2

I o+ Nationat Library
of Canada du Canada

Acquisitions and

Bibliothéque nationale

Direction des acuisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for  microfilming.
Every effort has beer 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.

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.

Canada

395, ru2 Wellington
Ottawa (Ontario)

Your e Volre télérence

Qur e Notre réleronce

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfiimage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec luniversité
qui a conféré le grade.

La qualité d’'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a lP'aide d’un
ruban usé ou si I'univers«é nous
a fait parvenir une photocopie de
qualité inférieure.

l.a reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



POPULATION ECOLOGY OF THE COMMERCIAL SEAWEED, GELIDIUM

SESQUIPEDALE: BIOLOGICAL INPUT FOR RESOURCE MANAGEMENT

Rui Orlando Pimenta Santos

Submitted in partial fulfillment of the requirements for the
degree of Doctor of Philosophy
at
Dalhousie University
Halifax, Nova Scotia, Canada

April 1993

© Copyright by Rui Oriando Pimenta Santos, 1993



National Li
L e

Acquistions and

Bibliothéque nationaie
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Weliington Street
Ottawa, Ontario
K1A ON4 K1A ON4

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

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.

395, rue Wellington
Ottawa (Ontano)

Your e votre refevence

Qur file  Notre refevence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
metire des exemplaires de cette
thése a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
these. Ni la these ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-315-93736-X

Canada



Name {uil _ORLADD PIMENTA  SAWTODS

Dissertation Abstracts Infernatioral is arranged by broad, general subject categories Please select the one subject which most
riearly describes the content of your disszrfation Enfer the corresponding four digit code n the spaces provided

—_ BoTh Y
SUBJECT TR
Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES
COMMUNICATIONS AND THE ARTS Psychalogy 0525 PHILOSOPHY, RELIGION AND
Archicet 0729 Readm 0535 THEOLOGY
rchitecture
Art Histor 03,7 Relnglogs 0527 losaok 04
Cinema v 0700 Saienres 0714 Eh; Oscr'.? 4 2
Donce 0378 Seconda 0533 engLo
Fine Aus 035/ $5ci0] sciences 0534 B bleo] Studies 83%‘{
ﬂnfcrmtlmon Seitinee 853? gocmlt?gy of 8%38 Clergy 0319
ournalism eClq
Library Seience 0399 chz)ucher Tramning 0530 H};sltory °|F 8%20
Mass }éo mmunicahio 0708 Technolo 0710 h P| tlosophy of 0422
v ns
Music 0413 Tests a \d%\ccs rement, 0288 Theology 9
specch Commumication 0459 Vocutiondl 0747 soAL SCIENCES ~123
r Americon Studies ~
EDUCATION wcusmcs Anbronclog o0
rchaeclo
Gr}nvral 8‘5:}3‘ lun%mgc Cllroral 0326
ﬁc{mnmstcrlugon 03)] ‘ eneral 0679 Physical 0327
A;;lrjiél?l{:uc ontinu ng 0317 f\ncnent 8%38 Busgess Admumistration 0310
inguistics enera
! 0273 Mo%eu n 0291 Accounting 0272
gllmguol end Mult culiural 828% Ljeralure Banking 0770
Usiness General 0401 Management 0454
ooy ondjrcten 0727 Clssea O Molaing pEEl
by Cinllhocd 0518 Comparative 0295 Canad an Studies 0385
H::rrr{enklw'r(y 1000 0324 Mcdlcvo 8%gg Ecorgrmcs | 0501
Modern energl
f'mc:;\ce | | 8277 Alr czrr| 0316 Agricultural 0503
Guidance and Counseling 05&8 American 0591 Commerce Business 0505
H“‘; th 0345 sian 0305 Finance 0508
"4"9 er ( 0520 Canadian {Enghish) 0352 History 0509
o Esonomcs 028 Conadion{French] 0338 lokor g0
ol ngis €0
fodushial l 83;;, Ge‘rjn anic 0311 Folklore v 0358
L""‘?U“QQ and Literature 0580 Latin American 0312 Geography 0346
MWl\cr1\u||cs 0529 Middie Eastern 0315 Geronfology 0351
P'\LII:) So Sy of 0058 Romance 6313 History
Phys:cc!l Y 0523 Slavic and East European 0314 General 0578
THE SCIENCES AND ENGINZERING
BIOLOGICAL SGENCES Geodesy 0370 Speech Pathology 0460
Agnculiure Geology 0372 Toxicology 0383
Genara 8%2 Sc?pliysu:s 8%;3 Home Economics 0386
Agronom 2 drolof
A el Coltare and o ’f;«znerénlr%y 0¢11  PHYSICAL SCIENGES
Nutiition 75 aleobolan
Aninal Pathology 0476 Pa coccology 0426 Pure Sciences
foo E( ltfnce anc 0359 go eonlol?gy 83(}32 Cheg:[:zm 0485
Technolo aleozoolog
Fol;sh’ on%yWﬂdhfe 0478 Palynology Y 0427 ﬁgw)gc?huml 8‘7132
Plant Culture 0479 Physical %eoglophy 0368 naiyhea
Plant Pathol 0480 Physical Oceanograph 0415 Biochemisiry 0487
Plani Physiolons 0817 i 9Py inorganic ga88
5\(/‘"(}01 1fy\(!}nclgluxmm 8;ZZ HEALTH AND ENVIRONMENTAL o:;cﬁtiz 0490
Biol ood fechnology SCIENCES Pharmaceutical 0491
olagy | 0306 Environmental Sciences 0768 Physica 0494
A:* 2?5:1)' 0287 Health Sciences 0 Polymer 0495
Brosiatishcs 0308 Genera 366 Radiation 074
B 0309 Audiology 0300 Mathematcs 0405
CQ'I?”)' 0379 Chemotherapy 0992 Physics
[0 | 0320 Dentisiry 0567 Ganeral 0605
E‘-"'J OQ)’I 0353 Education 0350 Acoustics 0986
C:‘ °“"‘° ogy 0359 Hospital Management 0749 Astronomy and
L ene !‘cs 0793 Human Develop ent 0758 Astrophys cs 0606
A:\I“I\Obﬂgf’ 0410 Immunolcgy 0982 Atmogpﬁe, Ic Science 0608
M‘CIIO o ogy 0307 icmne and Surgery 0564 Atomic 0748
NQ ot 0517 Mental Health 0347 Electronics ond Elecirmg/ 0607
O"f"””""’? 0416 Nursing 0569 Elementary Particles an
A “(“‘toQ""P 4 0433 Nutnhon 0570 H:Ph Energy 798
R ‘);)"0 oy 0821 Obstetrics ana Gynecology 0380 Flud and Plasma Q759
w tation S 0978 Owcupational Health an Molecular 0609
zolelnnmy clence 0e T ,e,ory 0354 Nuclear 0610
B ‘°° oy Ophthalmology 0381 Optics 0752
|0P6Z;lg:n 0786 g:tholcgyi 83@ Eotdéogon 82?(16
armaco ohd State
Modical . 0760 ;Hormoﬁhogy 0572 Sitcs 0463
EARTH SCIENCES Fubhe Healh FY 0573 Applied Sciences
Biogeachemistry 0425 Radhology 0574 Appled Mecha s 0346
Grochemisiry 0996 Recreahon 0575 Computer Science 0984

o0 plol7] UM]
SUBJECT CODE
Ancient 057¢
Medheval 0581
Modern 0582
Black 0328
Alncan 0331
Asia Australia and Ocecnia 0332
Canadion 0334
European 0335
Lat n American 0336
Middle Eastern 0333
Un ted States 0337
History of Science 0585
aw 0398
Political Science
General 0615
International Law ond
Relanans 0614
Public Adm nistration G617
Recreation 0814
Social Work 0452
Sociology
General 0626
Cnmmulogﬁl and Penology 0627
Demograp '{ 0938
Ethnic and Racial Studies 0631
Indviducl and Family
Studies 0628
ndustrial 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
Eng neerin
Gener(‘g 052
Aerospace 0538
Agricultura 0539
Automotive 0540
Biomedical 054}
Chemical 0542
I 0543
Electronics and Electrical 0544
Heat and Thermodynomics 0348
Hydraulic 0545
Industrial 0546
Marine 0547
Mater als Science 0794
Mechanica 0548
Metallurgy 0743
Mining 0551
Nuclear 0552
Packac ng 0549
Petrole m 0765
Sanitary aad Municipal 0554
Syslem Science 0790
Geotechnology 0428
Operations Research 0795
Plastics Technology 0795
Text le Technologv 0994
PSYCHOLOGY
Genera 021
Behavioral 0384
Chnical 0622
Developmental 0620
Experimentc! 0623
Indusirial 0624
Personality 0625
Physiological 0989
Psychobiology 0349
Psychometrics 0632
Social 0451



a meus pais

iv



TABLE OF CONTENTS

General INtroGUCHION .......oouiniiiii i et e eeeenes 1
CHAP1ER I
Marine plant harvest in Portugal .............oooiiiiiiiiiiiiii 7
1.1 IntroducCtion.....ccccceiiiiiiniiiiiiiiiniiee it aeene s 7
L2 MEthOdS. . ..cuvinrieiinie e it 7
1.3 Results and DisCUSSION.......coiiiiiiiiiiiiiiiiiiieiie e eaeer e, 8
1.3.1 Marine plants for fertilizer............ccooviiiiiiiiiinininnn. 8
1.3.2 Colloid induSmry ...ooouveeininiieiiiiiiiiirieiniiiecieanes 9
History and legal regulations.........coveevevieiineininenne... 9
Gelidium sesquipedale landings ..........ocvvvivviinnininnnnn. 11
Pterocladia capillacea landings ...........coovieeiiiinenninn.. 12
Po¥ 121 0 (1 12T o) . ST TSP 13
1.4 ConCIUSIONS ...evvnininiiniit ittt ee e eaeaes 14
CHAPTER 11

A multivariate study of biotic and abiotic relationships in 2 subtidal algal

SEANA L. e et et e et e e e et e e 21
2.1 IntroduCtion.....coccviuiiiiiiiriiiiniiiii e e et e e 21

22 MEthOdS . ..ounieieeiiet i 23

22,1 Ordination ......oovveiiiniieiiiiii it e 25

222PCAbIPIOLS ovvivieinirene i 25

2.2.3 Model development ......covevvivnmiiiiiiiiiiiniiiiiin e, 26

2.2.4 PCA transformation of variables for regression model....... 26

23 RESUIS oovviiiiiiii e 27

2.3.1 Distribution patterns of species and abiotic factors............ 27

v



2.3.2 Principal Component AnalysiS........cccccoveenviieinininnnin. 28

233 PCA Biplots..cocoeeiriiieieiiiriiiiiiec e, 29
2.3.4 Full regression model............coouveiiiniiiiiiniiiiniin., 30
2.3.5 Reduced model development..........cooeveeevivieeinrannnn.n. 30
2A DISCUSSION . .eeuve ittt ettt ettt ee e a e e e e e e e 32
2.4.1 AbIOtC faCtors ......vvviiniiri e 34
2.4.2 BIiotic faCtOrS ... ..ovueiiri e 35
CHAPTER II

Frond dynamics of the commercial seaweed Gelidium sesquipedale: effects of

size, epiphytism, and frond hisiory. ......oooveiiiiiiiniiiic 46
3.1 INtrodUCHION. . cvuuveiiiiiiiieiiieereiieerieeritreeatirerieearenea e eeaens 46
3.2 Materials and Methods .........oeiviininiriiiiiicce 48

3.2.1 Choice of size (length) classes....oooveiiininiiiiiiiinnne. 50
3.2.2DataanalysiS .....eirieriiriiiieiie e 51
B3 RESUIS c.euetie et et e 52
3.3.1 Gelidiuni sesquipedale frond dynamics.........cccceevivenrnnn 52
3.3.2 Length variation ...........c.coevivvinininiiiiiiin 53
333 Effects Of $1Z€....c.ovvvuiiiiiiiiiiiiiiii 54
334 Epiphytes...cccoviinineiiiiii 55
3.3.5 Effects of historical events .........c.ccocoeeviiviiiiiiiina. 55
3.4 DISCUSSION L.\ttt ettt eier e ettt e e 57
3.4.1 Seasonal variation .........ccoveviininiiiiiiiiiin i 57
3.4.2 Effects of SiZ€......ccoveiieriiiiiiii e, 59
3.4.3 Historical effects.......ccoceeiveriiiiiiiniiiinniiin 61
vi



CHAPTER IV

The role of physical disturbances and density-dependence in the population

1

dynamics of the commercial seaweed Gelidium sesquined2’s .........ccoceeviineinnnn..
4.1 Introduction......cccoeviiiiininiiiiiiiiini
42 Methods.....ooviiiiiiiriier e e
4.2.1 Quant fying size structures variability..........ccccoeruenen.

4.2.2 Density-dependent relationships...........coceueevviinnninn
AI3RESUIS ...
4.3.1 Variability of population parameters with time............

4.3.2 Length-biomass allr, Metry......coovvviviiiniininininin,

4.3.3 Population structure seasonal variation.....................

4.3.4 Density-dependent relationships...........cocoveviinninn,

4.4 DiSCUSSION ....uvvneeiieriiniieenneinnenennnes e e
4.4.1 Population dynamics...........cco.eeeiiiiniiinininniinnan.

4.4.2 Performance of size-distribution coefficients ..............

4.4.3 Allometric relationships.........cceevviviviveniiieeeeanninns

4.4.4 Density-dependent relationships...............cceeevnnenenn.

CHAPTER V
Plucking or cutting Gelidium sesquipedale? A demographic simulaticn of

harvest impact using a population projection matrix model. ................cooeiinnin.
5.1 Introduction.........cceeevviiriiiiniiniiniii
S2ZMethods.....c.viuiiiiiiiiiii e

5.2.1 Transition probabilities to higher size classes..............

5.2.2 Transition probabilities to smaller size classes.............

5.2.3 Probability of staying in the same size class. ..............

5.3 Results and DiSCUSSION.....cccevivivininiiiiiiiiiiiiieine s

vii

.82

.... 105

... 106

... 110



ia

5.4 CONCIUSIONS «.vivnerier ittt et es et a e 113
APPEINDIX 1.t s e e 118
Gelidium sesquipedale industry and resource management in the northeast

1 Lo L T PSPPI 118

ALl Tntroduction. oo 118

A1.2 Development of agar induStry ........ocevvviiiiiivinis v, i19

Al.3 Resource Management Plan ...............oooo 121

A1.3.1 Harvest zones and S€asOn .............ceeevniniineneennnnennnn. 121
A1.3.2 Harvest effort and yrelds .............ccoeviiiiiin, 122
A1.3.3 Agar eXtracCtorS..........ccccoevevmmmmeiieinmiiinernieieeeennn 124

A1.4 Srientific aSSESSMENT . ... e.vueveieeniiiiiiiiiieeeieii 125

A1.5 Conclusions and Recommendations............oovvveveiiiiiiiinenn. 126
RETETENCES .. c. vt eititiiit e it 132

viii



LIST OF FIGURES

Fig. 1. Gelidium sesquipedale geographical distribution

Fig. 1.1.

Fig. 1.2,
Fig. 1.3.
Fig. 1.4.

Fig. 1.5.
Fig. 2.1.

Fig. 2.2.
Fig. 2.3.
Fig. 2.4.
Fig. 3.1.
Fig. 3.2
Fig. 3.3.
Fig. 3.4,
Fig. 3.5.
Fig. 3.6.
Fig.3.7.
Fig. 3.8.
Fig. 3.9.

Harvest zones of Portuguese continental coast.

Annual landings of carrageenophytes along the continental coast.
Annual landings of Geligiur sesquipedale along the continental coast
Annual landings of Pterocladia capillacea on the Azores Islands.
Portuguese annual production and exportation of agar.

Map of the studied zone, showing locations of transects.

Transect averages of abiotic and biotic factors along the studied area.
Biplot of the variable loadings vectors and the quadrat sample scores.
Vertical distribution of kelp densities (per m2).

Accumulative mortality and tag decay of double-tagged fronds.
Distribution error for determining length categories.

Temporal changes of frond fate probability:

Monthly probabilities for the occurrence of waves off Cape Espichel.
Mean frond length variation.

Effect of frond length on frond breakage, growth, and mortality.
Effect of frond length on frond elongation rate.

“,easonal effect of frond length on frond mortality.

Effects of frond history on vital rates.

Fig. 3.10. Percentage of fronds, per length class, bearing epiphytes.

Fig. 4.1.
Fig. 4.2.
Fig. 4.3.

Fig. 4.4. Annua! variation of both weight strctures and distribution inequalities.

Time variation of population parametes..

Time variation of weight-length second-order polynomial regressions.

Change in shape of weight-length relationship during summer 1990.

ix

16
17
18
19
20
42
43
44

66
a7
63
69
70
7
72
73
74
75
96
97
98



Fig. 4.5. Comparison of significant weight-inequality changes.

Fig. 4.6. Annuzl variation of both length structures and distribution inequalities.

Fig. 4.7. Comparison of significant weight-inequality chanpes.

Fig. 4.8. Time trajectory of density-dependent relationships.

Fig. 4.9. Conceptual model of Gelidium sesquipedale population dynamics.
Fig. 5.1. Time variation of high wave, mortality, and recruitment probabilities.
Fig. A.1. Map of harvest zones and the important commercial beds.

Fig. A.2. Annual landings and agar production in Spain and Portugal.



LIST OF TABLES

Table 2.1. Variable loadings of the first 3 j..incipal components.

Table 2.2. Correlations among PC rotated by varimax and original variables.
Table 2. 3. Full regression model of all variables and interactions.

Table 2.4. Reduced regression model of Gelidium sesquipedale cover.

Table 2.5. Pearson correlations of the three species in shallow and deeper zones.

Table 3.1. Statistical significance for the effects of time and size on vital rates.

Table 3.2. Statistical significance for the effects of historical events on frond fate.

Table 4.1. Significance tests for weight /length relationships.

Table 4.2. ANOVA summary statistics for time variance of size inequalities.
Table 5.1. Projection matrices used in the simulation of harvest strategies.
Table 5.2. Column vectors following population structure simulations.

Table A.1. Standing stocks (wet weight) in Spain and in Portugal.

xi

37

39
40
41
64
65
94
95
115
116
129

g



ABSTRACT

Gelidium sesquipedale harvesting for agar along coastal Portugal is managed with
little scientific advise, despite decreasing annual yields since the 1970's. This work
provides a resource science bases for management of the resource.

Multivariate analyses of the distribution of dominant macrophytes (G, sesquipedale,
Saccorhiza polyschides and Laminaria ochroleuca) in relation to local abiotic conditions
(depth, sediment loading and substrate topography) in an important commercial bed,
suggest that steep slopes and reduced sediment loading favour G, sesquipedale
development. By contrast, S. polyschides dominated shallow zones with low slope
surfaces and high sediment loading. L. ochroleuca was not significartly correlated to G.
sesquipedale distribution, but its interaction with depth suggests that at greater depths (>18
m) it dominates G. sesquipedale.

A tagging experiment along with a 15 month sampling program in a typical, dense,
monospecific G. sesquipedale stand, showed that storms and commercial harvesting play a
significant role in the regulation of species population dynamics. These disturbances
caused high mortality and breakage of larger fronds during summer and fall, thereby
keeping intra-specific competition at low levels. During such periods, smaller frond
elongation rate was high and mortality low. A pulse in vegetative development of new
fronds follows these disturbances, and is probably induced by canopy loss. During spring
and early summer, the opposite pattern was found due to faster growth and lower mortality
of larger fronds; extensive density-dependent self-thinning was not observed. Annual
yields could be enhanced by delaying the season opening.

Demographic simulations using population projection matrix models of machine
cutting, recently introduced in Spain, vs. hand-plucking, currently done in Portugal, results
in higher population growth rates for cutting than plucking. Assuming the same harvest
efficiency, the number of fronds in each size class available the next harvest season will be
higher when cut than plucked.

Xii
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GENERAL INTRODUCTION

The red alga Gelidium sesquipedale (Clem.) Born. et Thur. occurs along the
Northeast Atlantic subtidal (Fig. 1), from England south coast (Dixon and Irvine, 1977) to
Senegal (Lawson and John, 1977). Its high quality agar drives its commercial harvest
along the coasts of France, Spain, Portugal and Morocco (Santos, R., J. M. Gorostiaga,
R. Armisén, J. M. Salinas and J. C. Oliveira, unpublished manuscript; see Appendix 1).
Considering its economic importance, insufficient research has been done on both the
fishery and the population ecology to provide a sound scientific basis for resource
management. In fact, the poor understanding of the intrinsic mechanisms that regulate
population dynamics and their interactions with the environment is prevalent in seawceds
(Chapman, 1986a), particularly those occurring in the subtidal (Schiel and Foster, 1986).

As McLachlan (1982), Caddy and Fisher (1984), and Doty et al. (1986) have pointed
out, despite numerous scientific articles dealing with the biology and ecology of
commercial species, there are few cases of practical information used by managers of
natural seaweed resources. Most of resource science has focused on the mapping and
evaluation of commercial stands (Michanek, 1975; Naylor, 1976; McHugh and Lanier,
1983). The pioneer work of Baardscth and Grenager (1961) and Baardseth (1970) tackled
the methodological problems for seaweed standing stock assessment.

Perhaps the two best examples of seaweed resource management are those of the eastern
Canadian fisheries (mainly Chondrus crispus and Ascophyllum nodosum) and of
Macrocystis spp off the coast of California. In Canada, regulations has been developed,
implemented and amended and both resource development and economic advise have been
given based on ecological impact studies of harvest and on the species biology (Pringle and
Sharp, 1986, 1990; Sharp, 1986). In this country an ideal situation occurs, where

resource science is carried out within a research wing of the agency that has the

1



Atlantic
Ocean

EUROPE

Mediterranean
Sea

AFRICA

Cape Blanc

Fig. 1. Gelidium sesquipedale geographical distribution

-2




mandate to manage the resource (Pringle, 1986). This is not a comnion situation. For
example in Chile, considerable resource science has been done (Santelices, 1989), but
structural and socio-economic constraints limit resource management (Vasquez, 1993).

In California, most Macrocystis spp commercial beds are leased to private
entrepreneurs for periods up to 15 years, by a governmental agency that manages the
resource (North, 1986). Commercial beds, standing crops and harvest yields have been
monitored since 1918 (North, 1986). Many ecological studies of recruitment, survivorship
and community interactions have produced results relevant to the ecological effects of
harvesting (Barilotti and Zertuche-Gonzilez, 1990). Much of this work has been fundzd
by harvest companies.

Population modeling is a powerful tool to address specific resource management
questions. However, only a few attempts have been made following the pioneer work of
Seip (1980), who developed a logistic model to evaluate harvesting strategies of A,
nodosum in Norway. Silverthorne (1977) developed a production model of Gelidium
robustum harvest, integrating population data and economic parameters of the industry, to
establish the optimal production from the resource. Two applications of projection matrix
models in the assessement of harvest strategies were by Ang (1987) and Santos (Chapter
V). Matrix models to model the demography of seaweed species were first used by De
Wreede (1986).

The current work increases our knowledge of the resource science of G. sesquipedale
and its application to resource management. It is part of a wider research program on the
agar industry, sponsored by the Ministry of Industry, at INETI (National Institute for
Engineering and Industrial Technology, formerly LNETI), Lisboa, Portugal. Chapter I
(Santos and Duarte, 1991) brings together the scattered information on both the species
harvested and the colloid extraction industry in Portugal, which provides the background

for the current study. The stock status, the extractors, and the resource management is



discussed. Portugal supports the third largest harvest of agarophytes and is the fifth largest
agar producer, but G. sesquipedale annual yields in most beds and total agar production
have declined since the early 1970's. Insufficient resource science for management is one
limiting factor in the quest for sustainable yields. A resource management structure does
exist but management has been done largely without scientific input.

The main G. sesquipedale commercial bed of harvest zone n® 5 (Fig. 1.1), was
chosen for this study because of its economic importance [its annual yield represents
around one quarter of the total national harvest (Fig. 1.3)], and its proximity to INETL As
there was no information on this subtidal community, a numerical study of the distribution
of the dominant macrophytes in relation to local abiotic conditions was done (Chapter II;
Santos, 1993a). Two questions were addressed: 1) is the distribution of G. sesquipedale
correlated with kelp abundance, depth, sediment loading and/or substrate topography, and
2) what is the strength of the relationship between G. sesquipedale distribution and these
factors? Hypotheses on the causal mechanisms for the significant relationships are
presented.

Chapter II provids both a general knowledge of the system under study, and the
information required to choose an experimental site to investigate the population dynamics
of G, sesquipedale. The demographic processes regulating the population dynamics were
assessed in Chapter ITI. The influence of season and frond length on the vital rates of
growth (length increase), breakage (length decrease) and mortality were analysed. As well,
the effects of frond history on these vital rates, i. e. the effects of frond growth, breakage
or the presence of epiphytes on the next time-step's frond growth, breakage and mortality
were studied. The influence of an individual's history on its fate is iinportant in the
validation of matrix population models such as the one presented in Chapter V, because the
model assumes an individual's fate depends only upon its state at time t, and not upon its

state at any previous point in time.



The dynamics of a G. sesquipedale commercial stand and the role of physical
disturbances such as harvest and storms, were studied in Chapter [V. Seasonal changes of
mean frond weight, mean frond length, biomass and density are shown as well as those of
frond length and weight structures, quantified by the Gini coefficient (G), the coefficient of
variation (CV), and the skewness coefficient (g1). These are interpreted in relation to the
demographic rates (frond growth, breakage, mortality and recruitment) that determine
population parameters' variability (Chapter III). The performance of the coefficients was
discussed. G. sesquipecale weight/length allometry, "the differential growth of parts or
metrics of an organism" (Gould, 1966), was also investigated.

Two empirical relationships quantified by the Gini coefficient, frond density/frond
biomass, and mean frond weight/weight distribution inequality were also tested in G,
sesquipedale to assess the occurrence and effects of density-dependent processes (Chapter
IV). The self-thinning rule or -3/2 power law (Yoda et. al, 1963; Weller, 1987) states that
the relationship between biomass and density in crowded monospecific plant stands, forms
a thinning line beyond which any weight increase is accompanied by a density decrease due
to mortality of smaller plants. Similarly, as self-thinning progresses, mean plant weight
increases and plant weight inequality (Gini coefficient) decreases (Weiner and Thomas,
1986). A conceptual model for the functioning of the G. sesquipedale populations is
proposed.

Chapter V applys the population biology results to a specific resource management
question. Cutting machines were recently introduced in Spain to harvest G. sesquipedale
(Appendix 1). The impact of this harvest method on population recovery was unknown.
A demographic simulation of two alternative harvest techniques using a population

projection matrix model is presented. The recovery of a G. sesquipedale population



harvested by plucking, as it is currently done in Portugal (Chapter I), is compared with the
new method of machine cutting (Santos, 1993b!).

Finally, an overview of the G. sesquipedale industry and resource management in the
Northeast Atlantic is presented in Appendix 1 (Sanicsg, R., J. M. Gorostiaga, R. Armisén,
J. M. Salinas and J. C. Qliveira, unpublished manuscript). This work integrates and
updates the industrial and fisheries information in the countries of commercial importance;
France, Spain, Portugal and Morocco. We conclude the G, sesquipedale agar industry is
in a critical state. We recommend that harvest methods must improve to provide high
quality raw material for the extractors. However, research has to be carried out
concurrently to prevent overexploitation of popu'ations. Biological data such as those
presented here should be integrated with information on harvest yields and effort, to permit
development of harvest strategies maximizing sustainable harves: yields. Population
models can be a powerful tool to address specific problems such as harvest season,
harvesting technology, etc., by projecting population structures. Longer time series of data
and more information on density-dependent and historical effects on vital rates are however

required.

1 Awarded with the "Internationa! Seaweed Association Fellowship Dr Rumchand
Buchland" for one of the two best student contribution to the XIVth International Seaweed

Symposium, Brest, France (1992).



CHAPTER 1

MARINE PLANT HARVEST IN PORTUGAL

L1 Introduction

Qnantitative information cn marine plant harvests has been identified as an important
contribution to effective assessment and management of commercial resources (Caddy &
Fisher, 1984). Despite its importance, little has been published on the Portuguese industry.
However, marine plants have been gathered for fertiliz=r along the north coast of Portugal
since long before the 14th century, when contemporary documents referred to it as an
ancient activity (Veiga de Oliveira et al., 1975). These activities continue to the present and
can be considered the first phase of resource exploitation. It was followed during this
century by a wider scale industrial exploitation for colloid extraction. Palminha (1971)
describes the seaweed industry on the Portuguese mainland and the Azores Islands. He
records the most important beds and harvest techniques, identifies the extractors and
presents designs for harvest impact experiments.

The marine plant harvest in Portugal has never been assessed quantitatively. The
present study brings together the available information with the dual objective of both
increasing understanding of resource use and laying the foundation for resource
management based on resource science. The gathering of marine plants for fertilizer and
the seaweed based colloid industry is described and the status of the stocks, the extractors

and the resource management is discussed.

L2 Methods

Industrial data were located in several different sources and were sometimes
contradictory or difficult to interpret. Most of the data on production of seaweeds and agar

were obtained from two souices: "Junta Central das Casas dos Pescadores” reports which
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were published yearly from 1965 to 1974, and "Instituto Nacional de Estatistica" reports,
published since 1969. Other sources were consulted as well. Manuscripts of the late F,
Palminha, who studied the commercial marine plants of Portugal for more than 30 years,
were examined, along with several internal reports of the institutions for which he worked.
Internal reports from the institution that manages the seaweed resource, "Direcgio Geral
das Pescas" (DGP), were another important source of information, as were personal

communications with DGP staff.

i Di i

1.3.1 Marine plants for fertilizer

The seaweeds washed ashore along the north coast, mainly Laminaria hyperborea, 1.,
ochroleuca, Saccorhiza polyschides, Fucus vesiculosus, Codium tomentosum, Palmaria
palmata, Chondrus crispus and Gelidium sesquipe: fale, coilectively called "sargago", have
been gather.u and sold for fertilizer since at least 1308 when their exploitation was first
regulated by King D. Dinis (Veiga de Oliveira et al., 1975). A mixture of aquatic vascular
plants, mainly Potamogeton pectinatus, Ruppia cirrhosa and Zostera noltii, and algae,
including Gracilaria verrucosa, Ulva sp., Enteromorpha sp. and Lola lubrica, collectively
called "moligo", has been intensively harvested at Ria de Aveiro. It is collected with
handrakes, from boats designed especially for this activity.

Data on both yields and economic importance of both harvests are scarce. The total
amount of sargago collected in 1891 between Rio Minho and Rio C4dvado (Zone 1 of Fig.
1.1), was estimated to have a value, corrected for inflation, of 80 million escudos, about
US $500,000 (Baldaque da Silva, 1891 in Veiga de Oliveira gt al., 1975). The moligo sold
in one year from Ria de Aveiro had an estimated value, corrected for inflation, of 480
million escudos, about US $3,000,000 (Regalla da Fonseca, 1888 in Veiga de Oliveira gt
al., 1975).



Silva (unpublished manuscript) using records of boat number, estimated the yield of
moligo for selected years between 1883 and 1967. The yields (always above 150,000 t wet
weight) and harvest value were of local ‘mportance. Some people harvested {ull time. The
heavy harvest pressure led to early regulation of the activity; harvesters and boats were
licensed, an open harvest season identified, aiid harvest tools and prices specified. The
moligo annual crop has decreased since the early 1890's. According to Silva (in verb.), the
harvesters gradually abandoned the fishery for better paying, and less physically
demanding, positions. As well, there has been a shift to increased use of chemical
fertilizers. The harvest of moligo and its use as manure is currently being encouraged by
municipalities around Ria de Aveiro. In 1985, 1800 t (wet weight) of moligo were
harvested. The total amount paid to harvesters was 2.6 million escudos, about US$17,000.
The collection of sargaco, like moligo, lost its economic importance in the last century.
Today sargago is collected on a small scale by some farmers of the north coast, to fertilize

poor, sandy soils.

1.3.2 Colloid industry

History and legal regulations

During World War II, the shortage of Asian agar in Europe encouraged the search
for colloid producing species in Portugal. Expetimental colloid extractions of Portuguese
red seawczds were done by Oliveira (1947). The agarophyte Gelidium sesquipedale was
initially collected in the early 1940's at low tide along the continental coast, and then
exported. The first Portuguese based agar exiraction factory was built in 1947. The high
abundance of the agarophyte Pterocladia capillacea on the Azores Islands also indicated
commercial potential (Palminha, i»7/1). By 1971 there were six Portuguese based agar
factories, two of these on the Azores. Presently only four are operating, including the two

on the Azores.
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The export of agarophytes was prohibited in the 1960's when a synthesis on the agar
industry was commissioned by the Ministry of Economy, in order to establish a sound
basis for the development and rey, ulation of the industry. Regulations were first established
in 1964, creating a harvest season and licensing policy. All species could be plucked from
the subsirate, from March to December, except for members of the Laminariaceae and
Gigartinaceae, which could only be cut. Seaweeds washed ashore could be collected year
round. It should be noted that with the recent integration of Portugal into the European
Economic Community open market, the export of seaweeds is again possible.

Harvesting by divers was regulated in 1967. Harvest zones wcre defined to aid in the
control of harvest effort. Since then both the number of boats and the number of
harvesters have been regulated. There are six harvest zones along the continental coast
(Fig. 1.1), nine on the Azores, each representing an island. G. sesquipedale and P.
capillacea are hand harvested mainly by boat-based hookah divers. Each boat can have up
to five divers working at a time. The divers collect the seaweeds for six to seven hours per
day. The harvest is placed in a basket of about €1 kg capacity which is winched into the
boat. Each diver can harvest more than one metric ton per day (wet weight).

Small amounts of G. sesquipedale and P. capillacea are gathered by either
handraking from small boats or by collecting beached storm toss at low tides. All harvests
are sun dried and sold to licensed concentrators who are restricted to buying in a single
harvest zone. The concentrators then resell the crop to extractors. Fishermen harvesting
beds close to factories sell the wet crop directly to factory representatives. Harvest
management is the responsibility of DGP ("Direcgdo Geral das Pescas"). The start of the
harvest season is decided by their personnel together with the harvesters. The decision is
based on a subjective assessment of biomass by underwater observers. The harvest

generally begins in July and ends in December. Storm toss gathering occurs year round.
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Considerable amounts of carrageenophytes, such as C. crispus and Mastocarpus
stellatus, are also harvested along the continental coast (Fig. 1.2), mainly from Zones 1 and
2. Fronds are plucked from the intertidal during summer, sun dried, sold
to concentrators and then exported. Small amounts of the agarophyte Gracilaria verrucosa
are periodically collected in certain estuaries and sheltered bays. However, the extractors

recently stopped processing this species.

Gelidium sesquipedale landings

Based on the G.sesquipedale total landings (Fig. 1.3), it appears the harvest was
fully developed by the late 1960's. The highest values occurred after 1966, when
harvesting by divers was introduced. There was a constant decline in annual landings
through the 1970's, followed by an increase in the 1980's. To interpret resource
abundance variation based on a time series of annual yields, data on harvest effort, i.e.
number of boats, number of divers or diving time, is necessary (Ricker, 1975). Effort data
were not formerly recorded with harvest yield. Recently DGP personnel have begun
demanding the completion of logbooks for each boat, which will yield daily information on
the number of harvesters, diving time, harvest yicids and sites harvested. Also, social and
economi¢ factors influence harvest effort levels, and therefore must be considered when
interpreting variation in landings. Presently, the economic return to harvesters seems
adequate to sustain their activity. An average season has 30 to 50 diving days, which will
yield a diver/harvester about US $13,000.

Annual price paid to harvesters per kg of dried seaweed has generally been higher
since 1973, due to a change in the economy after the 1974 revolution. The price increase

of 1974 was in part an attempt to stimulate effort and halt the trend of decreasing landings.
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Figure 1.3 shows the annual landings of G. sesquipedale in each harvest zone. The
low yields of Zones 1 and 2 do not necessarily represent low abundances, but instead
reflect a low harvest effort. This region has little natural shelter and sea conditions are
generally poor. Zones 3 and 6 show increasing yields in recent years (Fig. 1.3). This trend
in Zone 6 is due to recent exploitation of virgin beds (in verb. from DGP personnel). The
landing decline observed in Zone 4 may be due to recruitment overharvesting. Anecdotal
evidence indicates a soft substrat in this zone. It disintegrates when plants are plucked (in
verb., DGP), causing high mortalities of prerecruits and holdfasts, and slower bed
recovery. The Zone 5 yield curve, shows the common pattern of an exploited resource: a
fast increase while the harvest is developing, followed by a strong decrease which is

generally a result of overexploitation.

Pterocladia capillacea landings

The harvest yields of P. capillacea species on the Azores Islands show a steady
decrease to the low levels of the 1980's (Fig. 1.4). Except for S. Miguel Island, where
they have remained relatively stable, the yields of each island are low through this decade
(Fig. 1.4). Flores, Terceira and S. Miguel are the islands where the landings have been
consistently higher and presumably where the standing stocks were originally higher.

The present low harvest yields seem to be due to a social rather than an
overharvesting phenomena. There has been considerable emigration of young people, thus
it is now difficult to get qualified diver harvesters. The S. Miguel yields are more stable
because this is the biggest island, and there is more shore based harvesting during low tide
periods. Another factor which discourages potential harvesters is the low prices paid for P.
capillacea on the islands, which is lower than that paid for G. sesquipedale on the

mainland,
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Agar extractors

Portuguese agarophyte yields have never exceeded the production capacity of the
national agar industry, which Palminha (1971) estimated to be 1,620 t of agar per year.
This production potential was incorrectly interpreted as actual production by both
Michanek (1975) and Santelices (1988). Each reported Portugal as the second largest
producer of agar in the world. In fact, agar production peaked in 1973 at only 806 tons
(Fig. 1.5). The decrease in agar production (Fig. 1.5) from the early 1970's to the early
1980's follows the decrease in total catch of agarophytes in Portugal (Figs. 1.3 and 1.4).
Even though G. sesquipedale yields recovered in the 1980's, the strong fall in P.
capillacea yields prevented a marked increase in total agar production. The importation of
raw material was only important for a few years around 1980, to compensate for low a
national harvest during that period.

Around 60% of the national agar production is exported to Japan (1985 to 1989
average: 179.0 t), USSR (35.5 t), West Germany (31.1 t), Italy (29.3 t) and Spain (22.7 t).
The extractors annual economic return from exportation has decreased in the 1980's in
concert with the decline in the crop. Data on the commercial yields of agar per dry weight
of plants are not available separately for the two species. However, data on total agar
production (Fig. 1.5) and on the use of plants by extractors allow a calculation of the agar
yields. The yieid varies between 7% and 22%, with an overall average of 15%. This is
below the 17% to 25% commercial yields considered normal by Whyte and Englar (1981).
According to Ana Lemos (in_verb.), the G, sesquipedale agar yield obtained by one

extractor has been around ?1%, but is steadily declining in recent years.
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4 n ion

The requirements for a successful marine plant industry (Pringle gt al. 1989), are mei
in Portugal. There are sufficient natural resources, and the harvesting techniques, the
labour force, the weather conditions and the harvesters remuneratior seem adequate to
sustain the activity. There is also a government agency with a mandate to manage the
marine plant resource (DGP). With approximateiy 2500 tons (dry weight) of Gelidium
and Pterocladia harvested annually and production of 350 t of agar, Portugal has the third
largest annual harvest of these species, after Spain with 4000-5500 t and Japan with 3000-
3300 t (Santelices, 1988). Portugal also ranks fifth in the oroduction of agar from
Gelidium/Pterocladia after Spain (890 t), Japan (568 t), South Korea (600 t) and Morocco
(550 t) (Armisén & Galatas, 1987). Note that the Spanish harvest is largely storm-tossed
material, and thus the weight is inflated due to impurities.

Concern about the future of the colloid industry has been expressed by the extractors,
particularly with regard to the sustainability of the beds. Also, the integration of Portugal
into the EEC common market will make it possible for large multinationals to outcompete
the local extractors for national raw material. This study suggests that the concerns of the
extractors are well justified. In fact, the total agarophyte landings (Figs. 1.3 and 1.4), the
agar production (Fig. 1.5) and the economic income from agar exports have been
decreasing and are far from maximum levels attained in the early 1970's. Some recovery of
total agarophyte landings has occurred in the last few years. However, this results mainly
from the discovery of new, previously unexploited beds in Zone 6. The declining trend in
the agar industry indicates the need for scientific studies on the resources. As several
authors have pointed out (Silverthorne, 1977, Santelices,1988 and Pringle and Sharp,
1990), besides knowing the resource distribution and abundance, biological data are also

required for management.
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Palminha gt al, (1982, 1985) assessed the distribution and standing crop of G.
sesquipedale along the south coast of Portugal, and Oliveira (1984) presented growth data.
Fralick and Andrade (1981) studied some aspects of P. capillacea growth and reproduction
and presented management recornmendations for this resource, apparently without enough
data to support their conclusions (Santelices, 1988).

Most aspects concerning demography, harvest impact on populations and synergistic
effects of abiotic factors on growth and on the synthesis of cell-wall polysaccharides have
not been studied. The marine plant resources in Portugal have been managed largely
without scientific advise; rather, management has been based on the experience and
common sense of non-scientific personnel. At present, studies are being carried by the
authors on the population biology, productivity and harvest impact on the populations of
G. sesquipedale. Production models are being developed so that different harvest strategies

can be tested, providing useful indicators to be used to manage the resource.



Fig. 1.1. Harvest zones of Portuguese continental coast.
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CHAPTER II

A MULTIVARIATE STUDY OF BIOTIC AND ABIOTIC RELATIONSHIPS IN A

SUBTIDAL ALGAL STAND

2.1 Introduction

Patterns of species distribution and abundance are determined by a complex
interaction of biotic and abiotic factors. The specific processes that structure many
macroalgal assemblages are poorly understood, particularly in the subtidal zone. Most
studies have been done in the intertidal, on plant-herbivore interactions (Schiel and Foster,
1986). Several abiotic and biotic factors have been proposed to shape the local distribution
of seaweeds, with light generally considered as having the most important direct effect
(Lobban et al., 1985; Luning, 1990). The complex fiuid dynamics resulting from the
interaction of water motion with depth and the topographic characteristics of substratum
also have an important effect on the physical stress acting on plants (Vogel, 1981; Koehl,
1986; Denny, 1988), on the assimilation of nutrients and on the settling and development
of algal spores (Vadas et al., 1990 and reviews by Lobban et al., 1985 and Liining, 1990).
Other major processes determining the patterns of distribution and abundance cf algal
species include intra- and interspecific competition (see review in Paine, 1990).

The causal mechanisms that determine the patterns of species distribution can only be
detected by experimentation (Underwood, 1986). However, efficient design of
experiments will require extensive preliminary analyses of observational data; numerical
descriptive studies may play an important role in determining which hypotheses to t- 3t
experimentally (James and McCulloch, 1990). Multivariate methods have been extensively
used in vegetation science to expose trends and patterns of co-distribution of species and
environmental factors, and to generate hypothesis of community-environment interactions

(Gauch, 1982; Greig-Smith, 1983; Gittins, 1985; Ter Braak, 1987).
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Marine ecologists, unlike terrestrial ecologists, have not used numerical methods
extensively (see review in Kautsky and Van der Maarel, 1990). Applications of these
methods to the study of biotic and environmental relationships in phytobenthic communities
were early done by Neushul (1967), who related clusters of similar seaweed species with
depth and substrate type along transects. Lindstrom and Foreman (1978) analysed the
seaweed communities of British Columbia to determine major environmental factors related
with the species composition. Kautsky and Van der Maarel (1990) recently correlated
environmental factors of the Baltic Sea, such as depth, bottom type, slope, wave exposure
and amount of sediment on the bottom, with the patterns of species distribution.

Depth (light), substrate topography, sedimentation and competition have all been
identified as important factors influencing the local distribution of seaweeds (Lobban et al.,
1985; Schiel and Foster, 1986; Liining, 1990). Field correlations and laboratory studies
have provided singie factor explanations outlining the general relationships between abiotic
and biotic environment and stand abundance, but the effects of interactions are largely
unknown. Simple correlations among species distribution and abiotic factors or occurrence
of other species have been the most common approach used to identify relationships in the
subtidal zone (Schiel and Foster, 1986).

Gelidium sesquipedale (Clem.) Born. et Thur. is a clonal red alga which grows in the
subtidal by the continuous production of upright fronds from a small, prostrate system of
colorless axes (Dixon, 1958; Fan, 1961). The value of understanding the causes of
variation in its abundance is enhanced by its commercial importance. This species is
harvested by divers along the Portuguese coast for the extraction of agar. Portugal is the
third largest producer of G. sesquipedale and is the fifth in agar production (Chapter I).

The ecological patterns of G. sesquipedale distribution, as in most species of the
same genera (Santelices, 1991), indicate that abundant populations occur in habitats of high

water motion with steep slopes and low sediment loading. Interspecific competition with
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canopy forming kelps is likely to be an important process structuring its distribution and
abundance as Montalva and Santelices (1981) have shown for G. chilense. Along the
coasts of Spain and Portugal, G. sesquipedale forms high density, nearly monospecific
stands, or grows undermeath the canopy of the kelps Saccorhiza polyschides (Lightf.)
Batt., Laminaria ochrojeuca Pyl. and Cystoseira spp. (Saldanha, 1974; Melo and Santos,
1979; Gorostiaga, 1990).

This study addresses two questions concerning the biotic and abiotic relationships in
a commercial G. sesquipedale stand: 1) is the distribution of G. sesquipedale, correlated
with kelp abundance, depth, sediment loading and substrate topography, and 2) what is the
strength of the relationship between G, sesquipedale distribution and the biotic and abiotic
factors? Iuse multivariate and multiple regression techniques to approach respectively the
first and the second questions. Two specific objectives are pursued with the second
analysis. The first is to investigate the importance of each aviotic and biotic factor in as
much as they act independently. The second is to assess the extent to which interactions

between abiotic and biotic factors explain variation in G. sesquipedale abundance.

2.2 Methods
The commercial stand of G, sesquipedale studied is located off the north shore of

Cape Espichel, Portugal (Fig. 2.1). Sampling was done from 24 of September to 8 of
October, 1986. Eighteen transects, averaging 325 m in length, were layed out along 6.6
km of coast, following the point-transect method of Pringle and Semple (1983). The
southernmost thirteen transects were 200 m apart in an area of high harvest effort. The
northermn five transects were 800 m apart, in an area where harvest effort was lower.
Quadrats of 50x50 cm were sampled every 10m along the transects. Systematic sampling
was used rather than random sampling because it is more effective to describe variability in

spatial patterns of communities (see review in Gauch, 1982).
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Estimates of subtidal seaweed abundances generally have high variances (Schiel and
Foster, 1986). They reflect contagious distributions of species and high sampling errors
caused by diving constraints. Consequently, larger samples are required to detect
significant relationships. To sample this large area, a fast (and low cost) non-destructive
sampling method was selected rather than the more time-consuming biomass sampling.
The quadrat density of the two kelp species present in the zone, S, polyschides and L,

ochroleuca, was recorded. G, sesquipedale density is very difficult to measure non-

destructively because this species occurs in high density mats of algal tufts. Its abundance
was assessed by visually estimating its cover (%) inside the quadrats (Pielou, 1981;
Dethier, 1984). To assess the reliability of the visual estimates in describing the general
abundance of the species, the number of one-meter transect marks in contact with G.
sesquipedale tufts was also recorded and coinpared to visual estimates.

The geological characteristics of the area (Zbyszewski gt al., 1965; Ramalho, 1971),
define a gradient of bottom topography and sedimentation, that may play an important rolc
in structuring the subtidal algal community. The bed's south edge (Fig. 2.1, transects | to
6) topography is characterized by parallel strata oriented WSW-ENE, inclined at 60°.
Northward, the strata crop out at 35° and 25° NNE, to almost horizontal (Ramalho, 1971,
Rey, 1972). The north edge of the area is characterized by patches of rock and sand.
Depth, substratum topography and sediment loading were measured in each quadrat.
Substratum inclination and the sediment load were rated using a 1 to 3 scale for slope (I -
horizontal, 2 - sub-vertical and 3 - vertical) and 1 to 4 scale for silt (I - no sediment to 4 -
heavy sediment loading). The number of one-meter transect marks in contact with sand
patches was also recorded, to investigate the relationship between the amount of sediment
over the rock and transect sand cover. Quadrats that laid on sand were not included in the

analysis. A total of 510 quadrats was sampled.
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2.2.1 Ordination

Data analyses were done using SYSTAT 5.1 for Macintosh (Wilkinson, 1989). The
data's underlying structure was investigated using a principal component analysis (PCA)
(see Morrison, 1976 and Hair et al., 1987 for a description and application of the method
and James and McCulloch, 1990 for a discussion of its limitations in ecology). To
improve the detection of non-linear relationships, G. sesquipedale cover data were

transformed to arcsinVx, and kelp density was transformed to Yx+0.5 (Sokal and Rohlf,
1969).

As each of the original variables were measured on different scales, PCA was
performed on the correlation matr’s rather than on the variance-covariance matrix.
Furthermore, this work focuses on the correlation structure of the variables, rather than
their variance structure.

Significant principal components were selected by plotting the eigenvalues against the
components (Cattel, 1966), to detect when the amount of specific and error variance begins
to dominate the shared variance among variables (Hair et al., 1987). The zone where the
slope of the curve begins to flatten indicates the maximum number of components to
extract. The selected components were then rotated by Varimax rotation, which
redistributed variance from earlier to subsequent factors (Hair et al., 1987). This technique

is generally used to facilitate the ecological interpretation of the component pattern.

2.2.2 PCA biplots

The original data matrix of all abiotic and biotic variables was transformed by PCA
into a rank two matrix, by Varimax rotation on two principal components. This matrix
contains the scores of all quadrats for the two principal components. A biplot of variable
loading vectors and site scores on the principal components is done, to make the main

features of data easier to see (Ter Braak, 1983). Variable vectors with an angle close to 0°
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have high positive correlation, angles close to 90° show no correlation and angles toward
180° indicate high negative correlation. Longer vectors show positions of more

significance.

2.2.3 Model development

The objective of this regression analysis is to assess the relative statistical importance
of variables and their interactions, rather than to select the "best" subset of predictors.
Random sampling is necessary to use multiple regression analysis to make predictions (see
James and McCulloch, 1990, for a review of the problems in constructing multiple
regression models in ecology). The criteria T used to judge the statistical importance are
nevertheless the same as those used to select a subset of predictors (cf. Hocking, 1976;
Mosteller and Tukey, 1977; Seber, 1977; Draper and Smith, 1981; Henderson and
Velleman, 1981). First, a full regression model containing all variables and interactions
was built and both the t-values and partial F-values of variables were computed. Reduced
models were then constructed, using partial correlations of variables as the selection criteria
for the candidates to be included. The significance of partial correlations, t and partial F-
values of variables were analysed. The coefficient of determination, R2, and the error
mean square, MSE, of reduced models were compared with those of full model to assess

their prediction ability.

2.2.4 PCA transformation of variables for regression model
PC transformation can be regarded in the same manner as any other transformation
that is used to prepare variates for regression. Massy (1965) compared this approach with
classical least-squares multiple regressions and concluded that PC regression method is
useful in exploratory studies of complex relations between variables. One reason for

transforming a set of variables into principal components is that PCA substitutes orthogonal
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linear combinations of variables for original variables, removing any multicollinearity
among them, while maintaining the original structure of the data (Morrison, 1976). This is
particularly important in ecological studies because the original independent variables are
often highly correlated with each other. Another advantage resulting from the uncorrelated
variables is that the relative importance of predictors in a model is easier to assess, because
the order of entering them in the regression does not affect the regression coefficients.
PCA was performed on the original variables excluding G. sesquipedale, using a
correlation matrix. The five component axes were rotated using Varirnax rotation, so that
each component could be mainly identified with one variable. Five compenent scores for
each individual quadrat were then calculated. Component scores associated with each
quadrat (each representing one variable) represent a conservative reparameterization of the
original data that does not alter the multidimensional geometric relationships among quadrat
samples, but allows a more efficient means of describing these relationships in terms of
biotic and abiotic factors (Moloney, 1989). A multiple regression model was then
constructed, regressing transformed G, sesquipedale cover values against the PC scores

associated with each quadrat.

2.3 Results

2.3.1 Distribution patterns of species and abiotic factors

Figure 2.2 shows the distribution patterns of the dominant macrophytes and abiotic
factors. Transect averages of biotic and abiotic factors variation along the G. sesquipedale
commercial bed are shown. G. sesquipedale transect cover using the point transect method
is compared with the eyeball quadrat estimates. Although transect cover absolute values
were generally higher than quadrat cover values, the patterns of variation of the species
cover along the bed were similar for both methods (r = 0.89, p<0.0001). G. sesquipedale

cover gradually decreased within the study site from south to north, whereas S.
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polyschides density had the opposite distribution pattern. L, ochroleuca density showed no
distinct trend. However, the significance of trends can not be assessed from the graphs
because with systematic sampling there is no indication of the precision of the mean
(standard error) and no possibility of assessing of its difference fz ym the mean in another
area (Greig-Smith, 1983).

Besides the natural depth gradient perpendicular to the shore line, an overall depth
gradient parallel to the coast was apparent, where average depth decreases northward (Fig.
2.2). Also, the topographic characteristics of the coast determine that quadrat mean slope
decreased northward. In contrast, both the amount of sediment over the rock and transect
sand cover increase northward. The deposition of sediments over the rock and its effect on
the abrasion of fronds is variable with time, and is not considered in the observations.
However, transect sand cover is correlated (r=0.71, p=0.001) with the amount of siltation
inside the quadrats (Fig. 2.2); plants near sand patches should be more subjected to the

effects of siltation.

2.3.2 Principal Component Analysis

Three PCs were selected for interpretation, based on the analysis of the plot of the
eigenvalues against the components (see methods). Table 2.1 shows their loadings, before
and after Varimax rotation. They represent the correlation between each original variable
and the component. To decide which loadings to interpret, correlation coefficients were
tested for significance, using Bonferroni's correction for multiple comparisons. All values
of Table 2.1 higher than 0.24 (underlined) are significantly different from zero (p < 0.001).
However, in PCA the level at which a loading is significant should decrease with the
number of variables, and should increase from the first factor to the last (Hair et al., 1987).

Based on this, the correlation coefficients higher than 0.40, 0.50 and 0.60 respectively for
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the first, second and third principal components, were considered for interpretation (values
marked with an asterisk in Table 2.1).

Computation of the first unrotated component extracts a linear combination of
variables that accounted for 36% of the total relationship among variables. Itis the single
best summary of linear relationships among variables, and therefore it represents the
gradient structure of data: G, sesquipedale cover, substratum slope and depth were higher
where S, polyschides density and siltation were lower (and vice-versa). The second
unrotated component explains 18% of total relationship. 1t suggests that L, ochroleuca
density was higher in deeper zones.

Varimax rotation of the three principal components show that the strongest
interrelationships of variables were among G, sesquipedale cover, silt and slope. The first
rotated component's loadings suggest that this species was more abundant in inclined zones
with Jow siltation. To a lesser degree, data structure suggests that S. polyschides density
was lower in such zones. The second principal component suggests that S. polyschides

was more abundant in shallow zones.

2.3.3 PCA Biplots

The original data matrix of all abiotic and biotic variables was transformed by PCA
into a rank two matrix, by performing a Varimax rotation of the two principal components.
The two principal components explained 54.6% of total data relationships. Figure 2.3
shows the biplot of the variable loadings vectors and the quadrat sample scores. G,
sesquipedale cover is highly positively correlated with substratum slope, and both are
negatively correlated with siltation and, to a lesser degree, with S, polyschides densit;". L.
ochroleuca density and depth are negatively correlated with S. polyschides abundance. To
make the graph clearer, only the site scores of the first three transects of the south edge of

the area studied and the last six transects (transects 13 to 18) of the north edge are shown.
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There is a defined separation of both clusters of samples. The southern cluster is
characterized by higher abundance of G. sesquipedale and L, ochroleuca, and higher
substratum slopes and depth. The northern cluster shows higher S, polyschides densities
and higher siltation (Fig. 2.3).

2.3.4 Full Regression Model
All the original variables except G. sesquipedale were transformed by PCA and

varimax-rotated. Each original variable value was replaced by the PC score with which that
variable was highly correlated (Table 2.2). A full regression model was then constructed
using as predictors all possible main effects and interactions. Table 2.3 shows the
predictor coefficients of the full model. Variabies with non-significant t and partial F tests
are not presenited. Non-significant variables do not contribute to the understanding of the
regressor variability, when all predictors are included in the model.

Partial F - tests were computed for all predictors to examine their significance and
their relative importance in explaining the variance of G, sesquipedale abundance (Table
2.3). At this stage, both the t-values and the partial F-values indicate that the most
important variabies and interactions may be SLOPE, SAC, SILT, SLOPEXLAM,
LAMxDEPTH and SLOPEXLAMxDEPTHxSILT. However, the partial F-values in the
full model also reflect the effects of all factors and interactions that are not significant in the

regression, which can distort that judgement.

2.3.5 Reduced model development
A reduced model was constructed in steps. First, correlations between G,
sesquipedale and all predictor candidates were computed. The most highly correlated
variable, silt (r = -0.373), was regressed on G. sesquipedale. Then, partial correlations of
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the remaining variables with G, sesquipedale were computed to determine how much of its
variation not explained by silt can be accounted for by each of the other predictors.

Variables were entered into the equation one by one, each time choosing the variable
with the highest partial correlation after the previous ones had been fixed. The magnitudes
of the partial correlations show that after the effect of silt is removed, the most important
variable was SLOPE (r = 0.34). SAC (r =-0.35) and LAMxDEPTH (r = -0.26) follow
this. The partial correlations of these selected variables are significantly different from
zero with a probability p < 0.001 (Bonferroni correction for multiple correlations).

After this, there is a marked reduction in the significance of partial correlations. The
next highest partial correlations, SACxSILT (r = 0.15) and the fourth order interaction
SLOPEXLAMxDEPTHXSILT (r = -0.14), were not significantly different from zero (p <
0.05, Bonferroni corrected). This indicates that these variables were not important in
explaining the variation of G. sesquipedale distribution, though they significantly
contributed to the full model as indicated by their sigr..cicant t and partial F -values (Table
2.3). Including the next highest partial correlations (SACxSILT,
SLOPEXLAMXDEPTHXSILT, LAMXSILT and SLOPEXDEPTH) in the reduced model,
raises the adjusted coefficient of determination to R2 = 0.41 (Table 2.4). The mean-square
error of this prediction model is 0.117, not much higher than that of the full model, where
MSE = 0.112. This shows that the residual variance left after regression is almost the same
in both models.

The marked drop in the F-values from the first to the second set of predictors
(LAMxDEPTH = 30.5 to SACXSILT = 11.8, Table 2.4) indicates that although the new
predictors are useful in explaining additional variance in the dependent variable, their
relative importance is much lower. Residual plots of the prediction model do not show any

strong deviations from normality. The normal probability plot of the residuals do not



deviate strongly from a straight line, suggesting that the regression does not violate
assumptions.

Siltation, S. polyschides and substratum slope are the main variables explaining the
variation of G. sesquipedale cover. Their relative importance is not distinguishable because
their standardized regression coefficients were not significantly different from each other.
Interaction effects were weaker than main effects of SILT, SLOPE and SAC. L,
ochroleuca and depth did not significantly explain G. sesquipedale variability when
considered separately, but have a negative effect when they act together. Significant

relationships were not detected between depth and G. sesquipedale.

2 i i

The relative importance of the determinants of seaweed distribution vary with scale.
On a broad geographical scale, temperature and day length determine the boundaries of
species distribution through plant mortality or inhibition of growth or repreduction
(Breeman, 1988; Liining, 1990). On a local scale, light, water motion, substrate
topography, sedimentation and competition appear to be the determinants of the zonation
observed along the depth gradient (Lobban et al., 1985; Schiel and Foster, 1986; Kain and
Norton, 1990).

This study shows that the amount of sediments over the rocky bottom, its slope and
S. polyschides density have the strongest relationships with G, sesquipedale cover in the
study area. Both PC and multiple regression analyses revealed positive relationships
between this species and slope, and negative relationships with silt and S. polyschides
(Fig. 2.3 and Table 2.4). Multiple regression analysis indicated the main effects of the
three variables were of the same relative magtutude; their standardized regression

coefficients were not significantly different (Table 2.4).
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High slopes and reduced sediment loading might favour G. sesquipedale
development. This species is more abundant than the kelp S. polyschides in such zones.
On the other hand, S. polyschides is more abundant than G. sesquipedale on low slope
surfaces with high siltation. S, polyschides may tolerate siltation better than G.
sesquipedale; in culture studies, Norton (1978) found that spores of this kelp would
germinate even when covered with a silt layer.

Within the depth range studied (0 to 18 m), S. polyschides density is the only
variable correlated with depth (Fig. 2.3). The density of this kelp drops at depths greater
than 10 m (Fig. 2.4). This agrees with other reports of S. polyschides vertical distribution,
which found this species confined to the upper zones of the subtidal (John, 1971; Liining,
1990). In contrast to Cape Espichel, where G. sesquipedale is not correlated with depth,
Gorostiaga (1990) reported that along the NE coast of Spain, both biomass and cover
decrease with depth. He suggested that this is an effect of siltation which increases with
depth. In this area, the depth limit of G. sesquipedale is 9 m.

The density of L, ochroleuca populations is relatively uniform through the study area,
overlapping the distribution of S. polyschides (Figs. 2.2 and 2.4). This pattern has not
been observed by other authors. John (1971) found distinct, non-overlapping zones of
.vertical distribution of these species in exposed sites off the NW of Spain and Liining
(1990) reports that through its geographical distribution, L. ochroleuca uccupies a deeper
zone (down to 25-30 m) than S. polyschides.

The interactions of abiotic and biotic factors affecting subtidal algal stands have
seldom been studied (Schiel and Foster, 1986). The only interaction significantly related
with G, sesquipedale cover variation was LAMxDEPTH. Although L. ochroleuca by itself
does not contribute significant variation, this interaction suggests that at higher depths L.
ochroleuca dominates G. sesquipedale. This is supported by the analysis of the

correlations between these species in shallow vs deeper zones (Table 2.5). L. ochroleuca
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and G. sesquipedale are negatively correlated in deeper zones, which contrasts with their
positive correlation in shallow zones. On the other hand, S, polyschides abundance has a

negative correlation with G. sesquipedale. of the same magnitude at all depths.

2.4.1 Abiotic factors

Austin (1980), searching for a model of the determinants of plant distribution,
recognized three types of environmental factors: indirect factors, which have no direct
physiological influence; direct factors, with direct physiological influence; and factors that
are an essential resource for plants. Of the environmental gradients considered in this
study, sediment is a direct environmental factor. The direct effects of siltation on G,
sesquipedale are more likely to influence spore settlement and development, and growth of
new vegetative shoots from creeping axes, than adult plants. Devinny and Volse (1978)
found that even small amounts of sediment would greatly reduce the settlement and
development of Macrocystis pyrifera spores. Only in extreme conditions of sand
movement may seaweeds be broken by abrasion or killed by prolonged burial (Dahl, 1971;
Daly and Mathieson, 1977). In contrast, the topographic shape of rocky bottom, or
slope, may not have a direct influence on G, sesquipedale, but rather an indirect one, by
affecting the type of water flow. The fluid dynamics resulting from the wave induced
water movement and its interactions with the topographic features of the bottom, the
presence and shape of plants, and depth are very complex (Vogel, 1981; Denny, 1988).
Water movement has both positive and negative direct effects on seaweed development:
negative, since the mechanical stress on the plants may increase mortality or breakage
(Koehl, 1986); positive, through increasing nutrient availability and spore dispersal
(Lobban et al., 1985; Liining, 1990).

A distinct difference in G, sesquipedale density and frond morphology between

horizontal and inclined surfaces is evident in the study site. Frond density on inclined
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surfaces decreases with increasing depth (unpublished data). As well, fronds are shorter
and bushier on horizontal surfaces than on inclined surfaces where they are longer. The
positive relationship between slope and G. sesquipedale cover reflects this. Higher
densities on horizontal substrata may be a population response to physical disturbance.
Turbulent patterns of water flow are enhanced by the presence of obstacles (Denny, 1988),
which are more common on horizontal surfaces. The turbulent flow increases the
availability of nutrients as well as the availability of light by increasing frond breakage.
This may result in an increase of vegetative growth of new fronds from creeping axes.
Depth (through decreasing light) may also be an important indirect factor influencing
the morphology of G. sesquipedale fronds. Macler and West (1987), in culture studies of
Gelidium coulteri, showed that plants grown under low light levels were stoloniferous with
little branching. When irradiance was increased, plants developed branches. Nevertheless,
effects of depth on G, sesquipedale cover were not detected, even as an interaction with

slope.

2.4.2 Biotic factors

Competition between kelp and understory species has been described as being for
space and for light. Understory species seem adept at monopolizing the substrate, whereas
kelps may shade rivals (see review by Kain and Norton, 1990). Many manipulative field
experiments have shown that canopy species may reduce the settlement and growth of
understory species (e.g. Reed and Foster, 1984; Dean et al., 1989; Kennelly, 1989).

Ojeda and Santelices (1984) did the only competition experiments involving Gelidium
species, between Gelidium chilense and the kelp Lessonia nigrescens. If kelp was
removed in summer, G. chilense monopolized the substratum and the next year kelp
settlement did not occur. By contrast, if kelp was removed in winter, kelp settlement

occurred the following year, though G, chilense did extend into the low intertidal levels
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previously occupied by the kelp. S. polyschides is an annual species which loses all the
fronds during the fall season. If this species does compete with G, sesquipedale their
competitive relationship may follow a similar process.

The processes that regulate local patterns in the abundance of G, sesquipedale can
only be completely understood when mechanistic causes are revealed. Associations among
variables do not imply causation (Hastings, 1987). Three types of information are required
to support causality: consistency, responsiveness and a mechanism (Mosteller and Tukey,
1977). There is not sufficient information to assess whether the relationships shown at
Cape Espichel occur elsewhere, in other populations or at other times. Palminha et al.
(1982), off the south coast of Portugal, and Gorostiaga (1990), off the NE coast of Spain,
subjectively observed negative relationships between G. sesquipedale abundance and the
amount of sediment. Gorostiaga (1990) also points out the lack of relationship between G,
sesquipedale cover and substratum slope, but the range of slopes observed is very low (0 -
40°).

To assess the responsiveness of G. sesquipedale to changes in abiotic and biotic
factors, experimental studies must follow this study, manipulating the variables and
measure their effects on demographic rates, in gitu. The mechanism behind the causal
relationships can only be revealed through understanding the behavior of the vital rates that
regulate population dynamics, when subjected to changes of the background abiotic and

biotic factors.
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Table 2.1. Variable loadings of first 3 principal components before and after varimax

rotation. Underlined correlations are significantly different from zero (p < 0.001). Gel,

Sac and Lam: Gelidium sesquipedale cover and densities of Saccorhiza polyschides and

Laminaria ochroleuca, respectively. Asterisks indicate biologically significant loadings (see

text).

Unrotated
Variables PC1 PC2 PC3
Gel 0.73* 0.38 0.07
Sac -0,68* 0.24 0.28
Lam 0.29 -0.70* S
Slope 0.67* 0.35 -0.13
Silt -0.67* -0.12 -0.48
Depth 0.44* -0.52* -0.58
Proportion of
relationship explained  0.36 0.18 0.16

Cumulative proportion 0.36 0.54

0.70

Rotated
PC1 PC2 PC3
-0.82* 0.11 0.01
0.39 -0.65* 0.14
0.02 0.13 -0.94*
-0.72* 0.24 0.15
Q.71* 0.06 Q.43
0.01 0.89* -0.04
0.31 0.22 0.19
0.31 0.53 0.72
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Table 2.2. Correlations among principal components (PC) rotated by Varimax and
original variables. Each rotated component is highly related with only one variable (bold
font). LAM - Laminaria ochroleuca, SAC - Saccorhiza polyschides.

Variables

SLOPE(1)
LAM(2)
DEPTH(3)
SAC(4)

SILT(5)

PC1

-0.974
0.014
-0.082
0.130
0.164

PC2

0.016
-0.989
-0.054
0.081
0.116

PC3

0.084

0.053
0.983

-0.160

-0.034

PC4  PCS
0.129  0.164
0.077  0.110
0.154  0.033
-0.970 -0.097

-0.095 -0.974
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Table 2. 3. Values fro:n full regression model of all variables (see Table 2.1) and
interactions. Variables shown have highly significant (p<0.001) t- and partial F-tests.
Variables with non-significant t- and partial F-tests are not included. Dependent variable:

Gel; N = 496, R2 = 0.465, adjusted R2 = 0.430, SE of estimate = 0.335.

Variable Coeff. Std Error Std t P F P
coef. (2 tail)

CONSTANT 0.601 0.016 0.000 37.777  0.000
SLOPE(1)  0.145 0.017 0.319 8.409 0.000 70.716 0.000
SAC@4) -0.166 0.018 -0.356 -9.425 0.000 88.833 0.000
SILT() -0.130 0.018 -0.288 -7.273  0.000 52.901 0.000
SLxLA -0.011 0.019 -0.023 -0.580 0.562 35.797 0.000
LAxDE -0.089 0.018 -0.197 -4987 0.0600 24.868 0.000
SLxLAxXxDEx -0.102 0.027 -0.175  -3.730  0.000 13.911 0.000

SI

ANALYSIS OF
VARIANCE

Source SS DF MS F-ratio P

Regression 45.351 31.000 1.463 13.024 0.000
Residual ~ 52.117 464.000 0.112



Table 2.4. Reduced regression model of Gelidium sesquipedale cover (Gel). See Table

2.1 for variables. N =496, R2 = 0.418, adjusted R2 = 0.408, SE of estimate = 0.341

Variable Coeff. Std Std T p F

Error coef. (2 tail)

CONSTANT 0.600 0.015 0.000 39.034 0.000

SILT(3) -0.147 0.016 -0.326 -8.947 (0.000 80.041
SAC4) -0.147 0016 -0.315 -8931 0.000 79.766

SLOPE(1) 0.136 0.016 ©.300 8586 0.000 73.719
LAXDE -0.088 0.016 -0.194 -5524 0.000 30.515
SAxSI 0.055 0016 0.122 3.442 0.001 11.847
LAXxSI 0.049 0.018 0.098 2.684 0.008 7.202

SLxLAxXDExSI -0.054 0.020 -0.092 -2.618 0.009  6.855

SLxDE -0.040 0.016 -0.091 -2.591 0.010 6.711

ANALYSIS OF VARIANCE

Source SS DF MS F-ratio P

Regression  40.709 8 5.089 43.662 0.000
Residual 56.758 487 0.117

0.000
0.000
0.000
0.000
0.001
0.009
0.008
0.010



Table 2.5. Pearson correlation matrices of GEL - Gelidium sesquipedale, LAM -
Laminaria ochroleuca and SAC - Saccorhiza polyschides in shallow (< 9 m) and deeper

(=13 m) zones. Underlined values are significant at p < 0.05 (Bonferroni corrected

probability). See Txble 2.1 for variables.

Depth<9m GEL LAM SAC
GEL 1.000
LAM 0.155 1.000
SAC -0.372 -0.225 1.000

n = 390

Depth>13m GEL LAM SAC
GEL 1.000
LAM -0.491 1.000
SAC -0.315 -0.089 1.000

n =58
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Fig. 2.1. Map of the studied zone, showing location of transects
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Fig. 2.2. Transect averages of abiotic and biotic factors along the studied area. The
distance axis represents transect distances from transect 1 (northward from Cape Espichel).
Depth plot shows both average and maximum depth in each transect. Point-transect
sediment values are average number of one-meter marks in contact with sand per 10 m of
transect. Standard deviations are not represented for convenience of reading. They are of

the same magnitude as the mean.



44

37 ° Transects 1-3
l LA DEPTH ¢ Transects 13-18
2 A
—
y—
e’
1 -
S
= 07
)] .
2
-3 T T T T T T 1
3 -2 1 0o 1 2 3 4

FACTOR (2)

Fig. 2.3. Biplot of the variable loadings vectors and the quadrat

sample scores. Only the scores of Transects 1 to 3 and 13 to 18 are shown. GEL -

Gelidium sesquipedale. . AM - Laminaria ochroleuca, SAC - Saccorhiza polyschides.
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CHAPTER III
FROND DYNAMICS OF THE COMMERCIAL SEAWEED GELIDIUM

SESQUIPEDALE: EFFECTS OF SIZE, EPIPHYTISM, AND FROND HISTORY.

3.1 Introduction

Gelidium sesquipedale (Clem.) Born. et Thur. is a clonal red alga which grows in the
northeast Atlantic subtidal by production of upright fronds from a small, prostrate system
of colorless axes, attached to the substrate by rhizoidal protuberances (Dixon, 1958; Fan,
1961). The species typically forms dense stands of clumped fronds, often under a kelp
canopy (Ardré, 1970; Liining, 1990). G. sesquipedale has a triphasic Polysiphonia-type
life cycle, the isomorphic tetrasporophyte and gametophyte phases, plus the small
carposporophyte developing directly on the female thallus (Kylin, 1923; Dixon, 1959).
The tetrasporophyte and female gametophyte can only be distinguished when reproductive.
G. sesquipedale is commercially exploited along the coasts of France, Spain, Portugal and
Morocco for the production of agar (Appendix 1). More than half of the world's
production of Gelidium is obtained from this species (McLachlan, 1985; Armisén and
Galatas, 1987).

Growtn rates, generally expressed as size changes, have been studied for many
seaweed species (Chapman and Craigie, 1977, 1978; De Wreede, 1984; Kain, 1987, Ang,
1991), as has survivorship, usually reported as cohort depletion curves (e. g. Chapman
1984; Schiel, 1985; Dayton et al., 1984; Dean et al. 1989). Growth generally refers to net
size variation; influence of thallus breakage component is seldom considered (but see
Barilotti and Silverthorne, 1972). Positive and negativ: changes in frond length are
assessed separately in this work and are called growth and breakage, respectively.

The influence of an individual's biological history on its fate has been studied in

higher plants, particularly in the development of matrix population models (Bierzychudeck,

46



47

1982; Meagher and Antonovics, 1982; Huenneke and Marks, 1987; Groenendael and Slim,
1988). These are matrix models of first order Markovian processes, i. e. the transition
probabilities from time t to t+1 depend only upon the individual's state at time t, and not
upon its state at any previous point in time. In some cases, historical effects are likely to
influence an individual's fate (Bierzychudeck, 1982; Groenendael and Slim, 1988)

Historical effects in seaweed species have been detected in relation to repreduction.
In some species individuals stop growing, and in others individuals degenerate when
bearing reproductive structures (Santelices, 1978; Dion and Délépine, 1983; Klein, 1987).
Ang (1992), studying Fucus distichus L., detected a significant negative impact of
reproduction on mortality rate in the subsequent time step, but not on longevity of
survivors. The relationships between the fate history of individuals in time t-1 and their
fate in time t appears to have rarely been addressed in seaweed species. This may be
particularly important in red seaweeds that grow by apical cell division, as is the case for
G. sesquipedale, where breakage of the thallus may affect future elongation rate (L'Hardy-
Halos, 1971).

Because it is difficult to distinguish both adjacent clumps and fronds of the different
life cycle phases, G. sesquipedale vital rates were studied here at the frond level,
independent of the prostrate system or life cycle phase; the module (sensu Harper, 1977) or
the metamer (sensu White, 1979), i.e. genetically similar subunits of original genets. The
current study assesses the influence of season and frond length, as well as their interaction,
on the vital rates growth (length increase), breakage (length decrease) and mortality of G.
sesquipedale. The strong dependence of vital rates on an individual's size rather than on
age has been widely documented both for higher plants (see review in Caswell, 1989) and
for seaweeds (Chapman, 1986; Ang, 1991). To assess the influence of frond history on
vital rates, the effects of frond growth and breakage on the next time step frond growth,

breakage and mortality, are analysed.
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G. sesquipedale fronds off the Portuguese coast are often epiphytized in spring/early
summer, by the annuals Dictyota dichotoma (Hudson) Lamouroux, Plocamium
cartilagineum (L.) Dixon and Asparagopsis armata Harvey (pers. obs.). The impact of
epiphytism was assessed by analyzing the temporal- and size-specific effects of epiphyte
presence vs. absence on the next time step growth, breakage, and mortality of G,
sesquipedale fronds. Monthly probabilities of growth, breakage and mortality quantified in
this study are parameters in a demographic model constructed for resource management

(Chapter V), to simulate G. sesquipedale recovery to different harvest strategies.

2 rial

This study was conducted in a G. sesquipedale commercial bed off Cape Espichel,
Portugal (38°42'N, 9° 22'E). The species occurs in dense stands, particularly in the
southern part of the bed, or under the canopy of the kelps Saccorhiza polyschides
(Lightfoot) Batters and Laminaria ochroleuca De 1a Pylaie (see Chapter II). G,
sesquipedale cover is positively correlated to substrate slope and negatively correlated to
sediment loading and S. polyschides density (Chapter II). The study site was on two
inclined strata in the southern part of the bed, where monospecific G, sesquipedale stands
spread from 7 m io 14 m in depth (between transects 2 and 3, of Fig. 2.1, Chapter II).

Over 300 fronds dispersed through the study site, and covering most of the size
spectrum of the species were haphazardly tagged, using monofilament tags (Sharp and
Tremblay, 1985). Lost fronds were continuously replaced, to maintain about 250
observations per sample. Tags were placed on the main axis below the first ramification.
The minimurn length of a ramified frond was around 4 cm, and those below this length
were not studied due to difficulty in manipulating them under the intense wave surge
characteristic of this coast. Tagged frond length was measured monthly from August 1989

through September 1990, except in November, December and February, when excessive
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wave surge prevented diving. The presence/absence of the epiphytes Dictyota dichotoma,
Plocamium cartilagineum and Asparagopsis armata for each tagged frond was recorded.

In this study, a G, sesquipedale frond is considered to have only three possible fates
during a given time interval: to be detached (mortality), to decrease or maintain length
(breakage) or to increase length (growth). The actual mean length iacrease per unit of time
(30 days) is the elongation rate. It was calculated by grouping all fronds increasing in
length in the time interval. Similarly, frond shrinkage rate was calculated for fronds
decreasing in length; net elongation rate was calculated by grouping all fronds.

As the absolute time interval (in days) between samples varied, particularly in that
period when sea conditions prevented measurement, the percentage fronds that grew, broke
or died over each time period were weighted for 30 days, by assuming a linear function for
the number of fronds dying in each time interval. Mortality probability per month, M, was
calculated as:

M=dx30/At,
where d is number of deaths in time interval At (in days). Probabilities for frond breakage
and growth per month were then calculated assuming the same ratio between them as
observed during the time interval between samples. The number of fronds that grew,
broke or died per month was calculated by multiplying the initial number of tags in each
time period by the respective corrected probability. (. sesquipedale monthly elongation
rate, E (or shrinkage rate), was calculated for all fronds that increased (or decrease) in
length as:

E=Ahx30/At
where Ah is frond length variation.

To assess tag loss rate, thirty fronds were double tagged in August 1989 and
followed until March (Fig. 3.1). Loss of only one tag was interpreted as tag decay.

Accumulative frond mortality, corrected for tag decay, is close to the uncorrected value,
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particularly in the first few months (Fig. 3.1). Thus tag decay was not accounted for when
estimating mortality rate. In later months the effect of tag decay on mortality estimates was
not important because there were only a few survivors from the initial tagging and most

tags were new.

3.2.1 Choice of size (length) classes

When dividing a continuous classification character, such as frond length into
categories, the distribution of the observations within categories is affected by the category
boundaries chosen. Ideally, all the within-category observations should have the same fate
probability, the fate probability of the category center, to minimize the within category error
and to increase differences between categories. Differences in the fate of observations
within categories, the "distribution error’" as well as the "sample error"”, that occurs when
too few observations in each category are available, were first identified by Vandermecr
(1978) in the context of choosing category sizes for transition matrix models. He proposed
an algorithm to minimize it, later revised and further developed by Moloney (1986).
Distribution error is defined by Moloney (1986) as the degree to which the probability that
an individual starting in a category will be in the same category in the next time step,
deviates from the same probability if all the individuals were aligned in the center of the
category. The minimization of the distribution error, as defined by Moloney (i986),
selects the distribution of the observations inside a category that will be closest to a central
distribution.

Moloney's (1986) algorithm was adapted to derive G, sesquipedale size classes that
minimized the distribution error of fronds within length classes (Fig. 3.2). Three length
classes were selected (Fig. 3.2). Class I fronds were < 10.1 cm length, class 11 fronds
were > 10.1 cm and £ 16.0 cm, and class IIT fronds were > 16.0 cm. Classes were

selected keeping the number of observations of fite (breakage class I - negative or zero
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length variation, breakage class II - positive length variation or deaths, growth class I -
positive length variation, growth class Il - breakage or deaths, mortality class I - deaths,
mortality class II - survivors) and elongation rate (class I < 0.5 cm/month, class II > 0.5
cm/month and £ 1.0 cm/month, and class IIT > 1.0 cm/month) equal or higher than 5 in at

least 80% of the cases (an assumption of contingency tables) for all time steps.

3.2.2 Data Analysis

Discrete categorical data such as frond breakage/growth, mortality/survival,
present/absence of epiphytes, are most approy.:.ft+'y; dnalysed using loglinear models
(Bishop et al., 1975; Fienberg, 1979). Caswell (1989) gives a detailed description of how
to use these models to choose state variables for demographic models.

Loglinear analysis is based on a linear model relating the logs of the entries of a
contingency table to the categorical variables defining the table. This model expresses the
log of the count in each cell, log mijk, as a function of main effects, vg and vM and
interaction parameters, VSM:

log mijjk =V + VS(j) + VM(j) + VSM(ij)
for a simple example of a two-way table between initial frond size (S) and frond mortality
(M) occurring during a given time period, where v is the log of the total number of
observations in the table, Vgj) the effect of the ith size class, LMm(j) the effect of the jth
mortality class (mortality/survival) and vswm(jj) the effect of the interaction of the ith size
class and the jth mortality class. In a log linear model, an interaction term represents
association between categorical variables, i. e. the combined effect of these variables on cell
frequency. The statistical significance of an interaction is assessed by comparing the
goodness of fit of the model (log likelihood ratio, G) following the addition or deletion of
that term from the model (Caswell, 1989). For example, to test if size provides additional

information to time about mortality, one examines the change in G of the model



Ln
o

TimexSize+TimexMortality+SizexMortality, when compared to the model
TimexSize+TimexMortality. The difference among the G values and degrees of freedom
between the two models gives the statistical significance of the effect of size on mortality
given the contribution of time, SxM/T.

Loglinear analysis is used in the current study to test statistical interactions of the
explanatory variables time and size, with both frond fate and elongation rate, as well as the
contribution of each when the other (time or size) is included in the model. The historical
effects of frond fate, elongation rate and epiphyte presence on the next time step frond fate
and elongation rate are also analysed. In this analysis, breakage and growth are considercd
the only possible initial frond fates (breakage probability + growth probability = 1), as
opposed to the previous analysis where mortality is also a possible fate (breakage
probability + growth probability + mortality probability = 1). The impact of epiphytes was
tested only for the period April/September 1990, when epiphytism was heavy. All data
analyses were done using SYSTAT 5.1 for Macintosh (Wilkinson, 1989).

3.3 Results

3.3.1 Gelidium sesquipedale frond dynamics

The temporal variation of G, sesquipedale frond fate probability (Fig. 3.3) was
highly significant (p<0.001), with or without the inclusion of frond size (S) in the loglinear
models (TxM, TxM/S, TxB, TxB/S, TxG, and TxG/S, Table 3.1). Frond mortality was
relatively constant throughout the year, with the exception of August/September 1990 (Fig.
3.3), which had a high value (0.56). The tagged fronds may have been removed by
professional harvesters as the study site was open to harvesting. The open season begins
the middle of July, and continues through summer/fall (Chapter I). High mortality was not
observed during the 1989 season because the study site was harvested prior to the tagging

experiment (see Chapter IV).
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August/September 1990 mortality values may be overestimated because of the tagged
fronds not found by divers in September 1990. This occurred every sampling, but was
corrected on following samplings when some missing tagged fronds were found. The
average percentage missing fronds per sample was 5.5 %. Even considering the maximum
percentage missing fronds per sample, 14.9%, the resulting corrected mortality probability,
about 0.43, is still higher than the previous month's value, 0.23, supporting the hypothesis
of an important harvest mortality during this period.

High probabilities for frond breakage were observed throughout the year (Fig.3.3).
Frond breakage at_zined highest values during late fall and winter months, when severe
storms with waves up to 7 m high occurred off Cape Espichel (Fig. 3.4). A smaller
breakage peak occurred in June/July 1990 prior to the harvest season (Fig. 3.3). On the
other hand, frond growth probability was low in winter. All fronds were probably
increasing in length, but breakage was high during this period. Frond growth probability
was high through late spring and summer, except from August 195C {o September 1990

due to harvest mortality.

3.3.2 Length variation

The temporal variation of G, sesquipedale elongation rate is highly significant, with
or without the contribution of size (TxE and TxE/S, Table 3.1). Elongation rate shows a
distinct seasonal pattern; high during spring and summer months (about 1 cm/month),
while during late fall and winter, it decreased to a minimum of 0.3+0.07 cm (+ SE) in
January/March 1990 (Fig. 3.5). The maximum elongation rate observed was 1.3+0.07
cm/month, in June/July 1990, just before the harvest open season. A sudden decrease was
observed in July/August 1990. Elongation recovered to normal summer values during

September.
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G. sesquipedale frond shrinkage was low during fall/winter, and increased during
late spring/summer (Fig. 3.5). Frond net elongation rate was negative during late
fall/winter, and positive during spring/summer, except in July/August 1990. The decrease
in net elongation rate from May to August 1990 was due to important losses of frond

material (shrinkage rate and breakage probability, Figures 3.5 and 3.3).

3.3.3 Effects of size

The effects of G. sesquipedale frond length on breakage and growth probabilities
were highly significant (p<0.001), with or without the contribution of time (SxB, SxB/T,
SxG and SxG/T, Table 3.1). Shorter fronds (<10.1 cm) were less susceptible to breakage
and had a greater charce of increasing in length than longer fronds (Fig. 3.6). The effect
of length on mortality was not significant (p<0.05, SxM and SxM/T, Table 3.1, and Fig.
3.6).

The effect of frond size on elongatic:: rate was also highly significant (p<0.001, SxE
and SxE/T, Table 3.1). Figure 3.7 shows the frequency distribution of elongation rate
classes for each frond length class. The frequency of fronds elongating more than 1
cm/month increased with length, in contrast with those elongating less (Fig. 3.7 A). This
effect is even more evident during periods of rapid length increase (August to October
1989, April to July 1990 and August to September 1990), when 50% of the fronds longer
than 16 cm grew more than 1 cm/month (SxE: G=21.1, df=4, p<0.001 and SxG/T:
G=19.0, df=4, p=0.001), as opposed to shorter fronds which grew significantly less (Fig.
3.7 B).

During periods of slow growth (October/May 1990 and July 1990/August 1990), the
effects of frond length on elongation rate do not appear significant (Fig. 3.7 C). High
incidence of breakage during these periods resulted in low cell counts, particularly of size

class 3 fronds. Loglinear tests of significance are not valid in this cases.
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Although the effects of size on frond mortality were not significant when all months
were considered in the analysis, for the periods when G, sesquipedale was subjected to
strong physical disturbances such as harvesting or storms (August 1989/March 1990 and
July/September 1990), frond length did have a significant effect on mortality (SxM:
G=20.2; df=2; p<0.001, and SxM/T: G=20.6; df=2; p<0.001). Longer fronds had a
greater chance of being detached from tne substratum than smaller fronds (Fig. 3.8).
Conversely, in March/July 1990 mortality was significantly (SxM: G=12.0, df=2, p=0.002
and SxM/T: G=10.9, df=2, p=0.004) higher for size class 1 fronds than for size class 2
and 3 fronds (Fig. 3.8).

3.3.4 Epiphytes

The epiphytes Dictyota dichotoma, Plocamium cartilagineum and Asparagopsis
armata occurred on G, sesquipedale fronds in May and Junc 1990 (Fig. 3.9), when about
20% of the fronds were epiphytized. In the following month, a sudden increase in
epiphyte-bearing fronds was observed, particularly for frond classes 2 and 3. Longer G.
sesquipedale fronds wzre more epiphytized than were shorter fronds (Fig. 3.9); 52% of
size class ! frords bad epiphytes in July, compared with 81% and 88% of the class 2 and 3
fronds , respecti~ely. Lpiphytism slowly decreased through to September. Both time and
size effects on G, sesquipedale epiphyte load are highly significant, even when effects of
the other variable is included in the loglinear models (TxE, TxE/S, SxE and SxE/T, Table
3.1).

3.3.5 Effects of historical events
The recent biological history of a G. sesquipedale frond may play an important role
on its fate, and thus on the regulation of its demographics. The fate and elongation rate of a

G, sesquipedale frond during the time step t to t+1, that broke during the time step t-1 to t,
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may be different than had the frond not broken. The significance of these relationships,
tested by loglinear analysis, is shown in Table 3.2. Models with or without the
contribution of both time and size are presented. In this analysis, only two categories of
length (class 1 £ 13 cm, class 2 > 13 cm) and elongation rate (class 1 <0.75 cm/month
class 2 >0.75 cm/month) were considered, so that cells of contingency tables have the
maximum number of counts. Unfortunately, some cells are still sparse (frequency <5 in
more than one-fifth of the cells). The significance tests in these cases are suspect. They
are marked with one or two asterisks respectively (Table 3.2) if one or both loglinear
models used to calculate the interaction have sparse cells.

Significant relationships were detected between breakage and the next time step
mortality (BxM1, p=0.027), between breakage and next time step breakage (BxB1,
p=0.008), and between epiphyte presence and next time step mortality (EpxM1, p<0.001),
Jut these were caused by time and size related variability. When time and size
contributions are accounted for, these relationships are not significant (BxM /TS,
p=0.325; BxB1/T,S, p=0.163; EpxM1/T,S, p=0.462).

On the other hand, G. sesquipedale fronds that break in one time step appear to have
lower elongation rates during the next time step than unbroken fronds (Fig. 3.i10A). As
well, fronds that elongate faster in one time step, have a greater probability of growing than
breaking during the next time step (Fig. 3.10B). These effects were significant given the
time and size contributions (BXxE1/T,S, p<0.001, ExB1/T,S, p<0.001), but in both cases
one of the two loglinear models used to test the effect is based on a small sample size
(Table 3.2).

The presence of epiphytic algae on G. sesquipedale did not significantly influence the
fate of fronds in the next time step, except for frond mortality probability (Table 3.2).
However, this relationship is not significant when both time and size are accounted for

(EpxM1/T,S, p=0.462). In order to assess if the attachment and development of epiphytic



57

spores is enhanced by the increase of damaged zones on G. sesquipedale fronds after
breakage, the relationship between frond breakage aud the next time step epiphyte presence
was also tested. The relationship was not significant given the effects of time and size

(BxEpl, p=0.014; BxEp1/T,S, p=0.920).

3.4 _Di .

3.4.1 Seasonal variation

Both harvest and natural (storm) disturbances play an important role on the seasonal
changes of G, sesquipedale frond fate. At Cape Espichel, commercial divers hand-pluck
fronds annually, from the middle of July to late fall (Chapter I). It is likely the high frond
mortality observed in August/September 1990 was caused by harvest. During the previous
harvest season (August to October 1989, Fig. 3.3), mortality and breakage of experimental
fronds was low because the study site was harvested prior to the tagging experinent.
Mean frond weight, total biomass, and density values dropped from July to August 1989
(Chapter 1V).

Storms, in contrast to the harvest, caused more frond breakage than frond moriality.
High probabilities of frond breakage and low frond mortality during lzte fall and winter,
periods coincident with strong wave surge suggest that under natural disturbances, G.
sesquipedale frond breakage reduces the probability of frond detachment. This appears an
adaptation to environments of intense wave-induced physical stress, which is the typical
habitat for Gelidiales species (Santelices, 1988). Large quantities of storm-tossed G.
sesquipedale fronds occur during fall and winter throughout the species geographical
distribution. This phenomenon is well documented because the harvest on shore provides
raw material to the agar industry (Seoane-Camba,1969; Juanes and Borja, 1991; Appendix
1). Of the storm-tossed material, 65% to 92% are broken fronds, lacking the basal portion

of the axis (Seoane-Camba, 1966). However, this was not the case for G, robustum
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(Gard.) Holl. et Abbott off California, where frond breakage was rare (Silverthorne,
1977).

Frond breakage plays an important role in G, sesquipedale production dynamics.
Although fronds grow throughout the year, net elongation rate was negative both during
periods of severe sea storms and during July/August 1990 (Fig. 3.5), due to important
losses of frond material (Figures 3.3 and 3.5). During late spring and summer, when
wave surge is low (Fig. 3.4), frond breakage is probably caused by grazing. Grazing by
invertebrates and fishes was not controlled during this experiment, but their activity has
been reportec: as causing extensive trimming of G. sesquipedale axes off Santander, Spain,
by weakening axis and making them more susceptible to breakage by wave action (Salinas
etal., 1976; Reguera et al., 1978). The later observed more broken fronds were found in
spring, coincident with a high abundance of grazers.

The impact of frond breakage is enhanced due to G, sesquipedale's slow elongation
rate (see Liining, 1990, page 364 for examples of maximal growth rates of seaweeds), a
featwre that has been proposed as characteristic of Gelidiales (Stewart, 1983). At Cape
Espichel, elongation rate was low in late fall/winter at about 0.34 cm/month, and peaked at
1.30 cm/month during June/July. Annual average elongation rate was 8.3 cm (0.69
cmymonth). These values are similar to elongation rates of intact G, sesquipedale fronds at
other localities. Seoane-Camba (1966) reports G. sesquipedale elongation values of 9.0
cm/year, estimated on short fronds (< 10 cm), in the low intertidal zone of Vigo, Spain.
The elongation rate of subtidal size class 1 fronds (< 10.1 cm) at Cape Espichel was lower
(7.8 cm/year). Gorostiaga (1990), reports a length increase variation from 6.1 cm/year to
7.9 cm/year for G. sesquipedale fronds ranging from 5 cm to 15 cm, off Pais Vasco,
Spain. Monthly elongation rates varied from a minimum of 0.3 cm/month from November

to February, to a maximum of 1.0 cm/month from July to August. Elongation rates at
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Cape Espichel for the same size interval were 8.1 cm/year, with a minimum of 0.3
cm/month from October to January and a maximum of 1.1 cm/month from June to July.

Low elongation rates are reported for Gelidium and the closely related Pterocladia
species (review in Santelices, 1988), but most authors have not estimated frond breakage,
and thus present only net values. This is the case for G. pristoides in South Africa, 8.4 to
9.0 cm/year (Carter and Anderson, 1986); for Gelidium sp., growing in artificial beds in
Japan, 9 to 11 cm/year and 6 cm/year (Yamada, 1976); and for G. robustum in Baja
California, Mexico, 8.7 cm/year (size class 11-24 cm), 10.2 cm/year (size class 9-13 cm)
(Guzmdn del Préo and de la Campa Guzmadn, 1979). The absolute elongation rates would
likely have been higher in those cases had frouds that broke not been included in the
calculations.

In most Gelidiales, and particularly for G, sesquipedale (Seane-Camba, 1966,
Gorostiaga, 1990), the favorable production seasons are late spring and summer (Fig.
3.5). During this period, even though frond shrinkage was highest, net elongation was
positive due to low frond breakage probability (Fig. 3.3). An accurate measure of tissue
loss for production estimates cannot be derived based on length decrease because shedding
of branches accounting for important biomass losses may occur while the main axis

remains intact (Seoane-Camba, 1969).

3.4.2 Effects of size

Longer . sesquipedale fronds are more vulnerable to detachment during harvesting
and storms than shorter fronds (Fig. 3.8). A significant positive effect of frond length on
mortality was observed from summer through winter, as opposed to the negative effect
observed in spring/early summer. Maximum harvest mortality estimates presented in
Chapter V show that longer fronds are particularly vulnerable to harvest. During late fall

and winter, longer fronds are more likely to be detached because they are subjected to
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higher drag forces caused by wave swell (Denny, 1988). By contrast, during spring and
early summer, frond mortality is greater for shorter than for longer fronds. This may be a
result of density-dependent self-thinning occurring during this time period (see Chapter
IV). In high density monospecific stands, intense competition for light causes mortality of
small suppressed plants (Weiner and Thomas, 1986).

Higher mortality and higher breakage of longer fronds over shorter ones have been
commonly reported in seaweeds. Populations of G, robustum in California (Barilotti and
Silverthorne, 1972; Silverthorne, 1977), of Ascophyllum nodosum (L.) Le Jol. on the
west coast of Sweden (Aberg, 1992), and of the kelp Laminaria longicruris Pyle.
(Chapman, 1984) and Chondrus crispus Stackh. (Bhattacharya, 1985) off southwestern
Nova Scotia, Canada, all show this pattern.

Rarely has higher mortality of smaller fronds over larger ones been observed in
seaweeds, which results in most species having a high, positively skewed frond frequency
distribution during all seasons. However, there are exceptions (e. g. Schiel, 1985; Chapter
IV). Size-specific mortality is highly influenced by the scale at which the study is
conducted. For example, studies do not generally include small individuals due to
difficulties in monitoring them. Ang (1991) observed higher mortality for size class 1 (<1
cm) Fucus distichus plants off coastal British Columbia, in all seasons but summer, when
mortality in larger plants was significantly higher, perhaps due to long exposure at daytime
(Ang, 1991). If small individuals are monitored, particularly in high density stands, it is
likely that at some point they will have higher mortality than larger ones due to density-
dependent self-thinning. Dean et al. (1989) and Reed (1990) interpreted this effect as the
result of intra-specific competition for light.

The effect of frond size on elongation rate in Gelidiales has seldom been addressed.
At Cape Espichel, G, sesquipedale elongation rate was related to frond length, particularly

during periods of high production (Fig 3.5). Longer fronds grew faster than shorter
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fronds suggesting a density-dependent mechanism of growth suppression of shorter fronds
by longer fronds. G, sesquipedale increases its length by the division of the apical cell
(Rodriguez and Santelices, 1987). In crowded conditions, light is more available to the
apical portion of longer fronds than to shorter ones. As well, nutrient availability may be
lower to shorter fronds due to reduced water movement beneath the canopy. During
periods of slow growth (Fig. 3.5), there was no indication of size effect on elongation rate
(Fig. 3.7 C).

Gorostiaga's (1990) data on G, sesquipedale elongation rates show significant
positive correlations with frond length throughout the year. Guzmaén del Préo and de la
Campa Guzman's (1979) indicated the same relationship for G, robustum off Baja
California, Mexico, but the elongation rates for the different size classes were measured in
different years. The net elongation rates of size class 11-24 cm were consistently higher
throughout 1968/1969 than those of size class 9-13 cm during 1970/1971, except in the
periods when net elongation rates of longer fronds were negative, while that of the smaller
fronds was positive (Tables 3.1 and 3.2 in Guzman del Préo and de la Campa Guzmén,
1979). However, Barilotti and Silverthorne (1972) reported elongation rates of 9 cm/year
for intact G, robustum fronds off California, and no significant correlation between

elongation rate and frond length.

3.4.3 Historical effects

There were slight indications that a G, sesquipedale frond's past history influenced its
fate. The small number of observations may have affected the experiment. Epiphytes
growing on G, sesquipedale were abundant during summer months (Fig. 3.10),
particularly on longer fronds, but did not seem to affect frond fate (Table 3.2). However,
frond breakage slows growth (Fig. 3.9). Fronds that do not break, grow faster during the

following time interval.
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This "growth enhancement" of fronds was also observed when testing the impact of
elongation rate on frond growth and breakage probabilities. Faster growing fronds have a
higher probability of growing than breaking during the next time step (Fig. 3.9). G.
sesquipedale fronds under more favorable microenvironmental conditions such as exposure
to light, patterns of water flow, neighborhood effects, etc., may have higher growth rates
and longer growth periods before breaking or dying.

Reduced growth immediately after breakage may be due to a delay caused by the
physiological process of initiating regeneration. Apical regeneration on broken fronds has
been reported for several Gelidium species (Johnstone and Feeney, 1944; Barilotti and
Silverthorne, 1972; Salinas et al. 1976; Reguera et al., 1978). Gelidium and Pterocladia
species have a uniaxial structure and grow by division of the apical cell (Kylin, 1928;
Dixon, 1958; Fan, 1961). When the apical cell is lost, cortical cells differentiate into apical
cells (Felicini and Arrigoni, 1967, Felicini, 1970) and develop an indeterminate growth axis
(Dixon, 1973). One or more axis can develop from the cut surface, probably modifying
frond morphology.

The lower elongation rate of broken fronds (Fig. 3.9) explains the unexpected low
elongation rate in July/August 1990 during the favorable growing season (Fig. 3.5),
because it follows a period of high breakage probability (Fig. 3.3). This effect was not
observed by other authors. Seoanne-Camba (1966) did not detect differences between
elongation of sheared and intact G. sesquipedale axis along the western coast of Spain.
Johnstone and Feeney (1944) observed apical regeneration of cut fronds of G, robustum
off California in spring and late fall, following periods of intense surf. The authors

speculated that growth was higher as a reaction to frond injuries.

The strong influence of frond breakage on regulating G, sesquipedale frond dynamics

during this study may represent an extreme circumstance; the storms that occurred during
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late fall/early winter were unusually strong. In less stormy years, frond material lost by
breakage may be lower thus increasing annual production. Nevertheless, G. sesquipedale
frond breakage is a common event. Salinas et al. (1976) observed that almost all G.
sesquipedale fronds longer than 3 cm on the coast of Santander, Spain, showed signs of
regrowth from previous axis breakage. Longer time series data of vital rates incorporating
annual, stochastic environmental variation are necessary to understand the long term
dynamics of this commercial species, and to provide more accurate resource management
advice. Studies must also be developed on the long term effects of harvest on frond
regeneration and morphology, and on its impact on production rates and agar content.

This work indicates yield overharvesting of Cape Espichel G. sesquipedale ted, as is
the case of Chondrus crispus exploitation in Canada's Prince Edward Island (Chopin et al.
(1992). Harvesting by divers in the middle of July, as is done in Portugal (Chapter I),
reduces yield because the peak summer production is lost. Due to the species slow growth
it is not likely that sites harvested once can be re-harvested later in the season. Higher G.
sesquipedale yields could be obtained by adjusting the harvest season to that period closest
to fall storms, but the sociology of the harvesters and technological problems limiting the

rapid completion of harvest must be considered.
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Table 3.1. Statistical significance (log likelihood ratio, G) for the interactions of time (first

section of table) and size (second section of table) with Gelidium sesquipedale vital rates.
See methods for explanation of log linear models. T = time (10 categories), S = length
(SI=10cm, SIT>10.1 and £16.0cm, SIIT>16.0cm), M = mortality/survival, B =
breakage/no breakage, G = growth/no growth, E = elongation rate (EI<0.5cm/mo,

EII>0.5 and <1.0cm/mo, EIII>1.0cm/mo), Ep = epiphytes/no epiphytes.

MODEL G df p
TXM 205.35 9 0.000
TxM/S 207.16 9 0.000
TxB 140.25 9 0.000
TxB/S 196.35 9 0.000
TxG 287.05 9 0.000
TxG/S 294.45 9 0.000
TxE 132.94 9 0.000
TXE/S 294.45 9 0.000
TxEp 314.63 4 0.000
TxEp/S 333.76 4 0.000
SxM 3.96 2 0.138
SxM/T 5.77 2 0.056
SxB 39.49 2 0.000
SxB/T 42.49 2 0.000
$xG 40.26 2 0.000
SxG/T 47.66 2 0.000
SxE 40.26 2 0.000
SXE/T 47.66 2 0.000
SxEp 71.68 2 0.000
SXEp/T 90.81 2 0.000
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Table 3.2. Statistical significance (log likelihood ratio, G) of the effects of historical events
on Gelidium sesquipedale frond fate. Variables followed by the number 1 are of following
time step. T = time (10 categories), S = length (SI<13.0cm, SII>13.0cm), M =
mortality/survival, B = breakage/growth, E = elongation rate (EI<0.75c¢m/mo,
El>0.75¢cm/mo), Ep = epiphytes/no epiphytes. Asterisks show if one or both loglinear

models have sparse cells (see text). See methods for explanation of log linear models.

MODEL G df p
BxM1 4.87 1 0.027
BxM1/T,S 0.97 1 0.325
BxB1 7.13 1 0.008
BxB1/T,S 1.95 1 0.163
BxE1 24.13 1 0.000*
BxE1/T,S 20.32 1 0.000*
ExB1 17.56 1 0.000
ExB1/T,S 25.4 1 0.000*
ExEl 0.19 1 0.663**
ExE1/T,S 0.21 1 0.647**
ExM1 1.86 1 0.173
ExM1/T,S 1.00 1 0.317**
EpxBl1 0.42 1 0.517
EpxB1/T,S 1.32 1 0.251
EpxE1 0.02 1 0.888**
EpxEl/T,S 0.29 1 0.59**
EpxM1 40.48 1 0.000
EpxM1/T,S 0.54 1 0.462
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CHAPTER 1V
THE ROLE OF PHYSICAL DISTURBANCES AND DENSITY-DEPENDENCE IN THE
POPULATION DYNAMICS OF THE COMMERCIAL SEAWEED GELIDIUM

SESQUIPEDALE

4.1 Introduction

Gelidium sesquipedale (Clem.) Bornet et Thuret (Rhodophyta, Gelidiales), is a clonal
red alga that grows in the subtidal off the Northeast Atlantic coast. Upright fronds arc
produced from a small, prostrate system of axis (Dixon, 1958; Fan, 1961). Dense
monospecific stands of clumped fronds develop on exposed shores along the Portuguese
coast, covering wide areas of the bottom (Chapter 1I). The populations are subjected every
summer and fall to commercial harvesting by divers, who hand-pluck the seaweed for its
agar (Chapter I). As well, natural wave-induced physical stresses likely have an important
role on the populstion dynamics of G. sesquipedale, since local distribution of the
Gelidiales are strongly related to wave exposure (Santelices, 1988). Large quantities of G,
sesquipedale storm-tossed fronds have been traditionally gathered on shore, providing
important quantities of raw material to the agar industry (Appendix 1).

To assess the functioning of populations, plant ecologists have studied the tempora!
dynamics of frequency distributions of some measure of an individual's size such as plant
length, plant mass, stem diameter or leaf area. These frequencies represent a one-time
portrayal of the dynamic interaction of the demographic parameters growth, survival and
recruitment. Significant changes of size structure through time reflect the combined cffect
of demographic parameters.

The patterns of difference of size frequency distributions within and among
populations have been studied graphically (Mack apd Harper, 1977), or mathematically, by

considering some statistical measure of distributions. The statistics mean, variance,
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skewness and kurtosis describe distributions in considerable detail (Hara, 1988). The fact
most plant populations consist of many small individuals and relatively few large ones led
to research focused on the skewness of size structures (Koyama and Kira, 1956;
Rabinowitz, 1979; Higgins et al., 1984; Schiel, 1985; Higgins and Mack, 1987). Weiner
and Solbrig (1984) proposed the use of the Gini coefficient (G) to quantify how individuals
of a plant population are ranked in size classes. They claim the Gini coefficient is a better
measure of the size differences among individuals in a population (inequality) than the
skewness coefficient. There have been several applications of the Gini coefficient (Weiner,
1985; Weiner and Thomas, 1986; Schmitt et al., 1986, 1987; Bonan, 1988; Geber, 1989;
Thomas and Weiner, 1989; Martinez and Santelices, 1992). Plant ecologists have also
used the coefficient of variation (C.V.=standard deviation/mean) as a statistical measure of
inequality among members in a population (Kira et al., 1953; Edmeades and Daynard,
1979; Mack and Pyke, 1983). Bendel at al. (1989) showed that the statistic chosen for the
comparison of frequency distributions affects the results. The skewness coefficient, the
coefficient of variation and the Gini coefficient have different behaviors, which depend on
the underlying distribution of the size metric.

Most work on size distributions of plant populations has been done on greenhouse or
on field crops (see reviews by Weiner and Thomas, 1986 and Geber, 1989). However, to
understand how demographic processes regulate the structure of natural stands developing
in heterogeneous environments, field studies must be conducted (see Schmitt et. al, 1986;
Ellison, 1987). In contrast with greenhouse cultures, the structure of natural stands reflects
environmental and biotic disturbances in addition to intraspecific competition, which have
substantial effects on self-thinning relationships and patterns of size structure change
(Thomas and Weiner, 1989).

Intra-specific competition may determine the survival and growth of small fronds

wittnn G, sescuipedale's typical crowded stands. Two empirical relationships have been
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shown for higher plants under such conditions. The self-thinning rule, or -3/2 power law
(Yoda et. al, 1963), states that the relationship between biomass and density in crowded
monospecific plant stands, forms a thinning line of slope -3/2 and an intercept of 4.3, when
mean plant weight and density are plotted in log scale; equivalently, a line of slope -1/2 and
the same intercept, is defined when the logarithm of stand biomass is plotted in place of
average plant weight (see review in Westoby, 1984). Weller (1987) concluded that the usc
of mean frond weight rather than stand biomass is statistically incorrect. If density-
independent stresses are absent at the boundary condition defined by the thinning linc,
mortality or "thinning" of smaller plants is caused by density-dependent compctition. This
relationship was defined as a general "law" governing any even-aged plant population, and
is supported by a wide variety of data from both artificial and natural stands of land plants
(White and Harper, 1970; White, 1980; Westoby, 1984), and on seaweeds (Cousens and
Hutchings, 1983). Weller (1987) has since shown that the slopes and intercepts of
thinning lines are more variable than previously thought.

Although the relationship between density and mean plant weight is much studicd,
only recently has self-thinning been related to weight inequality (Weiner and Thomas,
1986; Bonan, 1988; Geber, 1989). In a crowded monospecific stand weight inequality
generally increases over time until the onset of self-thinning, due to differential growth
rates between larger and smaller "suppressed” plants. Then, inequality decreases as self-
thinning progresses due to differential size-specific mortality rates. This trend is interpreted
as being consistent with the asymmetric competition hypothesis of dominance and
suppression of smaller individuals by bigger ones (Begon, 1984; Hara, 1988).

The current study assesses the dynamics of a G, sesquipedale commercial stand and
the role played by physical disturbances such as harvest and storms. Seasonal changes of
mean frond weight, mean frond length, biomass and density are shown as well as those of

frond length and weight structures, quantified by the Gini coefficient (G), the coefficient of
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variation (CV), and the skewness coefficient (g1). These are interpreted in relation to the
demographic rates (frond growth, breakage, mortality and recruitment) that determine the
population parameters' variability (Chapter IIT). The performance of the coefficients is
discussed. G, sesquipedale weight/length allometry, "the differential growth of parts or
metrics of an organism” (Gould, 1966), is also investigated. The two empirical
relationships, biomass-density and inequality-mean frond weight, observed in crowded
plant stands, are tested to assess density-dependent processes. Based on the information

gathered, a conceptual model for the functioning of the population is proposed.

4.2 Methods

It is difficult to match an upright frond with its prostrate system within G,
sesquipedale's dense stands, and thus to distinguish fronds that originated from different
spores (different genets sensu Harper, 1977). Therefore, G, sesquipedale population
dynamics was studied at the frond level, the module (sensu Harper, 1977) or the metamer
(sensu White, 1979), i.e. genetically similar subunits of original genets, independently of
their prostrate systems.

The field study was conducted in one of the most important G. sesquipedale
commercial beds, off Cape Espichel, Portugal (Chapter I). Chapter II described the main
biotic and abiotic interactions in this community. The same stand where the species vital
rates were investigated (Chapter 1IT), was sampled monthly from July 1989 to September
1990, except for the moriths of November and December 1989 and February 1990, when
sea storms prevented diving. The variation in sampling diving time with biomass sample
precision, the ratio of standard error to the mean (Riddle, 1989), had becn previously
determined for different quadrat sizes (15, 25, 40 and 50 cm) and numbers (Santos,
unpublished data); a sample size of five, 40 cm quadrats was selected. All fronds inside

the quadrats were removed by carefully handscraping the substrate; the fronds were placed
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in a mesh bag. The resultant frond length frequency distribution was similar to that
obtained when fronds were scraped and collected with a compressed air device (Santos,
unpublished data). All plant material was preserved by freezing,

The variation in both frond morphology and size structure appeared significant
between those from the upper and lower portions of the inclined strata upon which the
population develops (Santos, pers, obs.). Sampling was thus restricted to the middle zone
of the strata, at a constant depth of 9 m. Sampling in July was just prior to the harvest
season, which started mid month and extends through the summer and fal! (Chapter 1).

G. sesquipedale mean frond weight and length were estimated for each monthly
quadrat sample by ineasuring all fronds to the nearest mg and mm, respectively, in three
sub-samples. Prior to measuring, the frozen fronds were thawed and surplus water was
removed by blotting with paper towel. Allometric relationships between weight and length
were analyzed by regression for all monthly samples. The best-fit regression model was
achieved by log transformation of weight values, but not length values. A significant
second-order polynomial term was considered evidence that the relationship between log

weight and length was curvilinear.

4.2.1 Quantifying size structures variability

All data analysis were computed using Systat 5.1 for Macintosh (Wilkinson, 1989),
except the Gini coefficient calculations, which were done using a program developed by the
author. The skewness coefficient (g1), the coefficient of variation (C V), and the Gini
Coefficient (G), (Sokal and Rohlf, 1969; Kendall and Stuart, 1969), were computed for all
samples, to assess the shape and inequality levels of both length and weight structures.
Skewness is a shape parameter quantifying deviation in relation to the normal distribution,
positive values indicate a long right tail {(more small fronds and fewer large fronds) and

vice-versa for negative values. In contrast, CV and G are measures of relative precision
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that reflect the ratio of a measure of dispersion (respectively the standard deviation and the

n n
coefficient of mean difference, Z Elxrx j, m2, due to Gini, 1912 in Weiner and Solbri g,
ij

1984), to the mean. Unbiased Gini coefficients, G' (Weiner and Solbrig, 1984), were

calclated as:
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where xj and x; are the measures of all possible pairs of individuals. If all observations arc
the same, representing a minimum inequality, then G=0. In an infinite population where all
observations are zero except one, then G is maxii1um and has a value of 1,

Variability of size structure coefficients through time was analyzed using one way
ANOVA. May 1990 values were not included in the statistical analysis, because only two
quadrats were sampled. Data were log transformed, when necessary, to fulfill the
condition of heterodasticity (Sokal and Rohlf, 1981). Post-hoc multiple contrasts analysis
was done following Rodger (1974, 1975), to detect significant transitions among
contiguous time periods. The critical values for rejecting null contrasts were tzken from the

F-values tables provided in Rodger (1975).

4.2.2 Density-dependent relationships

To assess density-dependent processes, the time trajectory of the relationship between
the logs of boih stand biomass and density were analyzed, rather than the more common
approach of plotting log mean frond weight and log density (Yoda et al., 1963; White and
Harper, 1970; Westoby, 1981, 1984; White 1981). Weller (1987) showed that use of

average plant weight is statistically incorrect. The time trajectory of the relationship
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between weight inequality, given by the Gini coefficient, and mean frond weight was also

analyzed (Weiner and Thomas, 1986; Bonan, 1988; Geber, 1989).

4.3 Results

4.3.1 Variability of population parameters with time

There were significant differences ior G. sesquipedale population parameters (mean
frond weight, mean frond length, biomass and density) among sampling dates (one-way
ANOVA, p<.001). Posi-hoc multiple contrast analysis revealed three significant (p<.05)
seasonal transitions (Fig. 4.1) of mean frond weight (Fig. 4.1A) and total biomass per
square meter (Fig. 4.1C). High summer pre-harvest conditions in July 1989 were
followed by lower levels, coincident with the start of harvesting. Unlike biomass, July
1989 mean frond weight was not significantly different (p<.01) from summe/early fall.
Both parameters troughed in winter, after a period of severe sea conditions
(November/December, 1989), when waves up to 7 m height hit the coast of Cape Espichel
(Chapter III). In the seasonal transition from winter to spring/summer, mean frond weight
and biomass increased, but never recovered the levels of July 1989 (Fig 4.1A, C).

G. sesquipedale mean frond length showed a similar seasonal patiern to mean frond
‘veight and total biomass; a low in winter and incomplete recovery to post-harvest levels of
1989. However, mean frond length did not decrease during harvest seasons (Fig. 4.1B).
Frond length increase, observed after the lowest level (January 1990), was faster than
frond weight (Fig. 4.1B), indicating that during this period fronds elongate rather than
branched. Branching was more intense after April 1990, based on the rapid increase in
mean frond weight (Fig. 4.1A).

Seasonal variation of G. sesquipedale frond density was not as important as the other
parameters, and in fact significant seasonal periods could not be detected at a significance

level of p=.01. Four seasonal periods are separated at p<.05 (Fig. 4.1D). Density
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decreased from July 1989 to August 1989, and troughed during fall and early winter. In
spring/early summer, frond density recovered to July :1989 levels, decreasing again in
August 1990. This was the only significant drop in population parameters during the 1990
harvest season (Fig. 4.1 D), but it is likely not related to harvest since the rest of the
populaion parameters did not decrease during this period (Figs. 4.1A,B and C).
September 1990 density was not significantly different from August 1990, but when the

two months were lumped, density was not significantly different (at p<.05) from July.

4.3.2 Length-biomass allometry

Regressions between G. sesquipedale frond weight (log) and length are highly
significant for ail months (p<.001). The coefficient of determination, r2, (adjusted in the
case of second-order regressions) is high in all cases, indicating the good predictive
capacity of the models (Table 4.1). Only on three occasions; July 1989, September 1989
and March 1990, were the second-order regiessions terms not significant (P* values of
Table 4.1), showing that frond weight increased exponentially with length. Linear models
were fitted in these cases. All significant second-order terms have negative signs,
indicating that weight increase with length was slower for these cases. Although
significant, due to the high number of observations (Table 4.1), the second order-terms
only slightly improved the models' performances. The fraction of the total variance
explained by the second-order term is small, particularly before April 1990, when the
additional variance explained was < i% (Table 4.1). In May 1990, however, the second-
order model explained 11% more variance than a linear model.

The weight-length relationship of G, sesquipedale fronds varied significantly through
time (Fig. 4.2). Just prior to the 1989 harvest season, the slope (1st order coefficient) of
the relationsiiip was maximum. G, sesquipedale frond weight increased exponentially with

length. Following the harvest, the slope of the relationship strongly decreased. A perird
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of high slope variability with peaks iri September 1989, January 1990 and April 1990,
followed. During the subsequent spring/surimer the slope of the relationship stabilized,
progressively increasing with time (Fig. 4.2). G. sesquipedale fronds were then growing
{aster in weight than in length, perhaps due to the production and growth of lateral
branches.

The increasing importance of the second-order coefficient during the summer of 1990
indicates that the shape of the curves is bending (Fig. 4.3). This pattern is more
conspicuous when the second-order polynomial regressions were plotted without the
observations, and setting the intercepts to zero (Fig. 4.3C). The more pronounced frond
branching in intermediate length fronds than in longer fronds is evident from the curvature
of the plots. The portion of the frond weight-length cloud below 4 cm (Fig. 4.3A,B),
shows a zone where the growth of G. sesquipedale fronds is linear (in absolute values),

because small fronds were nout branched.

4.3.3 Population stracture seasonal variation

The statistical significance of G. sesquipedale weight-inequality change over time is
low (p values of Table 4.2), and therefore a clear seasonal pattern was not detected.
Temporal variation of CV and g; (Fig. 4.4B, C), at significance levels of p=.06 and
p=.05, were due to the reduction of G. sesquipedale fronds, in the small and large weight
classes (Fig. 4.5), from August 1989 to August 199C. This causes both a decrease in the
variation of frond weights in relation to the mean (CV), and the flattening of the shape of
the distribution, reducing the skewness coeffizient value (g1).

In contrast, the time "-ariation of (G, sesquipedale frond length distribution inequality
is highly significant (p<.001, Table 4.2). Three significant seasonal transitions were
detected by post-hoc multiple contrast analysis (p<.05), when using G and CV statistics

(horizontal bars, Figs. 4.6A, B). The two periods, August/October 1989 and
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June/September 1990, are not significantly different from each other. When analyzing the
length distributions with the skewness coefficient (g1), only two significant transitions are
revealed (Fig. 4.6C). Length distribution skewness in July 1989 was not significantly
different from that of August/September 1990.

Significant transitions in size distribution inequalities represent periods when the
combined effect of frond growth, breakage and mortality, and recruitment of new fronds,
was significant. To investigate thr;sc, all length data in each time period were pooled and
frequency distributions plotted (1 cm size class density per square meter, Fig. 4.7). There
was a general reduction in frond density between July 1989 and the period of
August/October 1989 (Fig. 4.7A). Also, the right tail of the distribution increased,
reflecting elongation of shorter fronds.

The next significant seasonal transition was between August/October 1989 and
January/April 1990, characterized by an increase in density of fronds < 4 cm, and a
decrease in density for fronds > 6 cm. (Fig. 4.7B). During the last seasonal transition, to
the period June/September 1990, a reverse pattern was observed (Fig. 4.7C). The density
of smaller fronds decreased, while the density of larger fronds increased due to the growth

of the winter recruits.

4.3.4 Density-dependent relationships

Additional data of seven quadrat samples obtained at the same site in July 1988 are
included in the log biomass and log density plots (Fig. 4.8A). Data points iay mostly
above the theoretical boundary line for self-thinning populations shown in the graph, log g
B =4.3-1/2log1g N, where B is the stand biomass density (per m2) and N is frond
density (per m2) (Fig. 4.8A). The highest values for G. sesquipedale weight and density

were in July 1988 and July 1989, while the lowest values occured the following winter
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(January 1990/March 1950). The timr.: trajectory of the reiationship increased from winter
of 1989 to July 1990, but did not reach the values of Tuly 1988 and 1989 (Fig. 4.8A).

G. sesquipedale weight inequalities (Gini coefficient) during 1989/1990, increased
significant’y (R2=.29, p<.001) with mean frond weight. The time trajectory of this
relationship shows a similar pattern to the biomass-density relationship (Fig. 4.8B).
Values increased from winter to summer, decreasing afterwards. The maximum values of
1990, attained in August, were lower than those of 1989. G, sesquipedale mean frond
weight was low (Fig. 4.1A), and there were fewer heavier fronds than in Angust 1989
(Fig. 4.5), when weight inequality peaked. The regression line showed in the graph

includes July 1988 values (R2=.45, p<.001).

4.4 Discussion

4.4.1 Population dynamics

Q. sesquipedale populatior dynamics, not unexpectedly, showed a marked
seasonality; frond weight, length, density and total biomass peaked in summer and
troughed in winter (Fig. 4.1). Population parameter changes were related to both
environmental and human indaced disturbances (storms and harvest). The sharp drop in all
paopulations parameters, except mean frond length after July 1989, reflected in the first
significant transition of frond length distribution (Fig. 4.7A), is coincident with the start of
harvest season. During this season, 12 boats carrying an average of four divers, collected
about 1700 t of wet seaweed (J. Oliveira, pers. com.). That mean frond length does not
decrease with the 1989 harvest, suggests that some fronds may have lost their branches
while their main axis remained iniact, or that heavier fronds (more branched with more
surface) are more likely to be detached than longer, less branched fronds. A similar

situation was observed in Chondrus crispus commercial beds off Prince Edward Island,



Canada, where the dragrake appears to select for the branched fronds (Pringle and Semple,
1988).

Winter low values for the mezsured population parameters followed a przriod of
unusually strong storms (Chapter III, Fig. 3.4). The dynamics of frond survival, growth
and recruitmem during this psriod, derived from the analysis of the seasonal transitions of
length structures (Fig. 4.7), are supported by Santos' (Chapter IIT) tagging study of G,
sesquipedale frond dynamics. Summer to winter transitions are caused by the longer
fronds' higher mortality during harvest and higher frond breakage during storms.

The pulse of short fronds (<4 cm), observed in winter/early spring (Fig. 4.7),
reflects recruitment of new fro:ids rather than breakage of longer fronds, because density
increased during this period (Fig. 4.1). Chapter V showed that the number of size class 1
fronds (4 to 10 cm) is high even after discounting both frond breakage and growth,
respectively, into and + ut of the class. The pulse of size class 1 fronds was detected in
March/April (Chapter V), indicating that new fronds developed some months earlier,
probably in reactica to the reduction of the canopy due to late fall storms.

Frond recruitment appears to originate by vegetative growth of the prostrate system
(Dixon, 1958; Fan, 1961), rather than throngh the development of new fronds from
spores. Vegetative growth is the most important process for the recovery of populations of
Gelidium species (Santelices, 1988). This was supported by the lack of frond recruitment
of G. sesquipedale «n ceramic tiles placed in the study site (Santos, unpublished data). A
similar dynamic has been suggested for the highly disturbed commercial stands of C,
crispus off Prince Edward Island, which have higher densiiies of small fronds than do non-
harvested beds (Chopin et al, 1988).

G. sesquipedale fronds recruited in winter, grew to longer size classes during
spring/summer cf 1990 (Fig. 4.7C). Yet, the stand did not recover to the maximum values

of July 198%, Frond length distribution‘éﬁange from summer 1989 to 1990 reflects this
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(Fig. 4.7). The same trend is shown in demographic simulations of the population and
was supported by the large decrease in harvest landings between 1989 and 1990 (Chapter
V). The effects of harvesting on the G, sesquipedale popuiation parameters was not
detected in 1990, likely due to reduced effort, probably because of poor catch per unit

effort.

4.4.2 Performance of size-distribution coefficients

The behavior of the three statistics used o quantify the temporal variability of the
size-distributiony of a natural stand of G, sesquipedale generally agrees with Bendel et al.'s
(1989) conclusions, derived from beth attificial and empirical greenhouse experiments.
The Gini and the coefficient of variation had similar performarces, whereas skewness was
more related to the latter. G and CV were highly correlated to one another for both weight
and length (r=0.84 and r=0.98, respectively), while g1 was, in both cases, more correlatec
to CV (1=0.78 and r=0.68, respectively) than to G (1=0.36 and r=0.57, respectively). Gini
is a more robust inequality meusure than CV and g1; it has lower values of sum of squares
within groups (Table 4.2), because it is less sensitive to variation in the distribution tails
(Bendel et al., 1989).

The performance of the coefficients when applied to weight vs length distributions
was different, particularly for G and CV (Figs. 4.4 and 4.6). G. sesquipedale population
inequality can not be studied using weight or length differently as measures of size. Frond
length might be preferred to weight. It was not possible to detect seasonal variations of the
species weight structure, because the statistics are sensitive to variations of the right tail of
these highly skewed distributions (Fig. 4.4). The presence of a few heavy fronds has an
important effect on weight statistics; a larger sample size was thus needed. Also, weight
variation for small changes in length is low, particularly in small fronds, and thus more

difficult to detect. CV and g1 coefficients might be more appropriate than G to study
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weight distributions. G failed to detect any rempo:al variability of G. sesquipedale weight
inequality (Table 4.2).

4.4.3 Ailometric relationships

G. sesquipedale frond weight-length relationships were highly variable ihrough timz
(Fig. 4.2), supporting Weiner and Thomas' (1992) suggestion that size is not a unified
concept in those plant species showing great plasticity in growth form. Inferences from
one size metric to another in G. sesquipedale are not accurate, unless the time variability of
the relationship is considered. Plant allometric changes can be explained in terms of int2a-
specific competition and size-dependent growth after the onset of competition (White,
1981; Weller, 1987; Weiner and Thomas, 1992). Yet, in natural populations of G,
sesquipedale, physical disturbances are likely to play a fundamental role on allometry
variability. The loss of branches due to commercial harvest and storms, reduces the slope
of the weight-length relationship to a low in winter (Fig. 4.2). During spring and summer
the opposite pattern was observed, probably due to the production and growth of lateral
branches (Fig. 4.2). The peaks of first-order coefficients observed in September 1989,
January 1990 and April 1990, followed periods when high frond breakage (Chapter 1)
reduced the slope values to low levels (Fig. 4.2). This may be explained by an incrcase in
frond weight without elongation, due to the concentration of storage substances in broken
fronds to induce regeneration. The lowest elongation rates of fronds immediately after
breakage ccmpared with intact fronds support this hypothesis (Chapter I1I).

The storage of photosynthates for later growth is common in seaweeds. This process
may increase substantially the weight of individuals, particularly in kelp species of the
genus Laminaria where laminarin may account for 36% of the total dry matter (review in
Mann, 1973). The nitrate and ammonium uptake rates of immature L. groenlandica plants

was higher than in larger plants, preparing them for growth (Harrison et al., 1986).
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Kaliaperumal and Kalimuthu (1976) observed that manitol content of Tyrbinaria decurrens

Bory increased prior to reproduction.

G, sesquipedale weight-length atlometry indicate that in spring/summer frond
branching is high, particularly for intermediaie ength fronds (4 to 14 cm, Fig. 4.3C).
Branching was evident from the increase in ‘nean frond weight fromt April to May, after a
period when weight was constant despite the increase of frond mean length (Fig. 4.1A, B).
Higher increase in weight through branching of intermediate length fronds may be due to
different growth patterns, or simply the loss of lower lateral branches in longer tronds
(Dixon, 1958; Seoane-Camba, 1969). Other explanations may lie in the fronds' past
condition. Those having lost the apical tip through breakage of the main axis may become
bushier and heavier through the development of several axes from the cut surface (Felicini
and Arrigoni, 1967; Felicini, 1970), compared with intact fronds. Aspects of Gelidium
regeneration capacity by differentiation of one or more cortical cells of the injured zone into
new apical cells has been studied (Dixon, 1958; Felicini and Arrigoni, 1967; Felicini, 1970;

Reguera et al., 1978), but subsequent morphological changes have never been addressed.

4.4.4 Density-dependent relationships

The time trajectory of G. sesquipedale inequality-mean frond weight relationship
(Fig. 4.8B) is consistent with the asymmetric competition theory (Begon, 1984; Hara,
1988), where, in crowded stands, weight inequality is predicted to increase with increased
mean plant weight until the onset of self-thinning. At this point, inequality decreases as
mortality of smaller plants progresses (Weiner and Thomas, 1986). The G. sesquipedale
population studied here never reached a distinct self-thinning situation.

Q. sesquipedale weight inequality/mean frond weight relationships increased from a
low in winter to a maximum in summer (Fig. 4.8B), suggesting a differential biomass

increase between heavier and lighter fronds during this period. A similar pattern was also
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obstrved for frond elongation rate (Chapter IIY). Differential growth may be due to
Jensity-deendent supression of smaller fronds by larger ones or by a density-independent
difference in growth patterns. Altnough G. sesquipecale axis elongates by division of one
apical ceil (Rodriguez and Santelices, 1987), the rate of elongation of subsequent cells may
be higher in larger fronds, independent of crowding. Further studies are needed to clarify
this point.

During this period, although frond mortality was higher for shorter than longer
fronds (Chapter III), its effect was not strong enough to decrease size inequality or to be
detected in the biomass-density relationship (Fig. 4.8A). The time trajectory of this
relationship did not bend along a self-thirning line, the dynamic self-thinning line of the
stand (Weller, 1990), as predicted. The decrease of both relationships from suminer to
winter (Fig. 4.8A, B) was induced by physical disturbances (commercial harvest and
storms) that caused higher mortality and breakage of larger fronds (Chapter I1I).

Thomas and Weiner (1989) noted that the ability of small, suppressed plants of the
annual, Impariens pallida Nutt., to survive was critical in determining the relationship
between mean plant weight and size inequality. They report a slope of 0.41 before the
onset of self-thinning, which is similar to the slope of 0.45, found for G. sesquipedale
(Fig 4.8B). In plant populations where self-thinning is iraportant, slopes of -0.20 and -
(.10 were reported, respectively for two conifer species (*Weiner and Thomas, 1986) and
for the arnual wild-rice Zizania aquatica (Weiner and Whigham, 1988).

The onset of natural self-thinning in G, sesquipedale populations is probably
precluded by the thinning and frond breakage caused by harvest during early summer.
Gelidium spp. generally occurs in habitats exposed to strong wave surge (Santelices,
1988), hence they likely rarely reach a self-thinning situation. Following summer

production peaks, large biomass losses occur during fall/winter storms, which are
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harvested along the shores in different parts of the world, and constitute the basis of
important agar indusiries (Michanek, 1975; Santelices, 1988; Appendix 1).

A general trend towards increasing weight inequality with ircreased mear plant
weight through time has been observed in greenhouse studies (see review by Weiner and
Thomas, 1986) and in natura! land plant stands (Schmitt et al., 1987; Thomas and Weiner,
1989). In seaweeds, there are insufficient data to determine whether density-dependent
thinning is common. Possibly, the only published work analyzing this relationship is
Martinez and Santelices (1992), who found no significant relationship between G and mean
frond weight in a Chilean population of the red alga Iridaea laminarioides. The authors
suggest this might be common in seaweed species, resulting from a lack of self-thinning,
as Pitelka (1984) reported for physiologically integrated clonal ramets. Martinez and
Santelices (1992) studied this relationship at only one p~int in time, it is thus not possible
to understand the time trajectory of the relationship. Ang and De Wreede (1993) observed
a general increase in size inequality in the development of seeded blocks and cleared plots
of Fucus distichus (L.) Powell from winter to spring, probably due to a greater mortality of
smaller plants (Ang and De Wreede, 1993). This trend became less distinct in summer due
to increased mortality of larger plants.

In seaweeds, the more appropriate competition model might be the one-sided, as
opposed to two-sided model, in which resou:rce depletion will have an effect proportional
to the size of the plant (see review of plant competition models in Weiner and Thomas,
1986). The one-sided competition model predicts that small plants will be more suppressed
than bigger ones when resources are not evenly distributed, i. e. when larger plants can
have more resources thun the smaller ones, because of size. This is the generally accepted
model in higher plants when competition is for light, but wher it is for nutrients, the two
sided model may be more appropriate. In subtidal seaweeds, not only is light more readily

available for larger plants, but so are nutrients due to the fluid mechanics of this



environment. Under the canopy, water movement is reduced and the boundary layers of
small fronds can be more easily nutrient dzpleted (Koeh!. 1986; Denny, 1988). Larger
plants are more exposed to boti light and water movement, 2t least in the upper partg of the
thallus. This is particularly important in species such as Gelidiura spp were growth 1§

apical.

This work shows the importa.ace of disturbances, both natural (stochasticly occuring
storms) and human (predictable harvest) on the regulation of G. sesquipedale popula: on
dynamics. The following conceptual model of the species population dynamics is
suggested (Fig. 4.9). Both the relationships, biomass-density and inequality-mean frond
weight, decrease from suinmer to winter (Fig. 4.9) due to physical disturbances.
Disturbances cause high large frond mortality and breakage during summer and fall
(Chapter IIT), keeping intra-specifi~ competition at low levels. During such periods,
smaller frond elongation rate is high and their mortality is low (Chapter III). The
recruitment peak of vegetatively developed fronds follows these disturbances (Fig. 4.7),
and is probably induced by biomass loss. During spring and earlv summer, the opposite
pattern was observed (Fig. 4.9) due to faster growth and lower mortality of larger fronds
(Chapter IIT). The G. sesquipedale stand studied never reached the level where extensive
self-thinning caused the time trajectory of these relationships to bend in opposite directions
(Fig. 4.9), as Weiner and Thomas (1986) and Weller (1987, 1990) reported for higher
plants. The dy namic-thinning line (Weller, 1990) of this G. sesquipedale stand may be
well ..vove the interspecific sclf-thinning line (Yoda et al., 1963; Weller, 1987). To asscss
if density-dependent self-thinning occurs in natural stands of G. sesquipedale or other
subtidal clonal algae, similar studies should be done in non-harvested populations or in

years when wave surge is less extreme.



Table 4.1. Significance tests for allometric relationships between Gelidium sesquipedale

log frond weight and frond length.

Date N 12 Sign P % Change in r2
4-Jul-1989 462 0.73 0.568 0.00
2-Aug-1989 706 0.75 - 0.001 0.00
6-Sep-1989 494 0.76 0.206 0.00
4-Oct-1989 556 0.79 - 0.005 0.00
8-Jan-1990 1970 0.69 - <0.001 0.01
9-Mar-1990 1186 0.81 0.811 0.00
24-Apr-1990 1113 0.78 - <0.001 0.05

18-May-1990 357 0.82 - <0.001 0.11
16-Jun-1990 825 0.84 - <0.001 0.07
10-Jul-1990 865 0.80 - <0.001 0.04
29-Aug-1990 789 0.84 - <0.001 0.05
25-Sep-1990 910 0.80 - <0.001 0.06

N: n? of observations; r2: adjusted coefficient of determination of best fitted
model (simple or second order); Sign: sign of significant second-order term;
P*: significance of second order term in regression; % Change in r2: Fraction
of sample variation that is explained by second-order term = 1-(r2 linear/r2

2nd-order)



Table 4.2. ANOVA summary statistics for time variance of Gelidium sgsquipedale
weight and length distribution inequality. G = Gini coefficient, CV = coefficient of

veriation, g1 = skewness coefficient.

| YR

Coefficient Sum of Squares F Probability
between within
groups groups
(df=10) (df=44)

G' (weight) 0.034 0.097 1.532 0.160
log CV (weight) 0.491 1.074 2.014 0.035
log g1 (weight) 1.454 3.074 2.081 0.047

G (length) 0.075 0.025 13.409 0.000
log CV (length) 0.745 0.283 11.562 0.000

g1 (Iength) 3.219 3.405 4.159 0.000
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relationships during summer, 1990. For clarity, only May 1990 (A) and September 1990

(B) months are presented. Line graph shows second-order polynomial regression curves

without plotting data points (C).
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Fig. 4.4. Annual variation of Gelidium sesquipedale weight structures (bar graphs)

and weight distribution inequalities (line graphs), measured by (A) the Gini coefficient (G),

(B) the coefficient of variation (CV) and (C) the skewness coefficient (g1). Vertical bars of

inequality graphs indicate one standard deviation from the mean (n=5). May sample (n=2)

was not included in statistical analysis.
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low in winter.



CHAPTER V
PLUCKING OR CUTTING GELIDIUM SESQUIPEDALE? A DEMOGRAPHIC

SIMULATION OF HARVEST IMPACT USING A POPULATION PROJECTION

MATRIX MODEL.

S.1 Introduction

The subtidal agarophyte Gelidium sesquipedale has been commercially harvested
clong the coasts of Spain, Portugal and Morocco mainly by two methods; gathering storm
tossed fronds, and by directly hand-plucking fronds (Palminha, 1971; De Cracne, 1971,
Juanes & Borja, 1991). In Spain, most of the harvest yield is storm tossed. This
technique has no direct impact on the population dynamics, but is very inefficient. Only [8
t0 35% of the cast off is recovered (Borja 1987). Other disadvantage of this method is the
low and unpredictable quality of the harvest. G. sesquipedale is mixed with sand and
other seaweed species, which greatly reduces the agar yield of the harvest (Appendix 1).

Haud-plucking by divers has been the main source of raw material in Portugal since
the 1960's. Overharvesting of some beds has been observed (Chapter I). Since 1990,
mechanical devices are being used to harvest the seaweed from boats along Spain's
Asturias and Cantabria coasts (Appendix 1). The machines apparently leave a 4 cm to 8 cm
stump and do not decrease frond density (Gorostiaga, pers. comm.). The relative impact
of the two direct harvest methods on the recovery of populations is controversial, as
evidenced in a recent meeting on Gelidium, among harvesters, managers, scientists and
representatives from industry (Juanes et al., 1991).

Experiments on recovery of G. sesquipedale after plucking or cutting have yielded
inconclusive results. Questions essential to choosing the best harvest strategy have not
been adequately addressed. Seoane-Camba (1966) reported that the average annual growth

of fronds in Vigo, Spain, cut to 1.5 to 3.2 cm was similar to the fronds tagged after
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experimental plucking. Yet, he gives no informaiion on the size of the later fronds, on the
effect of frond size on growth, or on the population structures prior to and after the
experiments. Gorostiaga (1990), studying G. sesquipedale on the Basque coast of Spain,
tested two levels of each harvest strategy, measuring the biomass and population structure
of the harvest after one, two and three years. He concluded that moderaic cutting (8 cm)
every two years was the harvest strategy that would maximize the harvest yield, but his
expenimental design was weak. The treaiment effects were confounded by the annual
biomass variation, which was not controlled, no replicates were used, and the experimental
blocks were not randomly distributed.

In this study I attempt to discern which harvest strategy, plucking or cutting, will
result in a better recovery of G. sesquipedale porulations to the next harvest season. A
size-based matrix model is constructed (Caswell, 1989; Ang and De Wreede, 1990; f\berg,
1992). It contains the empirically derived vital rates of a G. sesquipedale population
commercially exploited by hand-plucking (Chapter V). The cutting vital rates of the
population were derived from these data. The magnitude of the population's recovery to
the next harvest season is determined comparing predicted population structures. This
approach allows the rapid assessment of the intrinsic mechanisms regulating the population

recovery, rather than the longer time required by an empirical study.

3.2 Methods

The study was conducted in the south edge of an important G. sesquipedale
commercial bed off Cape Espichel, Sesimbra, Portugal, where the species is most abundant
(Chapter IT). Two inclined surfaces of high G. sesquipedale cover (8 m to 12m depth) that
are characteristic of this zone, were sampled monthly from September 1989 to September
1990, except in the months of November, I - . mber and February, when sea conditions

did not permit diving.
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As the species habit (Dixon, 1958 and Fan, 1961) makes difficult the identification of
physiologically separated individuals (the genets sensi: Harper 1977), the population
demography was studied at thc frond level (erect axis), independently of their origin.
Moreover, it is difficult to distinguish plants of the different life cycle phases as the
tetrasporophytes and gametophytes are isomorphic. A size-based matrix model was
developed, rather than an age-based one, because the harvest effort is selective for size
rather than age. Furthermore, there is strong support for a stage-based rather than age-
based classification in plans, because size is often a better predictor of population vital
rates (Caswell, 1989).

Frond mortality, growth and breakage were quantified by monitoring the number
and length of 300 tagged (Sharp and Tremblay, 1985) fronds haphazardly selected through
the study site, and covering the size spectrum of the species. Fronds with less than 4 cm
could not be tagged. Lost fronds were continuously replaced to maintain a statistically
sound number of cases. The population was also sampled over the same period, by
scraping five 40 cm quadrats. Total recruitme.:t (both from vegetative growth and from
spore germination) was evaluated by combining data on growth, mortality, breakage and
density variation of the first size class through time. Density increase of the first size class
from one sample to another, after discounting all possible transitions due to mortality,
growth to higher classes and frond breakage to the first size class, was interpreted as
recruitment. In terms of the model, recruitment is the number of new fronds per old frond
in size class x that will survive to the next time step and enter size class y. The details of
demographic data are presented in Chapter 1.

Six size classes were selected following Moloney's (1986) algorithm: 1)4to 10 cm,
I 11to 12 cm, III) 13 to 14 cm, IV) 15t0 22 ¢cm, V) 23 to 25 cm and VI) > 25 cm.
Transition probabilities among these size classes were calculated and nine matrices covering

one year, were constructed. A periodic matrix product of these matrices was calculated



108

(Caswell, 1989). In the monthly matrices it was assumed that a frond will not grow more
than 6 cm in one time step (cf. Chapter 1IT), and therefore recruits will only enter the first
size class (4 to 10 cm). In the case of the annual product matrix, recruits may enter other
size classes than the first one.

High frond mortalities were observed during harvest season (July /August and
August/September), and interpreted as commercial harvest of tagged fronds. The harvest
season survivorship reflects both natural and harvest mortality. Therefore, the periodic
matrix product describes the population annual dynamics under harvest by plucking. To
simulate the cutting strategy, the two population projection matrices corresponding to the
harvest season were replaced by hypothetical values derived as follows, and the

corresponding product matrix was calculated for the cutting situation.

3.2.1 Transition probabilities to higher size classes.

The transition probabilities from the size class j to the size class i in the plucking
case, Pp(i,]), can be expressed as:

Pp(iij) = (1-M()) * GGi,j)  forivj (1)
where M(j) is the total mortality (natural plus harvest) of class j and G(i,j) is the
probability of growing to the next size class in the time step of one month.

Similarly in the cutting matrix M(j) is the total mortality, but here it is assumed there
are no plucked fronds and thus M(j) is equal to the natural mortality, Mp(j). In fact, the
percentage of plucked plants by the Spanish mechanical devices is less than 2%,
(Gorostiaga, pers. comm.). Because estimates of size class-specific natural mortality for
the harvest season are unavailable (tagged fronds were exposed to the harvest), I have
assumed it to be equal to the mortalities observed immediately before the harvest (June/July
1990). This may be a reasonable assumption as environmental conditions are similar to

those of the hurvest season.
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The transition probability to a higher size class in the cutting case, P(1,j), can then
be derived as follows:
P(i,j) = (I-Mn()) * G(i,j)
from (1) G(iy) = Pp(1,j) / (1-M(5))
P(i,j) = (1 - Mn()) * [Pp(i,j) / (1 - M(j))]

5.2.2 Transition probabilities to smaller size classes.

Assuming the harvest occurs at the beginning of each time period, the transition
probabilities from size class j to size class i can be expressed as:

P(,j) = Brj) + BaGi) * (1-BuGij))  fori<

where Bn(1,j) is breakage caused by the harvest and By(i,j) is natural breakage,
which will only act on fronds not broken by the harvest (1 - Bp(i,j)}.

Values of By(i,j) for cutting will depend on the mechanical devicc used. The cutters
of Asturias and Cantabria, Spain, are height regulated at class 1 fronds. The transition
probabilities of any class j to class 1 can thus be expressed by:

P(1,j) =He(j) + Bp(1,j) * (1 - He(j)) forj>1

where He(j) is the harvest efficiency, i. e., the harvest percentage of the harvestable
population. For purposes of comparison between the two harvest strategies, the same
harvest efficiency value was considered. This variable was estimated as:

He(j) = Mp(j) / Mpmax(j)

where Mp(j) is the plucking mortality that actually occured in the two time periods
(July/August and August/September) and Mpmax(j) is the maximum plucking mortality of
each size class. The maximum plucking mortality per size class was experimentally
assessed by Santos (unpublished data): it is 0.54 for class 1, 0.78 for class 11, 0.89 for

class 11T, 0.95 for class 1V, 0.99 for class V and 1.0 for class VI. The plucking mortality,
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Mp(j) is calculated as follows (assuming that the harvest occurs at the beginning of each
time period):
M() = Mp(j) + Mn() * (1 - Mp())
Mp(3) = MG) - Ma()) / (1 - Mn(3))
Assuming all cut fronds will now be in class 1, the transition probabilities of any
class j to a lower class i different than one, are equal to the natural breakage By(i,j):
P(i,j) = Bu(i,)) for 1<i<j
As in the case of natural mortality, there s no independent estimate of class specific
natural breakage during the harvest season. Thus it will be considered equal to that prior

the harvest season (June/July).

5.2.3 Probability of staying in the same size class.
Since the total mortality of a size class j is the difference from unity of the sum of all
the possible transitions from that class to another (including itself):
M@) = 1- Y PG,j)

the probability of a frond staying in the same class in the time step, can be calculated

as
P(j) =1- Y PG, -M(j) andi#j
since it was assumed that cutting harvest does not pluck the plants, M(j) = Mp(j), and

thus:

PG,j) = 1- 3, PLi,j) - Ma(j)

2.3 Results and Discussion
Table 5.1 shows the annual product matrices used to project the G. sesquipedale
population under different harvest strategies. The projection matrix A is the observed

plucking situation, and it describes the annual dynamics of the population. Matrix cell
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values represent both the survivorship and recruitment contributions. The transition
probabilities among size classes without considering recruitment are shown inside
parenthesis. Values in the diagonal represent the probabilities of a frond surviving and
staying in the same size class, the values above it represent the pro* +bilities of surviving
and breaking to a lower class and the values below it represent the probabilities of
surviving and growing to a higher class. Annual survivorships are very low compared to
values of the projection matrix including recruitment, showing the important eftect of
recruitment on the population dynamics. The total survivorship of size classes decreases
with size; in the plucking case, a first size class frond (¢ to 10 cm) has about seven times
more chances of surviving one year (p=0.078) than a sixth size class frond (>25 cm,
p=0.011).

The principal eigenvalue of matrix A (Table 5.1) is the asymptotic population growth
rate, A (Caswell, 1989). Its value is lower than unity (A=0.85), indicating that if the vital
rates remain constant, the population will decrease to extinction. In fact, the population did
not recover in 1990 to the maximum pre-harvest levels of summer 1989 (Chapter 1V) due
to the unusually adverse sea conditions during late fall/early winter (Chapter III).

The hypothetical cutting situation where recruitment is assumed to be the same as in A
(matrix B of Table 5.1) shows a much higher population growth rate (A=1.35) than the
plucking case (A=0.85). This suggests a population harvested by cutting will recover
much faster. However, the recruitment values of matrix B may be overestimated. Harvest
by cutting does not cause frond mortality, hence recruitment may be low due to space
constraints for the growth of new erect fronds from the prostrate axes.

Another estimate of recruitment in the cutting situation should reflect spring/summer
environmental conditions. Both recruitment probabilities estimated prior to the harvest
season, from May to June (0.19) and June to July (C.35), seem adequate (Fig. 5.1). Even

selecting the lower of these values, the cutting simulation (matrix C of Table 5.1) indicates
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that this strat=gy will result in a higher population growth rate (A=1.08) than the plucking
strategy (A-=0.85).

Table 5.2 shows the September 1989 population structure, and the observed vs
projected population structures after 12 months. At this point, the alternative strategy of
harvest by cutting (both B and C recruitment rates) was also simulated. The population
structures prior to the start of the next harvest season, resulting from 10 more months of
projection, are also presented. In this second simulation period it is assumed that the vital
rates are the same as those of the previous one.

Although the objective of this model is not to predict the absolute densities of G.
sesquipedale size classes, because of its density independence (see Caswell, 1989), its
accuracy in describing the annual dynamics of this population was assessed by comparing
the observed and projected size class structures after 12 months of simulation (Sep/90,
Table 5.2). Projected structures underestimate size classes I to ITI, and overestimate size
classes IV to VI. Neverthless, the model predicts a marked decrease of G. sesquipedale
standing stock, suggested both by the value of population growth rate (A<1) and by the
decrease of projected frond numbers, particularly of higher classes, after 12 months
(Sep/90, Table 5.2), and after 22 months (July /91-Plucking vector, Table 5.2). This
projection is validated both by the population structure observed in Sep/90 (Table 5.2), and
by the low harvest landings in 1990 and 1991 compared with 1989, respectively 817 t, 231
tand 1683 t (J. Oliveira pers. comm.).

The population structures projected to July/91 suggest the population will recover
better after cutting than after plucking. Both cutting B and C population vectors show that
higher densities of all size classes would be available to the harvest than in the plucking

case (Table 5.2).
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4 nel

A general conclusion of this work is that the G. sesquipedale population studied

would recover faster if the fronds were harvested by cutting to a length of about 7 cm (the
middle of the first size class) rather than it actually does after being harvested by plucking.
For all size classes, the number of fronds available in the next harvest season would be
higher, and therefore better yields could be obtained. This supports the conclusions of the
experimental study done by Gorostiaga (1990) on the Basque Coast, Spain. The model
developed here, can also be used to estimate the optimum time to start G. sesquipedale
harvest season, and the optimum length to which the fronds should be cut in order to
maximize a sustainable harvest yield.

Based on the model assumptions, the development and use of mechanical harvesters
may increase G. sesquipedale yields. Nevertheless, to decide if the harvest by plucking
currently practiced in Portugal, should be replaced by a cutting strategy, other factors must
be considered. A cost analysis of the investment (in time and money) necessary to harvest
the same yield should be done for both methods. Social and economic factors should also
be considered. Studies on the harvest efficiency of both methods and its impact on G.
sesquipedale populations are needed. In this study, the harvest efficiency of plucking and
cutting was simply assumed to be the same, but they are likely to be different. Also,
different cutting devices have different harvest efficiencies. For example, the cutting of the
fronds by divers using shears does not seem an alternative to cutting machines as it is most
likely very inefficient in time.

It is my belief that the approach taken in this study should be further developed.
Much work has to be done, as data on the population biology of G, sesquipedale are very
poor. Longer time series of the species vital rates must be collected, so that the time
variance of population parameters can be assessed. The relationship of these parameters,

particularly the recruitment rates, to stand density must also be understood for purposes of
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prediction. In order to generalize the conclusions of these studies models must be

calibrated for different geographical areas.



Table 5.1. Projection matrices used in the simulation of harvest strategies. A.

Annual vital rates of plucking case. Values inside parenthesis are the transition

probabilities of survivors among size classes (without recruitment). B. Annual vital ratcs

of cutting case (recruitment assumed to be the same as previous matrix). C. Cutting matnx

considering June/July recruitment (see text). A values are the asymptotic population

growth rates. n (t) is the population structure vector.

(0198) 7119
(0093) 0929
(0049) 0340
(0043) 0198
(0006) 0023
(0000) 0001

A =0.8485

12227
00946
00486
00223
00039
00003

11129
00856
00442
00218
00042
00003

A =1.353

09262
01152
00516
00223
00039
00003

08426
01043
00469
00218
00042
00003

A=10773

(0163) 6621
(0086) 0839
(0054) 0315
(0061) 0199
(0010) 0025
(0001) 0002

07852
00599
00310
00166
00036
00003

05943
00731
00328
00166
00036
00003

(0089) 4636
(0051) 0582
(0037) 0222
(0058) 0156
(0013) 0024
(0003) 0004

06140 05647
00462 00423
00236 00215
00143 00133
00038 00038
00004 00004

04644 04271

00565 00518

00251 00229

00143 00133

00038 (0038

00004 00004

(0040) 3578
(0025) 0439
(0024) 0167
(0061) 0138
(0020) 0028
(0008) 0CO8

04971
00369
00185
00115
00041
0 0004

03760
0 0452
00197
00115
00041
00004

(0029) 3277
(0019) 0400
(0020) 0152
(0057) 0128
{0021) 0028
(0010) 0010

n(t) =

(0014) 2857
(0010) 0343
(0012) 0128
(0045) 0107
(0016) 0029
(0016) 0017

Size Claws 1
2

N oW
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Table 5.2. Column vectors of population structures (fronds per m2) before and after
12 and 22 months of simulation. Projected population structures of September 90 and
July/91-Plucking were derived from matrix A. Cutting B and Cutting C were derived from

matrices B and C (Table 5.1).

Population Structures

Sep/89 Sep/90 July/91

Initial Observed Projected Plucking Cutting B Cutting C

-

5268 [6193 5313 ] 4906 ] 7849 [ 6241
1130 1004 672 686 1097 872
697 348 248 377 600 479
1038 110 152 209 329 266

32 0 20 12 17 15
16 0 2 1 2 2
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—®— Recruitment probability

1.0 7
0.8 1
0.6

Fig. 5.1. Time variation of frond recruitment (per old frond) to size class 1 (4 to 10

cm fronds).
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APPENDIX 1
GELIDIUM SESOUIPEDALE INDUSTRY AND RESOURCE MANAGEMENT IN THE

NORTHEAST ATLANTIC?.

Santos, R 1M Gorostiagaz, R. Armisén3, J. M. Salinas? and J. C. Oliveirad.

1. LNETI, Dpt Estudos de Impacte Industrial, Estrada do Pago do Lumiar, 1699 Lisboa Codex,
Portugal. Present Address: Halifax Fisheries Research Laboratory, P.O. Box 550, Halifax, Nova Scotia,
B31 287, Canada, Fax: (902) 426 3479, E-Mail: RSANTOS@AC.DAL.CA. 2. Univ. Pais Vasco, Fac.
Ciencias, Dpt de Biologia Vegetal y Ecologia, Apt 644, 48080 Bilbao, Spain. 3. Hispanagar S/A Apt
392, 09080 Burgos, Spain. 4. Instituto Espafiol de Oceanografia, Dep. Cultivo de Algas, Apt 240, 39080

Santander, Spain. S. INIP, Dep. Recursos Halieuticos, Av. Brasilia, 1400 Lisboa, Portugal.

Al.1 Introduction

Gelidium sesquipedale is an economically important subtidal agarophyte of the

Northeast Atlantic. Commercial quantities are harvested along the Atlantic coasts of Spain,
Portugal and Morocco. Spain has both the largest world crop of G. sesquipedale, with
annual yields of 4 000 to 5 500 t of dry seaweed (Santelices, 1988), and the largest annual
agar production, at 890 t (Armisen and Galatas, 1987). The landings may be overestimated

due to impurities, as the crop is largely from storm tossed. Morocco ranks fourth in agar

4 Paper presented at XIVth International Seaweed Symposium, Mini-Symposium L.

Management of seaweed resources.
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production at 550 t (Armisen and Galatas, 1987). Santelices (1988) reports harvest yields
frcm 1000 to 1500 t for Morocco, but are mo:e likely to range between 3000 t to 3500 t (T.
Lebbar, per. comm.1). Portugal ranks fifth in annual agar production with 350 t, extracted
from a harvest of about 2500 t (Santos and Duarte, 1991), In France, 350 t to 500 t are
harvested with an agar production of 80 t (Mabeau, 1989).

This work briefly describes the various sectors of the agar industry in those
countries, with a focus on the resource science and resource management. We conclude
that the industry is in critical situation and point out the limiting factors to obtaining optimal

yield from the wild harvest.

Devel nt of

Storm cast seaweed was harvested for fertilizer along the coasts of Portugal (Santos
and Duarte, 1991 and Spain for centuries, but it was not until the 1940's that the marine
colloid industry was iniciated, due to an European shortage of Japanese agar during World
War II. Initially, farmers harvested the storm tossed fronds of G, sesquipedale or plucked
the fronds by hand at low tide. G. sesquipedale harvest spread through the Atlantic coasts
of Spain (mostly along Cantabria and Asturias shores), Portugal, and Spanish Sahara (now
under Morocco's control). The increased value of this resource promped the direct
exploitation of the species subtidal stands. Two to five divers equipped with compressed
air systems (hookah), operating from small boats, plucked fronds by hand. This harvest
technique began in 1952, 1966 and 1964 in Spain, Portugal and Morocco respectively.

The agar industry experienced rapid development. By the late 1960's early 1970,

there were twelve factories in Spain (Albertos, 1968), four in Portugal, including two in

1 T. Lebhar, SETEXAM, Morocco (agar extractor).
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the Acgores islands extracting agar from Pterocladia capillacea (Palminhz, 1971), and four in
Morocco (De Craene, 1971); agar production capacity now outstripped harvest yields.
Albertos (1968) estimated Spanish factories were working at 42% capacity. Annual agar
production capacity in Portugal was 1 620 t (Palminha, 1971), about twice peak agar
production of 806 t in 1973 (Santos and Duarte, 1991). Over-apitalization in extraction
was probably due to overestimates of resource production capacity. For example, Fonseca
(1966) estimated an annual Portuguese agarophyte harvest yield of 8 000 t (dry) (6000 t of
G. sesquipedale and 2000 t P, capillacea ), which would correspond to 1 300 t of agar. In
fact, the maximum harvest yields (dry) of both species combined never exceeded 4 500 ¢
(Santos and Duarte, 1991).

Commercial G. sesquipedale harvesting was regulated by harvest season and
licensing policy in 1956 and 1964 in Spain and Portueal respectively. Diver harvest was
regulated in Portugal in 1967. In Spain, the resource was allocated to agar companies by
the Ministry of Commerce. Personnel from the Instituto Espafiol de Oceanografia were to
provide biological advice for resource management. In 1970, an association of agar
companies was created to share the crop and to avoid competition for resources. A
percentage of raw material was assigned to each company in relation to the agar exported
the previous year. Divers were limited to an annual harvest of 3 000 t (wet) of G,
sesquipedale. The company allocated beds became common property in 1988. The hand-
plucked harvest is gradually being replaced by diver operated cutting machines, who have
received new concessions. Conflicts have since arisen fron. storm toss harvesters fearing
reduced cast offs.

In Morocco, G. sesquipedale has been harvested by hand-plucking at low tide or by
collecting storm cast plants since 1957. In the past, up to 3 000 harvesters gathered
seaweed. More recently, the Ministry of Fisheries granted harvest companies diver

exploitation rights. These companies own several boats carrying up to twelve divers.
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1 rce M 1
The Northwest Atlantic G. sesquipedale resource is managed by controling harvest
zones, harvest season and harvest effort. 1 Spain, the fisheries department of each
autonomous region, Pais Vasco, Cantabria, Asturias and Galicia have the resource
management mandate while in Portugal and Morocco this responsibility lies with the
Ministeries of the Sea and of Fisheries, respectively. New legislation is being proposed in
Portugal to give the fisheries research institute, "Instituto Nacional de Investigagio das

Pescas", a more active role in fisheries management.

Al.3.1 Harvest zones and season

Along the Spanish Atlantic coast the four harvest zones correspond to each
autonomous regions' boundaries (Fig. A.1); Portugal has six harvest zones, defined by
legislation in 1967 and modified in 1977 and 1981. Harvest zones are not used in
Morocco. The most heavily harvested beds of Spain, Portugal and Morocco are also
shown in Figure A.1.

The hand-plucking season starts in July in all countries. Precise dates may be
established locally each year, depending on factors such as weather, standing stock and
occasionally social factors. Although the plucking season legally extends to year's end, the
season's end is usually dictated by weather. The fall deterioration of sea conditions
restricts the diver harvest. Storm tossed plants can be gathered year round, but only during
fall and early winter is there enough G, sesquipedale drift to permit gathering. Several
tools such as modified nets and rakes, are used in Spain to collect near shore drift weed.
Seaweeds accumulated on the bottom are collected from boats by net dragging or by divers
using suction devices (see descripticn of harvest methods in Palminha, 1971 and Juanes

and Borja, 1991).
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A1.3.2 Harvest effort and yields

Storm toss harvesters numbers are not limited, but frond cropping effort is limited by
the number of licenced boat and divers per boat. To manage harvest impact on the
resource, catch rates are determined per zone. Unfortunately, plucked and storm toss data
are lumped in Spain and Morocco.

To provide diver harvest data each boat must log the sites harvested each day, the
number of divers, the diving hours and yields. This information, although only recently
collected in Spain and Portugal, is incomplete, unpublished, and thus not easily accessible.
Yield data have been collected in each Portuguese harvest zone by official concentrators
who receive and weight the harvester's crop.

Spanish diver harvest yield is a small percentage of the total harvest. Currently, 90%
of the annual harvest yield is storm toss gathered. Seaweed transport to factories is done
under permit from local authorities who then log the shipment's weight. Unfortunately,
seaweeds are often transported without permit.

During 1966 to 1978, about 50 boats were used to harvest G. sesquipedale in Spain,
but unfortunately landings data are unavailable (Fig. A.2 A). At present, only 10 boats in
Asturias, 3 in Cantabria and 2 in Pais Vasco are operating. Spanish landings of recent
years have been high, but unstable (Fig. A.2 A). This production instability together with
the low quality of storm toss material due to debris (sand and other seaweeds), poses
serious problems to the industry, which requires a steady input of high quality raw
material.

In Spain the diver harvest was never very important and thus there has been little risk
of overexploitation, The recently introduced cutting machines in Spain, will change this

unless well managed. Yields of 2000 kg(wet)/day/diver (2800 kg maximum) have been
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obtained in Cantabria by Algatecsa company, whereas a yield of 900-1000 kg/day/diver
was obtained by a harvester cooperative in Gijén, Asturias.

Portuguese landings peaked during the late 1960's early 1970's, decreased
throughout the 1970's and recovered during the 80's (Fig. A.2); the recent trend is
downward. Before diver harvest started in 1966, there was up to 10,000 G, sesquipedale
shore collectors . Hereafter, the number of harvesters decreased drastically. Harvest by
divers takes place in Zones I1I to VI only, as zone I and I (Fig. A.1) de not have harbours
and sea conditions are poor.

Annual yields are not available for Morocco. Currently, G. sesquipedale is harvested
intensively by divers mainly in the zones of Cap d'El Jadida, Sidi Bouzid and Moulay
Atdellah. The first area (Fig. A.1) is 20 km long and supplies about 75% of total annual
yield.

An essential parameter to manage G. sesquipedale populations is the rigorous control
of the catch and of the harvest effort in each commercial bed. Statistical indicators of
resource abundance such as CPUE (catch per unit of effort) and sustainable yields can then
be derived for each bed (Ricker, 1975; Getz and Haight, 1989). But attaining good effort
data is difficult. Boat number alone is not a good measure. The number of days of good
weather varies from year to year and amongst harvest zones. In Spain and Portugal, it
ranges between 13 and 50, the number of divers per boat varies between 2 and 5, as does
the number of dive hours spent harvesting (up to 8 h/day).

The best indicator of harvest effort is the total number of dive hours per bed, easily
calculated from logbooks, but unfortunately not readily available. Oliveira (unpublished
data), since 1986 has calculated annual harvest effort as the product of diver number and
days harvested (men x days) for each Portuguese harvest zone. TACs (total allowable

catch) were derived to limit the harvest.
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A1.3.3 Agar extractors

There is one French factory exctracting agar from G. sesquipedale, five in Spain, one
in Portugal, and two in Morocco. The agar industry peaked in the early 1970's,
coincidental with the harvest peak. Since then, seven factories in Spain, three in Portugal
and two in Morocco have closed.

Dried seaweeds can be stored for a long period of time. Before selling, the crop is
sundried to a maximum of 20% humidity. In Spain, a company was recently created to
machine dry the crop. Wet seaweed is bought and immediately processed in certain
Spanish and Portuguese locations.

Dried seaweed price is generally dictated by the purity of the crop. Storm tossed
seaweed value may be less than 20% of the diver harvested crop. One kilogram of dry, top
quality Spanish G, sesquipedale ranged between US $1.7 and $2.7 between 1988 and
1991. In Portugal, price paid to harvesters is about $1.4 while in Morocco it recently
increased from $0.6 (price in 1988/89) to $1.2. The storm tossed Spanish prices recently
dropped to a value of $0.5. This reflects both poor crop quality and industrial difficulties.

Spanish agar production was maintained at the high levels of the early 1970's by
importing G. sesquipedale from Morocco and France. Portugusse production decreased
(Fig. A.2B). Commercial agar yield obtained per dry kilogram varies between 8% and
25%, depending on the extraction process and raw material quality.

Most agar produced in Spain, Portugal and Morocco is exported. Three grades are
produced: unpurified food grade ($10 to $15 per kg), and purified pharmacological and
bacteriological grades ($25 to $40 per kg). Highly priced agarose (up to $300 to $1500 per
kg) is also produced (see Armisén and Galatas, 1987 and Armisén, 1991). Bacteriological
grade agar and agarose are processed in Spain only. The 1983 income for Spanish agar
exports was about $14 million; in Morocco in 1985 it was $10 million. The annual export

value from Portugal, from 1985 to 1988, was $5 million .



1.4 Scientifi men

The main thrust of G. sesquipedale researchers has been both to map the main beds
and to evaluate standing stocks. Table A.1 shows assessments made along Spanish and
Portuguese coasts. There are no data for Morocco. Standing stocks are difficult to
compare because errors of estimates are not available. Estimates are generally based on
systematic sampling rather than on random sampling. The total Spanish standing stock is
about 9 times that of Portugal.

In contrast with standing stock estimates, which alone are not very useful for
resource management, much less effort has been directed to the study of the biology and
ecology of G. sesquipedale. Data on the demographic parameters that regulate the species
population dynamics, such as growth, breakage, mortality and recruitment are scarce.
Until recently, few data were available on frond growth and production (Seoane-Camba,
1965, 1966; Oliveira, 1989; Anad6n and Ferndndez, 1986). Consequently, population
structure changes representing dynamic interactions among demographic parameters cannot
be adequately interpreted. This problem emerges from the work of Salinas ¢t al. (1976)
and Reguera et al, (1978) who studied frond height structure of five populations located off
the coast of Cantabria, Spain.

Currently, more aspects of the specie's biology and ecology are being assessed
(Juanes et al., 1991). G. sesquipedale population biology off the coast of Pais Vasco,
Spain was investigated by Gorostiaga, 1990). Torres gt al. (1991) presented the first
ecophysiological study of G, sesquipedale, on the effects of temperature and light on
pigment concentration, C/N ratio and cell-wall polysaccharides. Salinas (1991) studied the
reattachment of fronds by emission of rhizoidal clusters from apical portions of thalli,
showing its importance to the natural recovery of populations and its potential use to

cultivate the species. Santos (Chapters II, III, IV) studied the strenght of the relationship
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between G. sesquipedale local distribution and biotic and abiotic factors, the species vital
rates and its population dynamics, in a commercial bed off Cape Espichel, Portugal.
Studies applied to the specific problem of testing different harvest strategies such as
hand-plucking vs shear-cutting were done by Seoane-Camba (1966) and Gorostiaga
(1990). Santos (Chapter V) constructed a demographic matrix model of G. sesquipedale,
and assessed two alternative harvest strategies: hand-plucking and machine-cutting.
Simulations of the population s.cucture recovery after both methods, assuming the same
harvest efficiency, support the conclusions of previous workers that G. sesquipedale

populations may recover better following cutting than plucking.

Al.,5 Conclusions and recommendations

In summary, during and after the World War II the high demand of the international
agar market together with the discovery of abundant G. sesquipedale stands along the
Atlantic coasts of Spain, Portugal and Morocco, provided the necessary favorable
conditions for the industry to establish. About twenty factories in total were operating in
the early 1970's in Spain, Portugal and Morocco. Demand for raw material outgrew
resource availability during the 1980's. High prices paid for raw material outstripped agar
values, thus extractor profits decreased and less competitive factories closed. G.
sesquipedale inflated price caused less expensive Gracilaria to be used. Also, traditional
uses of agar were partially replaced with lower priced carrageenans. The last decade
brought a steady decline in the G. sesquipedale industry; the number of factories is now
only nine. The recent political instability of Russia and eastern Europe caused markets to
decline by 500 t of agar and may force a reassessment of the industry.

The future of the agar indastry will depend first on industrial technical renovation to

produce high quality agar products efficiently, and to expand markets. The annual world
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demand of bacteriological grade agar is about 250 t and of agarose is about 15 t. Secondly,
there must be a sustainable annual yield of high quality raw material.

A major problem of the storm toss harvest and thus of the seaweed supply to the
Spanish factories is its low quality; price should be scaled to reflect quality. This harvest
method has the advantage of not adversely impacting the attached populations; the
disadvantage is its inefficiency as only 18% to 35% of the cast is recovered (Borja, 1987).
The alternative method of cropping fronds prior to cast is more efficient, but overharvesting
is then a concern. To assess the sustainability of harvest, the commercial beds must be
monitored by rigorously controling both captures and harvest effort. Logbook regulations
should be enforced. This information must also be analyzed and published yearly, so that
it will be readily available.

In the last few years, the pressure of storm toss harvesters on the resource managers,
have discouraged the concession of new licences to harvest G. sesquipedale with cutting
machines in Spain. Apart from social factors, there is some indication that this method may
be more adequate to harvest the resource than hand-plucking. In fact, Santos (in press b)
show that it may improve yields, assuming the sarie harvest efficiency for both methods.
If the cutting method is going to be used extensively, it is most important to the
sustainability of G. sesquipedale stocks that studies will be conducted on its harvest impact
on the populations and on their recovery to harvest.

The recovery of the populations to the next harvest season depends both on the rate of
exploitation and on the environmentzl conditions of the transition period, which determine
the rates of frond mortality, growth, breakage and recruitment. More studies should thus
be initiated on the biology and on ecology of the species, particularly on the relationships of
the environmental factors with the demographic parameters and prcductivity. Also, the
harvest season opening should be manipulated to maximize yields. Matrix population

randels, such as Santos (in press b) developed, are a powerful tool to determine the best
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harvest timing by predicting the development of the population structure. Finally, a wider
communication and interdisciplinary work between the scientific community, the managers,
and the industrials would significantly improve the identification and the search for

solutions to the factors that limit harvest yields.
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Table A.1. Gelidium sesquipedale standing stocks (wet weight) in Spain and in Portugal.

Harvest
Zone

Pais Vasco

Cantabria

Asturias

Portugal 3
Portugal 5

Portugal 6

Bed

Eastern
Western
Total
Eastern
Western
Total
Eastern
Western
Total

Total Spain
S. Martinho
Sesimbra
Odeceixe
Alvor

South coast

(excluding Alvor)

Total Portugal

Standing Stock
(wet 1t)
16000

5000

21000

6290

18143

24433

7270

4650

11920

57353
3214*-2370*"
910***
550*-620*""
1350*-490***

232

6200

Author

Borja (1987,1988)

Borja (1987,1988)

Juanes & Gutiérrez (1992)

Juanes (pers. comm.)

Llera et al. (1990)

Vizcaino (pers. comm.)

J. Oliveira (unpub. data)
J. Oliveira {(unpub. data)
J. Oliveira (unpub. data)
J. Oliveira (unpub. data)

Palminha et al. (1985)

J. Oliveira (unpub. data)

Pais Vasco and Cantabria estimates refer to the whole coast line while Asturias

estimates refer only to the commercial beds. *, **, *** are values estimated in 1989, 1990

and 1991, respectively.
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MOROCCO

Atlantic Ocean

Fig. A.1. Map of Gelidium sesquipedale harvest zones and most important
commercial beds in Spain, Portugal and Morocco. Beds are numbered as: 1 - Pasajes, 2 -
Otio, 3 - Noja, 4 - Requejada, 5 - San Vicente/Llanes, 6 - Lastres, 7 - Luanco, 8 - S.
Martinho, 9 - Peniche, 10 - Sesimbra/C. Espichel, 11 - Odeceixe, 12 - Alvor, 13 - Cap

d'El Jadida. Portugucsc harvest zones are in Roman numbers.
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Fig. A.2. Annual Gelidium sesquipedale landings (A) and agar production (B) in
Spain and Portugal. Spanish landings include debris from storm toss harvest, and

Portuguese landings include a maximum of 2% of Gracilaria spp.
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