant. Growth in plots cut at medium intensity 
(0.95 cm SD= 4.2) was lower (Tukey, P= 0.05) than in plots cut at 
low (6.6 cm SD= 3.1) and high (5.4 cm SD- 1.9) intensity. The growth 
from low and high intensity cuts were statistically similar (Tukey, 
P> 0.05). 

The interaction of harvesting season and intensity was significant 
(F, P < 0.05) for classes 2 and cut modules but no consistent pattern 
emerged. The growth of class 2 decreased with harvesting intensity 
in winter plots and increased with harvesting intensity in summer 
plots. The growth of cut modules varied little with harvesting 
season X intensity interaction except in plots harvested at medium 
intensity where growth in the summer plots was negligible. 

Treatment Effects on Growth over the Two-Year Period 

The response of each size class to treatments over a two-year 
period are given in Figure 4. The effects of harvesting season and 
intensity on growth were always statistically non-significant. The 
power of the tests was low (< 80%), which may be the reason of the 
lack of statistical significance. However, Figure 4 shows no clear 
evidence of differences among treatments and that variability was 
high. As above, the sample size would have to be exceptionally high 
to find small differences statistically significant The harvesting 
season by intensity interaction was significant in class 2 only. The 
interaction may explain the non-significance of the main effects 
because winter averages tended to decrease with harvesting 
intensity whereas the reverse was true for the summer averages. 
Tests excluding negative values also lacked power and thus they 
were not included here. 
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Size Classes 

Growth decreased with size class (pooling all treatments). The 
growth of classes 1 and 2 were similar, averaging 10.6 cm (SD* 
10.7). Class 3 grew 3 cm (SD=19.5) and class 4 experienced losses 
(-14 SD-32 5). Cut and cut reproductive modules grew 
approximately the same (7.3 SD-13.6) as classes 1 and 2. 

The response to harvesting of all size classes (except class 4), 
appeared similar, growth on average being about 10 cm in two years 
(Fig. 4). In classes 1 and 3 and to a lesser extent 2, growth was 
negative or lower in control plots relative to treatment plots (Figs. 
3, 4). However, growth did not increase with the intensity of the 
cut. 

Most of the population after harvest was in class 1 and 2 while only 
4 % of the modules were reproductive (Table 2). Population 
regrowth then stems mainly from class 1 and, to a lesser extent, 
class 2 (Table 2). 

Breakage 
It was hypothesized that harvesting might result in increased 
module breakage due to exposure to ice and desiccation in the stand. 
Overall, however, only 13% (N= 169) of the tagged modules in my 
sample experienced breakage over two years. Moreover, the 
frequency of breakage slightly decreased with increased harvesting 
intensity (control^ 20% (n=37), low- 13% (n=46), medium- 14% 
(n=52), high = 9% (m«34)). Since the number of modules that broke 
in each class and treatment was so low, treatments were not tested 
for significant differences in breakage. Decreasing percentages of 
breakages with harvesting intensity suggested nonetheless that 
harvesting may actually decrease the chances of breakage. 

Survival 
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About 7 1 % of the modules survived two years. Harvesting season 
did not appear to affect survival, this being similar in summer 
(76%), winter (75%) plots. Survivorship in summer plots was 
consistently highest in plots cut at medium intensity, being 
statistically significant in cut reproductive modules (Table 6). In 
winter plots, survivorship was consistently lowest in plots cut at 
medium intensity, differences among treatments being significant in 
classes 1 and 2 (Table 6). Pooling all treatments, the survivorship 
curves for classes 1 to 4 appeared similar (Fig. 5). Seventy percent 
of the modules in control plots survived two years, survivorship of 
classes 1 to 4 being similar (Table 6). 

Discussion 
Growth 

Variation in growth rates among North Atlantic Ascophyllum 
populations has been attributed to spatial, temporal and 
geographical distribution (Mathieson et al. 1976, Keser & Larson 
1984, Peckol et al. 1988). My study suggested that another source of 
variation is module size because growth decreased with module size 
class. Thus, the growth rate of a population will be affected by the 
number of modules in each size class, i.e. stand size structure. If 
the size structure of populations varies among sites, and within a 
site through time, variation among the above studies might be also 
due to differences among population size structures. 

Methods other than the one employed here have been used before to 
measure growth, although addressing production issues rather than 
individual variation. One of those methods uses the age and weight 
of the internodes between vesicles. The age of an intemode can be 
obtained counting downwards from the unbroken apical tip of the 
module. The present study was not concerned with annual total 
production in a stand but, it may be argued that the basic technique 
of the aging methods could be used to measure the annual growth of 
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an individual module. Therefore, a brief comment on the application 
of aging method to assess module growth follows. 

Cousens (1981, 1984) devised two methods to estimate growth in 
Ascophyllum, both making use of the annual formation of a vesicle. 
The methods assume that internodes can be aged (relative to the 
first vesicle) and that growth from year to year is constant. Growth 
is then estimated from the differences in weight between 
successive years. The assumption that modules can be aged may not 
be realistic. Cousens (1982b) noted that aging methods were 
incorrect for most modules in most populations. He noted that age 
is extremely difficult to estimate due to the great longevity of many 
modules, their ability to withstand repeated breakages and problems 
aging young modules. It may not be always true that one vesicle is 
formed annually either. Growth rates vary enormously among 
modules in laboratory (Stromgren 1981) and field (Cousens 1985) 
conditions. Extreme variation was noted in my sample of tagged 
modules as well. Both, Cousens (1985) and I (i.e. in control stands) 
noted that small modules grew slowly. In my stands, 46% of the 
modules that did not grow measurably were in class 1. Variation in 
growth ranged from 0 to occasionally 25 cm in one year and 35 cm in 
two years in some modules. Since i never saw exceptionally long 
internodes, it is reasonable to think that fast growing modules may 
have produced more than one vesicle/year. Conversely, those 
modules that did not grow, could not have formed a vesicle. The age 
of an intemode may then be anywhere from less than a year to 
several years old. 

Another assumption that may not be realistic is that growth is 
constant through time. Growth depends on availability of light, 
temperature (Stromgren 1983), on interference (Chapter 3) and ice 
damage (Mathieson et al. 1982, Aberg 1990a,b). Module growth then 
may be expected to vary from year to year depending on the variation 
in the above factors. 
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Another method used to estimate growth is the Allen curve, although 
again for total stand production (Rice & Chapman 1982). Growth is 
calculated from the relationship between the numbers of survivors 
and the mean weight of survivors through the year. Growth can be 
obtained graphically by plotting a curve of survivorship against 
mean weight. The survivorship curve refers to a single cohort 
followed over a period. Losses of plant parts are not accounted for 
in the Allen curve and thus total production is underestimated. 
However, the amount lost has been considered negligible in other 
brown seaweeds (Rice & Chapman 1982). Even assuming that the set 
of tagged modules comprised in one size class in my study could be 
considered a 'cohort', the Allen curve method may not be applicable 
as it stands in my case. In Ascophyllum, losses may represent two 
or three years of growth (Mathieson et al. 1982) and in classes 3 and 
4, losses can actually exceed mean increases in size. The Alien 
curve method then would not appear to accurately represent growth 
in Ascophyllum. 

My method of subtracting initial length from final length permitted 
a direct estimate of annual growth. The technique was quick, simple 
and with small error range (pers. observ.). None of the methods 
devised by Cousens (1984) has an advantage in speed, each taking 
one person about five days to process a singie sample. Size could 
also be obtained from the correlation between weight and the 
circumference of the module (as used for plants in Cousens 1984, 
Aberg 1990c). However, by contrast with length, the measure of 
circumference is a crude one. Nonetheless, my method should be 
compared with any others of the same individuals to assess which 
one is better. If the occurrence of modules that produce more or 
less than one vesicle per year is not significant, a minimum age at 
least relative to the first vesicles may be obtained and thus aging 
methods may be a useful tool. 

The overall growth for harvested Ascophyllum southwestern Nova 
Scoiia stands was about 4 cm a year. Should these stands not be 
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harvested again, the growth rates will probably decrease eventually 
to 2 cm/year as in the control plots. Assessment of the growth 
rates of individual size classes permitted an estimate of the 
average growth of the population. Knowledge of the growth rates of 
each size class and the numbers of individuals in each size class in a 
post-harvest stand can be used to predict future stand recovery. 
Methods other than this may be less accurate. Samples that 
comprise selected modules, for instance the largest modules, may 
underestimate growth. However, the advantage of my method over 
others need to be tested 

Slight differences in growth due to harvesting season were noted 
but the differences were so small that they may not have biological 
meaning. Since the power of the ANOVAs was low, the effect of 
harvesting season needs confirmation. Studies for other seaweed 
species suggest that harvesting season may be important, it has 
been found in Macrocystis pyrifera (Westermeier & Moller 1990) and 
Mastocarpus stellatus (Burns & Mathieson 1972) that recovery 
depended significantly on cutting season, generally being better in 
summer cuts. Late spring harvests of Porphyra spp, known as 
karengo, resulted in greater yields than earlier harvests (Nelson & 
Conroy 1989). Although this latter study did not compare yields 
between seasons, it did show that within season harvest timing can 
be important, even if there are just a few months in between cuts. 
Recovery through sexual recruitment in areas cleared of Durvillea 
antarctica plants depended significantly on harvesting season (Hay & 
South 1979). Areas cleared in winter were successfully recolonized 
but when areas were cleared at other times, there was little, if any, 
recovery. Gomez & Westermeier (1991) reported that pruning season 
had no significant effect on the formation of modules in Iridaea 
laminarioides. Their experiments, however, were pseudoreplicated 
because treatments were not interspersed (Hurlbert 1984) and thus 
need confirmation. 
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Growth increased with harvesting intensity in my sample of tagged 
modules (Table 1, not tested statistically) but not the estimated 
growth for the entire harvested stands (Table 3). Growth in 
harvested stands was twice as great as in control stands 
nevertheless. Almost certainly, enhanced growth was due to the 
reduction of shading through the removal of the canopy. The fact 
that the growth of class 1 (that are in the understory) was enhanced 
by the harvesting and that growth in plots cut at low intensity was 
siower (Fig. 2) than in the other treatments, supports this view. 
Other studies for Ascophyllum, suggested the same. Plant growth in 
terms of biomass decreased in stands with increasing canopy 
(Chapter 3). Experimental manipulation of densities also showed 
that high density inhibited the abundance of modules in class 1 
(Chapter 3). Apices from the bottom of the plant and of lateral 
branches in dense stands are light-limited (Cousens 1985). In 
agreement with my study, Sharp (1981) also suggested that biomass 
growth may be greater after cuts than in uncut stands. This 
evidence then suggests that the slow growth characteristic of 
Ascophyllum stands was partly due to self-shading. The enhancing 
effect of harvesting, however, may last for only a few years because 
as plant sizes in the stand increase (and so interference), growth 
rates may slow down. 

Similar harvesting effects have been reported for other seaweed 

species. Removal of the canopy in Laminaria longicruris and L. 

digitata stands enhanced the growth of zygotes at least temporarily 

(Smith 1986) and of the stipe of small plants in the understory by a 

factor of 2 or more (Gendron 1989). Although this last experiment 

was not replicated, the fact that irradiance in the harvested site 

was 20 times higher than in uncut sites suggests that, indeed, 

plants in the understory were light-limited. The growth of 

recolonizing Durvillea antarctica plants in cleared and control areas 

as measured by stipe length has been compared. Stipes were 

significantly longer in cleared areas than in control areas (Hay & 

South 1979). The yield in the stand some time before and after the 
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clearing was also compared. It was found that the harvest in areas 
cleared of all plants and holdfasts, was 150% higher than the 
biomass removed originally. The recovery from areas where only the 
largest plants were removed, instead, was only 32% of the original 
stand biomass. 

Another factor that may determine growth is the height of the cut. 
If the module is cut close to the holdfast, regeneration is poor, 
otherwise regeneration is relatively good (David 1943, MacFarlane 
1952, Baardseth 1970, Sharp 1981, 1987a). This is so accepted that 
the Canadian government currently uses the cut height to regulate 
the commercial exploitation of this species. Minimum legal cut 
height is 12.7 cm (Sharp 1987a). In the present stands the mean cut 
height by mechanical harvesting was about 20 cm (SD- 21 cm), 
average for southwestern Nova Scotian stands (Sharp 1991 reported 
averages of cut modules between 10 cm and 30 cm). It is not known, 
why cut height determines regeneration potential. The reasons 
suggested by the literature are that there are no lateral meristems 
near the base to produce regeneration or that they are old (David 
1943). 

Regeneration from the holdfast is possible but may be extremely 
slow. Keser et al. (1981) harvested Ascophyllum from six sites in 
Maine. Plants were cut to the holdfast level (surface cut), and at 15 
cm and 25 cm from it. Recalculating the means reported in this 
study, i found that after three years biomass recovery from surface 
cuts was several times lower than that from plants cut at 15 cm and 
25 cm. It was only 8% of the initial harvest. The recovery at the 
other two heights averaged, was 62% of the original biomass. 

The importance of preserving the holdfast and, or basal part of the 
modules, as a source of repopulation has been stressed for other 
species with similar growth forms (Lazo et al. 1989, Ang et al. 
1990). In Macrocystis pyrifera pruning of modules had no effect on 
module formation but reduced the assimilation area of the thallus 
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causing a rapid onset of senility and death (Westermeier & Moller 
1990). Cuts at the holdfast level, in Iridaea laminarioides plants, 
rendered a more profuse production of modules (Gomez & 
Westermeier 1991), but this study was pseudoreplicated and thus 
needs confirmation (above). Regeneration in Porhyra spp was 
enhanced if the holdfast was left intact (Nelson & Conroy 1989). 
Similarly growth in Gymnogongrus furcellatus was greatest when 
the harvest method left small modules intact (Santelices et al. 
1989). Cuts where no apices were left or where whole plants were 
removed, yielded significantly lower crops or none at all. 

Another factor affecting growth is harvesting frequency. Yearly 
harvest resulted in decreasing yields of Ascophyllum (Keser et al. 
1981). Similar responses were observed in Fucus vesiculosus (Keser 
et al. 1981) and Iridaea laminarioides (Gomez & Westermeier 1991, 
this study remains to be confirmed). In contrast two cuts, 60 days 
apart, appeared to enhance the growth of Porphyra spp (Karengo) 
provided these left the holdfast intact (Nelson & Conroy 1989). The 
yield of this species, nevertheless, depended to an extent on site and 
harvest timing. The present stands are usually harvested every two 
or three years depending on the degree of regrowth. Occasionally in 
areas where recovery is exceptional, stands are harvested annually 
(Sharp 1987a). Regrowth depends on the amount of biomass remnant 
in the stand (Sharp 1991). Usually, the mechanical harvest leaves 
about 40% of remnant biomass. Recently, however, increased 
harvest pressure has resulted in remnant biomass of less than 40%. 
The time intervals between cuts then may have to be increased to 
four years or more to attain pre-harvest levels (Sharp 1991). 

Size Classes 
Growth decreased with module size, with class 4 experiencing 
negative growth. There was no clear evidence that the performance 
of cut and cut reproductive modules was different from that of 
classes 1 and 2. Size-dependent growth has been reported for other 



species of brown seaweeds (Gonzales-Fragoso et al. 1991). Despite 
the differences in growth rates, the responses of the classes 1 to 3, 
cut and cut reproductive to the treatments were similar as they 
grew on average approximately 10 cm in two years. Growth was not 
a function of harvesting intensity. The small size classes and the 
cut and cut reproductive modules achieved maximum growth in plots 
harvested at low intensity. Class 3 achieved maximum growth in 
plots cut intensely. Inferences must be cautious as non-
independence among sampling units may bias the results (Hurlbert 
1984). So, results might change should this experiment be repeated 
with independent samples. Hopefully the bias, if any, was reduced 
by the fact that the estimated averages came from samples that 
included modules from the same plants (dependent sampling units) 
and from plants far apart (independent sampling units). 

Breakage 
Only a relatively small percentage of the tagged broke which 
suggested that breakage was not relevant to population growth. In 
contrast, a study in Maine reported that breakage was highly 
significant causing large losses. The average fragment of 
Ascophyllum removed by ice-rafting in those populations 
represented two to three years of growth (Mathieson et al. 1982). 

Contrary to what was hypothesized, breakage tended to decrease 
with increased harvesting intensity. In fact, breakage over two 
years was more important in control, uncut, stands than in harvested 
stands. Increased exposure resulting from the cuts might have 
actually reduced chances of breakage. A study in Rhode Island also 
suggested that relative exposure did not induce breakage (Peckol et 
al. 1988). On the contrary, breakage was more common in subtidal 
populations than in intertidal populations where shelter was greater 
suggesting that crowding may increase breakage. 

Survivorship 
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About 71% of the population of modules survived two years. This 
coincided with reports from Rhode Island where survivorship ranged 
from 67% to almost 90% per year (Peckol et al. 1988 and references 
therein). The proportion of surviving modules was higher in plots 
cut in the summer at medium intensity than at the other two 
intensities, whereas the reverse was true for the winter plots. 
There is no clear explanation for this. 

The underlying causes of mortality were not evident. Harvesting 

intensity did not seem to have a negative effect on mortality. On the 

contrary, it may have even reduced the chances of lethal breakage. 

Grazing did not appear to result in module mortality either (Chapter 

4). 
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Table 1. Mean growth (cm) in each harvesting treatment over one-
and two-year periods. Size classes are pooled. SD- standard 
deviation, T. mean- treatment mean, N- numbers of modules. 

Harvesting Intensity 
1988 - 1989 1988 - 1990 

Season 

Summer 
SD 
N 

Winter 
SD 
N 

T. Mean 
SD 
N 

control 
SD 
N 

Low 

2.4 
12.1 

169 

4.0 
11.0 

164 

3.2 
11.6 

333 

Medium 

0.6 
9.6 

161 

2.4 
14.9 

152 

1.5 
12.5 
313 

1.1 
10.8 

159 

High 

5.3 
9.8 

169 

3.7 
10.1 

169 

4.5 
10.0 

338 

Low 

3.6 
25.0 

129 

5.2 
18.5 

143 

4.5 
21.7 

272 

Medium 

5.9 
12.3 

155 

6.8 
13.3 

111 

6.3 
12.7 

266 

1.0 
19.0 

124 

High 

9.1 
16.3 

141 

8.8 
14.7 

147 

8.9 
15.5 

288 
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Table 2. Numbers and percentages (%) of modules/size class in each 
treatment immediately after harvesting. The number of modules in 
uncut stands was estimated pooling samples from control plots and 
from uncut treatment plots prior to the harvest. Two-year mean 
growth of each size class is indicated. Cut and cut reproductive 
modules are added to size classes 1 to 3 depending on their size. 
Percentages are expressed as percentage of the overall population. 
Numbers are the total numbers of modules in the samples collected 
in the replicates of a treatment. 

Class 1 Class 2 Class 3 Class 4 

Winter 

Summer 

Uncut 
Stands 

Low 
% 

mean 

Medium 
% 

mean 

High 
% 

mean 

Low 
% 

mean 

Medium 
% 

mean 

High 
% 

mean 

% 
mean 

914 
79 

7.9 

782 
84 

7.3 

486 
80 

9.5 

1,063 
83 
10.5 

1,481 
89 

8.5 

1,183 
87 

9.6 

7,746 
82 

4.1 

134 
12 
12.7 

91 
10 

5.8 

75 
12 
10.1 

183 
14 
12.1 

150 
9 
8.1 

156 
11 
12.3 

1,030 
11 
10.6 

94 
8 

(3.7) 

50 
5 
5.4 

36 
6 
7.2 

24 
2 
2.6 

19 
1 
1.2 

16 
1.1 

10.3 

539 
6 

-1.4 

12 
1 

(-18.5) 

10 
1 
4.8 

6 
1 

-5.7 

11 
0.8 

-26.2 

3 
0.1 

-18,1 

5 
0.3 

-30.9 

167 
2 

-10.7 



Table 3. Estimated mean growth in length (cm) in uncut stands 
stands and stands harvested in winter and summer at low, medium 
and high intensity. Size classes were pooled. 

Harvesting Intensity 
1988 - 1990 

Season Low Medium High 

Summer 10.3 8.3 9.8 

Winter 7.8 7.2 9.3 

Control 4.2 
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Table 4. Mean growth (cm) of modules in classes 1 to 4, cut and cut 
reproductive in plots cut in summer and in winter. The averages for 
the one- and two-year periods were indicated. Harvesting intensity 
treatments were pooled. Cut repr.= cut reproductive. Numbers within 
parentheses are standard deviations. 

Size 
Class 
1 
2 
3 
4 
cut 
cut 
repr. 

One-Year 

Summer 

9.6 (10.3) 
11.2 (9.5) 
5.2(15.7) 

-21.5 (39.1) 
8.8(13.3) 
6.4 (14.2) 

Winter 

10.7 (7.7) 
10.7 (16.2) 
4.1 (21.4) 

-8.0 (27.8) 
7.7 (8.4) 
6.2 (16.7) 

Two-Year 

Summer 

9.6 (3.2) 
12.6 (5.9) 

6.4 (10.4) 
-16.0 (13.8) 

9.2 (5.0) 
8.2 (7.0) 

Winter 

10.3 (2.6) 
9.8 (6.0) 
4.3 (12.8) 

-7.0 (17.1) 
6.9 (3.1) 
6.9 (6.2) 

Table 5. ANOVA tables. Effects of harvesting (h.) season, 
intensity, and their interaction on growth over a one-year period, s 
i - h. season by intensity interaction. Cut Rep.- cut reproductive. 

Size 
Class 

1 

Cut 
Rep. 

Source 

h. season 
h. intensity 
s X i 
error 

h. season 
h. intensity 
s X i 
error 

df 

1 
2 
2 

10 

1 
2 
2 

10 

S.S. 

9.07 
10.03 
21.35 

3.01 

24.26 
110.06 

4.80 
126.68 

F 

5.10 
2.82 
0.85 

2.30 
5.21 
0.23 

P 

0.04 
>0.05 
>0.05 

>0.05 
0.02 

>0.05 
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Table 6. Proportion of modules surviving two years in size classes 
1-4, cut and cut reproductive (cut repr.) in each treatment. L= low 
intensity, M= medium intensity, H= high intensity. Significance 
levels (P) are indicated. Tested with Lee-Desu statistic. H.l.= 
harvesting intensity. 

Size 
Class 

1 

2 

3 

4 

cut 

cut repr. 

1 
2 
3 
4 

H.I. 

L 
M 
H 
L 
M 
H 
L 
M 
H 
L 
M 
H 
L 
M 
H 
L 
M 
H 

Summer Harvest 

% Surviving 

69 
74 
66 
73 
83 
72 
67 
83 
62 
66 
89 
71 
83 
84 
86 
64 

100 
71 

Control 

65 
72 
67 
75 

Plots 

P 

NS 

NS 

NS 

NS 

NS 

0.01 

Winter Harvest 

% Surviving 

73 
48 
80 
93 
57 
92 
76 
63 
92 
65 
55 

100 
77 
71 
81 
79 
64 
85 

P 

0.03 

0.02 

NS 

NS 

NS 

NS 



Figure 1. Two-year mean growth (cm) in control plots and plots 
harvested at low, medium and high intensity. Harvesting seasons 
and size classes are pooled. Bars are means with standard errors. 
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Figure 2. Two-year mean growth (cm) in control, winter and summer 
plots. Harvesting intensity treatments and size classes are pooled. 
Bars are means with standard errors. 
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Figure 3. One-year mean growth (cm) of each size class in control 
and treatment plots. Averages for each harvesting season and 
intensity are given. Bars are means with standard errors. 
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Figure 4. Two-year mean growth (cm) of each size class in control 
and treatment plots. Averages for each harvesting season and and 
intensity are given. Bars are means with standard errors. 
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Figure 5. Survivorship curves of classes 1, 2, 3 and 4 over a two-
year period. All treatments are pooled. 
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Chapter 3 

Effects of Interference on Growth, Structural 
Organization and Reproduction: Sorting Through 

the Contradictions 

Abstract 

The effects of interference on seaweed demography are at present 
unclear. Some evidence suggests that, in contrast to terrestrial 
plants, seaweeds fare better at high density than at low density but 
this is only partly supported by the literature. One factor that may 
contribute to this confusion and that has not been investigated in 
seaweed ecology and that is that the responses of plants and 
modules to interference have not been distinguished. The present 
study assessed the responses of the plants and modules of 
Ascophyllum nodosum to interference in order to understand the 
effects of interference on seaweed demography. 

Because crowding increases with the number and size of individuals, 
treatments included two levels of densities and various 
combinations of plant sizes. Density treatments were to test for 
the effect of number of individuals in a stand . Treatments of 
combination of plant sizes were to test for the effect of stand size 
structure. The effect of interference on the numbers of modules in 3 
size-based life cycle stages (size classes) was also assessed. 

70 
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Response variables were growth, abundances in each module life 
cycle stage, and reproduction. Growth was assessed in terms of 
biomass and module numbers. Responses were assessed at the plant 
and module level. 

Interference had significant but unusual effects. At the plant level, 
low density promoted module birth but modules did not grow in size. 
High density limited production of modules but they increased in 
size. More modules achieved reproduction in a plant at high density 
than at low density. Growth in biomass in small and large plants 
tended to be lower in stands with increased numbers of plants of 
larger sizes (i.e. increased stand biomass). Stand size structure, 
however, did not appear to influence plant growth in numbers of 
modules. At the module level, the effect of density on the 
abundances of the three life cycle stages was positive or negative 
depending on the size class considered. Th6 results suggested that 
plants and modules respond differently to density stress. Whether 
these effects agree with general theory for terrestrial plants also 
depended on what response variable was considered and how growth 
was assessed. 

Introduction 

Changes in the environment brought about by the proximity of 
individuals are called interference (Harper 1977). Most studies of 
terrestrial species conclude that that interference affects some 
aspects of population demography (Watkinson 1986) but there is no 
consensus regarding marine species (Schiel & Choat 1980, Cousens & 
Hutchings 1983, Schiel 1985a). The present study attempted to 
assess the effects of intraspecific interference on the population 
demography of A. nodosum and compared the findings with those for 
terrestrial plants. 
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The effects most commonly reported for terrestrial species are 
reduced mean size and differential mortality, reproductive output 
and allocation (White & Harper 1970, Harper 1977, Weiner 1988). 
The self-thinning rule describes changes in density due to growth 
with a straight regression line relating the logio of mean size with 
the logio of density, where a slope coefficient of -1.5 can be found. 
In crowded stands, some individuals cannot grow and, beyond certain 
critical levels of crowding, the smallest individuals eventually die. 
Stand thinning is more than compensated by the growth of the 
survivors. There is then a negative relationship between mean 
density and mean size, size increasing with declining density. 
Crowding can also influence reproductive likelihood and output 
(Weiner 1988). Other effects of crowding are greater size and 
reproductive inequality with large individuals growing and 
reproducing inordinately more than small individuals (Weiner 1988). 
Individual growth may also depend on the stand size structure, the 
growth of an individual decreasing with the number of neighbours 
bigger than itself (Hutchings 1986, Schiel & Foster 1986). 

In seaweed stands the occurrence of interference has been shown 
but there is no consensus as to its effects on population demography 
(Dean et al. 1989, Reed et al. 1991). For instance, in contrast to 
terrestrial plants, plant weight and reproductive biomass in three 
seaweed species (Sargassum sinclarii, Ecklonia radiata and 
Carpophyllum maschalocarpum) were found to increase with density 
(Schiel & Choat 1980, Schiel 1985a). Schiel and Choat suggested 
then that the responses to crowding were different in marine and 
terrestrial environments. Since their stands were naturally-
recruited, however, one can argue that crowding was low because 
thinning occurred during the early stages of stand development. 
Cousens & Hutchings (1983) proposed that Schiel's and Choat's 
(1980) findings did not contradict conventional theory. They 
proposed, instead, that the regression line of the self-thinning rule 
represents a boundary condition for the maximum size individuals 
can attain at given densities. Beyond that boundary mortality 
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occurs, but below that line all combinations of size and densities 
are possible. Thus, they suggested that the responses detected by 
Schiel & Choat were due to the fact that their stands had not 
reached such a limit. 

There is also no consensus regarding mortality and recruitment in 
seaweeds. Distance to nearest neighbour in seaweed stands may or 
may not result in death (Chapman & Goudey 1983, Chapman 1984, 
Schiel 1985a). Density can result in mortality although not due to 
physiological stress but rather to mechanical effects (Schiel 1985a, 
Schiel & Foster 1986). Interference from adult individuals and 
among recruits has also been found to reduce recruitment of zygotes 
(Schiel & Fosier 1986, Dean et al. 1989) but not in all cases 
(Chapman 1984). 

Discrepancies among studies of interference may arise from the fact 
that potentially important sources of variation have not been 
addressed. For instance, most studies on terrestrial species use 
cohorts at various densities but stand size structures are generally 
not manipulated (except Westoby & Howell 1986). Empirical studies 
of seaweed ecology do not not manipulate stand size structures and 
often not even densities (although see Schiel & Choat 1980, Schiel 
1985a). Because of logistic difficulties a common practice is to 
compare naturally recruited stands at low and high density (e.g. 
Schiel 1985a). If plants in the two 'treatments' differ in their sizes 
at the beginning of the study, comparisons may not be valid because 
in stands with larger plants crowding will be greater and will be 
reflected in the response variables. Thus, stress from density may 
be confounded with that due to plant sizes (or stand size structure). 
Controlling densities and stand size structures is then needed to 
accurately assess the effects of crowding. 

Another problem is that modular species have two population levels, 
i.e. genets and modules. Genets and plants cannot be distinguished in 
A. nodosum (see Introduction of thesis) and so the purpose of this 
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study I regard plants and genets as "biological individuals" as 
defined by Urbanska (1990). A "biological individual is a 
structurally coherent, physiologically autonomous organism of 
sexual or asexual origin" and can be a genet or a single ramet 
(Urbanska 1990). Genets and plants are here then equivalent. It is 
important to distinguish between plant and module population levels 
because their responses to crowding are not the same. For instance, 
the thinning rule does not apply to modules but to genets (Kays & 
Harper 1974, Westoby 1984). In fact, module thinning may not occur 
at all because their natality may be density-regulated to avoid 
overpopulation (Thompson et al. 1990). The distinction between 
plants and modules has not been acknowledged in seaweed ecology as 
the lack of research in this area suggests. Aberg (1989) 
distinguished genets from clonally produced plants. However, his 
objective was to develop a method to identify genetic individuals, 
not to assess the effects of interference at different population 
levels. Distinguishing between the two is relevant to the 
understanding of the process that shape population structure. In 
species where module life cycle stages are size-dependent, 
interference is bound to have far-reaching effects on population 
demography. In suppressing growth, density can influence the 
abundances of modules in each life cycle stage and thus population 
size structure and fertility. 

Another element of consideration is how growth is measured. In 
modular species, a plant grows both with the number and the 
biomass of its modules (Harper 1977). If the effects of interference 
on numerical abundances and biomass are not the same, one cannot 
draw general conclusions from using just one variable. Conclusions 
apply only to the variables considered. 

Ascophyllum nodosum is a seaweed species with a modular 
construction and clonal reproduction (see Introduction of thesis). 
Stands can be extremely dense (pers. observ. and unreported data 
from this and another study, Chapter 1), and may result in irradiance 
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levels at the base of the plant of less than 0.1% of the surface as 
reported for other population (Cousens 1982a). Modules can be 
considered to grow into size-based life cycle stages (Chapter 1). 
Abundances of modules decrease with increasing life cycle stage 
(Chapter 2). Since interference may affect plant and module 
performance one can expect reduced plant and module growth and 
reproduction with increased interference. Ascophyllum nodosum 
offered an opportunity to look at the effects of interference in 
seaweed stands, distinguishing the responses of plants and modules. 
Attention was also paid to determining whether interference 
influences the abundances of modules in each life cycle stage. 

The following questions were addressed: 
1) What are the effects of interference on the population 

demography of A. nodosum plants and modules? 

2) Are the effects of interference similar in terrestrial and marine 

plants ? 

The present experiments included stands with mix:ures of plants 

and modules in three life cycle stages in various combinations at 

low and high densities. 

Materials and methods 

This study was carried out between July 1988 and April 1990. Focus 

was on modules and plants (clones) not on genets (see Introduction 

of thesis). 

Size Classes of Plants and Modules. Because of logistic 
difficulties, the delineation of module size classes in this otudy 
was a modification of that in Chapter 2. The principle underlying 
the present classification was the same, namely, that reproduction 
was size-dependent. The aim of Chapter 2 was to assess the vital 
rates of modules in different life cycle stages. Here, instead, the 
aim was to determine the effect of interference upon the abundances 
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of modules in successively larger size classes. That is, this study 
attempted to explain population size structure, not vital rates. The 
size classes were as follows: 

Class 1: 4 to 27.5 cm, 
Class 2: 27.5 to 40 cm and 
Class 3: > 40 cm. 

Class 1 is below minimum critical size for reproduction (Chapter 1). 
Modules in class 2 are either vegetative or reproductive. The two 
stages were pooled because at the time of setting this experiment, 
receptacles were not fully formed; thus, vegetative and reproductive 
modules could not be distinguished. Class 3 modules are only 
occasionally vegetative. 

The plants were classified in 3 sizes: 
Small plants (S): plants with only class 1 modules, 
Medium plants (M): plants with 50 % modules in class 1 and 50 % 
in class 2, 
Large plants (L): plants with 50 % modules in class 1 and 50 % in 
class 3. 

Plants with the above module size structures or similar are very 
common, although wild plants occur in a wide array of module size 
structures (personal observations from this and another study, 
Chapter 2). The module size structure of plants had to be 
manipulated in order to test for the effects of stand size structure. 
That is, that the initial sizes of plants in low and high density 
stands were similar. 

Treatments 
Treatments included two module densities and five different stand 
size structures. Different stand size structures were made up with 
combinations of plant sizes. Each stand always comprised six 
plants. The two levels of stand densities resulted from the number 



of modules/plant and not from the number of plants in the stand. 
The reason for this design was that plant density seemed to change 
little with time because mortality was low (pers. observ. from the 
study in Chapter 2, Aberg 1990a b). Module densities instead 
appeared to fluctuate more (pers. observ. from the study in Chapter 
2). The amount of holdfast material as a potential source of new 
modules increases with the number of modules in the plant. Since 
the holdfast is basically the base of the module and was similar in 
all modules, the amount of holdfast material was essentially 
proportional to the number of modules in the plant (pers. observ., 
this study). Thus amount of holdfast tissue was accounted for in 
this experimental design. Treatments are given in Table 1a. High 
density is within maximum average natural densities (961 
modules/0.25 m2, data obtained from sampling in other study in 
Chapter 2). Each treatment was replicated up to six times and 
randomly assigned to a stand. During the course of this study losses 
of replicates occurred. The number of surviving replicates is given 
in Table 1a. A replicate was a 0.50-m x 0.50-m stand with six 
plants. The spatial arrangement of plant sizes in an individual stand 
is given below (Table 1b). I noted similar arrangements of plants in 
the study site (pers. observ., this study). Edge effect is discussed in 
text. 

Table 1a. Densities and combinations of plant sizes (i.e. stand size 
structures). Number of surviving replicates are given. S= stands 
with only small plants, M» stands with only medium plants, L= 
stands with only large plants, SM= stands with small and medium 
plants, SML= stands with small, medium and large plants. m.= 
modules, pi.- plant. 
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density 

low: 50 

modules/plant 

high: 150 

modules/plant 

no. plants & 

modules/stand 

6 plants, 

50 m./pl. X 6 pi. -

300 m./stand. 

6 plants, 

150 m. X 6 -

900 m./stand. 

combination 

S 
4 

S 

4 

M 
4 

M 

4 

L 
4 

L 

2 

SM 

6 

SM 

2 

SML 
4 

SML 

4 

Table 1b. Combination of plant sizes in a stand. Plants were 

placed approximately 15 cm from the right and left edges and 18 cm 

from the top and bottom of the grid. 

stand S M L SM SML 

M 

M 

M 

M 
M 

M 

S 
M 

3 

M 

S 
M 

S 

M 
L 

L 
S 
M 

S 
S 

s 

s 
s 
s 

Factors tested were density and stand size structure, i.e. 

combination of plant sizes. The levels of density were low and high 

(Table 1a) and the levels of stand size structure were S, M, L, SM, 

and SML (Table 1b). in order to determine the response of a plant to 

stands with increasing crowding (i.e. stands with plant of increasing 

sizes) but similar densities, comparisons between pure-size and 

mix-size stands were conducted. The comparisons were as follows: 

plant size S in stands S vs SM vs SML, 

plant size M in stands M vs SM vs SML, and 

plant size L in stands L vs SML. 

Response variables 

Growth was measured in terms of number of modules and plant 

biomass. Biomass was determined by weighing each plant at the 

beginning (before placing in the stand) and the end of this study 
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(after removing from the stand). Only modules 4 cm or greater were 
considered in the assessment of numbers of modules. Absolute 
growth was the difference in the total number of modules, or 
biomass, between the beginning and end of this study (twenty one 
months). Growth as a proportion of initial size was estimated as 
well (proportional growth). Proportional growth was calculated by 
dividing absolute growth by initial module number, or the biomass of 
each individual plant. The individual values were then averaged for 
each plant size and stand. Proportional growth assessed the 
response of a plant in relation to its own size. Absolute growth was 
useful to determine the magnitude of the response in terms of 
numbers of modules or biomass. I estimated proportional and 
absolute growth to be able to compare my findings with general 
theory since most studies on interference assess responses in terms 
of -Native and absolute growth (Hutchings 1986). 

Change in Module abundance/size class (referred in text as 
change in numbers or abundance of modules) was the difference in 
number of modules/size class between the start and the end of the 
study. Thus, it is the net change in number of modules, which 
includes gains and losses due to mortality, breakage and growth. For 
instance, the change in number of modules in size class 2 was * no. 
growing from class 1 to class 2 - no. growing from class 2 to class 
3 - no. which broke from class 2 to class 1 + no. which broke from 
class 3 to class 2 - mortality of class 2. It is emphasized that this 
study did not attempt to determine the transitions between classes 
(e.g. class 2 to 3, class 3 to 1, etc.). This study assessed the effect 
of interference upon the numerical abundance of a class, ultimately 
whether interference is responsible for the size structure of the 
population of modules. 

In some cases there were fewer modules in a given class at the 
start than at the end of the study. Hence some abundance values 
were negative. For instance, if a plant had 50 modules in class 1 at 
the beginning of the study and 40 at the end, abundance was -10. 
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This negative value meant that the plant lost 10 class 1 modules, 
not that abundance was negative as clearly that is not possible. It 
is emphasized here that numerical abundances within a size class 
was the net change in numbers of modules/size class (during this 
study). 

Reproduction was the difference in the number of reproductive 
modules between the beginning and the end of the study. In April 
1989 and 1990 I counted the number of reproductive modules that 
attained reproduction in each plant and treatment. An increase or 
decrease in the number of reproductive modules would suggest that 
the effect of interference on reproduction was positive or negative 
respectively. 

Experimental plants. 

Because growth is slow (Chapter 2, 4), plants could not be grown 
from zygotes. Thus, the present study employed adult plants. Plants 
were collected from the field, scraping their holdfast off the 
substratum, and then taken to the laboratory. Each module of each 
plant was measured to determine the module size structure of the 
plant. If the number of modules/class exceeded the number needed 
(to make small, medium or large plants), extra modules were 
removed. When the number of modules in class 1 or class 2 in the 
plant was not enough, longer modules were cut to attain the desired 
length. The proportion of cut modules in each plant depended upon 
how many were needed. Modules cut by natural means or through 
harvesting are common in the present stands. Also, since Chapter 2 
suggested that the performance of modules cut during harvesting 
was similar to that of intact modules, their response is unlikely to 
affect my analyses. If plants did not have enough modules, whole or 
parts of plants were assembled together until the desired density 
was obtained. The plants thus assembled were sewn on a square 
piece of synthetic material. Sewing needles and monofilament or 
braided fishing line were employed to attach the plants. These 
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plants can be compared with natural assemblages because plants 
from different genets can grow together resembling one individual 
(Aberg 1989). 

Plants were sewn on a metallic, plastic-covered grid of the type 
used to make lobster traps. The distance between plants and their 
positions on the grid were identical in all treatments. The stands 
were then placed, interspaced, in the field adjacent to the area were 
they were collected; i.e. an area of mud consolidated with sand and 
small cobbles, devoid of vegetation. 

Since the fishing line used for sewing could cut through modules or 
holdfast and cause mortality, a control for sewing effect was set up. 
Plants attached to small rocks were collected. The module 
structure of each was prepared as small, medium and large plants 
with 50 modules each. Plants were, then, placed in wooden boxes as 
stands SML, cemented and placed in the field along with the other 
treatments. The experiment ran between June 1989 to April 1990. 
At the end of this period the total number of modules in each size 
class was counted and tested with t-test against treatments SML 
low density with sewn plants. No significant differences (P> 0.05) 
were found. 

Plant losses may occur due to natural removal. Because my plants 
were sewn to the substratum, this study could not account for 
natural plant mortality. However, since it is low (pers. observ. in 
another study (Chapter 2), Aberg 1990a,b) plant mortality may be 
considered negligible. Nevertheless, in one plant in my stands all 
modules rotted at the base and were lost. During this study I 
noticed that rotting at the base was a common cause of plant and 
module removal. From this view point my study did account for this 
type of mortality but survival was not analyzed statistically. 
Obviously growth and reproduction for this one plant could not be 
assessed and were treated as missing values in the statistical 
analyses. 
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Statistical Analysis. 

The effects of density and combination of plant sizes on the 
response variables were analyzed by means of a two-crossed factor 
ANOVA. The power of the performed ANOVAs that yielded non­
significant effects was estimated (Zar 1984). If the power was < 
80% and all effects tested in the ANOVA were non-significant 
results were not reported. If at least one effect in the ANOVA table 
was significant, the taNe was included in the results section with 
the effects described as shown in the table, and a paragraph was 
included to comment on power analysis in the discussion section. 
Care was taken to meet all assumptions of this analysis (Underwood 
1981). Heterogeneity of variances was tested with Cochran's test. 
When the probability of non-homogeneity was between 0.05 and 0.01 
data were transformed to logio(x). Some values of growth and 
change in abundances were negative and thus could not be 
transformed to logio• To obtain values greater than zero, the 
lowest negative value plus 10 was added to each. Data were then 
transformed to logio(x). If the transformation did not stabilize the 
variances (Cochran's P = 0.01 or smaller), data were not included in 
text. Normality was checked with normal plots. If the result of this 
test was a significance value equal or smaller than 0.05 the 
distribution of the data were consistent with a normal distribution. 
Normality was also tested with Kolmogorov-Smirnov analysis. 
Significance values equal or smaller than 0.05 indicated that the 
data differed significantly from a normal distribution. The results 
of the tests for assumptions for each of the ANOVA tables in the 
Results section are shown below using the same number of table 
plus an a. For instance, Table 3 in Results is 3a here, Table 4 is 4a, 
etc. 



Table 

2a 

3a 

4a 

Plant 
Size 

small 

medium 

large 

small 

medium 

large 

small 

medium 

large 

Test 

K-S test 
normal plots 
Cochran's test 

K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 

K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 

Results 

P > 0.05 
P < 0.01 
P > 0.05 

P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 

P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 

P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 
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5a 

6a 

7a 

small 

medium 

small 

medium 

small 

medium 

large 

K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 

K-S test 
normal plots 
Cochran's test 

K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 
K-S test 
normal plots 
Cochran's test 

P > 0.05 1 
P < 0.01 
P > 0.05 
P > 0.05 
P = 0.05 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P - 0.05 
P > 0.03 

P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 
P > 0.05 
P < 0.01 
P > 0.05 

Data on growth (and abundance of modules/size class) was averaged 
for each plant size, (or module size class) and replicate. These 
averages were the data used in the ANOVAs. The model employed 
was: 

Yy= mean + Dj + Cj + (D x C)y + E(jj) 
mean= Grand mean for the entire population, 
D= Effect due to density, 
C= Effect due to combination of plant sizes, 
D x C= Effect due to density by combination of plant sizes interaction, 
E= Error. 
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Results 

Stands 

Growth: Number of Modules 

The average number of new modules/plant in a stand formed in two 
years in each treatment is given in Figure 1. New modules were 
formed at low and high density treatments but significantly more 
were formed at low than at high densities (ANOVA, P<0.0001). The 
effect of the combination of plant sizes on the number of new 
modules/plant was non-significant (ANOVA P> 0.05). At low 
density, module birth tended to be relatively lower in pure-size 
stands than in mix-size stands, suggesting that crowding was 
greater in stands with plants of similar sizes. A somewhat inverse 
pattern was noted at high density in S, SM and M stands, but as 
biomass and canopy in the stand increased, growth declined. No new 
modules were formed in L stands in two years. The ANOVA table 
was not included here because the values for individual plant sizes 
across treatments gave the same results (below). 

Relative to the stand density, the increase in number of modules 
showed a pattern similar to the one described above. At high and at 
low densities the average increase was 0.2 and 1.4 times the initial 
number of modules respectively (Fig. 2). 

Growth: Biomass 

In contrast to the increase in module numbers, mean biomass 
increased considerably more at high than at low densities (ANOVA P 
< 0.0001, Fig. 3). From Figures 1 and 3 it is reasonable to think that 
few modules were born at high density but perhaps they and or the 
existing ones too, increased in biomass. At low density many new 
modules were formed but perhaps they and or the existing modules, 
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did not increase in size. Biomass increased from S to SM to M stands 
at high density and declined in SML and L stands. In contrast, at low 
density, growth tended to increase with increasing initial biomass 
and plant sizes in the stand, although averages in pure-size stands 
were comparatively lower than in mix-size stands. However, the 
effect of combination of plant sizes was non-significant (ANOVA, P 
> 0.05). The ANOVA table was not included here because analysis for 
individual plant sizes across treatments gave the same results 
(below). 

Relative to the initial biomass growth was greater at low than at 
high densities (Fig. 4). The only exceptions were stands M and L 
where where growth in biomass for both densities were similar. At 
low density, growth was increasingly slower in stands with 
increased initial stand biomass and plant sizes except in SML stands 
where growth was relatively high. At high density, growth also 
decreased in stands with increased initial biomass and plant sizes, 
except in M stands where a small growth peak occurred. 

Plants 

Growth: Number of Modules 

The birth of modules in a plant depended on density, being lower at 
high than at low densities (Fig. 5a-c, Table 2). Averaging the three 
plant sizes, about 25 modules were formed at high density and 63 at 
low density in 21 months. Combinations of sizes X density 
combination (d X c) interaction were always non-significant, despite 
the variability noted among treatments. The lack of significance of 
these two effects suggests that within a given density, stand size 
structure did not influence module birth. 
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Growth: Biomass 

The increase in biomass was significantly lower at low density than 
at high densities in small and medium plants (Fig. 6a-b, Table 3). 
Density had no effect on large plants, treatment averages being 
similar (Fig. 6c). The effect of combination of sizes was significant 
in small and large plants. At high density, growth decreased 
significantly with increasing initial biomass and canopy in the 
stand, whereas at low density, the decline was comparatively less 
in small plants and high in large plants. Medium plants were not 
significantly affected by the combination of plant sizes, although 
their response at high density was similar to that of small and large 
plants. The density x combination of plant sizes (d X c) interaction 
was not significant for any plant size. 

The increase relative to the initial plant biomass was slower at high 
density than at low density (Fig. 7a-c). The growth of small and 
medium plants changed little with combination of plant sizes in the 
stand (Fig. 7a,b). However, the response of large plants was 
different (Fig. 7c). At high density, large plants grew the same in 
mixed and pure-size stands. At low density growth declined 
dramatically with the increase in crowding in L stands. 

Abundance o: Modules within a Size Class 

Figure 8 shows changes in numerical abundances in classes 1, 2 and 
3 in each treatment and plant size. The significance of the 
statistical tests are in Tables 4 to 6. High density suppressed 
abundance of modules into class 1 in all plant sizes (Fig. 8a-c). The 
effect was particularly severe in small plants where module losses 
occurred (Fig. 8a, Table 4) with fewer modules at the end than at the 
beginning of this study. Changes in abundance of modules in class 1 
in small, medium and large plants did not depend upon the 
combination of plant sizes in the stand or on the d X c interaction, 
although variation across stands was observed. 
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Density was a significant factor determining the abundance of 

modules in class 2 but the effect depended upon plant size (Fig. 8d-f, 

Table 5). The effect of high density was positive in small plants 

(Fig. 8d) and negative in medium ones (Fig. 8e) where module losses 

occurred. The combination of plant sizes in the stand or the d x c 

interaction did not influence the abundance of modules in these two 

plant sizes. Heterogeneity of variances in large plants did not allow 

statistical testing but Figure 8f suggests that high density enhanced 

the abundance of modules into class 2. Figure 8f also suggests that 

the effects of combination of plant sizes and its interaction with 

density were non-significant. 

The effect of density on the abundance of modules into class 3 was 

non-significant on small plants (Table 6, Fig. 8g-i) presumably 

because few modules (5 to 10) in small plants grew to class 3 

during 21 months (Fig. 8g). High density significantly enhanced the 

in number of modules in class 3 in medium plants (Fig. 8h). Figure 8i 

suggests that density also influenced the numerical abundance of 

class 3 in large plants. Module losses occurred at both densities but 

particularly at high than at low densities. The combination of plant 

sizes or the d x c interaction did not appear significant in any plant 

size. 

In summary, Figure 8 shows that the change in abundance of modules 

in each size class was regulated by density. The effect of high 

density was negative or positive depending upon module size class. 

Class 1 was the only one that was consistently suppressed by 

density in all plant sizes. Losses of modules in class 2 at high 

density occurred in plants with class 2 modules (i.e. medium plants, 

Fig. 8e), and the losses correlated with an increase in the abundance 

of class 3 (in the same plants, Fig. Ph). Since medium plants did not 

have class 3 modules at the beginning of the study, class 3 modules 

were modules in class 2 that grew to a larger stage. While module 

losses in class 2 were higher at high than at low densities (Fig. 8e) 
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the increase in class 3 was maximum at high density and relatively 
lower at low density (Fig. 8h). A similar pattern was also noted in 
classes 1 and 2 (figs. 8a vs 8d). So, as shown above, high density 
promoted growth in size while low density influenced the abundance 
of modules in a class. In large plants, however, high density 
appeared to promote breakage rather than growth. Losses of 
modules in class 3 at high density were noted (Fig. 8i) and were 
correlated with an increase in the abundance of modules in class 2 
(Fig. 8f). Since there were no class 2 modules in large plants at the 
beginning of this study, probably some modules in class 2 were 
modules in class 3 that broke and became class 2. Modules growing 
from class 1 to class 2 probably also contributed to the increase in 
abundance in class 2. Figure 8 then suggests that the abundance of 
modules in a particular size class in a given plant depended upon the 
module size structure. 

I emphasize that the purpose of the above paragraphs wes to 
determine whether density and stand size structure influenced 
changes in the number of modules in a given size class. By 
comparing Figure 8, correlations can be established that allow to 
suggest the underlying processes of these changes. 

Reproduction 

Stands 
The abundance of new modules attaining reproduction in a stand was 
enhanced at high density (Fig. 9, P < 0.0001). However, the 
combination of plant sizes and the d X c interaction exerted no 
influence. The abundance of new reproductive modules in treatments 
of maximum crowding (L stand) was similar at both densities. Tests 
are below. 

Plants 
Small, medium and large plants produced more reproductive modules 
at high than at low densities (Fig. 10a-c, Table 7). The only 



90 
exception was large plants in L stands where averages were similar 
at both densities. On average about 8 and 20 modules/plant attained 
reproduction at low and high densities respectively. Although 
fertility varied across treatments, the effects of combination of 
plant sizes and the d X c interaction were non-significant. 

Discussion 

Dean et al. (1989) note many parallels between the determinants of 
population dynamics and demography of terrestrial species. In 
terms of within-species interactions, a large body of literature 
shows that, in dense, terrestrial stands, plants usually exhibit 
reduced growth, reproduction and survival (Schiel & Foster 1986). 
However, there remains controversy over whether terrestrial models 
apply to seaweed stands. The basis of this controversy is outlined 
in the Introduction of this study and reviewed in detail by Schiel & 
Foster 1986. Methodological problems may have contributed to this 
controversy, the problems being insufficient manipulative 
experiments, a lack of distinction between plants and modules and 
the variable responses chosen (Introduction). The effects of density 
on biomass or numbers of modules/individual are not the same (this 
study). Moreover, assessments of biomass alone in plant stands may 
be meaningless because size classes are lumped together concealing 
their abundances (Schiel & Foster 1986). Schiel and Foster (1986) 
state that biomass measures alone cannot be used for any 
consideration of population biology or demography and thus have 
little use in assessing interactions. This viewpoint is particularly 
true when life cycle stages are size-based because interference will 
eventually determine the abundances of each size class and thus 
affect population structure, demography and fertility (this study). 
The present study was the first of its kind to examine the effects of 
crowding on plants and modules in order tp understand the responses 
of marine species to interference. Also to understand the effects of 
interference and ultimately population structure, this study 
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considered alternative variable responses. Attention was paid to 
the effects of interference on the numerical abundances of each life 
cycle stage in order to understand the processes that shape moduie 
population structure. 

This study suggested that interference exerted a significant 
influence on the population demography of Ascophyllum. However, 
the effects of interference were not entirely parallel to those 
observed in terrestrial plants, which is discussed below. Moreover, 
the responses detected may depend upon the population level (i.e. 
modules or plants) and the variable response considered as well as 
the type of question asked. 

Two types of growth responses were found. The overall increase in 

number of modules/plant in a stand was three times higher at low 

than at high densities, while up to 8.7 times higher relative to 

initial densities. Despite the fact that module natality was low at 

high density (relative to low density stands) new modules were 

formed at high density, except in L stands where crowding was 

maximum. Absolute growth in biomass/plant was significantly 

lower at low than at high densities. The contrast between growth in 

numbers of modules and in biomass means that at low density 

numerous modules were born but modules grew little in size. At 

high density, natality was restricted but modules increased in size. 

Responses did not depend on the size of the plant. The growth 

responses in number of modules and biomass approximates 

Westoby's (1984) view of growth dynamics in modular species, 

where plants (genet in Westoby's terms) grow by multiplication of 

modules rather than by increasing the size of modules. If stands are 

not crowded, thinning is unlikely and the number of modules may in, 

fact, increase. Under crowded conditions most species would grow 

one or a few modules to full size, thereafter plants expand by 

multiplication of modules. Reduced module birth may also occur to 

prevent overpopulation (Hutchings & Mogie 1990, Thompson et al. 

1990, De Kroon & Kwant 1991). In the present study the increase in 
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module size and limited module natality at high density suggested 
that Ascophyllum may fit this model. The fact that the birth of 
class 1 modules was suppressed at high density suggested that the 
limited production of modules in high density stands was not due to 
thinning but to regulation of module birth, although some mortality 
may also have occurred. Increased growth in biomass at high density 
also agrees with Schiel & Choat's (1980) and Schiel's (1985a) 
findings for three other species of brown seaweeds. Hymanson et al. 
(1990) found that stipe length, but not stipe diameter, in 
Pterygophora californica, increased significantly more at high than 
at low densities in experimental stands. If this was related to size 
then, this species also fared better under crowed conditions, 
although it was evident from wild stands that other factors also 
influenced stipe dimensions. As far as I know, there are no parallels 
cited for terrestrial' plants. It is noted that the effect of density on 
the growth in biomass in large plants was statistical non­
significant (Fig. 6c, Table 3). The low power of the performed 
ANOVA (< 80%) may explain the lack of non-significance. However, 
Figure 6c showed that growth varied little with density, suggesting 
that to a degree density did not in fact influenced the growth of 
large plants. 

The second striking finding concerned reproduction. The number of 
modules attaining reproduction was higher at high than at low 
densities. The response was consistent through all stand size-
structures and the three plant sizes. The finding was in agreement 
with Schiel & Choat's (1980) and Schiel's (1985b) report that 
demonstrated that fertility was positively related to density. 
Furthermore, gametophytes in the field would not reproduce at very 
low densities (£ 1 recruit/mm2> Schiel 1985a). More reproductive 
modules in high than low density stands was also unusual because it 
is generally held that there are trade-offs between sexual and 
asexual reproduction (Weiner 1988). At low density, vegetative 
spread is favoured, with this advantage providing colonization of 
space and propagation of the genotype. At high density sexual 
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reproduction is promoted for the dispersal of novel genotypes that 
have a better chance of survival. This model, however, is only partly 
supported by empirical evidence. Ascophyllum may not fit this 
model. While vegetative spread was relatively suppressed in high 
density stands, growth in biomass and the number of new modules 
achieving reproduction both increased at high density. It must be 
noted, nonetheless, that the increase in reproduction found in my 
high density stands does not necessarily involve an increase in 
sexual recruitment. In fact, sexual recruitment and fertility in 
Ascophyllum were not correlated ( Chapter 1 and 4). 

The underlying mechanisms of the present responses may result 
from the combined effects of irradiance, temperature, translocation 
and abundance of modules. Translocation of hormones has been 
identified in Ascophyllum (Bradley 1991) and other brown seaweeds 
(Nys et al. 1990, 1991), although whether they really are hormones 
need confirmation (Evans & Trewavas 1991). In fact, it is known 
that in some brown seaweeds, transport takes place from relatively 
large areas into the apex where growth takes place (Diouris 1989). 
In the mechanism proposed here translocation would not be just 
within a module but among modules. Physiological integration may 
be particularly strong in phalanx species (Hutchings & Mogie 1990) 
like Ascophyllum. Translocation may be from modules in the canopy 
exposed xo greater irradiance and temperature to understory apices 
arising from them. Since growth increases with irradiance and 
temperature (Stromgren 1983) it is reasonable to think that, at low 
density, high levels of irradiance and temperature promote module 
birth. However, as the number of existing large modules is low 
translocation from them to the newly formed modules may not be 
significant and thus they do not grow in size (immediately). By 
contrast, at hiyh density the birth of modules may be inhibited by 
low-light availability near the holdfast (Deregibus & Triica 1990, De 
Kroon & Kwant 1991) or apical dominance (Hutchings & Mogie 1990). 
However, as the number of existing large modules is relatively high 



translocation may be significant and promote module growth in 
biomass. 

Alternatively, growth in dense stands may be enhanced by other 
factors as well. During low tide, dense seaweed stands may be able 
to retain moisture and the photosynthetic capacity is probably 
better than in thinned stands (Paine 1990). Temperature can rise up 
to 30° C enhancing growth rate by more than 2000% during the first 
2 hours (Stromgren 1981). Another explanation has to do with 
bacteria. Ascophyllum grows better in association with bacteria 
possibly because the bacteria, not the seaweed, produces growth-
promoting substances (Evans & Trewavas 1991). If bacterial growth 
is favoured at high density and they generate growth-promoting 
substances, growth in biomass at high density is enhanced. 

Another way in which crowding can affect reproduction is by 
influencing the gender allocation of a plant or the sex ratio in a 
stand (Weiner 1988, Ackerly & Jasien'ski 1990). In Chapter 1 I 
reported anomalies in the allocation of sex in Ascophyllum, 
anomalous modules being dioecious, monoeciuos and hermaphrodite. 
Supposedly this species is only dioecious (Baardseth 1970, Aberg 
1989). In view of the influence of crowding on the present stands 
demography, :* is possible to speculate that the anomalous 
distribution of gender results from crowding. In this sense the 
response of marine and terrestrial plants to crowding appears 
similar. 

General theory states that plant growth decreases with the number 
of taller neighbours in terrestrial species (Hutchings 1986, Bonan 
1988) and possibly in seaweeds as well (Reed & Foster 1986). The 
present study suggested this theory may be true, depending upon the 
variable response considered. For instance, plant growth in terms of 
biomass decreased with increasing initia! biomass (i.e. combination 
of sizes) in the stand (although statistically non-significant for M 
plants). If the variable response chosen is module numbers, my 
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findings do not agree with genera! theory. Growth in terms of 
module numbers did not significantly decrease with increased initial 
stand biomass, although a slight negative trend was noticed in 
medium and large plants mostly at low density, In addition, even 
large plants exhibited reduced biomass increases. The decline was 
particularly dramatic in terms of proportional growth At low 
density growth decreased eight times from SML stands to L stands 
(Fig. 7c), which was due to breakage. By comparison, the growth of 
small plants decreased only 1.2 from S to SML stands. In contrast to 
general theory then plants in the canop'; may also be under stress 
from crowding. 

The lack of significance of stand sizG structure on module natality 
in contrast to the significance of density is striking. Likely the 
reason was that large size does not matter because during low tide, 
modules lay in more or less random positions. Thus, large s_a does 
not necessarily ensure unequal capture of light and small modules 
are not necessarily shaded. In fact, laboratory evidence suggests 
that growth is enhanced during low tide due to exposure to haating 
by air and sun and short periods of desiccation (Stromgren 1981, 
1983). Similar responses have been shown in other seaweeds. The 
photosynthesis of five species of brown seaweeds increased up to 
25% during exposure, at least up to certain degree of desiccation 
tolerance (Dring & Brown 1982). Another factor that may minimize 
the effect of plant sizes on each other is morphology. Tall plants 
can intercept more light without shading than those with other 
morphologies (Carpenter 1990). Also, in theory, apical dominance 
reduces overlap by controlling the plant's shape (Callaghan et al. 
1990). 

One cannot rule out the possibility that stand size structure was 

non-significant because control for edge effect was not provided in 

the experimental stands. Plants growing in isolated patches in 

southwestern Nova Scotian stands are nevertheless common so that, 

the present findings apply at least to these plants. Westoby & 



Howell (1986) found that edge effect is difficult to eliminate in 
experiments and that wild stands comprise gaps and thus, edges. 
The edge effect may then not be just an experimental inconvenience 
but a process with biological meaning. Also most species may be 
indifferent or respond similarly to gap environmental variables as 
suggested by a comparison of the survival, growth and recruitment 
of 300 species in canopy gaps vs shade sites (Welden & Hubbell 
1992). Excluding the edge plants from the experiments does not 
always change the statistical significance of the findings either 
(Aekerly & Jasien'sky 1990). 

A possible factor underlying the lack of statistical significance of 
stand size structure may be that the power of the tests was < 80%. 
It is possible then that effects might have been significant, had the 
power being higher. However, Figures 5, 8 and 9 shows that, at low 
or high density treatments, responses varied relatively little with 
stand size structure. There is no obvious evidence that the 
combination of plant sizes in the stand influenced the response 
variables, at least for the experimental design used here. The 
sample size of the tests would then have to be extremely high to 
detect small differences among treatments. 

Some studies suggest the responses of marine and terrestrial plants 
to crowding are different (Schiel & Choat 1980, Schiel 1985a, 
Carpenter 1990). Others hold that the maximum size a plant can 
attain is limited by crowding, regardless of whether they are marine 
or terrestrial (Watkinson 1986, Cousens & Hutchings 1983). My 
study may support both contentions. That is, overall, biomass 
growth measured in absolute terms increased in dense stands 
supporting Schiel and Cheat's view but growth decreased with 
crowding (i.e. with numbers of large plants in the stand), which 
supported Cousens's and Hutching's view. The decline in absolute or 
proportional growth with crowding, particularly of large plants 
(Figs. 6c and 7c), suggested indeed that density imposes a limit upon 
the plant's size. Module losses in class 3 in large plants at L stands 



where crowding is maximum (Fig. 8i) also suggested that modules 
attained their maximum possible size. By contrast with terrestrial 
plants where the smallest individuals die (White & Harper 1970), in 
seaweeds the largest individuals broke, which coincided with 
Schiel's (1985b) report (Fig. 8i). The effect of density might have 
then not be mortality of small modules but breakage mostly of the 
largest modules (Fig. 8i) and rec ced formation of small modules. 
Peckol et al. (1988) also noted that breakage in Ascophyllum was 
common for large modules characteristic of dense stands. 

Therefore, whether marine and terrestrial stands respond similarly 
to density depends upon the question asked and on how growth is 
measured, i.e. biomass or numbers of modules. The literature also 
suggests that similarities with terrestrial systems depends upon 
how responses are measured. Reed et al. (1991) found that the 
responses to interference of kelp gametophytes depended 
enormously upon the experimental conditions. They grew 
gametophytes in still water and in aerated cultures as well as with 
various nutrient treatments. In still water, density stress had a 
negative effect upon growth and reproduction. In aerated cultures 
reproduction increased with density and growth increased with 
nutrient levels. Furthermore, gametophyte size in laboratory 
conditions was greater than in field conditions. There is evidence 
that the effects of interference are similar in marina and 
terrestrial plants (Dean et al. 1989). Survival of kelp juveniles was 
negatively correlated with the size and presence of canopy plants. 
Recruitment may also be inhibited by taller plants (see Schiel & 
Foster 1986). However, negative effects of interference may be 
restricted to populations of large canopy-forming kelps in deep 
waters where light levels are low and an extensive vertical 
structure exists (Dean et al. 1989). Thus, intertidal or shallow-
water species with other morphologies are not likely to show the 
same responses as kelp (Reed & Foster 1986). 



98 
The fourth most striking finding concerned the change in numerical1 

abundances in the three size classes. Again, the effect of density 
was significant but unexpected. According to conventional theory 
one could expect that growth into larger classes would be enhanced 
by lo./ crowding conditions. Studies have shown that in the absence 
of a canopy, increases in number cf modules in the canopy (Robertson 
1987), growth and survival of zygotes and understory plants were 
enhanced (Dean et al. 1989, Hay & South 1979, Smith 1986, Reed & 
Foster 1984). In clonal perennial herbs module natality decreased 
with increasing density (De Kroon & Kwant 1991). In Ascophyllum 
high density suppressed the abundance of modules in class 1 (in all 
plant sizes) probably due to reduced light availability (Cousens 
1982a, 1985), which agrees with theory. However, the effect of 
density on the other two classes was different. High density 
promoted growth in size from class 1 to 2 (Fig. 8a,d) and from class 
2 to 3 (Fig. 8e,h) and possibly was responsible for breakage in class 
3 (Fig. 8i). High density suppressed the abundances of class 1 (fig 
8a) and 2 (fig. 8e) in small and medium plants but enhanced the 
abundances of classes 2 (fig. 8d) and 3 (Fig. 8h) in the same plants. 
Thus, the effect of density was positive or negative depending on the 
size class considered. The effect of density on the change in 
abundance of modules in class 3 in small plants was non-significant 
(Fig. 8g). The reason of the lack of significance may be that the 
power of the ANOVA was low. Figure 8g, however, showed that the 
difference between densities was small suggesting that density in 
fact did not influence the abundance of class 3 modules. In fact, 
very few modules (5 to 10) in class 1 grew to class 3 during this 
study. 

The present study distinguished between modules and plants. 
Ideally, I should have considered genets instead of plants, but in 
Ascophyllum this is not possible because genets split producing 
identical plants. Plant responses to interference were similar 
regardless of their size. Abundances of modules in different life 
cycle stages (or size classes), instead, depended upon density, size 

•m 
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class and the module size structure of the plant. Growth patterns, 
may then be unique to plants (or genets) and modules. 



Table 2. ANOVA table. Effects of density, combination of plant 
sizes and their interaction (d X c) upon the formation of new 
modules in each plant size. * Data transformed for the analysis. 

Plant 
Size 
Small 

Source df 

density 1 
combination 2 
dXc 2 
error 18 

S.S. 

8185.73 
386.79 

1757.39 
16334.59 

8.46 <0.0001 
0.20 >0.05 
0.91 >0.05 

Medium density 1 

combination 2 
dXc 2 
error 18 

0.67 15.63 <0.0001 

0.03 
0.09 
0.78 

0.39 >0.05 
0.01 >0.05 

Large density 1 
combination 1 
d X c 1 
error 10 

7830.24 
533.20 

2.99 
3350.06 

27.37 0.003 
1.59 >0.05 
0.01 >0.05 

Table 3. ANOVA table. Effects of density, combination of plant 
sizes and their interaction (d X c) upon growth (g). 

Plant 
Size 
Small 

Source df 

density 1 
combination 2 
dXc 2 
error 18 

S.S. 

120711.2 
228846.3 

85276.3 
259401.7 

8.38 
7.94 
2.96 

0.01 
0.003 

>0.05 

Medium density 1 
combination 2 
dXc 2 
error 18 

1431850.7 15.64 0.001 
320818.2 1.75 >0.05 

61992.5 0.34 >0.05 
1648342.7 

Large density 1 1569.8 0.01 >0.05 
combination 1 639089.6 5.74 0.04 
dXc 1 41918.9 0.38 >0.05 
error 10 1113967.7 
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Table 4. ANOVA table. Effects of density, combination and their 
interaction (d X c) upon the change in abundance of modules in class 
' i . 'Data transformed for the analysis. 

Plant 
Size 
Small 

Source df 

density 1 
combination 2 
d X c 2 
error 18 

S.S. 

28588.59 
1745.20 
2256.15 
16334.59 

31.50 <0.0001 
0.96 >0.05 
1.24 >0.05 

Medium 
* 

density 1 
combination 2 
d X c 2 
error 18 

0.21 
0.01 
0.03 
0.13 

29.09 <0.0001 
0.76 >0.05 
2.48 >0.05 

Large density 1 5980.0 
combination 1 119.2 
d X c 1 93.2 
error 10 3751.1 

15.94 0.003 
0.32 >0.05 
0.25 >0.05 

Table 5. ANOVA table. Effects of density, combination of plant 
sizes and their interaction (d X c) upon the change in abundance of 
modules in class 2. 

Plant 
Size 
Small 

Medium 

Source 

density 
combination 
d X c 
error 

density 
combination 
d X c 
error 

df 

1 
2 
2 

18 

1 
2 
2 

18 

S.S. 

5172.67 
383.39 

58.50 
1904.79 

8114.25 
63.76 
73.85 

225.91 

F 

48.88 
1.81 
0.28 

646.53 
2.54 
2.94 

P 

<0.0001 
>0.05 
>0.05 

<0.0001 
>0.05 
>0.05 
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Table 6. ANOVA table. Effects of density, combination of plant 
sizes and their interaction (d X c) upon the change in abundance of 
modules in class 3. * transformation. 

Plant 
Size 
Small 

Source df 

density 1 
combination 2 
dXc 2 
error 18 

S.S. 

44.69 
11.93 
43.41 

585.39 

F P 

1.37 >0.05 
0.18 >0.05 
0.67 >0.05 

Medium density 1 7072.22 
combination 2 45.24 
dXc 2 7.09 
error 18 1062.22 

119.85 <0.0001 
0.38 >0.05 
0.06 >0.05 

Table 7. ANOVA table. Effects of density, combination of plant 
sizes and their interaction (d X c) on the number of reproductive 
modules in small, medium and large plants. * Transformation. 

Plant 
Size 
Small 

Source df S.S. 

density 1 1759.88 
combination 2 4.46 
dXc 2 43.36 
error 18 650.63 

48.69 <0.0001 
0.06 >0.05 
0.60 >0.05 

Medium density 1 2722.51 
combination 2 26.32 
d X c 2 6.02 
error 18 316.20 

154.98 <0.0001 
0.75 >0.05 
0.17 >0.05 

Large * density 
combination 
dXc 
error 

1 
1 
1 

10 

0.83 
0.00 
0.01 
0.59 

14.00 0.002 
0.00 >0.05 
0.09 >0.05 
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Figures 1 to 4 encompass increments in size in terms of number of 
modules and biomass. 
1) Absolute mean growth in number of new modules/plant produced 

in pure-size stands and mix-size stands at low and high 
density. Bars are means and standard errors. The three 
module size classes were pooled. 

2) Growth in numbers of modules as a proportion of the initial 
module numbers across densities and size structures. 
The three module size classes were pooled. 

3) Absolute mean growth/plant in biomass in pure-size and mix-size 

stands at low and high density. Bars are means and 
standard errors. The three module size classes were 
pooled. 

4) Growth in biomass as a proportion of the initial stand biomass in 
pure-size and mix-size stands at low and high density. 
The three module size classes were pooled. 
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Figure 5. Absolute mean growth in numbers of modules/plant of a) 
small, b) medium and c) large plants in pure-size and mix-size 
stands at low and high density. Bars are means and standard errors. 
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Figure 6. Absolute mean growth in biomass/plant of small, medium 
and large plants in pure-size and mix-size stands at low and high 
density. Bars are means and standard errors. 
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Figure 7. Proportional mean growth in biomass/plant of small, 
medium and large plants in pure-size and mix-size stands at low and 
high density. 
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Figure 8. Change in the abundance of modules in classes 1 to 3 in 
small, medium and large plants in pure-size and mix-size stands at 
low and high density. Negative abundance values mean that at the 
end of the study there were fewer modules in a class than at the 
beginning (see materials and methods). Bars are means and standard 
errors. 
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Figure 9. Absolute mean number of new reproductive modules/plant 
in pure-size stands and mix-size stands at low and high density. 
Bars are means with standard errors. 
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Figure 10. Absolute mean numbers of new reproductive of 
modules/plant in small, medium and large plants in pure-size and 
mix-size stands at low and high density. Bars are means with 
standard errors. 
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Chapter 4 

Herbivores Consume Most Ascophyllum nodosum 
Recruits but do not Affect Modules. 

Abstract 

The mechanisms of growth of an Ascophyllum nodosum population in 
southwestern Nova Scotia are little understood. Grazing and 
harvesting are believed to have a detrimental effect on population 
size because they reduce sexual recruitment. However, it is 
possible that the present population grows through vegetative 
spread rather than sexual recruitment. Thus, this study assessed 
the effects of harvesting and grazing on sexual recruitment and 
compared its relevance to population growth with vegetative spread 
(Chapter 3). The effect of herbivory on module population structure 
was also evaluated. Attention was paid to determining whether 
grazing was differential, selecting for size and payability. 

It was found that by 1990 herbivores consumed 99% of the settled 
zygotes in 1989. Significant grazing pressure and slow growth 
suggested that the remaining germlings would not survive the 
subsequent years. Sexual recruitment appeared thus, ineffective. 
The potentially detrimental effect of harvesting on offspring 
numbers was apparently overridden by the effect of grazers. 
However, grazers did not affect module survival or breakage in a 
considerable degree. Size was thus, an escape from herbivory. 
Grazing pressure slightly increased with module size but was not 

117 
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due to increased palatability. Vegetative spread emerged as a 
critical determinant of population growth. 

Introduction 

Numbers of births and deaths determine the growth of a population 
as well as its structure and demography. In species of modular 
structure, such as Ascophyllum nodosum, there are two sources of 
births and deaths, the genets and the modules (Harper 1981). To 
explain population growth and dynamics, it is important to 
determine mortality and natality at each of these two levels. 
Modules of this species can grow through four size-based stages of 
their life-cycle (Chapter 1) and losses and breakage in each of them 
must be assessed to understand what processes determine the 
demographic structure of the module population. This study 
assessed natality and mortality rates at the genet and module levels 
and the factors that influence these rates. 

The Ascophyllum nodosum zone in southwestern Nova Scotia is 
luxurious and monospecific (pers. observ.) but the reason for this is 
difficult to explain. Undoubtedly, the physical characteristics of the 
area may account for much of the growth in biomass, but other 
factors must contribute to the structure and large size of this 
population. Implicit in the literature is that A. nodosum dominance 
is due to sexual recruitment (Keser & Larson 1984). However, most 
studies have consistently shown that sexual reproduction in this 
species is highly unsuccessful (David 1943, Printz 1956, Baardseth 
1970, Peckol et al. 1988, Vadas et al. 1990). Almost 90% of the 
zygotes are dislodged by wave action alone before settlement (Vadas 
et al. 1990). Even after settlement, germiings may be removed by 
waves (Printz 1956). Grazing contributes significantly to mortality 
of settled zygotes as well (see Chapman 1986a). Almost 100% of 
the zygotes on Maine shores were consumed by grazers in a matter 
of two months (Vadas et al. 1982 in Chapman 1986a). In contrast to 
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sexual recruitment vegetative spread is highly successful (Chapter 
3). This suggests that the monospecific character of southwestern 
Nova Scotian stands may result from vegetative spread instead of 
from sexual recruitment. 

Another factor that may affect population size is commercial 
exploitation. Populations of A. nodosum in southwestern Nova Scotia 
have been harvested for 20 years (Sharp 1987a) but no serious 
attempts have been made to manage this resource (Sharp 1991). The 
long-term effects of harvesting are unknown in spite of the general 
belief that harvesting prior to the release of gametes may reduce 
the number of offspring (Burns & Mathieson 1972, Santelices et al. 
1989, Ang et al. 1990). For management and conservation of this 
species the effects of harvesting upon the births and deaths in the 
population must be determined. If the effect of herbivory on zygote 
survival is significant, it must be compared to the relative effects 
of harvest. 

Herbivores may also influence population structure and demography 
of brown seaweeds because they can consume adults or parts of 
adults (Watson & Norton 1985, 1987, Chapman 1989, Barker & 
Chapman 1990, Denton et al. 1990). Ascophyllum nodosum modules 
often appear badly wounded and broken apparently by herbivores. If 
wounds are near the base of the module and the module breaks at 
that point, grazing causes mortality. The largest modules of A. 
nodosum lose more biomass than the small ones (Chapter 2). If 
losses are caused by herbivores, vulnerability to grazing may depend 
upon module size and previous damage. 

The objectives of this study were three-fold as follows, 
1) to assess the relative importance of herbivory and harvesting on 

numbers of sexual offspring, 
2) to evaluate the effect of herbivory on module breakage, 
3) to assess whether some module life cycle stages are more 

vulnarable to herbivory than others. 
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Materials and methods 

In southwestern Nova Scotian shores the most common herbivores 
were the snails Littorina littorea and L. obtusata. Grazer densities 
were not determined. 

Grazing on zygotes 
This experiment ran from March 1989 to April 1990. To estimate 
the number of zygotes in the population, traps were used. Traps 
(11-cm X 6-cm-clay tiles placed in wooden boxes bolted to rocks 
with 9-cm steel anchor bolts) were placed in the field prior to the 
release of garnets. To obtain surfaces somewhat similar to the 
rocks found in the study site, tiles were pressed against granite 
rocks while the clay was fresh, thus, obtaining a negative image. 
The tiles were then fired in a kiln. Granite rocks are the most 
common type of substratum in the study site. 

After two months, when zygotes had settled (June 1989), tiles were 
brought back to the laboratory for counting. Tiles were divided in 8 
columns and 4 rows. Four squares were randomly chosen and the 
zygotes counted under a stereoscopic microscope. On some tiles 
zygotes were too abundant to make accurate counts. Zygotes were 
removed with a razor blade, transferred to a Petri dish and then 
counted. Zygotes were counted before the release of new gametes a 
year later on squares not-previously scraped to estimate one-year 
survivorship. 

Occasionally Fucus occurs on the tops of boulders within the 
Ascophyllum zone. Embryos of these two species are not 
distinguishable. Since traps were placed in the middle of the 
Ascophyllum zone which is basically monospecific, it was assumed 
that all zygotes belonged to this species. The few fucoid plants 
present in the plots were so much smaller than those of 
Ascophyllum, that they could not have contributed in a significant 
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degree to the zygote pool in my traps. Further, most traps were 
placed under an Ascophyllum plant because all rocks were occupied 
by this species, which also makes it most likely that, most if not 
all, were A. nodosum zygotes. Traps could not be fixed to the 
substratum in between rocks, as it consisted of mud consolidated 
with sand, shells and cobbles. 

Treatments were designed to test for the effects of grazing and 
harvesting on zygote abundance. Two types of traps were employed, 
open boxes that allowed herbivory and exclusion boxes that did not. 
The exclusion boxes had a nitex screen placed on top and foam 
padding to seal the edges. Mesh size was I mm. The mesh size may 
have allowed small grazers in but a smaller mesh would have 
influenced the water flow and thus the zygote recruitment. Even 
then, the mesh size used may have altered the flow of water but 
there was no obvious solution to this problem. Open boxes had no 
screen. Two types of controls were established; one to control for 
box effect and the other for tile effect. To control for box effect 
tiles were bolted directly on the rock, without the box. To control 
for tile effect grids were placed on bare rock in the same study site. 
The grids were the same size as those on the tiles and the same 
sampling procedure for counting was employed (above). Counting on 
the bare rock was done 'in situ' with stereoscopic glasses and 
microscope. Because of the darkness of the rock and the fact that 
zygotes were often recruited in cracks and on the sides of barnacles 
counting was difficult. 

The effect of harvesting on the number of sexual recruits was tested 
by placing the zygote traps in experimentally harvested and 
unharvested (control) plots. The design for this experiment was fully 
described elsewhere (Chapter 2). Here only a brief summary is 
given. Plots were harvested at three intensities, low, medium and 
high in the winter and summer. Each of these treatments was 
replicated three times. Controls were plots left unharvested. Three 
permanent horizontal transects were laid out at at the top, middle 
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and bottom of each plot. Five plants along these transects were 
randomly selected and one module of each size class was tagged. If 
harvesting reduces the number of recruits, this effect would be 
strongest in intensely harvested plots. Recruitment in intensely 
harvested plots was then compared with the recruitment in the 
control plots. To test if cuts prior to the release of gametes 
reduced the number of offspring, I compared stands harvested 
intensely in the summer (after the release of gametes) vs stands cut 
intensely in the winter (prior to the release of gametes). 

Two open and two exclusion boxes were placed in intensely-
harvested and unharvested plots. The traps were positioned with 
alternating treatments, about 2 m from the middle transect and 
about 3 m from each other. Control boxes and tiles were placed 
along the middle transect in unharvested stands. In total this 
experiment involved 36 traps (18 open, 18 exclusion), 4 controls for 
boxes and 5 controls for tiles. 

Factors tested were harvesting (cut, no cut) and herbivory 
(herbivores excluded, herbivores allowed). Treatment effects were 
tested for significant differences with ANOVA. Data (tables 1 and 
3) were transformed to stabilize the variances with ln(x+1). Post-
hoc pairwise comparisons of treatment means were done with 
Tuksy-Kramer and Game-Howell tests. 

Grazing on adults 
The object of this experiment was to assess whether grazing is 
responsible for module mortality or breakage {not to compare grazed 
vs ungrazed modules). This study involved a survey of 152 tagged 
modules in harvested stands. The stands were three plots cut at 
medium intensity, two of them in summer and one in winter (Chapter 
2). Medium intensity harvests are the average in the present 
population. Modules were examined for visible damage along the 
main axis. In case of bifurcation the longest branch was chosen. If 
the main axis was broken, measurements continued along a lateral 
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branch if it was < 0.5 cm from the end of the main axis. Damage was 
recorded as the number cf herbivore marks. Only damage > 1 mm 
deep was recorded, including fresh wounds and wounds with scar 
tissue. Marks of this size are common and may be caused by 
amphipods rather than snails. There was also considerable damage < 
1 mm, often as scraped surfaces. They were not considered here 
because they are unlikely to result in breakage. The tagged modules 
were censused once at the start of the study in June 1989 and at the 
end, in July 1990. By subtracting the initial number of excavations 
from the final count and standardizing for length, grazing pressure 
in one year can be estimated. By recording the position of the 
excavation in the first survey, it was possible to determine whether 
modules broke at the site of damage or not. There was no evidence 
that wounds could heal to the extent that one year later they could 
not be recognized again. 

Results 

Grazing on zygotes 

In 1989, two months after settlement there were significant 
differences among treatments (Fig. 1). A first ANOVA showed that 
harvesting and its interaction with grazing had no effect on zygote 
density. The power of the ANOVA was low (< 80%), which may be the 
reason of the lack of significance. However, Figure 1 shows that the 
average number of zygotes settled in open boxes was practically the 
same in control and harvested stands. The average from the 
exclusion boxes in control stands was lower than that in harvested 
stands but the standard errors are very large. It is reasonable to 
think then that harvesting did not greatly influence settlement. 
Harvesting treatments were pooled within herbivory treatments and 
tested again (ANOVA table is shown, Table 1). The effect of grazing 
on zygote density was highly significant. Mean zygote densities/tile 
are shown in Table 2. The highest abundance of zygotes in 1989 
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occurred in the herbivore exclusion boxes (P = 0.05). Densities in 
controls for boxes and open boxes were similar (P > 0.05), which 
means that there was no box effect. Bare rock (i.e. control for tiles) 
had significantly fewer zygotes (P --= 0.05) than any other treatment. 
The difference between bare rock and control for box might have 
been due to the fact that counting was difficult (see materials and 
methods). 

The number of zygotes decreased dramatically over one year (Table 
2) particularly where herbivory was allowed (Fig. 1). Again a first 
ANOVA showed that harvesting intensity and its interaction with 
grazing had no significant effect. The power of the ANOVA was low 
but the means of harvested and control stands (Fig. 1) were almost 
identical suggesting that in fact harvesting did not influence 
settlement. Treatments were then pooled and tested (as above). 
ANOVA showed that grazing was highly significant (Table 3). 
Herbivore exclusion boxes had more zygotes (P- 0.05) than any other 
treatment (Table 2). There were no significant differences among 
the three other effects nor between bare rock and control for boxes 
(P > 0.05). The transition from egg to zygote was thus, strongly 
regulated by grazing. Although harvesting may have reduced 
offspring number, herbivory overode any potential detrimental 
effects. The average number of recruits/tile for the two com ols 
and open boxes was 13.1 (i.e. 0.07 m2, SD 9.7) over a one-year period. 
That is, there were 187 one-year old zygotes/m2. Only 1% of the 
zygotes exposed to grazers survived one year. Even if mortality 
declines by 50% as zygotes grow in size, almost none will survive 
the next one or two years. 

Grazing on modules 

The number of excavations in a module slightly increased with 
module length (Fig. 2). The correlation coefficient was low, r2= 
0.09, but significant (p= 0.0001). Fifty six percent of the modules 
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had one herbivory mark. Only rarely were modules heavily grazed. 
At the start of the study the average number of excavations/module 
was 2 and increased to 2.7 in a year. Excluding modules that broke , 
the relationship between damage in 1989 and new damage in the 
subsequent year was obtained. Broken modules were left out 
because damage between the first census and the date in which the 
module broke could not be determined. The correlation between the 
number of new excavations in 1990 vs the number of excavations in 
1989 was low (0.06), although significant. This meant that past 
damage may slightly influence future grazing incidence. 

Herbivory did not increase the probability of mortality. From the 
152 modules in the sample only four (3%) were broken at the site 
where a herbivore bite existed. Breakage at sites other than the 
bites was twice as common. In total, thirteen (8.5%) modules broke 
and twenty (18%) were naturally removed. 

Discussion 

Herbivores consumed 99% of the recruits from zygotes in one year. 
The fact that the numbers of one-year old recruits in bare rocks and 
in my tiles were similar (see results) indicated that the recruitment 
estimate was not biased. This study suggests that if herbivory 
pressure does not vary radically from year to year, recruitment of 
Ascophyllum may be occasional. Additional evidence supports this 
view. I occasionally searched the study site between August 1987 
and April 1990 and examined small rocks in the laboratory and never 
found recruits that could be seen either with magnifying glasses, 
with naked eye or microscope. Had they existed before 1987, 
recruits should have been at least several millimeters long and thus, 
visible by 1990. The lack of sexual recruitment agrees with 
numerous reports dating back many years and for different 
populations (David 1943, Printz 1956, Keser et al. 1981, Peckol et 
al. 1988, Vadas et al. 1990). Further, Watson and Norton (1987) 
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found that in laboratory conditions Littorina o'jtusata fed 
voraciously on Ascophyllum zygotes. However, the lack of 
recruitment observed in my study site may be restricted to the mid-
intertidal zone where traps were placed, roughly at a distance of 11 
m from the Fucus belt. In populations inn Maine, recruitment may be 
more common higher in the shallow intertidal (Mathieson pers. com.) 

The probability that a zygote survives grazing the next one or two 
years is almost zero. Their extremely slow growth (1 mm in a year) 
made them particularly vulnerable to grazers. Rare recruitment in 
Norwegian shores was also believed to result from slow growth and 
grazing (Baardseth 1970). In contrast, in laboratory, Ascophyllum 
growth rates were about 1.5 cm in 1 year (Baardseth 1970, Sideman 
& Mathieson 1983). In Rhode Island shores, growth rates were also 
about 1 cm in a yesr (Peckol et al. 1988). Although these growth 
rates are also low, they are nonetheless, ten times greater than in 
my study sites. 

Low recruitment rates are in sharp contrast to Keser's & Larson's 
(1984). They found surprisingly high, although variable, recruitment 
numbers in scraped areas in Maine. On average there were 8,000 
plants/m2. Coverage by Ascophyllum in one site was as much as 52% 
in 16 months with individuals up to 15 cm high. After 66 months, 
this species had become dominant. In other sites the cover ranged 
from 50% to 1% over the same period, although it also depended upon 
the intertidal slope. Differences in cover between sites were 
attributed to the abundance and distribution of grazers. The reason 
for the discrepancy between their recruitment rates and mine is 
likely the difference in growth rates between our populations. As 
zygotes grow slower in my stand (1 mm in one year) than in theirs, 
recruits cannot escape herbivory. 

Besides grazing there are other causes of zygote mortality. Before 
settlement most embryos are dislodged due to wave action (Vadas et 
al (1990). Availability of refuge is critical for the survival of 
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Ascophyllum (Keser & Larson 1984, Vadas et al. 1990) as well as for 
other related species such as Fucus (Lubchenco 1983) to escape 
exposure and grazing. Availability of substratum is equally 
important. Eggs can presumably germinate upon unconsolidated 
substratum (Keser & Larson 1984) but the lack of plants attached in 
the sand or mud in my stands indicates that stable substratum is 
required for further development. Substrata in the present stands 
may be limited because adult plants of Ascophyllum occupy most 
boulders. Another cause of mortality may be shading from adult 
plants. The fact that irradiance at ground level may be as little as 
less than 0.1% of that at the surface (Cousens 1982a) and that 
density suppresses the birth of modules (Chapter 3) suggest that 
zygotes may be negatively affected by the adults. David (1943) also 
believed that low recruitment in British populations was due to 
light limitation. The decline in recruitment numbers in the 
exclusion boxes, suggested that some self-thinning occurred. Vadas 
et al. (1990) reported similar findings from a laboratory study. He 
also found that survival of zygotes at high density was significantly 
lower than at medium and low densities. Survival of fucoid embryos 
can also depend on microhabitat temperatures and age (Brawley & 
Johnson 1991). 

Despite the devastating effect of grazing, just a few sexual recruits 
may be all that is needed to ensure population growth. In Lam in aria 
only 1 in 106 microbenlhic stages grows to visible stage but it is 
sufficient to maintain population size (Chapman 1984). The fact 
that modules were invulnerable to grazers (below), indicated that 
survivorship increases with size and thus, size is an escape 
mechanism from grazers. Despite the poor sexual recruitment, the 
vegetative spread of the few survivors is successful (Chapter 3), 
which suggests that size-escape and vegetative spread are the 
mechanisms that ensure population size and dominance in the 
intertidal. Size-escape mechanisms and vegetative spread fit 
Lubchenco's and Gaines' (1981) model based on these two 
mechanisms as the significant factors responsible for plant 
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abundances within the intertidal. The relative importance of sexual 
and vegetative spread indeed suggested that the Ascophyllum zone is 
wide and monospecific because vegetative spread is high and 
appears to preclude invasion by other species. In fact, Ascophyllum 
may be considered a phalanx species (Sackville-Hamilton et al. 
1987) as it consists of a holdfast and modules arranged in a tight 
dump (Introduction of thesis). Phalanx species may grow slowly but 
act as a 'front' defending the space occupied from other species 
(Harper 1981, Schmid & Harper 1985). With the formation of each 
new module, the holdfast increases in size, thus, securing physical 
space. The Ascophyllum habit seems to secure space for light and 
substratum. Relative to the volume of the upright part of the plant, 
the holdfast is small but a large area around it is denuded of 
vegetation (pers. observ.) except occasionally small Ascophyllum 
plants (pers. observ.). Shading plus the brushing effect of the 
modules against the substratum may discourage the growth of 
understory plants. Vegetative spread may then be a mechanism to 
ensure spatial dominance. Other studies of Ascophyllum may 
support this view. These studies report that when this species was 
removed, Fucus colonized rapidly because it grew faster (Baardseth 
1970, Keser et al. 1981). Fucus, however, succeeded only in the 
short term. When Ascophyllum attained a large size, it excluded 
Fucus and became the dominant species (Keser & Larson 1984). 
Hence, the dominance observed by Keser & Larson, although initiated 
from sexual recruitment, must have resulted primarily from 
vegetative spread. Vegetative spread, not sexual recruitment, 
emerges from this discussion, as a key factor of population size. 

Other seaweed species show similar mechanism of population 

growth. Gigartina canaliculata, Laurencia pacifica and 

Gastroclonium coultieri are known to recruit seasonally from spore 

but can rapidly colonize open space by means of vegetative spread 

(Sousa et al. 1981). Once turfs of these species are established 

further invasion is inhibited. Chondrus may also supplant Fucus by a 

similar mechanism (Lubchenco 1980). Vegetative propagation in 
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Gigartina teedii also appears to be the main mode of population 
maintenance (Braga 1990). 

Harvesting did not appear to influence the recruitment of zygotes. 
Although the power of the test was low, the average recruitment in 
harvested and control plots were fairly similar. This study 
suggested that while harvesting might have limited the gamete pool, 
herbivory overode this effect. Recruitment of new individuals then 
appeared to be controlled by natural factors, more than by human 
intervention. Transport of zygotes from harvested to unharvested 
stands might have been possible. However, it is unlikely that 
transport was significant because it is known for other species that 
most zygotes settle near the parent plant (Chapman 1986a, Schiel & 
Foster 1986). Previous authors concerned with the maintenance of 
harvestable seaweed resources (Burns & Mathieson 1972, Santelices 
et al. 1989, Ang et al. 1990) have suggested that harvesting prior to 
the release of gametes could have a detrimental effect upon the 
zygote pool. Theoretically this is true for Sargassum (Ang 1987). 
However, in the field this may not occur if there is no direct 
relationship between fecundity and recruitment. In Ascophyllum the 
production of eggs/module was high (Chapter 2) but most recruits 
did not survive grazing (this study). Correlation between fecundity 
and recruitment is difficult to predict even for related species. In 
Laminaria longicruris a close relationship between spore production 
and recruits was found but not so in L. digitata with which it occurs 
(Chapman 1984). 

Nevertheless, harvesting can play a significant role in population 
growth and indirectly in benthic community structuring if it reduces 
the extent of vegetative spread. If the cut is too close to the 
holdfast the birth rate of modules may decrease (Chapter 2) 
resulting in population decline in the long-term. Thus, the lack of 
sexual recruitment enforces my view (Chapter 2) and that of other 
authors (Sharp 1981, 1987) that the regulation of cutting height is 
essential for population regrowth. 
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Herbivory did not appear to influence the transition rates between 
module size classes and was not a significant factor of module 
population size structure and demography. The number of modules 
that broke due to herbivore damage was negligible. Rather, breakage 
was twice as likely at places where there were no herbivore marks. 
However, it is possible that breakage by herbivory occurred in 
between censuses and was not noticed. The frequency recorded was 
then the minimum. Modules were two times more likely to be 
naturally removed than broken. Another study of Ascophyllum 
modules also suggested that the incidence of fracture was low 
(Chapter 2). Thus, even if damage by grazers was higher than 
recorded here, breakage was not an important determinant of 
transitions among size classes. The lack of correlation between 
breakage and herbivory did not coincide with a study for central 
Nova Scotian Ascophyllum populations which showed that up to 90% 
of the modules that broke, fractured occurred where the axis had 
been weakened by herbivore damage (Lowell et al. 1991). What is 
more, the probability of breakage in these damaged modules 
increased 3 to 16 times. Breakage occurred because of the 
accumulation of stress (sensu Lowell et al. 1991) at the site of 
damage. There is no obvious explanation for the discrepancy 
between the two studies, although the pulling force exerted by the 
wind and or water in my population may be different from that in 
Lowell's population. 

Grazing pressure increased slightly but significantly with module 

size. However, this correlation may have not been not due to 

increased palatability. Over half of the tagged modules had only one 

bite and rarely more. The correlation between module size and 

herbivory may simply be due to chance. The longer the module the 

greater the probability a grazer will bite it. The correlation might 

have also arisen if grazing changed the palatability of the module. 

Lowell et al. (1991) found that past damage was positively 

correlated (r2 = 83%) with future incidence of grazing. The 
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correlation was due to a herbivore-induced reduction in production 
of polyphenols that resulted in increased edibility. However, in my 
study new grazing damage was only weakly related to previous 
damage, which suggested that grazing might not have influenced 
palatability. Also, this species may not be a food source at all for L. 
littorea as suggested by laboratory studies (Watson & Norton 1985). 
Although L obtusata feeds on Ascophyllum adults, it ranks low in 
their preferences (Watson & Norton 1987). 
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Table 1. ANOVA table. Effect of grazing on zygote density/tile 2 
months after settlement. Data was transformed to ln(x + 1) to 
stabilize variances. P= probability that means are significantly 
different. 

source df S.S. F P 
grazing 3 200.5 43.26 0.0001 
error 40 61.8 

Table 2. Mean density of zygotes/tile in each treatment 2 
months after settlement (1989) and a year later (1990). SD= 
standard deviation. 

1989 SD 1989 SD 
exclusion boxes 1\531 12,476.2 3,602.7 3072.7 
open boxes 1,335.5 1,750.1 22.7 50.0 
control tile 424 272.1 13.3 12.2 
bare rock 14.4 16 3.2 7.1 
p» 0.0001 

Table 3. ANOVA table. Effect of grazing on one-year old zygote 
density/tile. Data was transformed to ln(1+x) to stabilize 
variances. P= probability that means are significantly different. 

source df S.S. F P 
grazing 3 377.5 25.54 0.0001 
error 41 202.0 
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Figure 1. Mean zygote density in open and exclusion boxes in control 
and intensely harvested stands 2 months and 1 year after 
settlement. Plots harvested in summer and winter are pooled. Bars 
are means with standard errors. Numbers on top of bars are 
frequencies of zygotes in each treatment. 



herbivory, control 

0 herbivory, harvested 

[ 3 no herbivory, control 

no herbivory, harvested 

control tile 

2 months 1 year 
after settlement 

Figure 1 



135 

Figure 2. Relationship between number of herbivore excavations and 
module length. The length of modules in classes 1 to 4 is indicated. 
Classes 2 and 3 are same size. 
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Discussion 

Since the objectives of this research have been discussed within the 
context of each chapter, I thought it appropriate to end this study 
with a general discussion of one of the objectives not yet 
introduced. The objective was to gather the information necessary 
to construct a size-based Leslie matrix model. The discussion will, 
then, take place in the context of this model as used in ecological 
research and management. Ascophyllum nodosum will be referred 
from now on as Ascophyllum. 

Studies of demography are a powerful way to analyze changes in a 
population through time (Hutchings 1990). Rates of birth and death 
can be used to project future population trends which provide a 
strong basis to make sensible decisions for the management of 
natural resources. Population projections are commonly done with 
transition matrix models, typically the Leslie matrix (Leslie 1945) 
and are commonly used to manage populations of plants and animals 
(Getz & Haight 1989). Transition matrix models are either based on 
age-classes (Leslie model) or size classes (e.g. Lefkovitch matrix 
model). Size classes are preferred when size is a better predictor 
of life-cycle events (e.g. reproduction and mortality (Werner & 
Caswell 1977, also Watkinson 1986). Some extensions have been 
made to accommodate factors such as sex (Meagher 1982), 
interference (Solbrig et al. 1988) and alternation of life-cycle 
phases (Ang & De Wreede 1990, Ang et al. 1990). The history, 
construction, advantages and disadvantages of using age-based or 
size-based models have been discussed in many recent papers 
(Meagher 1982, Ang 1987, Getz & Haight 1989, Ang & De Wreede 
1990, Aberg 1990a) and there is no need to repeat them. Instead the 
purpose of this discussion is to point out the flaws and 
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disadvantages of these matrix models which are rarely 
(Bierzychudek 1982, De Wreede 1986) or never acknowledged. Focus 
is on the Lefkovitch model since I considered size-based life cycle 
stages (or size classes). There are many variations of this model 
(Caswell 1989) but none seems appropriate for the present 
populations (below). I discuss the basic Lefkovitch matrix model 
because it is the simplest model and can be used as a general 
framework. 

In recent years, size-based matrix models have been used for 
seaweed populations (Ang 1987, Ang & de Wreede 1990, Nyman et al. 
1990, Aberg 1990a,b). The most common uses were to assess the 
stability of the population structure either for size classes (Ang & 
De Wreede 1990) or age classes (De Wreede 1986), to describe life-
cycles (Ang et al. 1990, Ang & De Wreede 1990) and for management 
(Ang 1987, Ang et al. 1990). Matrix models are extremely useful in 
management of algal resources because they can project possible 
outcomes of exploitation (Ang 1987, Ang et al. 1990). 

Three assumptions are commonly made when the model is applied 
and none of them is usually tested. The assumptions are, 1) that 
sexual recruitment or vegetative spread is relevant to population 
growth. This assumption concerns models for population of modules 
and Ascophyllum in particular. Often, the number of sexual 
offspring/individual can be estimated through some other variable, 
e.g. reproductive biomass (Aberg 1990a) which implies that there is 
a direct relationship between biomass and fecundity and between 
fecundity and offspring numbers. 2) Interference does not affect 
growth. Even when the model accounts for interference, it is 
assumed that interference exerts a negative effect on growth and 
survivorship (Getz & Haight 1989). Assuming a negative effect may 
be accurate for terrestrial populations (Harper 1977, Hutchings 
1986) but not necessarily for marine plants because the effects of 
interference on these are not yet fully understood (reviewed in 
Chapter 3). 3) The sex ratio is known and it does not change with 
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time. However, sexual dimorphism in vital rates is well documented 
in many species (Caswell 1989). Asymmetric distributions of 
gender and life-cycle phases are common in seaweed (Edelstein & 
McLachlan 1967, Edwards 1973, Van der Meer 1981, Perez-Cirera 
1982) and higher plant populations (Weiner 1988). Moreover, 
reproduction may be anomalous resulting in populations dominated 
by only one life-cycle phase (Destombe 1989). Some attempts to 
accommodate the effect of sexual dimorphism in demographic 
models are in Caswell (1989). 

In general models of populations have been concerned with genets 
(Ang 1987, Aberg 1990a,b, Ang et al. 1990). However, models of 
module populations are needed to manage algal resources where 
modules are the main source of repopulation and hence yield. 
Populations of Ascophyllum may be an example. Biomass recovery in 
the stand after harvesting may result largely from vegetative spread 
rather than recolonization (Chapter 4). Because of the relevance of 
vegetative spread and the fact that growth (Chapter 2) and 
reproductive output (Chapter 1) depend upon module size, it seems 
reasonable to construct a Lefkovitch matrix model for the population 
of modules of this species. Moreover, Ascophyllum has a long 
history of being exploited but little is known of the long-term 
effects of harvesting on the population growth rate. Thus, the aim 
of this study was to assess whether the above three assumptions 
are met before using the Lefkovitch matrix to model the population 
of modules of this species. Results, methods and conclusions drawn 
here are based on empirical data obtained from other experiments 
conducted on this population (Chapters 1 to 4). 

Lefkovitch matrix 
The top row of the Lefkovitch matrix model comprises the number of 
offspring (sexual, asexual) produced by each size class at each time 
interval. The offspring may be sexual recruits, or in Ascophyllum, 
the number of new modules arising from the base of others. The 
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elements of the main diagonal are the probabilities of modules in 
any given size class staying in the same size class during a 
particular time interval. The elements below the diagonal are the 
probabilities of passing to a larger size class and the elements 
above the diagonal are the probabilities of passing to smaller size 
classes by breakage. 

Assumptions 

Sexual recruitment, vegetative spread. Number of 
offspring/size class, in the present populations the number of 
sexual offspring/size class was almost zero (Chapter 4). There 
were about 187 one-year old recruits/m2 but it is unlikely that any 
of them would survive the next two years. Grazing and low growth 
rate were the cause of high mortality. In fact, 99% of the zygotes 
were eliminated from the time of settlement to the end of the first 
year. Even if only half of the survivors were eliminated in the two 
subsequent years, clearly sexual recruitment was occasional. The 
elements of the top row would then be zeroes. 

The elements of the first row cannot be the number of new modules 
emerging from the base of each module size class. Most modules 
arise from the holdfast rather than from the base of other modules. 
The elements of the first row are then zero entries, or almost zero, 
despite the fact that clonal propagation is so successful that 
(Chapter 3) occasional survival of zygotes may be all that is needed 
to sustain population growth. 

The inclusion of the number of sexual recruits/module in a matrix 
model for populations of modules is inappropriate. One zygote 
produced by a single module gives rise to a genetic individual, which 
is not equivalent to a module. The fecundities of modules and genets 
are not comparable. The fecundity of a genet is the sum of the 
fecundities of all its reproductive modules, including all modules of 
all plants that originated clonally. 
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Therefore, the size-based matrix model cannot be reliably 
constructed for modules, at least for the present populations. 
However, size-based matrix models for module populations have 
been constructed for other species of seaweeds. In Macrocystis 
pyrifera, vegetative recruits instead of sexual recruits were 
included in the model (Nyman et al. 1990). The aim of that study 
was to understand plant growth, viewing a single plant as a 
population of modules. 

Given the difficulties in obtaining the fecundity of each size class, 
the Lefkovitch matrix of the present populations should be 
constructed considering plants rather than modules. Plants would be 
classified into size classes according to the number and size of 
their modules. The model should include both sexual iecruitment and 
vegetative spread. The latter is the number of new modules and 
plants formed clonally (by split-up process) from a plant in a given 
size class. The study most similar study to this, is one for Swedish 
populations of Ascophyllum (Aberg 1990a,b). A matrix for plant size 
classes was constructed but did not include vegetative spread. 
Probably the reason was that conventionally only zygotes are to be 
considered offspring. A model similar to the one proposed here was 
constructed for Jack-in-the-puipit (Arisaema triphylum). The 
species is a perennial herb that reproduces sexually and clonally 
(Bierzychudek 1982). The model included two rows, one for seeds 
and the other for plants produced clonally. 

Receptacle weight accounted for only 6% of the variability in egg 
production (per receptacle, Chapter 1). There is then little direct 
relationship between reproductive biomass and fecundity. 
Reproductive biomass, then, cannot yield accurate estimates of 
fecundity. For instance, if two modules have same number of 
receptacles, but one of them has larger receptacles than the other, 
one wiil conclude that the two modules have different fecundities. 
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This is wrong because fecundity in Ascophyllum increased directly 
with the number of receptacles, not with their biomass (Chapter 1). 
Therefore, the two modules have similar fecundities. 

Where fecundity is assumed to be directly proportional to 
reproductive biomass, the results of the matrix model may be 
biased. There are at least two demographic studies where this 
method was applied, one for Swedish plants of Ascophyllum (Aberg 
1990a,b) and the other fcr Sargassum siliquosum and S. paniculatum 
(Ang 1987). In the former, offspring numbers/size class were 
scaled to the reproductive biomass of each size class. Neither the 
number of eggs/size class nor zygote mortality were determined 
directly. If the number of eggs and biomass are not directly 
correlated, as in my population, the estimation of fecundity of each 
size class may be biased. In addition, if herbivory on zygotes is as 
effective as in my stands (Chapter 4), their recruitment is not 
correlated with the production of eggs, which would add further 
bias. Thus the reliability of the projections depends upon these 
foregoing conditions. In the second study (Ang 1987), the weights 
of all receptacles of individual plants were assessed (Ang per.com.), 
sexual recruitment was counted directly in field plot? and the 
number of offspring per size class was estimated as a proportion of 
the reproductive biomass. This method has the advantage of 
skipping the determination of fecundity. However, if fecundity is 
not directly proportional to reproductive biomass, as in 
Ascophyllum, the number of offspring/size class may not be 
accurately estimated. Reproductive mass has also been used to 
relate fecundity to size in other studies (e.g. Schiel 1985a,b, Schiel 
& Choat 1980), although not necessarily for modelling purposes. The 
accuracy of the conclusions drawn concerning the relationship 
between size and fecundity may then also depend upon whether 
biomass and fecundity are directly correlated. 

Mortality must be assessed directly. Had offspring of each size 
class been estimated from egg numbers in this study, the forecast of 

http://per.com
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the matrix model would have been that the population would grow 
through sexual recruitment by the millions which is wrong (Chapter 
4). Mortality rates from related species cannot be used for the 
species of interest, even if they are from the same site. Chapman 
(1984) found a direct relationship between fecundity and 
recruitment in Laminaria longicruris but not so for the co-occuring 
L. digitata. 

Errors in estimations of fecundity and mortality may have direct 
implications in management. It has been suggested that cuts prior 
to the release of gametes could reduce the number of offspring in 
the next generation (Burns & Mathieson 1972, Santelices et al. 1989, 
Ang et al. 1990). However, an assessment of recruitment in the 
field for Ascophyllum found that grazing may override any potential 
detrimental effect of harvesting (Chapter 4). Had recruitment been 
estimated with reproductive biomass instead of with direct counts 
in the field, one might have concluded that the above hypothesis was 
true when it was actually wrong. The relevance of herbivory to 
mortality would also go unnoticed. 

Interference. As indicated in the introduction, the model does not 
consider the effect of interference and when it does, interference is 
expected to be detrimental to population growth. However, the 
effect of interference on Ascophyllum was negative on vegetative 
spread and positive on biomass increases. In addition, density 
effects on the abundance of each size class was also positive or 
negative depending on the size class considered. Projections of the 
Lefkovitch matrix model may then not be accurate should the effects 
of interference not be considered. However, as the present field 
populations comprise patches with low and high densities, it is 
unclear whether the effect of density in high density patches is 
offset by that in low-density patches. If so, the overall effect of 
density on the transition rates may be non-significant. Thus, a 
Lefkovitch matrix for Ascophyllum populations should be tested 
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empirically to determine whether density is relevant to population 
growth. 

The effect of interference has been included in matrix models 
(Caswell 1989). The formulation of the models expresses the effect 
of density on a population parameter as being either negative or 
imposing a ceiling. Another possible formulation is one in which 
physiological or demographic processes possess an optimal density, 
with the r9sponse decreasing at either higher or lower densities. 
However, none of the three formulations can be used for the present 
population of Ascophyllum. As I said earlier (Chapter 3 and above), 
the effects of density may be positive or negative depending on the 
variable response chosen. In addition, at the module population 
level, the effect of density depends on the size class considered. 

Incorporation of interference in the matrix model has been 
attempted successfully in terrestrial species because the effect of 
density is known to be negative. Population growth of Viola 
fimbriatula was simulated using a modified size-based matrix 
model (Solbrig et al. 1988). In this species seedling survival was 
function of adult density and adult survival was density-dependent. 
It was found that when the population of adults was below a certain 
critical value, the population of adults continued to increase. As 
new seedlings entered the adult stages, the population reached high 
densities at which point no seedlings survived. Seedling mortality 
then, reduced the number of adults below critical levels, but due to 
the lag in incorporating new seedlings the population was below 
critical density levels and the cycle was once more repeated. 

Sex ratios. Modules of Ascophyllum populations in southwestern 
Nova Scotian are not strictly dioecious but may be monoecious and 
hermaphrodite (Chapter 1). Receptacles could comprise male and 
female conceptacles and conceptacles could include both sexes. 
Although the incidence of anomalous gender allocation was not 
determined, the possibility of such leads to questions concerning 
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whether the sex ratio estimated in Chapter 1 was correct as it was 
computed excluding anomalous modules. The fact that receptacles 
and conceptacles can contain the two genders further complicates 
the computation of the sex ratio (see Chapter 1). The exact gender 
allocation is needed to estimate fecundity. 

Caswell (1989) says that if the life cycles of the sexes differ and 
the assumption that only female fertility matters fails (implicit in 
the basic Lefkovitch matrix model, Caswell 1989), then both sexes 
must be incorporated into demographic models. The models 
discussed by Caswell are for age classes and he considers important 
issues such as fertility as a function of the abundance of males and 
females, environmentally determined sex and effects of density. 

As my study did not determine whether the life cycle of males and 
females in Ascophyllum are different, it cannot be suggested that 
the more modern models of Caswell (1989) can be used for my 
population. I did not consider age classes either. There are other 
basic problems that suggest that the models may not be applicable, 
although at this point there are too many unknowns (e.g. causes of 
sex determination and allocation) to draw strong conclusions 
concerning Caswell's models. The problems are that the Caswell's 
models are for two-sex populations. They do not take in account 
hermaphroditism. Moreover, hermaphroditism in Ascophyllum occurs 
at several levels. Because the fertility of a plant results from the 
fertility of all its modules, a model for the population of plants 
would probably have to incorporate fertility for plants that have all 
modules either male or female. Fertility should also be a function of 
hermaphroditism at the whole plant, module, receptacle and 
conceptacle levels. Another problem with Caswell's (1989) models 
is the assumption that high density has a negative effect on 
reproduction but in Ascophyllum, high density enhances reproduction 
(Chapter 3). 



146 
The relevance of sex ratios and breeding systems to population 
fertility cannot be ignored because they may influence the 
projections of the matrix model (Caswell 1989). Differences in 
reproductive schedules and reproductive output can, for instance, 
determine male bias that affects fecundity (Meagher 1982). Thus, a 
matrix model cannot ignore the male contribution. In addition, 
gender allocation can change in response to environmental factors 
(Weiner 1988). For instance, in the perennial herb, Arisaema 
triphyllum, the gender of its genet is determined by size 
(Bierzychudek 1982). Clonally produced plants can also change sex 
as they increase and decrease in size. In addition, this species 
responds to density by altering plant size. When transition matrices 
were constructed it was found that the matrix model did not account 
for the differential contribution of males and females and movement 
from one sex to another. Further, because the size structure and the 
transition probabilities were variable, the model's projections were 
not reliable. 

This discussion raises the issue of the accuracy of the Lefkovitch 
matrix model when the assumptions of the model are not met. If the 
assumptions of fecundity, interference and gender distribution are 
not tested projections may be equivocal. Alvarez-Buylla & Slatkin 
(1991) discuss additional problems concerning errors in the 
estimation of the confidence limits of the population growth rates 
predicted by the model. 

The present findings illustrate the value of undertaking a 
demographic approach to provide data on which to base management 
decisions. Even if the results of demographic research are as 
expected, they provide a firm basis for decisions in management 
(Hutchings 1990). Without testing for the validity of basic 
assumptions, bias that results from the matrix model may be 
inevitable and may lead to serious consequences. Thus, demographic 
analyses are required, even though they may require extensive work 
and numerous experiments. 
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The Lefkovitch matrix model as it stands cannot be applied to the 
present populations. However, this study is a necessary lesson 
because it illustrates some possible pitfalls in applying this matrix 
model and it shows that the model may be misleading for 
management. 

Conclusions 

When applied to seaweed populations, the Lefkovitch matrix model 
makes three assumptions: 1) sexual recruitment and or vegetative 
spread are relevant to module populations and the number of 
offspring/size class can be estimated through some other variable, 
e.g. reproductive biomass, 2) interference does not affect growth 
and 3) the sex ratio is known and stable. The validity of the 
assumptions were investigated. 

Vegetative spread was more relevant to population growth than 
sexual recruitment. Most zygotes do not survive to the adult stage 
and most modules arise from the holdfast. As a result the number of 
modules arising from other modules cannot be estimated with any 
degree of reliability. A model for the population of modules cannot 
be built because the number of new modules and sexual recruits/size 
class are very small. There is no direct relationship between sexual 
recruitment and reproductive biomass. Thus, the number of 
offspring/size class may not be accurately predicted using this 
variable. Interference affected growth in experimental populations 
but the effect could be either positive or negative. However, since 
populations comprise low- and high-density patches, it is uncertain 
whether overall interference significantly affects transition rates 
within field populations. The Lefkovitch matrix model should be 
tested empirically at least for projections of few years. In some 
modules the allocation of gender was anomalous. Unless the 
female:male tissue ratio can be accurately assessed, the estimation 
of fecundity/size class is unreliable. The findings suggest that 
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since the Lefkovitch matrix model does not account for the above 
three factors, it not only may not provide clues 
for management but also may be misleading. 
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Appendix 

Report on Damage to the Experiments 

An unplanned harvest in my study site took place in November 1989 
damaging my experimental plots (in Chapter 2). The area of 
intertidal harvested extended approximately from the middle of the 
plots (sometimes higher) and seaward. Some plots were more or 
less damaged. The effect was direct as well as indirect. The direct 
effect was when the harvest cut the tagged modules. The indirect 
effect was when the plants around the transects were cut but the 
tagged modules were not. The reharvest affected directly and 
indirectly 10 out of 21 plots. In May 1990 a second unauthorized 
harvest took place. This damaged the remaining plots. Due to this, I 
ended the study on harvesting effects three months earlier than 
planned. Table A shows the treatments, plots and transects affected 
by the first reharvest. The total number of replications/treatment 
that were damaged is given in Table B. 

Experimental harvesting 
Table A. Harvesting treatments, plots (or replications) and transects 
affected by the November reharvest. 

treatment 

winter low 

winter medium 

winter high 

summer low 

plot number 

3 
13 
14 

6 
16 
20 

4 
10 
18 

1 
7 
9 

transects 
damaged 
medium to low 
top to low 

medium to low 

medium to low 

medium to low 
medium to low 
medium to low 
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summer medium 1 2 

17 
19 

summer high 2 medium to low 
8 indirectly, near 

low 
21 

control 5 low 
11 
15 

Table B. The number of replications damaged per treatment. 

treatment 

winter low 
winter medium 
winter high 
summer low 
summer medium 
summer high 
control 

number of 
transects 

2 
1 
1 
3 
0 
2 
1 

Modules that were cut or where the adjacent area had been cut were 
left out. The total number of tagged modules lost to the reharvest 
(cut) was 133, i.e., 12% of the sample. This estimation was done 
subtracting the number of modules in April 1990 from that in August 
1989 for the damaged plots only. That is 12% of the modules that 
survived until August 1989 in the above plots. The actual damage, 
however, may be greater than this. This study has shown that 
harvesting enhances growth especially in the small size classes 
(Chapter 2). It is reasonable then, to think that, although modules 
damaged directly or indirectly were not included in the analyses, the 
reharvest enhanced the growth of the tagged modules remaining in or 
near the cut patches. 
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Also, in this study I found that reproductive state and growth are 
correlated, reproductive modules growing more than vegetative 
modules. In enhancing growth then the reharvest may have increased 
even more these natural differences. Another consequence of the 
reharvest is a possible bias in the survivorship curves. Even though 
1 excluded all modules damaged, a drop in survivorship at the time of 
the reharvest can be seen (Fig. 9, Chapter 2). This suggests that the 
reharvest caused that drop. 

Figure 1 suggests that some of the variability in growth may be due 
to the reharvest. The standard deviations in the plots cut in the 
summer increased 100% from August to November 1989, when the 
cut took place. In the plots cut in winter and in control plots high 
changes in standard deviations occurred at other times, however. 
The contrast between the variability in summer plots and the other 
2 treatments may be partly due to the fact that more plots were 
damaged (and perhaps more intensely too) in the summer plots than 
in the others. 

The lack of significance of the treatment effects (Chapter 1) may 
have been due to the reharvest. Since growth is slow, it is possible 
that treatment effects would have been noticeable 2 years after the 
harvest. The reharvest, however, lowered the chances of detecting 
these effects because it reduced the sample size which may have 
reduced the power of the tests. Another problem is that the effect 
of the reharvest is confounded with treatment effects. Since, 
nevertheless, natural variability is high, I collected the available 
data from the damaged plots hoping that the reharvest would not 
exert a significant influence on the effect of the treatments. 

Experiment: Grazing on zygotes. Fourteen zygote traps and 
controls, out of 45, were in the damaged plots. The effect of the cut 
may be 2-fold. It may have altered the density of grazers and 
resulted in greater light availability thus enhancing zygote growth. 
This may have influenced survivorship. For instance, the mean 
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number of zygotes in the exclusion boxes at the end of the study was 
higher (4,200/tile) in control plots than in harvested stands 
(3,100/tile). If the reharvest enhanced growth, the low density of 
zygotes/tile in these may have resulted from density-dependent 
mortality. Nevertheless, the time interval for this to occur was 
short and took place in part during the fall and winter when there is 
no growth and grazing activity was likely low. Thus, data from the 
affected traps was included in Chapter 4. 

Experiment: grazing on adults. This experiment was affected by 
the second reharvest (May 1990). The damage was indirect. I 
terminated this experiment in July of the same year. Because 
growth is slow and variability high, it is unlikely that the reharvest 
biased the data collected for this study. 

Experiment: control for tags. The first reharvest cut through 
and around the transects of this experiment (Chapter 2). A total of 
8 (18%) plants out of 45 were damaged. Thus, 96 modules out of 540 
were removed. Due to growth is slow the effect of the reharvest on 
this experiment was considered non-significant. 
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Figure Legend 

Figure 1. Mean growth over 3-month time intervals between 1988 
and 1990 in plots harvested in summer and winter and in control 
plots. Harvesting intensity treatments and size classes are pooled. 
Bars are 1 standard deviations. 
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Figure I 
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