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ABSTRACT

Aspects of the brown alga Pict~'ppt;eris lQ..n..qifolia at. Palm
Beach, Natal, were investigated wi\'-;.hspecial reference to
the effect of wave expozu~e~

A description of the species is giv~n and the
nomencluture discussed. D~strib1i.ltion of n. ).or~gifolia was
det~rmimad from literature and herbarium speof.mens .

various r(\~:~thodsof measuring wave exposure were assessed
and review~~d. At'!;:.emptswere made to quantify sand
abrasion and deposition in tihe scudy si.tes.

Morphological and structural aspect;s of the cha LLus were
found to vary considerably with season and wave exposure"

Light and scanning electron microscopy studie.s indicated
the relatjvely complex cell organisation of this brown
alga.

The prolific regeneration from various thallus sections
of .Q. longifolia indicate that regenerat.ion is an
important survival strate 'JY following damage.

Sexual reproduction and tetrasporogenesis were
investigated. Sex.ual reproduction was not prolific in the
field, however, tetraspores were abundant and are
believed to be particul~rly importcmt in high wave
exposure areas.

11. _j.Q.ngi;f'clig,_experiences a range of environmental
conditions and responds to these with morphological,
structural and reproductive &daptations.
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He saw that the WfUer continually flowed and flowed and yet it was alwaysthere; it was
always the same and yet every moment it was new.
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1 INTRODUCTION

This chapter will begin with a discussion of the
charaGteristics of Dict~opteris longifolia Papenfuss (in
ed. ) f ..\ starting with distinguishing features of the
Phaeop~yta and continuing with characters of the order
Dictyo"t'Jales,the genus Dict~opt_ru;:~,.:.and fi.nally, the
species nict~opteris l.9.J1gifolia.The discussion will
include aspects of anatomy, reproduction, life history
and evolution in the brown algae.

The study of ~. lonqifolia outlined in this thesis
Lnvo lvsd investigations of the effect of various
environmental factors, in particular waVe action, on
aspects of the plants' morphology and population
characteristics. 'rhemethods of assessing wave aotif.on and
the physical effects of waves on intertidal organiSmS and
their.growth, are discussed. In addition, the
regenerative ability, anatomy, sexual reproduction and
tetrasporogenesis of D. longifolia. are ntE"ntioned.
Emphasis is placed on areas where adaptation to harsh
wave-swept environments may have occurred.

1.1 PHAEOPHYT;A

1..1.1 GenlJralCharacteristics of. the Division

The b:t"0wnalgae or Phaeoph1ta are a large group of plants
eXh:iaiting a wide range of morphological and anatomical
variation. They are found predominantly in mar~ne
environments, with a few genera existing in brackish
water and very few in fr.eshwater (only four genera
including Beribaud}.ella, Pleuroclad.ig_and Sodri-nell!!)~
f.tembersof the d:ivision are found in both hemispheres, in
tropical to Arct'Lc waters. ~(,heyforlna significant part
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of the intertidal flora. Members are repQrted to extend
frot"the Upper Littoral Zone to a depth of 270m (i11

tropi<:!alwaters). The 9'reatest diversity of both species
and :morphological typ'~s are I however, reported to occur
in the colder.water regions (Bold & Wynne, 1978),
although me:mbers of sonteorders, eg Dictyotales are most
common in warmer tropical or subcropt.ca), waters (Dawes r

1981) "

1.1.1.1 Cell Wall

The cell wall of members of the Phaeophyta is a two
layered structure consisting of an inner, microfibrillar
cellulose layer and an amorphous layer consisting of a
polysaccharide known as alginic acid, accompanied by
fucoidan. The celluJose present illthe inner layer
differs from 'thatfound in higher plants, in that it
consists of glucose and xylose, while higher plants have
only glucose. The xylose is, however, also present in
other groups of algae (Morris, 1967). The ratio of
alginic acid to fucoidan varies between different species
of brown alga, parts of an individual and environmental
conditions (Lee, 1980).

It has been suggested by Evans at a1. (1973; in Fletcher,
1937) that the amount of fucoidan present in the wall
increases with an increase in exposure to the air~
Fucoidan is a sulphated polysaccharide and its
hygroscopic nature is believed to reduce the effects of
desiccation when the seaweed is exposed to air. Alginic
acid is co:mposed of primarily mannuronic acid with
variable amounts of guluronic ac.i.d.Both of these
polysaccharides have been found in all species of brown
alga, but only the larger kelps are harvested for their
alginic acid and fucoidan content. The latter compounds
are used as stabilizers in co:mmercial products (Sca~ol at
a1.., 1982).
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The thallus may also have an external IIcu·ticle"or a
mucilagenous layer composed of pril:narilyalginic acid and
fiuoo.i.dari (Morris I 1967). Some plants have copd.ous amounts
of mucilage and feel very slimy to the touch. Mucilage is
found both intercellularly, where it is believed to -play
a role in adhesd.on of cells and filaments and
extracellularly, where i't is thought to playa role in
adhesIon of the rhizoids to the substratum, in herbivore,
defenoe and prevention of epiphyte settlement (Fletcher,
19a7). Some members of the Phaeophyta, eg r.aminaria and
Nereoq:~:stis have a system of mucilage ducts and canals
for the. transport of the mucilage to the surface (Walker
& Bisulputra, 1977~ Kasahara, 1985; Fletcher, 19B?).
There are only two calcified meW)ers of the Phaeophyta,
both members of the Dictyotales (Padin~. and Zona;ri.a.)w

The cell walls of brown algae are penetrated by por.es
which may be scattered or collected into primary pit
fields. The latter state is particularly prevalent in
Inembers of the more advanced orders such as the
Laminariales (Lee, 1980). The cytoplasm is continuous
between adjacent cells. These plasmodesmata are thus a
means of transport between the. cells of the thallus. Th.e
larger members of the more ad~anced orders such as the
Laminariales, Fucales and, in a simpler form, the
Dictyotales, have transport systems composed of
s.t>ecialisedtissue, eg the "sieve elements" of Laminaria
(Fritsch, 1965; Sideman & scheirer, 1977) whi.chmay be
compared to the transtJort systems of higher pla·,lts.

1.1.102 Flagella Apparatus

There are no known unicellular or flagellated members of
the Phaeophyta (Trainor, 1978). However, the sexual cells
of all orders and asexual, spores of all except the
Dictyotales, are biflagellate. The cells are
characteristically PY1:-ifor:m and have two laterally
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inserted flagella. The anterior flagellum is the longsr
of:the two and is covered ~ith two rows of tripartite
hairs or mastigonemes. The shorter posted.or flagellum
lacks hairs and is known as the "\iit.tiplash"flagellum. In
men~ers of the Fucales, the posterior flagelluw of the
sperm is longer than the anterior one (Lee, 1980) and
there is a proboscis on the cell. These latter two
features are what scagel et al. (1982) use as a babis for
th«:.drdiv:a.:sionof the brown algae, into two groups, Lo
the Fucalean line has this type of flagella structure and
the Ectocaroalean line does not. The sperm of Dictyota, a
member of the Order Dictyotales has only one flagellum
although there are residual basal bodies where the base
of the sec~nd flagellum would be found (Morris, 1967).
The motile reproductive bodies ar~ able to select
suitable sites for settlement and attachment, whilst non-
motile structures such as t,hetetrasp'.'>resof the
Dictyotales, are unable to select the site and thus rely
on current movement and gravity to determine their
attachment point (Fletcher, 1987).

1.1.1.3 Chloroplast

The char'accert.st.Lc Phaeophycean chloroplast consists of
lamellae composed of ~hree closely associated, but
unattached thylakoids. There is a girdle lamella and the
chloroplast is surrounded by a chloroplast envelope and
two membr~ ies of the chlo:';'oplastendoplasmic reticulum
(Bold & Wynne, 1978). The outer of these membranes is
continuous with th~ outer membrane of the nucleus in the
less advanced orders such as the Ectocarpales, but
discontinu.ous in more advanced members such as the
Oictyotales, l,aminariales and the Fucales (loee,1980).
This fe'ituremay differ in the reproductive cells of the
higher orders, making it an unreliable taxonomic feature.
There is DNA found attached to the membranes in the
p l.as'cLd ,
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There are various types of chloroplast :ebund in the brown
algae, eg disdoidal, plate-like, ramified or stellate
(Bold & Wynne, 1978), with the most common being the
discoidal type (Fletcher, 19B7). Members of the
Phaeopl1yta :mayalso vary in the number of plastids that
are pres:~nt in the cells, ie a single, few or many. This,
together with shape, is considered to be a dependable
taxonomic eharact.er (Bold & Wynne 1 1978; Wynne r 19a1)•
All members of the brown algae, including parasites, have
chloroplasts and photosynthesize to some degree (Scagel
et ,91., 1982).

1.1.1.4 Pigments

The thylakoids in plastids of members of the Phaeophyta
contain chlorophyll a, c1 and c2' alpha a.td b.eta
carotene, and xanthophylls such as fUCDxanthin,
flavoxanthin, lutein, diatoXanthin, diadinoxanthin and
violaxanthin. The characteristic brownish colour of the
members of the Phaeophyta is mostly dependant on the
amount of fucoxanthin (an accessory pho·tosynthetLc
pigment absorbing light in the range 500-540nm) and
violaxanthin present (aold & Wynne, 1978). 'rhese
xanthophylls mask th'~ effects of the chlorophyll (C})..apman
& Chapman, 1973). During senescence, cells lose their
xanthophyll pigment and become greenjsh in colour
(r.rrainor,1.978).

1.1.1.5 pyrenoids

pyrenoids are present in at least some members of all the
orders. They are considered to be taxonomically
important, especially in the lower orders, eg
Ectocarpales, although they may vary t-lH:hinspecies and
~liththe stage of development of th.eplant (Lee, 1980).
In the higher OJ:ders, eg DictyotalEl8 lHori, 1972) and
Laminariales, pyrenoids may be absent or rudimentary,
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except in the :reproductive cells (Fletcher, 1987).
However, when a pyrenoid is present, it is stalked,
protrudes from and is continuous with the plastid. The
chloroplast endoplasmic reticulum surrounds the structure
which +s not penetrat.ed by any plast.idial thyla]til...~ds.The
pyrei10id contains a granular. substance ~lhich is believed
to be composed of storage products (Lee, 1980), and is
surrounded by a layer or sheath of polysaccharide (Bold &
~'lynne,1978).

1.1.1.6 storage Products

The main storage product found in member's of the brown
algae is a polysaccharide known as lamina:rin. Another
product, an alcohol known as mannitol, is also stored and
in some cases so is fat. Laminarin is found as granules
in the cytopl.asm (Seagel at al., 1982; Fletcher, 1987).
other products which are stored and may be used in
classification, at the division level, are ster:Ols. Most
members of the brown algae contain a sterol known as
fucosterol, while some members are reported to contain
sargast.e:rol(Morris, 1967). Iodine is also reported to be
stored by the brown algae. Tilden (1935) suggests tha~
the storage of iodine may i.ndicate that the Phaeophyta
evolved in conditions where the seawater had a different
chemical condition to what it has today.

1.1.1.7 Physodes and Fucosan

Fucosan is the phaeophycean, t.annf.n-di.ke, phenolic
substance (Gaillard, 1962) which is s'tored in structures
known as physodes or fucosan vesicles found in 'the
cytoplasm of cells (particularly metabolically active or
dividing cells; Zavodnik, 1981). The substanc~ is
colourless, highly refractive and slightly reduced (Lee,
1980) and has been identified as a mixture of different
phenols (Baardseth, unknown) Ol~ a!~polyphloroglucinols
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with possible taxonomic importance (Ragan & Craigie,
197B). Fucosan is oxidised ~n air, which gives dried
seaweed its black or dark brown colour. The physodes are
believed to originate in the plastids where the tannins
are produced. They then migrate to the cytoplasm where
they may fuse into larger vesicles. Tannins and phenols
are believed to act as antibiotics, to control t.hegrowth
of both epiphytes and err.;lophytes,E:!gthe repor+ed
reduction of unicellul.ar algal gro\,lthby Euctlli,tannins
(Lee, 1980), as well as to act as herbivore draterrents.
These compounds are also reported to protect the
chloroplasts by excluding excess ultra viol(at light
intensity (Clayton, 1981), and to act in tr,leformation of
a wound-plug following injury (Dawes, 1981). The
concentration of phenols is believed to increase with a
decrease in water salinity, and to vary with season and
region of the plant (Zavodnik, 1981). Tannins are
reported in ThC)f.;t orders, but are more common in the mone

advanced orders such as the Diotyotales (Pletcher, 1987).

Iridescent bodies are found in some Phaeophyta such as

members of the Dictyotales. The bodies contain what is
thought to be an electron dense, proteinaceous substance
of gOlgi origin, wh:j oh gives sublterged laminae an
iridescent blue or g:te~n colouring instead of the
characteristic brown, eg Pic:tY:'o1~ (Fletcher, 198'7).

1.1.1.8 Growth Forms

Members of the Phaeophyta (~xhibit a number of different
growth torms and a great 7:ange in size (from a few
millimetres to 70m). Bro~m algae are reported to have the
most advanced tissue uevelopment of all algae (Trainor,
1978). There are no unicellular members, although the
reproductive structures are unicellular. Unbranched
filaments, colonies and siphonaceous forms (all
Phaeophyta are uninucleate except for reports of
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multinucleate holdfast cells in some kelps; Scagel et
§.l~, 1982) are also absent from the Ph.aeophyta. There
are, however, members which exhibit branohed filamentous,
pseudoparenchy:matous (aggregations of branched or
unbranched filaments) and parenchymatous growth forms.

In members of the brown algae which are parenchymatous,
there may be considerable complexity. In these forlnst eg
members of the Laminariales, Fucales and Dictyotallas,
there is a phcitosynthetic frond-in which most of the
chloroplast-containing cells are found. The frond is also
the region giving rise to the reproductive st.ructarres ,
The region joining the frond to the attaching organ is
known as the stipe ex stalk. This is the structure which
gives the frond ± cs upright support. It Ls flexible and
resilient to withstand wave forces and participates in
the translocation of substances from th~
phctosynthesizing frond to the attachm.ent organ. Tbe
holdfast not only attaches the plant in a, suitable
environment and holds the fronds close enough to the
water surface for SUfficient light to be r~ceived, but
must also be able to withstand the drag of the wavec on
the frond (Trainor, 1978). The attachment organ is
usually composed of secondary rhizoids produced from the
erect thallus and may come in a number of forms, such as
the fibrous mass found in Halothri~, a compact
pseudoparenchyma suuh as that in Sarqassum, the
parenchymal hap·tera of Laminaria or the horizontaJ ly
spreading, stoloniferous attachment ~ound in members of
the Dictyotales. All these types are, however, composed
of siluj.larfilanlents with adhesive properties (Fletcher I

1987). The at+achnent; region, together with ·thepresence
of thickened walls and a strengthened thallus, are all
adaptations to the fl~equentlywave-swept envtronmerrtof
the larger brown seaweeds (Chapman & Chapman, 1973).
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On a cellular level, the more complex, parenchymatous
forms show some cell differentiation. Even i.nmembers
consisting of three cell layers there is some
differentiation into an inner :medulla and a outer cortex.
More complex members exhibit advanced differentiation
(although not vascular differentiation like that of the
highel' plants) such as the presence of 'the transporting
sieve elements in members of the Laminariales (Trainor,
1978; Si,~man & Scheirer, 1977; Fletcher, 19B7).

1.1.1.9 Growth Patterns

Mdmber.~::of the Phaec,phyta vary considerably in the type
of growth which they undergo. The various patterns
exhibit..edby members of the gr01:1pare as followS
(Frit.sch, 1945; Ir~ainor, 1978; Bold &. Wynne, 1978~ Lee,
1980) :

1) Diffuse growth which oct:l1rswhere most of the cells of
the plant are capable <:of. division and the plant can
tl"'usincrease its size from any cell. This is found
in most ~ctocarpales and some Chordariales.

2) Apical growth whiCh is found in.oases where there is a
single apical cell, group of apical cells or marginal
cells which divide to give rise to the cells belo'Vl.
The plant "rill thus only grow through apical
division. This method of growth has been reported in
memhers of the Dictyotales, sphacclariales and
Fucales.

3) Trichothallic growth t'1hichoccurs when a meristematic
cell divides into a hair on the surface and a thallus
cell belo~T. Members of the Oesmarestialas,
Cutleriales and soma Chorda.riales as well as the
hairs and rhizoids of some orders such as the
Dictyotales, exhibit this type of growth.

4) Promeristelilaticgrowth which occurs when a non-
dividing apical cell controls the growth and division
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of a large number of small, dividing cells beneath
it.

5) The intercalary zone which is a region composed of
dividing or nle:t'istematiccells which divide to form
new tissue both above and below the zone. An example
of this is found in the area between the blade and
the stipe of Laminaria. The intercala.t"ymeristem adds
length to the stipe and the blade.

6) A meristoderm which is a layer of dividing cells found
in a peripheral position. The cells divide parallel
to the surface to produce tissue below the
meristoderm (cortex), and perpendicularly to the
surface to increase the cell numbez of the
meristode:t'm.The meristoderm of ;r...aminariais found
around the stipe and divides to increase the girth of
this organ. This type of grot-7this characteristic of
members of the Fucales and Laminariales.

1~1.2 Life Histories

The life history of an individual is a combination of the
reproduct1ve and morphological stages of the organism
(Fletche":.., 1987). In the brown al.qae, the site of meiosis
is considered to be the unilocular sporangium which gives
rise -tomany , haploid r moti Le zoospores (members of the
Dictyotales have 4-8, non-motile zoospores produced in
this process). These, in turn give rise -t.ogalnetophytes
which may be dioecious or hermaphrodite (Clayton, 1981)
and which produce the haploid gametes from plurilocular
organs. These fuse in the water (usually) and the zygote
develops into a diploid sporophyte plant. There are,
however, variations of this. There may be a "direct" life
history which lacks meiosis or fusion and which is known
as a plethyslUothallus. The latter is a filamentous stage
whjch multiplies itself through the production of spores
from a plurilocular sporangium. Dawes (19B1) reports two
types of sporangium in brown algae. The first is the
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pl1.lriJ.oculartype whi(~h is thought to be taxonomically
Lmpoz-carrt, (Clayton, 1.981;Wynne, 1981) 0 This type may be
found on the gametophyte or the sporophyte plant. On the
former, it may either produce gametes by meiosis, or
reproduce parthenogenetically by)) mitoais to give rise to
gametophyte plants. On the spo~~phyte plant, the
pluriloctllar sporangium produces dipJ.oid zoospores by
mitosis. unilocular sporangia are reported to occur only
on the sporophyte, where the haploid zoospores are
produced by meiosis (Dawes, 1981). The lack of fusion of
haploid gamet.es is con:::,ideredto be an indication that
vegetative reproduction is primitive and that fusion
occurred secondarily (Scage.l.at al.., 1982). The s.i.mpler
forms are .ponsidered to exhibit the more complex life
history, whilst the more complex forms undp-rgo a simple
cycle (Flat.cher, 1987), however, Chapman and chapman
(1973) suggest -that none of the life histories are truly
simple because all the generations are capable of

proli.ferating asexually.

There are, howevez I some except.ions to t.he
gerleralisations concerning the simplicity of the life
cycl e. The:brown algae are a group in which a number' of
the members produce a chemical, sexual attractant
(Clayton, 1981). The Ectocarpales produce a single
chemical known as ectocarpene, members of the Fucales
produce a single~ different chemical called fucoserraten.
The other orders, which are believed to be related to the
Ectocarpales, all retained tbe ectocarpene but developed
a second or third atttactant, such as dictyotene in
Diety'ota,and Jl\ultifidenein Zc;mariq_(Phillips at e l., I

1990a). This seems to sup~ort the theory of separate
evolution of the Fucale~ from the other brown algae. More
research into the sexual a'ttractnnts of the various
different algae, will determine the taxonomic import.ance
of this feature.
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There are considered to be three major types of life
history in plants (Fletcher, 1987) namely:

Haplontig: The plants are haploid and they produce
gametes through mitosis. These fuse and the resulting
zygote divides nleiotically during the germination, to
produce the haploid spores which give rise to the
haploid plant.

Djplontic: The plant is diploid and produces haploid
gametes through meiosis. Fusion of these give rise to
a zygOb3 which germinates ndtotically into a diploid
plant.

Diploh~plontic: There are two phases in this life
history. The first is t.hegametophyte phase which is
hapl~id. This gives rise to haploid gametes (mitosis)
which fuse to give the second phase, ie th.e
sporophyte, which is diploid and gives rise to
haploid spores through meiosis within a sporangium.
The spores so produced develop into the haploid
genercttion (gam0to-phyte).

All the members of the brown algae belong to the latter
life history type, 4.(;1 diplohaplontic, except the Fucales
which exhibit a diplontic life history style. The
diplohaplontic life history type was divided into two
sections by Kylin (1933; in Clayton, 1981). These were:

1) the isomorphic type in wh.ichthe haploid and diploid
phases exhibit identical morphologies, and

2) the heteromorphic type which bas lllorphologically
different phases.

The isomorphic t~pe is reported to be present in the
Ectocarpales, Sphacelariales I Cl.lt.leriales,Tilopteridales.
and Dictyotales; whilst the Chordariales, Sporochnales,
Desmarestiales, Dictyosipllonales and Laminariales all
~xhibit the heteromorphic type (Morris, 1967). Kylin
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(1933; i7" ':layton, 19131) classified the brown algae
~ccording to these groups which he called the
Isogeneratae and Heterogeneratae respectively. Kylin/s
third group, known as the Cyclosporeae, consisted of the
Fucales which. lack a free-living second phase (haploid
gametophyte), ie lack alteration of generations.

The method of classification employed by Kylin (1933; in
Clayton, 1981) was considered to be too artificial. and
thus, Drew (1955; in Fletcher, 1987) composed a life
history classification which consisted of monomorphic:
life history (a single thallus forln t'1hichcould be
haplontic, diplontic or diplohaplontic) and a dimorphic
type (two thallus forms which could be haplontic,
diplontic or diplohaplontic). This scheme was later
simplified to the Fucus-type or the EctocahP-u~-tYp'e
(Fletcher, 1987).

Vegetative reproduction does occur in membe=~ of the
Phaeophyta and is thought to be important in
colonisation, especially in regions at the limits of
geog~aphical distribution, ie where there are too few
plants for sexual interaction (Fletcher, 1987). This type
of reproduction occurs via sections of the thallus or
special propagules, eg Sphaceleria. Some brown algae are
only capable of reproducing vegetatively, eg Sargg§sum in
the Sargasso Sea (Scagel at a1., 1982). There may also be
perennaticn exhibited. This is the growth from a
prostrate, perennial attachment organ (Chapman & Chapman,
1973), eg in the Fucales and Dictyotales. In members of
the ~aminariales, which have very localised meristematic
tissue, the old holdfasts (which lack vegetative tissue)
are capable of proliferating to form normal, new plants
(Scagel at al., 1982).

A(~c~rding to Chapman and Chapman (1973), the evolutionary
fedtures of life history exhibited by the Phaeophyta
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include the elimination of accessory reproduction, ie the
plurilocular sporangium in the sporophyte, the tendency
t.owards the collection of sporangia into sori, eg
Dictyotales and Laminariales, the tendency from isogamy
to anisogamy and then to oogamy, and the tendency to an
increase in the haploid number of eight chromosomes, eg
Fuca1es which has 320

1.1.3 Evolution

There are numerous theories on the evolution of the
Pllaeophyta and the various orders which comprise this
division. The brown algae are poorly represented in ~he
fossil record, due to their lack of calcification or
si.licification of the thallus (Chapman & Chapman, 1973)
and the similarity in morphology between the Phaeophyceae
and mel'lbersof other. groups (Clayton, 1981). TIleearliest
fossil record which can be identified as a menmer of the
Phaeophyta, is from the Late Precambium Period (±900
nlillion years; Bold & Wynne,. 1978). A fan-shaped brown
alga which is similar to extant members of the genus
Dictyotg_ was fourld and de,.....ed to the Upper Devonian period
(±350 million years). A few ~ossils have been identified
from the Silurian and Devonian periods (400-500 million
years; Clayton, 1981). Church (1920) suggests 'thatthe
Phaeophyta are the modern representatives of the most
archaic of all marine plants. Evolution of the division
to which the Phaeophyceat'::belong if:! ~'u.':. ~d to have
originated, with the rest of tt.l.eChrom(:i·t·t.,~",..i,

(Christensen, 1962; in Trainor, 1978), through the
invasion of a eukaryotic cell by a prokaryotic cell
containing the pigments found in the chloroplasts of the
relevant division. ACCJording to the scheme suggested by
Chapman and Chapman (1973) I the ori.ginal organism was a
photosynthetic anaerobe. This gave rise to the primitive
eukaryote. The Cryptophytes and th~ Rhodophytes are
considerad to be ev'olutionary dead ends. 'l'WCJ mad.n 1~nes
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of evolutlon are thoUgHt to have developed. The first
involved the evo~ution of chlorophyll b and starch-like
storage pz-oduccsI :i.ethe Chlorophyta a~Q. later t.he land
plants. The second line involved chlorophyll c and
!taminarin-like storage pzoductis, ie the chromophyba ,
which Lnc.tudes the Phael.'lt,:>hyta.A similar. theory was
suggested by Scagel gt~. (1982), who use the evolution
of the three different chlorophylls, ie a, band c, as
the basis ()f the evolution of the three main algal
groups, ie the red, green and the brown algae
respectively. It is suggested by Tilden (1935) that the
initial illumination condf.tii.ons on earth allowed only
those pigments in the oldest group, ie the blue-green
unicells, to evolve. It was not until what she called,
the '1ThirdAlgal Period", occurred, that the illumination
available was suitable for brown algal pigment.s to
evolve. The xanthophyll known as Fucoxanthin and certain
chlorophylls, still found in the brown algae today, were
t.:.hough·tto be the pigments which evolved to cope with the
new illumination conditions.

Pederson (1984) suggests tha.tthe class FucophyC!eae
(Phaeophyceae) evolved from a parenchymatous form of the
chrysophyceae , 'llhetwo g:r:oupsare biochemically similar
and Chapman and Chapman (1973), suggest a similar
ancestral sbock for the two groups as an alternative to
the theory that the Chrysophyceae were the ancestor!; r;
the Phaeophyceae.

The evolutionary sequence of the brown algal orders,
suggested \\y Trainor (1978), uses information on
reproduct..lonand some vegetative features. There are five
lines which he suggests occurred.

1) The ancestral form from which other forms evolved.
This was filamentous, isogamous and isomorphic.
clayton (1981) suggests that this ancestral form,
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which is believed to be isomorphic, had a dominant
gametophyte and a short-lived sporophyte.

2) The life history remuined :isomorphic but,;the plants
1::lecameparenchymatous and in th~ larger forms, sexual
reprclduction became ooqamous:

3) The! ",ifehistory became heteromorphic with the larger
gametophyte being pseudoparenchymatou~ and the
sporophyte being a small, encrusting form.

4) The life history was no longer isomorphic because the
.sporophyce became a larger, pseudoparenchymatous or
parenchymatous form, with the yametophyte being a
small, filamentous form. Oogamy occurred.

5) Th',3 life histories were heteromorphic with the
occasional loss of the free-living gametophyte phase
(haploid), as is olJserved in the extant membez s of
the Fucales. ~he sporophyte was parenchymatous with
differentiation of the cells of the med.ulla occurring
in some cases. Oogamous sexual reprodL.\.l:ionoccurred.

Chapman and Chapman (1973) suggest two possible
alternatives for the evolution of the various orders.
Both these schemes begin with the evo.luti.ton of a branched
":-D.P'-&mtexhibiting only a haploid generation or
L:;()1Rorphicalternation of generations. The la·t.tertype of
lite-hiB~ory is considered more likely, as the ancestral
form was considered to be a primitive IfEctocarpalean-type
organism". The major difference between the two schemes
is the evolution of the Fucales and the Laminariales. In
both cases the D.ictyotales are connected evolutionarily
to the Cutleriales, the Sphacelariales and the
Tilopteridales. This association is also suggested by
Johnson (1889), who conneots them because, besides oth~r
similarities such as apical gro~lth and a paz-enchymatrous
form, the spores of the Tilopt.eridales are qua;~rinucleate
and thus could be Li nked to the tetraspOL'es of the
Dictyotales. However, other authors (Clayton, 1981)
separate the Dictyotales from all the other orders due to
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the presence of the unique sperm type (1 flagellum) and
non'~motile meiospores. Recent studies, however, report
biflagellated sperm in the l)ictyotal~an alga Zon9.r~a
anrulstata (Kutzing) Papenfuss (Phillips & Clayton, 1991).
The preser,cs of uniflagellated sperm and non-motile
spo:res have been used in the past to connect the
Dictyotales with members of the red algae which also have
non-motile meiospores (Johnson, 1889). clayton (1981)
suggests an early separation of tIle Dictyotales,
supported by the lack of any intermediate taxa.

church (1920) also considers the Ectocarpalean-type
organisation to be the most evol'.ltionarilyprimitive
form. The brown algae display al~ the organisational
types from this primitive type, to the complex
parenchymatous form which exhibits tissue
differentiation. The ancestral cell type was believed to
be a eUkaryote which attached to a SUbstratum by its
flagella. It then became more firmly attached by the
development of a polysaccharide attachment agent. This
attachment satisfied some basic features necessary for
the existence of the organiElm, ie having the 1aximum
surface area of t.he cell exposed to the medium and each
cell having its own light supply. Attachment in a moving
medium meant an increase in nutrient and gas supply (when
compaz-ed to moving withi:n the medium). An uniser.iate
filament would also retain the light! nut.rient and gas
supply and thus the unicells developed into filaments.
The attached cells were believed to be capable of
regressing to the planktonic state if the nutrient, gas
or light supply changed I eg if the water stopped movd.nq.
Different parts of the uniseriate filament WOUld,
however, be exposed t.odifferent degrees of water
movement and l.tght. This could have led to differential
developi.nentand the production of branches. Development
of the ho1dfast is suggested to have been a response to
mechanjcaJ. tension produced by the drag of the filament.
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The body of the plant developed mechanical support in a
number of ways, eg an increase in wall thickness, the
development. of polysaccharides in the walls, formation of
a "cable" from the rolling together of the filaments
(pseudoparenchyma), the covering of the main axis by
special branches or descending filaments, or the
septation of the cells in planes other than that of the
main axis, ie t.he formation of a tt.:reedimensional,
parenchymatous structure. The cells in the centre of the
plant in this latter type of structure were not exposed
directly to thE~:medium, and thus deteriorated or
differentiated causing the plant ,todevelop into a more
complex forro.~Pogether with this, came the development f if

the bilateral laminae which allowed maximum exposure to
the medium and light (Church, 1920).

Kylin (1933; in Clayton, 1981) used the life history type
(ie isomorphic or heteromorphic diplohaplontic, and
diplontic) to divide the brown algae into three groups,
ie the Isogeneratae, Heterogenera1;ae and Cyclosporeae
(Fucales), respectively. This organisation has been used
as the basis for many of the evolutionary systems
suggested by other authors (Clayton, 1991). Scagel at ~l.
(1982) report that there is increasing evidence for two
evolutionary lines, ie the Ectocarpalean line labelled by
them as the subclass Phaeophycidae (11 orders), and the
Fucalean line called the Cyclosporidae (1 order). The
latter group includes the order Fuca.les and is separated
from the other orders due to differel'lCeSin life history,
flagella structure and biochemistry. It is suggested that
these two groups originally had a common ancestor, prior
to the evolution of the Ectocarpalean ...type ancestor. Delf
(1939) agrees with this separation of t.heFucales but
sugge~:ts an early branching zatihe'rthat' a totally
independent derivation. The Ectocarpalean group can be
dividerlinto several li.nesof deve Lopment;based primarily
em life h.istoryI construction and reproC\uction but all
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are believed to have evolved from a simple filamentous
Ectocarpalean form (Clayton, 1981). Fl::omthis form the
anisogamous I isomorphic forms; and -the ooqamous ,
isomorphic 'forms could easily have developed. The main
division is bas.ed on th~ vegetative construction which
forms two groups, ie the filamentous to complex
pseudoparenchymatQus form composed of an aggregation of
filaments (Haplost:ichinae (Chapman & Chapman, 1973;
Clayton, 1981» arid the parenchymatous form which is the
result of longitudi.nal divisions of the primary filament
(Polystichinae (Chapman 0: Chapman, 1973; clayton, 1981»)
and which dd.sp'l.aystissue differentiation. l].1he members of
the Ectocarpalean line show variation in reproduction
from the primitive state of isogamy to the advanced state
,Jf oogamy, through the intermediate anisogamy. The
Fucalean-l.ine have a similar parenchymatous and
differentja+ed structure to the latter group of the
Ectocarpalea :n-line, ie the parenchymabous forms. There
are some problems wit~ grouping the Phaeophyta according
to their external morphology, eg the highly compacted
filaments of the pseudoparenchyma may be identified as
parenchymatous (Wynne, 1981). The Oictyotales are, once
again, evolutionarily related to the Sphacelariales and
the cutleriales according to this system.

contrary to what has been sugge~ted by other authors,
Ti,lden (1935) suggests that the simple filamentous
E!ctoc,..rpales are the most recently e~/olved group in the
Phaeophyta. It is suggested that 'the members of the
Heterogeneratae and the Cyclosporeae~, both OJ: \~hich have
very advanced members, are 'the pione€.rs of the
terrm~trial plants although they themselves are not found
beyond the spray zone. This theory has not been used by
other authors.
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1.1.4 Classification

There are numerous suggestions on the classification of
the Phaeophyta. The majority of these rely on features of
the external morphology, anatomy, pigmentation, storage
products, cell wall structure, flagella structure and
reproduction to classify the groups. By 1852 (Bold &
Wynne, 1978) four groups of algae had been distinguished.
These were the red, g-reenand brown algae and the
diatoms. This classification was based mr.d.nl~ron colour,
which is still an importcr.ntfeature today, althoU.gh it is
now accompanied by many other features of the plants'
structure and anatomy. By 1855 (,rilden, 1935) the claas
Phaeophyc3ae in the division Phaeopbyt:a had devel(jped
and, based on this, many tiiffersnt classification sye::t¢:ms
have been suggested (see T,~ble 1).

Tcble 1: Table Showing various classifications of th~
brown algae up to the class level.

~thQrity. ,Qatt:l! Ktiv±sion Class
Kylin 1933 Phaeophyta Isogeneratae(Clayton, 1981) neterogeneratae

Cyclos~oreae
Papenfuss 1946 Phaeophycophyta Pbaeophyceae(Bold & Wynne, 1978)
Cbadefaud H60 Phaecphyta Phaeosporeae(wynne, 1981.) Cyclosporeae
Cbapltall 1962 Eucophyta Phaeophyceae(Trainor, 1978)
Christensen 1962 Chrollophyta Pbaeophycp.ae(Trainor, 1978)
Perestenko 1972 Phaeophyta Phaeos~orophycidae(Wynne, 1981) Cyclosporophycidae
DodqIJ j_l};'1 ChrysQphyta Phaeophyceae(Bold & Wynne, 1918)
* Wynne « Kraft 1981 Phaeophyta Phaeophyceae---------
* This classification system was u~ed . 'thisstudy.~n
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The above classifications is based on different features.
Kylin's (1933: in Clayton, 1981) arrangement is based on
the life history strategies of the members and Chadefaud
(1960) uses a similar strategy with the additional use of
specialisatlon. Papenfuss (1946) changed the suffix of
the division because "Chloronmct:a" includes all green
plants and the change to chlorophycoph~ta indicates only
green algae, whilst Chapman (1962) groups the red and
brown algae into the same division based mainly on the
fact that neither have unicellular mentbers. Christtansen
(1962) grouped all the algae lacking chloropllyll b into
the same division. None of these suggestions are widely
used, however, the most common systeta and that used in
this study, is that suggested by Wynne and l(raft (*
1981).

There are reports of 32 families, 96 genera and 197
species of brown algae (Fletcher, 1987), whilst Bold and
Wynne (1978) report that there are 250 genera and over
1500 species, and.Scagel et a1. (1982) report 260 genera
and 2000 species. The number of orders i.ntowhich these
are grouped range between 11 and 14 and these, in turn,
may be placed into different subclasses and one Ot' three
classes (see Table 1). These figures vary considerah1y
between researchers and as new species and gener.a arr:
identifi'~d. The state of the orders is also oonstant...;,y
changing (wynne, 1981)1 with some researchers adding new
orders and others combining old ones (see Table 2).

The classes are divided into orders and, in some cases,
subclasses. This division is determined by various
features. Chadefaud (1960) groups the Drders into
s~'l')classesdue to the degree of speoialisation, ie Proto-
.~o-~lngleast specialised ( Eu- being specialised in the
sporophyte generation only and the Par&-phaeosporeae
being specialised in both generations. Nakamura (1972)
uses the mode of construction as the basis for the
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formation of subclasses, ie Haplostichidae (non-
paretichymatous), Haplopolystichidae (parenchymatous) and
Polystichidae (both)( with the life history type being
used at the ordinal level. Perestenko (19'72)uses a
totally different feature for the classification of the
brown algae into subclasses, ie differeil.cesin the
germination patterns and early development. Most of the
more recent olass:i.ticationchanges are, however,
differences in the sUbclass and order leVel.

Table 2: Table showing various classifications of the
brown algae up to th~ order lElvel.

Aut.h.ori t~ Dgtsa.

Tilden 1935
class subclass Order
Phaeophyceae Isogeneratae Dictyotales

Ti10pteridales
CUtleriales
Sphacelariales
Ectocarpales
Chordariales
Spi)rochnales
Des3Iarestiales
Punctariales

Heterogener.atae

DJctyosiphonales

1960
cyclosporeae
Phaeosporeae

Lallinariales
Fucales

Chadefaud
(Wynne I 1981)

Protophaeosporeae
Euphacosporeae

Ectocarpales
Chordatiales
Sporochnales
Deslarestiales
scytosiphonales

Dictyosiphonales
P&raphaeosporeae

Lalinntiales
Didyotales
TilopteridaJ.es
Cutleriales
Sphacelariales
Fucnles

Morris 1967
cyclospol:'eae
Pllaeophyceae Ectocarpales

Des.arestiales
Cutleriales
Lallinariales
Spbacelat:iales
Dictyotales
Fucales
Tiloptaridales
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Dictyosiphonales
chordariales
Sporochnales

Nakalura 1972 Phaeosporeao Haplostichidaa Ectocarpales
(Wynne, 19811 chordariales

Sporochnales
Haplopolystichidae Desllarestiales

Ralfsiales
Scytosiphonales

Dictyosiphonales
I.alinariales

Polystichidae n.tctyotales
Tilopteridales
CUtleriales
Sphacelariales

Cyclosporeae Fucales
Perp.stenko 1972 Phaeosporophycidae Ectocarpophycidae Ectocarpales
(Wynne, 1981) Chordariales

Sr,ytosiphonales
Dictyosiphonales

La.inariopbycidae Sporochnales
DesJaarestiales
Lallinariales
Cutleriales

Cyclosporophycidae Dictyotales
Tilopteridales
SphUcelariales
Ascoseirales
Dlltvillaeales
Fucales

Bold & Wynne 1918 Phaeophyceae Ectocarpales
Des.arestiales
cutleriales
La.inariales
Sphacel&riales
Dictyotales
Fucales
Tilopter.idales

Dictyosiphonales
Chordariales
Sporochnales
Ralfsiales
Saytosiphonales

Lee 19HO Phaeophyceae Ectocarpales
Desiarestiales
cutleriales
La.inariales
Sphacelariales

23



Dictyotales
1'1Icales

* wynne & Kraft 1981 PhaMphyceae Ectocarpales
Cb()r.dariales
Sporochnales
Des.arestiales

Dictyosiphon~les
Scytosiphonales
Tilopteridales
cutleriales
Sphacelariales
Dictyotales
Lalllinariaies
Fucales
Ascoseirales
Durvillaeales

Seagel at a1. 1982 Phaeophyceae Phaeophycidae Dictyotales
Tilopte:ddales
Cutler.iales
Sphacelat'iales
Ectocarpalas
chordariales
Sporochnales
DeslRarestialeS
Scytosiphonales

Dictyosiphonale~
Lalllinariales

cyclosporidae Fucales

1.2 ORDER DICTYOTALES (Kjellman, ~893).

The Dictyotales is a large order and members are Clommon
in the ~t1armerwaters of the temperate to tropical
regions. Membt=.lrsof the order are found in both
hemispheres and clayton (1~81) suggests that this
indicates that the Dictyotales are>an ancient oJcder ·that,
together t-Jith the .....ooarpaLes I Chordariales,
Oictyosiphonales and Sphacelariales, were present all
over the globe befor~ the splitting of the continents
occurred. The Fucales, Laminariales, Desmarestiales and------
* This classification system was u~ed in this Sbldy.
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sporochnalesp however, arose after the splitting of the
continents since they are only present in one of the
hemispheres (Clayton, 1981). There is reported to be
either a single family, the Dictyotaceae (Tilden, 1935),
with 20 genera having been identified so far (Bold &
Wynne, 1978); or two families, the Dictyotaceae and the
Dictyotopsidaceae with the latter containing only a
single genus, Dict~otopsi~ (Wynne & Kraft, 1981).

The systematic position of 'the'Dictyotales has been
fairly stable in recent years (Table 1 & 2), however, in
the pF?t the group (call ~d the oictyotaceae) was thought
to belong to the Florideae (Rhodophyta) due to the
presenoe of the non-motile tetraspores (Johnson, 1889).
The other members of the brown algae were reported to
belong to the Subclass }'lelanophycea~in the Class Algae.
This author's report placed the Dictyotaceae into the
Florideae based on work which was performed on
Dicty:gr.rterisDoll!PQdioides (De candolle) t.araouroux
{Johnsonf 1889). Mew1ers of the Dictyotales are
charCicterised by the meristematic region which consists
of a single apical cell or a marginal row of dividing
cells (apically situated) which divide both
longitudinally and transversely to pr-oduce the thin,
parenchymatous thallus (wynne, 1981). The life history is
isomorphic, diplontic and sexual reproduction 1s
oogamous. The oogonia and antheridia are often situated
in sUperficial sori on separate plants. They develop from
surface cells which enlarge and protrude above the
surface (Chapman & Chapman, 1973). The anthsridj,a give
rise t,o uniflagellate sperm (although ZQnari{!.s;\t1gustata
has been reported to be biflagellated; Phillips &
Clayton, 1991) whiCh lack the smooth, anterior flagellum
found in the members of the other orders. The adult plant
consists of an erect thallus which is parenchymatous in
growth form and flattened (Fritsch, 1965; Morris, 1967;
Lee, 1980). The laminae are att~ched to a stolon
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(horizontal) type of attachment organ by a cylindrical
stalk (Fritsch, 1965). The thalli consist of at least one
or more')layers of large I colourless medullary cells and a
la.ye.t"of small, cortical cells (Chapman & Chapman I 1973).
Tha cortical cells are reported to contain numerous
small, discoid plastids (Bold & Wynne, 1978). A
distinctive character of the Dictyctales is that the
unilocular ~p~rangium produces 4-8 non-motile zoospores,
as opposed to the greater number of motile spores
produced by members of other orders of brown algae. Some
of the genera placed into this order include Dictyota,
DictY..QP.teris,Padina and zonaria.

1.3 GENUS ~rCTYOPTERIS Lamouroux

The lectotype of the genus was identified by Lamouroux as
O~ctyopteri§ pol~odioides (n. memb~anacea (Stackhouse)
Batters» in 1809 (in Papenfuss, 1977). The genus had
previously been named Haly:seri$.Ag. (Johnson, 1889;
Fritsch, 1965) and Neur9carpus (Fritsch, 1965). There are
reported to be twenty species in this genus, distributed
over the tropical and temperate regions of the world.
Silnons (1976) lists four species from South African
waters (n. delicattlJ.,l Lamouroux , Q.. longifolia f n.
macrocarpa (Areschoug) Schmidt and Q. serrata (Areschoug)
Hoyt, while Seagrief (1984) added three more (V,.
dichotoma (Suhr) Levring, D. L.tgplata (sunr ) schmidt and
D,. ~podipides).

According to Allender and Kraft (1983), the members of
the genus .Q.ictyopterisare distinguished from other
member-s of the Dictyotales by the mer:;stem which is
marginally situatr:ldand composed of d clustet' of
maristematic cells which divide transversely and
longitudinally to produce the thin, thallus and the
thicker, prominent midrib region (Johnson, 1889). The
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possession of a midrib is also a characteristic feature
of the genus which, according to Johnson (1889), has
regularly arranged cells. There are reported to be four
or five median meristematic cells found in a depression
at the tip of the frond (Frits~h, 1965). These cells are
larger thatlthe other cells I contain dense cytoplasm and
are thought to be the origin of the midrib; they undergo
prolific division. Tl'temeristematic cells dl.:lcreasein
activi·ty 1:owards the margin. During ...:ormationof a
dichotomy, the dpical cells form·two groups, one for the
tip of each neW branch. Katsaros and Galatis (1988)
report that there are three types of l\lI2!.tistematiccells
in D. membranaceg_. These are the central, apical initials
which give rise to the other meristems and the initials
of the ntidrib, as well as the marginal, apical initials
which form che wing and the superficial meristem which is
a true meristoderm and forms the midrib. There may be the
production of adventitiou~ branches from individual cells
along the surface of the midrib region and rhizoids are
produced at the base of the lamina. There are reported to
be two layers of cells in the wings and four to six in
the midrib where differentiation occurs. In some species,
the cells of the midrib become elongated and thickened
and develop oblique end walls and pit canals (Fritsch,
1965). There are reported to be thr~e cell types in the
midrib of D.. membranacea, ie the photosynthesizing,
epidermal cellS; thick cortical cells and slender
medUllary cells which have thic]~, end walls perforated by
plasmodesmata (Katsaros & Galatis, 19a8). There i.s
reported to be a continuity of protoplasm thrL"lu\:1h.the
cqlls of the midrib and stalk. This was shown by staining
(.1ohnson,1889).

Unilocular spor'anqi.aare found in sori ,:m thsi b1.-S:cJe
surface, although it has beer: report.ad t.hat there are
sone species which have the sporangia i~catt.er~don t.he
surface and not in sori (Womersley, 1987). The spozauqf.a
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are found on both surfaces of the thallus, amongst
scattered hair tufts and are produced from cells of the
corte:ir..They may be positioned under or protruding from
the lamina surface, and may or may not have stalk cells
(single or more) which are embedded in the peripher'al

,layer and are reported to act in spore discharge
(Fritsch, 1965). Numerous studies have been pex'formed on
aspects of tetrasporogenesis and germination in this
genus (ohmonL & Hashida, 1982), an¢':comparisons with
other genera. in the Dictyotales (IShii at ~1,.,1959 i

Nishibayashi & Inoh, 19.695Gaillard, 1973; 1~<5). Other
studies include the effects of various external features
such as light wave len~th (Ohmori & S1.1emu:t'a, 1978) and
unilateral light (Ohmori & Ueld, 1979) on the grow'thof
tetrf'H3pOreS;the effect of the adddcLor; of cytochalasin B
(Ohmori & UeJd I 1980) and coLchf.cd.ne (Ohmori & Hashida r

1982) and deficiencies of calcium, potassium and
magnesium (ohmor i. & Hashida, 1983), on tetrasporogenesis
an.dgermination of the spores in members of the genus.

There are four tetraspores produced in a tetrahedral or
.cruciate arranqemerrt.. Following release of the spores,
germination begins with t~I'~production of a primary
rhizoid Which undergoes cell division and elongation
prior to thallus development (Inoh, 1936; Nishibayaslli lie

lnoh, 1959). Members of the genus Dict~opter~s exhibit a
diplohaplontic, isomorphic life history, although sexual
plants of some species are rarely observed (Womersley,
1987). The antheridia and archegonia are similar to those
described for other members of the Dictyotales.

The dichotomously branched thallus of DiC'tyo12terisis
attached to a perenl1ial holdfast or attachment organ by a
stalk or "stipe", whi.chcqnsists of the remaining midrib
once the wing of the lamina has abraded away at the base
of the Lamt.na, This stalk changes from being flattened to
cylindrical at the base where the Lanti.na is absent. The
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stalk thickening is reported ·tobe due to the activity of
"c.heepidermal meristematic region which givez rise to
l';'OWS of cells on the inner side (Johnson, 1889; Katsaros
& Galatis, 19~8)" .Reinke (1878; in Johnson, 18(~9) is
:,;:,eportedto be th>2 first researcher to discover secondary
thickening in members of Dictyopterifi. The thickening is
interrupted at points where the lamina wings protrude, ie
the thalll.1sscars. Fritsch (1965) report:;;,the thickening
at the base of the lamina to be due to tho prGlsence c)fa
thick carpet of rhizoids which covers the base of the
lamina. These extend into a IVmat" of rhizoids which
oompr i.se the attachment region and from which numerous
thalli may arise. The th('.dlusand rhizoids at the base of
the plant are thought to be a"tive in vegetative
reprodUction (Fritsch, 1965).

1.4 ',PRESPECIE!j DICTYOPTEBIS. LONGIFOI.Il\

Material corresponding to this species was identified as
Haliseris gichotoma sunr by I{utzing and as Dictyo?teris
dichotoma by T'lpenfuss1 but was later renamed
Dictyopteris lopgifolia by Papenfuss (in ed., Isaac,
1956). The species has not, as yet, been officially
described although Papenfuss did have it in preparat:'~.6n.
The plant has been referred to as n. longifolia by many
authors (Simons, 1976; Brarch & Branch, 1981; Seagrief,
1984) despite tbe lack of an official description
(Bolton.,pers. commv ) , 'llhisstudy considers the species
to hd U. longifolia as the material used is similar to
Q. ).on~.ia as illustrated in other reference~ (Simons,
1976; Branch & Branch, 1981), as well as being similar to
specimens identified as n. longjfolia from various
herbaria in South Afd. ca.

The species consists of d flat-'cened,stl.·ap-likethallus
which has a prominent midrib and is reported to
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dichotomise almost regularly at 50mm intervals \although
plants from tnis study were observed to dichotomise at
about I5-20cm intervals; Simons, 1976). It has an entire
margin and may reach a length of up to ?Oem. simons
(1976) identifies it as having the thallus wi~1gsmissing
on the lower one or two dichotomies, resulting in a stipe
whioh enters the leafy part of the thallus as a midrib
and may become cove.r-ad in rrdaod.ds ("bearded") at the
base. The species is reported to occur along the entire
east coast of South Africa (Branch & Branch, 1~81) and
has been ob(~erved as far north all: Inhaca ISland off the
Mozambique boast (Isaac, 19561 l{acnae & Kalle, 1958). It
grows in areas of shallow water and on low intertidal
areas in rock pools, in areas of varying wave action. It
is reported to be common in the Lower Balanoid zone which
is fairly high up on the intertidal slope and is exposed
during every 10\"1 ride (Simons, 1976).

1.5 PHYSICAL ENVIRONMENT OF rrHE INTBRT:r.OAL REGION

The intertidal zone is one of the most stressful
environments in which onqani.sraslive, and yet there is a
high diversity of species present (Denny, 1988). The zone
is defined as being the area between the high and low
water marks. It is thus the region which is covered and
uncovered by the tide. Due to the periodic sUbmergence
and emergence, the organisms in this region are exposed
to the stresses of constantly changin9 conditions, and
have to be able to exist in bath an aquatic and basically
a terrestrial environmp.nt (Delf, 1932; Branch & Branch,
1981; Dring, 1982). Th~ changing conditions in~lude
variation in expoaur'e to 1:7aveaction and t.hus t.o drag I as
well as to sand abras.ion. There are also changes in
exposure to the atmosphere (desiccation), variat.ion :tn
the light and temperature, as well as changes in the
chemical environment. Biological factors in the
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intertidal environment, such as herbivory and
competition, also place stresses on the inhabitants of
tbe zone.

1.5.1 Causes and ~s of Water Motion

The movement of water along the shore is due to the
effects of tides, currents (both oceanic and local),
oceanic upwellings, and waves , The former three;!types Of

water motion are not discussed in this study, although
their importance in exposure, salinity, spore dispersal,
temperature and light determination, as well as nutrient
aVailabil.:i.tymust be realised (McEachreon & TbJmas,
1987). Various aspects of waves, including their
formation, characteristics and effects on the shore and
its inhabitants, will be discussed.

1.5.1.1 rr,lheFormatioi'land Arrival of Waves

Waves are iT\'+~ial1.yxor'llleddue to storms or winds which
cause pressure differences as they bloW oVer the water
and wave profiles, thus giving the waves energy and
height (Smith, 1.976; Dawes, 1981; Lobban et .al., 1985).
Waves may travel thousands of kilometres before breaking
onto a beach. The waves and swells reaching the South
African coast come mainly from the south west where
storms occur in the "Roaring l<'orties"(about 400 S; Oay,
1974). The direction and height of the rNBves are affected
by the winds that they encounter on the way to the shore,
depth of the wate~ predominant currents that they cross,
th8 shape of the coast line, as well as the "fetch"
(which is determined by the uninterrupted distance 'that
·thewave has travelled; Lobban g,:t; a1. I 1905). The wave
action (height and activity) and the topography of the
shore (st.eepness and ruggedness) determine the degree of
wave exposure (Lewis, 1964; Dawes, 1981).
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AS the swell advances onto the shore and 'thewater depuh
redu(~es, the velocity and w~velength of the wave
decreases due to fr.iction with the bottom substrata. The
bottom water of the wave is retarded and the surface
wat~r. moves forward faster. The velocity of the wave is
determined by the water depth and the Wave height (Denny,
1988). The wave gets higher (due to energy being
trcmsferred from veloci.ty to wave height), until the top
water overtakes the bottom water and the wave breaks
(Branch & Branch, 1981). seymouret al. (1989) reported
that waves break when the water depth is 1.4 times the
height of the wave. Each wave has a gentle back slope and
a steep, turbulent front slope (Denny, 1988). There are
different types of waves whj,chhave different effects on
the shore. These include spilling wa?es Which have a
small amount of water spilling down the crest and causing
turbulence at the top of the ~ater, plunging waves in
Which the crest arches over and may form a tube, and
surging and collapsing waves which have a turbulent crest
or collapsing front and cause deep turbulence which may
reach the bottom (Denny, 1988).

In ve.rydeep water, the water at the lower levals is not
in motion, while that at the surfaoe undergoes vertical,
circular motion. There is a vertical row of orbits
decrea.sing in diameter and becomi.nq elliptical as the
depth increases, with the circular motion being
negligible at half a wave depth (Denny, 1988). After a
single wave has passed a certain point, the water returns
to its original position with no net movement in the
direction of the waV(l (DaYr 1.974;Denny, 1988). In
shallow water (less than half a wave depth), the bottom
water only moves back and forth causing a shearing stress
on any organisms attached in this region (Vogel, 1981~
Lobban et al" 1985). Thus, as the water gets shallower,
the orbit flatter and the horizontal movement becomes
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greater than the vertical movement, the wave breaks
(Seymour gj; Bl.., 1989).

If the sea is deep right up to the shore, the wave breaks
right onto the beach, whilst if the sea is shallow, tha
wave may break far out (Day, 1974; Denny, 1988). A flat,
sandy beach, dissipates the energy of the wave as it
washes up the beach, wh~.le on a rQugh. rocky beach, the
wave does not run up as far and is more turbulent. Ths
height of the run-up is impo:r:t.antfor the grot-7thof
intel'stitial organisms (ie those living between the sand
particles) in the swash zone (Denny, 1988). The offshore
region is that \ihich is found outside the surf zone
(region from the breakers to the ~7aters edge) and the
swash zone is the region which is alternatively covered
and uncovered by t.hewaves. The height of the latter
regio11 (and that of th~'"surf zone) changes with the tide
and this also affects the organisms existing in this area
(Denny, 1988).

Waves nearly al'ways break close to parallel, or parallel
to the shore because if one moves in at an angle, the
shore edge is retarded first and swings the rest of the
WaVe arou.nd so that it is forced to come in parallel to
the shore (l.ewis, 1964; Pay, 1974, Lobban e.:t 914' 1985)0
The non-parallel arrival (')fwaves on the shore causes a
"longshore current" that transports sediments along the
coast (Denny, 1988). This longshore scouring causes long
straight beaches suoh as those in Nata.l, unless there are
areas of harder r-ock which cause head l.ands , These. deflect
the waves and lead to the formation of bays such as those
in the southern cape. Waves breaking parallel to the
shore cause greater exposure t.han those which break at an
angle (Dawes, 1981). The water of these waves, as well as
t;hat of short waves , rushes up the beach and washes back
to meet the oncomi.nq wave I in(_'r~lasingthe turbul ence
(long waves can '~Jashback w.it.:.hcl1tcausing interference (,~f



the next wave) • This backwash may lead to rip currents
which are jets of water washing out and then dissipating
behind tho breakers. The rips turn the longshore c~:rrents

/

into offshore cUl:rents and maybe dangerous to ba,t:.ciersas
they often move at grea·t speeds (Branch & Bra.nch, 1981).
In roc]t.y envi.ronnentis, the rips are dissipated by the
bottom topograph~r.

1.5.1. 2 Wabar Flow Over organism~~

Local water flow over organisms and the substrata, may
either be laminar., where there is a smooth flow of
parallel layers t>.Yith small scale movemerrcsr or turbulent
flow I which is the it'regular movement;of the water even
if the flow is in one direction, causing small scale
water movementsin a direction different bo the di.rection
of the main water flc)w (Vogel, 1981).

No matter wha't type ()f flow is exper Lenced by an
organism, there is a layer where the v~91ocity of the
water is zero due to the friction of the V,'jj ':er passing
over a surface. This layer is knownas the boundary
layer. It is dt~fined as " the region fl:.-omthe po where
the water velocity bE~qinsto slow down to the point
ill'lmedia'tely adjacent to the object whe:re the water :motior,1
is zero" (Neushul, H}72). Boundary layers of macroalqae
are reported to be approximately 150Jjmthick (Lobban et
s.U.., 1985). The:t'eare gradients of nut:rients and
dissol ved gases across the boundary ls.yer I determined by
the diffusion rates of the nutrients. The boundary layer
is said to be a function of the size and area of th~
blade and the velocity of the flow. L.ittle is k.iown about;
how the lamina deflects or affects water flow passing :i.t
or closely adjacent laminae. 'l'he thickness of the
boundary layer is dependant on the 'Velocity of movement
of the surrounding water. A thin layer results in a
reduction in resistance to nutrient d~ffusion thu$
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increasing nutrient flow to the thallus surface (Neushu]"
1972; Dring, 1982; Lobban &t. al., 1985). The velocity of
the flow and thus the nutriellt supply, is increased by an
increase in turbulence. Turbulence may be increased bv
the presence of w1:'in]desor spd.nes on the plant surf,~",C?,
or by the plant remaining rigid and upright or moving in
the direction of water movement (N'ellshul,19"'12; Lobban at
al., 1985: Koehl & Alberte, 1988). Norton at 91. (1982)
have reported different degrees of surface
proliferations, spines and hairs' on seaweeds inhabiting
different regions. The theory that seaweeds produce their
own turbulence by havinq an irregular surfa.ce is
contradicted by reports that some kelps are smoother in
sheltered areas than they are in turbulent areas (Norton
et a1., 1981). In MacrocystisL j,ntegr,i:R.gliaBory I~he
degree rugosity increases with the increase in wave
exposure. contrary to wha't one t,~ouldexpect in an area of
high turbulence. This may be an adaptation of
M. int:egrifoli]!to reduce drag or to strengthen the
laminae, rather than to increase toe velocity of floW' and
decrease the boundary layer (N(.i':ttonet; .9.l., 19821 Lobban
et al., 1985). GE'!I'ard(19.87) r~'ports that, in sheltered
areas t the water "ii'elocity is lower and thus there is a
decrease in the boundary transport of nutrients and a
subsequent redUction i.ngrowt.h and production.

1.5.1.3 Beach Formatlon and structure

Beaches experiencing rough surfs are composed of coarse
~and and protected areas or estuaries, have fine, more
stable sedime,ts. Th~ finer sand is found at the bo~tom
of the shore because it .i.s'taken down the shore in
suspension In the backwash , '!Ihecoarser sand is, however,
found higher up on the shore where it settles out of the
water in the incoming waves. The f:i,nersand is also blown
out of thi~ upper shore region when it dries, leaving the
only coarse sand behind (Gray, 1981). The coarse sand
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drains and drifls quickly allowing buried organisms to
become desiccated, while those livi:1(5in fine sa.nd are
not desiccated because of the slower drainage. However,
the finer sand may become stagnant and Lacks '1 const.arrt
sut;ply (!Ifoxygen (Branch eSc Branch, 1981; G.t;;1Yr 1981).

Temperature and salinity of the top layers of sand may
also change due to solar "larming and evaporation
(Johr1l50n,1967). This affects any organisms living Ln the
top few centimetref' of the sand.

The main sedill''''\1n+-,distribu'tor, on a large scale I are the
currents (Gray, J'81). However, there is a high dagree of
water and sediment circulation in the surf zone ,.On sandy
beaches where the waves surqe far up the shoce , l!lave
action plays a big role (Lobban at al., 1985). In areas
of high wave activity, waves may result in a shore with a
small beach I a steep face and coarse sand, while the
opposi te Ls tr\~ ) areas of less wave act.ion (Dawes,
1981). The bre'l' J' or washing of waves onto a r'cck face
or b""ach causes the rock to break up, and the sand and
rock to be abraded and smoothed. The effect of the waves
is concentrated midway between t.he high and low tide
:marksI and a rock platforrllmay be et'oded at this point on
a rocky shore. A stretch of shore may also exhibit
different tOPQgraphies, and thus differeht exposures, at
low and high tide, eg a steep slope which tapers off to a
flat platform lower on the shore, would e~'<hib,it a high
degree ?f exposure at high tide when the waves br~ak on
the steep slope; ancilow exposure at low tide when the
waves break on the platform (Lewis, 1964).

1.5.2 Desiccation

Exposure to wave motion is the major force which affects
the crgBnisms in the intertidal zone, however, other wave
ez,'" .• ,1,', ..)Y"rr.":' .",,~ :+.\t~dfactors are also important. organisms
living in the intertidal zone are regularly exposed to
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the air for periods of time. This may lead to water loss
and desiccation. The form of the plant is determined by
the need to be efficient il'l metabolic functions, and at
the same time be able to resist stresses such as
desiccation and \liaVeaction (Norton S'lt .9.1., 1982). Alga,?,
thalli which are e~posed to desiccation must either be
able to recover j:rom desiccation; or ovez-comeit by
avo.idance, reduction OIt physiological toler.ane:.e
(DromgooJ~e,1980). AVoidance includes living in
(.leprt:.\ss.{onswhich retain water,. or resorting to
microscopic or b:>ring phases in sumTiler(Branch & Branch,
1981). There are reports of the resistance to desiccation
baing a seasonal feature of the intertidal organisms, ie
mcudlualin summert-lhenthe temperatures are at their
highest (Schonbeok & Norton, 1979).

Tolerance to watier loss is though·t, by some, to be the
main determining featUre of the zonation of the shor'es ,
especially in th(9 upper regions of the snoze (t.he ]{j~er

regions are thought to be controlled more by bioti0
factors such as I;;umpetition and herbivory; Brown, 19t3';),.
Norton et Sil. (1982) reported that algae found on the
upper shore regicms were better sui ted to rapid water
loss and recovery· whioh causes biochemical damage, than
to sloli~water loss I ie water conservation Which causes
physical damage. Within a zone inhabited by the same
species, there may be differences in growth-phflse ~ie
gametophyte or sporophy+e) and morphology due to
different zesponlses to degrees of emersion (Allender,
1977). In some si~ecies, the small gametophyte generation
is capable c,lfwi t.1.~::tandingthe long daytime emersion
"lIlile tho maozoacopd.c spor.:ophyte is not (Druehl, 19B1a).

Body shape and size are inlportant in de.",armining the rate
and degree of water loss, as water is only lost from the
surface of the organism (Norton ~t at., 198.2; Brown,
1987). Thus .larger ol~ganisImshave a smaller surface area
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to volume ratio and lose relatively less of their body
maas (in water), than SDlaller organisms. Some algae
contain a large amount of mucus which loses water,
leaving the cell wab..!rintact, eg Splachnid:i.um.water
content is thus also important, although to a lesser
degree (Dromgoole, 1~80). other organisms store sea water
in vesicles, eg Colpomenia, and thus retain water and
nutrients to reduce desiccation and allow photosynthesis
to co:v-tinue(Oates, 1988). Some organisms have surface
irregularities which trap water or a "false cuticle"
which is caused by high ccncentrratdons of fatty acids in
the epid.a,1.",':,;:,1't~lls,eg Fucus (Quadir et f!l~. 1979).
Seaweeds also give other organisms protection from heat
and desiccat.ion (Lewis, 1964). Beds or tufts of a single
algal species" not only protect the members of the bed,
but also offer protection for other organismsr by
retaining water (Isaac, 1~l33). The type of strucb.:~re
which the organism displ'ays is also important: in the
determination of the degree. of desiccatio~, ia flexible
plants oo.lLapse on themselves when emergence occurs and
~hus decrease desiccation more than if the plants were
rigid and thus completely exposed to the atmosphere
(Dromgoole, 1981).

~he surrounding surface of the substratum also affects
the degree of water loss, ie a smooth surface drains fast
while a rugged surface or sand, retains water and keeps
the overlying seaweed damp (Isaac, 1933; Lewis, 1964). In
more wave exposed areas, the lower regions of the shore
are continually washed by waves and the areas further up
are wetted by wave spray, however, organisms are exposed
to the air between wetting. The degree of wave action
tha'tthe area experiences I affects the amount of exposure
to the atmosphere that the inhabitants are subjected to
(ie high wave activity causes increased spray). Schonbeck
and Norton (19'19)reported that plants transplanted from
a wave exposed area to a sheltered area, damrmstrated a
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decrease in desiccation resistance and a correlated
decrease in the percentage dry matter present. The role
t.hatthe dry matter plays in the resistanC'....to
desiccation is not known, hoWever, the percentage also
changes with seasonal change in desiccation resistance
(Schonbeck & Norton, 1979).

Em~rgence causes intertidal organisms to be exposed to
extreme temperatures at low'tide. on a hot, sunny day the
rock on which an emerged seaweed Ls lying, may increase
in temperature to a point higher tban that of the air and
a great deal higher than that of the water. At night: the
same roc]~might drop to a temperatur'o:llower than both the
air and the water. A plant found in a shaded area would
undergo the same temperature changes but to a smaller
degree. The temperature of the water in small pools also
differs considerably between the day and night. some of
the tips of plants in pools may emerge and become
desiccated in calm periods when there is little spray
(Norton et a1., J.981). The higher up the shore an
organism is positioned, the longer it will be exposed to
these extreme! temperatures and the less likely 'thechance
of it being washed by a wave, ie having the temperature
~eturned to that of the water. Organisms may be adapted
to lose'heat to the atmosphere or substratum by theil7
shape, ooloun or texture. The ~;f'~mperatureof the plant
not only affects the rate of desiccation, but also the
metabolism (Dring, 1982). A sudden increase in
temperature may lead to a change in blade morphnlogy or
an increase in blade abscission (Norton at a1., 1981).

1.5.3 Light Quality and Quantity

For the photosynthesizing organisms on the shore, light
is an important feature. Under submerged cOl'luitio!'lGfthe
organisms that grmo110\01eron the shore may receive little
light due to the depth, turbidity of the water (Lewis,
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1964), and reflection of the light off turbulence
(Cousens, 1982). Increased wave exposure can affec·t the
light reaching organisms by affecting turbulence and silt
deposition. Light penetratas water 2000 times less than
air (Dring, 1982). Thus light limits the depth of growth
and ~s in turn limited by water turbidity, turbulence and
depth (Denny, 1988).

Flatt.ar laminae ensure a larger area expose ..d to -the light
and the possibility that the pigments are near the
surface of the plant. Norton et £\].. (1982) reported that
most seaweeds maximise their ability to trap light by
having th.e chloroplasts on the outside surfaces of the
surface cells and by holding the Lamrmae perpendicular to
the sun, eg when flat laminae are spread out by the flow
of water (Norton et al., 1982). An incre.ase i.n t.he
surface area :t:J..")rnutrient uptake, eg branching or hair
production as ~~ll as lamina overlap, may decrease the
area able to absorb light due to self"'shadlng (Koehl &
Alberte, 1988). Similarly, shading may occur in dense
clumps or kelp beds in which the adult plants are
reported t.o shade younger plantJ.ets and the lO\oler
branches of adu l.t;plants (Xiugeng & Neushul, 1984). There
are reports of lligher concentrations of photosynthetic
pigments in plants which are found in deeper water or are
continually shaded, e.g Dictyota ~ichotoma (Hudson)
Lamouroux (Perez-Bermudez _~t al., ],981).

The algae in small pools compete for light and this may
rmml t in elongation of the laminae.. Many seaweeds are,
howevet·, damaged by too much light and, in these species,
the maximum photosynthesis occur-s while the plants are
submerged. If there is & particularly low spring tide
(especially in summer), these plants become damaged and
sun bleached (Branch & Branoh, 1981; Santelices et al.,
19B1; Duggins & Dl,th ter, 1985). The time of day at which
the low spring tide occurs :i.sof particular importance to
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species which become damaged by high light in.tensities,
as low tides occurring at midday would increase the
chance of d~lsiccation or excessi~Te light (Lewis, 1964;
Dring, 1982). SOInealgae have adapned to withstartd high
h:radiance by having migrating chloroplasts, eg r:.o~~umt
or masking pigments, eg the brown algae. Algae may ~'lso
grow in cracks , crevices, or on shady overhangs, a.llpf
which reduc,e the amount of sun that the r,lant rece.il/e~
(Denny, 19B,S).Light is also a lill'itingfavtor when younq
spor,\alingst,ettle. If -chere are many adults, the
sporelings will not receive suffic:l.entlight.

The amount of light which the plant receives is not only
dependant on the depth, turbidity and tUrbulence of the
wate):';but also by the amount of time tha-t it is exposed
to the atmospnez'e between waves. The rate '!.)f

photosynthesis that the plants are able to achieve, is
detennined not only by the light receiv~d, but also the
nutrient availability and upcake ,

1.5.4 Nutrient Uptake and the Effects of Salinity

Algae in small pools must be tolerant to salinity
changes, and nutrient and gas depletion. Salinity may
increase due to evaporation, or decrease due to rai.nfA.ll
or runOff, and -thecarbon dioxide content may decrease
due to algal metabolism (Branch & Branch, 19B1; Dring,
1982). Small pools and sheltered areag which lack wave
activity for a large part of the tidal cycle also lack
the mixing which occurs in open seas (Dawes, 19B1). This
mixing distributes the salinitYt nutrients and
temperature of the wat.er (Druehl, 1981a). 'l'heorganisms
deplete tl1eoxygen and nutrient supply in their immediat.e
vicinity and this is not replaced due to the lack of
mixing. Depletion is f.noz-easedby the ~igh degree of
epiphytism in these areas (Norton et al., 1982). The
salinity is reported to change i.nthe top few ml?tres of
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tl1ewater thus subjecting an attached alga to salinity
variations with waves and change of tide (Druehl, 198J.a).
The top layers of water may also suffer nutrient
depIction due to metabolism of phytoplankton (Smith,
1976; V:aliela, 1984). Vad.ation of salinity and nutrient
concentration is reported to affect the morphology of
alg~e, eg Fucus vesiculosus Linnaeus (Jordan & Vadas,
1972; Norton at al., 1981). Some of the algae which grow
in areas experiencing salInity variation are reported to
be able to withstand the decr-eaaes in salinity a.lthough
the plants may exhibit a decreased growth r'at;e , Some are,
even reported to photosynt.hesize well under oondttii.ons or
varying salinity and 11utrient conditions experienced in i

I

pools ot"sheltered sit.es,eg Pha~ostrophiQn irregulare i
setch4~11 At cardnez (Mathieson, 1982b). Tht:! cell v7alls cif
a l, "ie(especially membez-s of the Phaeophyoeae ) corrca i.n i

I

algirHltee;and fucoidar which are reported to play a rOl~~
(amonqst; otjle:rt unctii.ons) in ca't i.onexchanqe and thus i'~
resistance to salinity chances an,:!pos~ibly also to
desiccation (zavodriix , 1981; Marl.al'll.@;I;. al., 1985). (

i
of nv.trien~s

!
Wave movement .isimportant for:the provision
due to increased movement around the submerged plant.
(Rain, 1977; Day, 1974; Gerard & Mann, 1979). In
submerged plants I the ~ntire organisIllis Lnvo.Lved in
nutrient uptake, thus the surface to volume ratio O£
plants is important for nutri&nt supply. !n sheltered
areas, there may be a smaller surface area to volume
rat to (smaller plarrtas) which decccases the amount of
nutrients that are relatively available to the plant.
Th\lse plants may develop hairs, br:anches, secundary
stipes, spines, surface protrusio!"• or more laminae to
increase the uptake ability (.i:~~rton€+: Silo, 1982). The
branches of some specLes remain rigid and perpendicular
to the main axi.sto Lncr oase flo\'Jover the thallus and.
thus increase nutrient avail,!'J.lity (Norton clt ale ;
1982). A problem exper~I"icedby some mar Lne plants is



that the'carbon dioxide necessary for photosynthesis muot
be dissolved in water and thus some desiccated seaweeds
are unable t~ photosynthesize. Algae in the h~ghest
regions of the intertidal zone must be ~~apableof
recovering from desiccation, starting to m~tabolise and
absorbing nutrients rapidly when submerged (Dring, 198.2;
Norton et al., 1982). Brown (1987) reported that all the
tested seaweeds (from differen~ parts of the shore) I

recovered photosYl'l.theticcapability following
desiccation, after three hours bf submergence. The degree
of recovery of photosynthesis after dr:v:ingushows the
best correlation with the p0sition of the individual
seaweeds on the shore (Brown, 1987).

1..5..5 Sand Deposition

Sand movement is a fUrther problem experienced by
j.nt.ertidalorganisms (McQuaid & Branch, 1984). Intertidal
algae may suffer abrasion from sand in suspension or
become totally covered by sand for considerable lengths
of time (Day, 1974; Dring, 1982). Littler et~. (1983),
report that even rocky sh~res (not normally expected to
be greatly affected by s(tnddeposition) have sand mixed
In with the benthi.c biota and sand movement and
inundation does occur (especially in pools and
depressions). Some spe:::iesof seaweed cannot survive sand
covert while others thrive when covered, ie are sand-
loving or psammophytic (Branch & Branch, 1981) possibly
due to tho protection provided by the sand I agains·t
epiphytes and ne:t'bi.vores (large herbivores are excluded
and s:mal?attached forms which colonise the plant may be
smothered; D'Antonio, 1986). Spores of some algae
tolerate sand cover \Olhilstothers SUffer from smothering I

scouring, or becoming attached to sand grains which may
be wash,,~daway (Mathieson, 1982a).
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Sand burial not only affects organisms by physical
scouring, but also due to smothering (reduction in light,
dissolved oxygen and nutrients) and detr.imental chemical
changes in the microenvironment (Littler et a1., 1983).
Sand deposition and abrasion thus selects seaweeds with
tolerant or strong basal systems, the potential to
regenerate rapidly when abraded, the ability to withstand
nutrient depletion and anaerobic conditions (Lobban et
a1., 1985), the prostrate rather than the erect morph of
heteromorphic forms (Fletcher, 1987), those with rapid
life bis·tories which reproduce rapidly when the plants
are uncCJvered (Dawes, 1981; D'Antonio, 1986), or
incomplete life histories Which ensure the continued
gene1:ic stability of the resistant plants (Daly &

Mathieson, 1977). Sand deposition may afctE!ctthe
branching of the laminae, eg Norton et a1. (1981) r~port
very short, bushy plants due to the removal and
subsequent regeneration of the apices from scoured
plants. The abundance and distribution of both subtidal
and intertidal organisms is reported to be reduced where
ther~ is regular sand deposition (Daly & Mathieson, 1977;
Dawes, 1981). There are reports of periodic sand covering
being advantageous to the popUlation by making "free-
space" available and allowing an increase in diver$ity by
encouraging the growth of opportunists which appear soon
after the initial 1"1:ia1 (Littler .@t a1. I 1983).

Sand depoE:'litionmay be seasonal (Lobban at a1., 1985);
Daly and Mathieson (1977) suggest diurnal, neap-spring,
storm and summer sand inundations which may be affected
by local topography, wave steepness, angle of \tmve
impact, sand particle size, wind, tidal amplitude and
beach slope. There are reports of sand Lnundatii.on being
highest in wave exposed areas (Mathieson, 1982a),
although, high wave action may inhibit the settlement of
sediment onto the It..minaeof the plants (reducing the
possible shading effect). HoweveJ:, sediments kept
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suspended also decr-ease the light reaching the organisms
(Neushul, 1972; Koehl & Wainwright, 1985). It appears,
however, (pers • obs.) tllatthere may be a rapid
altarnation be·tween sand Lnundatifon and removal in wave
~xposed areas on a tidal scale, while in sheltered areas
there is a slow filling up which remains for long periods
(until a storm or spring tide is experienced).

1.5.6 Herbivory

Lewis (1964) suggests that the effAct of wave exposure on
algae is indirect and only due to the effect of the
exposure 011 the herhivores. Duggins and Dethier (1985)
however, reported that the removal of chitons from
experiraental sites allowed ths ext,ension of the zone of
subt~dal kelp~s further up the shore to regions where they
were unable to withstand the stresses of summer exposure,
and thus died back. Kitching (1987) reports a variable
reaction of both faunal and floral epiphytes and
herbivores to differ.ences illwave action. In sheltered
areas where srltallherbivores such as snails are common
(they cannot survive high wave exposure), grazing
herbivores may even be an advantage to the alga in thaJ

"

they remove the surface epiphytes £rom the laminae
(Lubchenco, 1983).

Littler et .sl. (1983) suggest that the degree of wave
exposure may influence. the algal population by affecting
higher order predators, herbivores and algal competitors.
There is reported to be an increase in the abundance and
diVersity of algae and a change in the predominant morph
of t.hespecies, following the rem(')valof the herbivore;::;
(Duggins & Dethier, J.985),e.guprigh't when there are fevJ
herbivores and crustose when the herbivores are more
active (Norton at al.p 1981). Features of the algal
morphology such as size, shape, toughness, calcifioJltion,
presence of a "cuticle" and any surface it':r.'qqula.zoities
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may affect the preference of herbivores for that
individual (van Alstyne, 1988).

Seaweeds are the primary producers of the intertidal zone
(phytoplankton playa small role in this region). The
tiny algal spores and germlings are more readily grazed
by herbivores and filter f~eders, than the adult plants.
A surviving sporeling must settle and grow fast and large
to escape the herbivores. Herbivores assist the late
succession species by consuming the often fragile, early
succession plants. Thus spores of late succession plants
have to land in protected are~$ in order for the
sporelings to escape predation and abrasion (Lubchenco,
1983). 'rhereis also believed to be a different
preference between the gametophytes and sporophytes of a
species (Rannach & Santelices, 1985). Large plants are
believed to be less palatable than their sporelings and
immature thalli, for both mechanical and chemical
reas' ,J" eg less anti-herbivore subsbance is produced in
small plants presu).'(lablydue to the energy required for
quick growth (Lubchenco, 1983). Many algae secrete.an
anti~herbivorous, secondary metabolite, eg ~ictyo~teris
~eligAt~ (Hay ~t g~., 1988), which stops herbivor~s
such as fish and starfish (smaller herbivores such.as
amphipods are not affected to such a degree) from eating
the plants. other species of algae have a shield of slime
which ,may have antibiotic properties, while still others
are reported to shed their outer surface thus
discouraging herbivory, epit>hytisl\land parasitism
(Kitching, 1987). In more wave exposed regions, the areas
dama9~d by herbivores are more extensively removed than
in less wave $xposed areas, and this decreas'9s th.!:!chance
of recovery o~ regeneration of these damaged areas
(Norton at £1.• I 1981). Aspects of the plant structure
such as the totl(Jhnessand the shape of the lamina, may
also affect th(~herbivory potential, '2ga narrow, buoyant;
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frond i,~ more difficult to grip and manipulate than a
flat, broad J.rimina(Watson & Norton, 1985).

1.6 ALGAL RESPONSE TO WAVE EXPOSURE

It has been reported that if water motion measurements
were converted into wind speed I intertidal organis1lh.
would b~ experiencing forces of up to 400 m\s or at, l.:aa$t·
60 m\s, which is considerable if'considering wind acting
on terrestrial organisms (Charters et al., 1969). Some
algae thrive in areas of high wave action where there is
a high degree of water movement and thus high nutrient
turnover. Others are unable to remain attac~led or entire
in these stressful cond.i tLons (Simons, 1976). Adaptations
for survival occur to the detriment of the growtb and
pn oducbf,vity (Gerard & 14an11 , 1979). There are reports
(Dawes, lS81) of an increase in diversity but a lower
pzoduct.L vity and bioVA8SS in some populations found in
areas of higher;!exposure, and reports to the contrary in
other populations (Gibbons, 1988). KHlp beds or large
patches of seaweed, reduce wave action on the shorts and
thus provide protection for other organisms (Palmisano .&

Sheng, 1977). Plants gr.owing in the wave-swept intertidal
region are exposed to different degrees of wave action,
resul ting in varying degrees of abras ion , drag, gas and
nutrient supply as well as the related environmental
conditions discussed in the preceding sections. The
plants react to these stresses in a var:i..etyof manners
involving their morphology, population characteristics,
reproduction I phys i.ol.oqy and growth.

JI. .. 6.1 Effects of Wave Exposure on Mor.pbolc~

Morphological changes in response to envdronmenba'l
stn~sses are the most; immediately obvious resp0!1ses
displayed by organisms. organisms adapt to differel·.t
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conditions by developing the optimal phent:)type for those
conditions experienced.

1.6.1.1 Effects on Attachment

Intertidal organisms are exposed to interlnittent pulls
and jerks in different directionst due to the back and
forth movement of the waves. Unlike terrestrial plants
which have their root systems anchored under the ground,
the attachment organs of the sleaweeds are also exposed to
the movement of the water (Norton at al., 1982). Wave
strength etetermines the t.ype of thallus able to exist in
an area, since very flimsy or loosely attached plants are
removed by the wa'\}'~s(Lewis, 1964; Day, 1974). Large
plants have an advantage in that herbivory and
dosiccation is reduced, however, the plant may be removed
by the waves before it:.has become reprod1.',vtive , For this
reason, large holdfasts are necessary on large plants.
Holdfast~ may be weakened by grazing or deach of 'the
central rhizoids due to sedhnent settlement, and this may
result in the removal of plants during times of
exceptionally high 'l.vaveact51.vity (Seymour et gl.. , J.989).

Areas of calm water often support loosely attached plants
(Moss, 1950), and the attachment strength may differ on
the sides of a boulder which experiences different
degrees of wave exposure (Moss, 1950; Lobban gt al.,
1985). IndividUals inhabiting the most wave exposed parts
of the coast require specific adaptations in order to
cope with t11e stresses of drag imposed by the waves, and
abrasion due to 'Jot.hsand and being thrashed against the
rocks (Lobban .@t i!J". I 1985). Species in these wave
exposed environments have particularly well developed
attachment mechanisms which are thought to be stimulated
by high wave activity, eg the haptera of I.amina;rj,j!and
Asconhyllum or the mucus adhesive of limpets (Lobban .@.t.
6.L, 1,985; M~Ea(;hreon & 'l'homas,1987). The majority of
the current movement is in th~ top layers of the water,
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"thus the force on the holdfast is determined by the speed
of the water, ie the drag on the laminae, and the height
of the plant (Vogel, 1981). It is not only the size of
the holdfast that detervtines the atrcachment; strength I but
also the area in contaot with the substratum and the type
of substrata (ie sand s:t>i.ftsand is thus not as stable a
substratum for attachment as rock; Norton ~t a1., 1982)0
'rhere is a close association between the rhizoids which
constitute the ho1dfastq and the substratum.

1.6.1.2 Rtfeots on Shape

Cheshire and Hallam (1988) suggest that in any population
of seaweed there are different forms and that these range
in variation around an average which is corre1ate.a to the
level of wave exposure experienced by the population.
Simi1ar1Yt it has been suggested that different wave
exposure causes different morphologies and life-histories
in thY sarna species (Fletcher, 1987). It has also been
reported that cert.ain brown algae reduce in size and
undergo both anatomiQal and morphological changes
(Fletcher, 1987) in different wave activity areas.
Organisms which exist in similar environments often have
similar forms, although they are unrelated (Norton et
al., 1982).

Plants cannot be easily transplant~d from areas of low,
to areas of high wave activity. The plant adapts to the
environmental conditions early in its develn~ment and is
thus not able to Change rc..pidly(Lobban at a1,.I 1985).
The transfer experiments which have been performed have,
however, been successful when juvenile plants were uStd.
(Chesh.ire & Hallam, 1988). It is thought that the main
reaSOll for the lack of succeas in transplant expez'Lz.entis ,
is that the attachmAnt organs of t.he plants from calm
a'Z'easare unable to keep the plant attached in more wave
~xposed areas due to their reduced size (Armstrong,
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1987). Alternatively, the algae show a decrease in growth
due to their exposure to Ijght and air during the
transfer (Gerard & Mann, 1979). Another possible reason
is that fragile laminae are ripped apart in the more
stressful environment. 'rhe reverse transfer, Le plants
from an area of high wave exposure to a calmer area, has
had some success and the plants are reported to survive
and grow into a fOl"m similar to that of the surrounding
plants (Gerard & Mann, 1979).

The shape and texture of the plant determines 'the effect
that the waves have. Adaptations to high wave exposure
may include rounded, branched thall'J.to reduce
resistance, flexibility to be able to bend in the
dir~ction of water movement, or. rigirtity to be able to
withstand it (Armstrong, 1987), elasticity or coiling of
'the stipe to be able to extend with the water motion,
splitting of fans, or the production of surface
protrusions or mucilage to reduce drag (Norton ~t al.,
1981; Lobban et al., 1985; Gerard, 1987). There are
reports that the ripples or frills found on the edges of
some algal laminae (previously thought to reduce the dx'ag
of the wat,er by reducillg the turbulence around the
individual; Branch & Bran"ll, 1981), are not to reduce the
drag but rather to decrease the chance of t:he laminae
tearing (Vogel, 1981). Some speci.es become flat and
encrusting, ie occur within the boundary layer to reduce
resit~tance (Sheath & Hambrook, 1988) I others form a
cushion, to withstand the wave force. The individuals of
a species in wave exposed sites are generally shorter, eg
r,aurencia n.anillos(! (Forssk.) Grev (I<ilar & McLachlan,
1986), thicker, eg Lamillaria mLP..~rborea (Gunn.) FosL
(Kain, 1977), more robust due to an increase in
strengthening tissue (Norton et a1., 1981) and bushier,
wi til narrower laminae, eg Laminaria longicrud.s de la
Pylaie (Gerard & Mann, 1979) or have mor-e branches and a
larger atrtaohment; organ I eg Sargassum c:il'llQsumc. Agardh I
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than those in sheltered sites (Norton (;'"a1._, 1981;
payri, 1.984; de paula & de Oliveira, 1982; Lobban et al.,
1985; de Ruyter van steveninck & Breeman, 1987). Narrower
laminae found in some species of algae from quieter
waters are rE~ported '1:0 be a result of nutrient. depletion
caus~d by lack of water movement (Norton et al., 1982).

Some algae are soft and,floppy offering the least amount
of resistance to the action of the waves (Norton et al'3

1.981). plants consisting of a f'ewflexible laminae 1117ill
clump together thus reducing the area expo '~edto the
current (Koehl & Alberte, 1988). They bend in the
di-rection of the surge in order to maximise their length
in the direction of the wave mcvement;, and to form a
single unit for the water to flow around. This acts to
reduce the drag around the plant (Charters et al., 1969;
Vogel, 1981; Lobban at al., 1985). Streamlining of
sessile organisms in turbulent flow is problell1aticin
that the direction of waves is unpredictable, and thus
tiheintlividualcannot align itself to the direction of
the wave, prior to the wave's arrival (Branch & Branch,
198],).rn times of turbulent flow, the laminae are moved
in different directions and there is no unidirectional
drag placed on the plant, such as there would be if there
was a single surge or current (Cheshire & Hallanl, 1988).
Large plants, however, may flap in a current (increase in
drag on the fronds; VogeL 1981) and become abraded or
torn. When there is little water movement, the blades
spread out and increase the area of the canopy thus
increasing the photosynthetic area of the plant (Vogel,
1981; Neushul, 1972). The drag on the fronds can cause
tensile or breaking stress in the stipe only when it is
parallel to the di:tection of the waves or currents.

Water keeps submerged bodies buoyant and allows the
organisms to expend less enerqy on support tissue, and
they are thus often soft and floppy. Macroalgae are
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capable of producing more photosynthetic tissue than
terrestrial plants because they do not need to produce
FJupportive tissue. Algae may be very soft but t due to the
increased photosynthetic rate, they are capable of
growing faster than land.plants (Branch & Branch, 1981).
However, alg~~ growing in more wave exposed sites need
.,ore strengthening and structural tissue, to withstand
the wave forcfls, than those groto'~ingin sheltared areas.

(IAn Jncl:'e'i;\se:.11 support tissue results in an decrease in
amount of photosynthetic tissue which is counteracted by
an increase Ln the photosynthesis due to the increase in
the uptake of nutrients and gases (Norton et a1., 1981).
There are reports of thicker cell walls and an increase
in the cortical laye:t'of algae in areas of higher
exposure (Cheshire & Hallam, 1988). There is also an
increase illthe alginio acid of cells from the base to
the tip of Du;r:yilla.eapotatorum (La Billardiere)
Areschoug individuals from hi.gllWave exposure. This
results in a firm holdfast and base, an elastic, flexible
stipe and laminae which are able to withstand wave
activity (Cheshire & Hallam, 1985). Gerard (1987) reports
that ccrrti.nua'l, longitudinal '~ansion,such as that p~,aced
intermittently on laminae of seaweeds by wave action,
causes elongation and narrowing of the laminae of
Laminarj.,a.§.b.Gcharina(L.) Lamour due to changes in thsl
orientation ot the cell divisions (rather than cell size
or division rate).

It is thus apparent that the reaction of plant morphology
to di.fferent levels of G1(posure varies with different
species. ThUS, there is no single reaction which can be
used as an index ·topred.ict what exposur-e an individual
has experienced, or how a species will react to new
conditions.
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1.6.2 Effects of Wave Exposure on Population Dynamics

Numerous researchers suggest that waves are one of the
most important features in the determination and
distribution of a population (Le1;.;is,1964; Palumbi, 1984;
McQuaid & Branch, 1985). The degree of wave exposure is
seasonal and thus influences the -temporal distribution of
species, eg more fragile or 'rigid individuals are more
conunon in times when the average wave exposure is lower,
:i.e; seasons with fewer storms (Sant~lices, 1977). Some
species which are weaker may extend their habitats from
sheltered areas to more wave exposed areas in the calmer
seasons (Santelices, 1977). Even tdthin one general
environment type, eg wave e~posed or sheltered, there may
be local ohanqes in dominance and distribution o:L'a
species (Lewis, 1964). Waves also extend the inhabitable
region Qf th~ shore I ie the water goes further up the
shere in a wave exposea site than in a sheltered area
tDay, 1974). This, together with the spray, elevates the
zones in high wave activity areas. Some intertidal algae,
eg ABcophyllum nodosum (L.) Le Jolis are r'epor'tied to grow
faster under spray conditions than under submerged
conditions (Rheault & Ryther, 1983). The zones in
sheltered areas :e.lreboth lower on the shore and
compressed, compared to those on wave exposed shores
(Powell, 1957; Lewis, 1964r Dawes, 1981). The degree of
exposure is also thought to determine the pattern of
succession and the climax spacies (Lubchenco, 1983). Wave
activity reduces morphological variability of members of
a popukat.Lon by removing some morphological forms. The .....~·
are also reports that wave exposure affects the age
structure of a population. An example of this occurs in
populations of !Jaminaria setchellii Silva which are
composed of mainly young plants in wave exposed ar~as,
with a more even spread of age classes in less wave
expo~ed areas (Klinger & DeWreede, 1988).
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It is reported that populations of Sargassum cymosum from
areas of differing degrees of wave exposure, become
ecotypes and thus variation in morphology becomes a
genotypic rather than phenutypic response to the
environment. This is demonstrated by the lack of change
when the plants are transplanted b~tween areas of
different wave exposures (de Paula & de Oliveira, 1982).
'rhus wave exposure 8.ffects the physiology, phenotypic
expression and gen(;,typicvariation of the population
(Cheshire & Hallalnj'1985).

1.6.3 Effects of ~aVc Exposure on Reproduction

Payri (1984) reports mor.s rapid development of the thalli
and reproductive structures of individuals found in
highly wave exposed sites. Spores of. some specj~s are
unable to g(~rminate unless they are exposed to high wave
activity (Dawes, 1981), although most spores, zygotes and
germlings are more sensitive. Wave activity is important
in the dispersal of the spores of organisms. However,
high wave activity lBay mean that some spores will land il1
unsuitable areas (eg on areas with unsu.:i.tablesUJ7face
texture or toxic areas) and will thus not survive, eg
spores of some algae can withs'tand only slight degrees of
desiccation (Fletcher, 1987). Sexual reproduction is much
more difficult illwave exposed areas where the ;~artners
and the galnetes can be washed away I therefore many plants
in these regions reproduce asexually lJY spores, or by
vegetative propagation (Denny, 1988). Plants in wave
exposed areas may have their spores swept out to sea and
this :may result in the sporophytes only growing close to
the substratum, eq Alaria or in protected grooves and
crevices, eg ?osteJ.~.i~, to decrsase the chance of the
spore loss (Nort.on ,~ ;"1.1., 1982). !n some species t spores
~re not dispersed from the adult before germi "tion. This
ensures a suitable habitat for attachment, eg l"ucus
sporelings (Branch & Branch, 1981). Similarly I the zygo'te
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may be retained on the parent for a short while after
fertilisation, eg ~~.t'gassu::nnrnti.cum(Yendo) Fensholt. In
wave exposed sites, germlings of individuals of g.
,gym05u:m maybe found growing a,I,nongstthe branches of the

"

adul t plants. This a1so ocourrl in sheltered areas but not
I,

in the intermediate wave expoi~uJ;eareas (de Paula 0; de
Oliveira, 1982). The released ~por~ has to pass through
rwo boundary layers be:t:ore settling I ie the layer around
the plant and that abo\Yethe substratum. A special
mec7.1anismwhich aids the spore in passing through the
boundary layers may thus be needed (Vogel, 1981). Motile
spores or gametes are able to increase the speed at which
they can reach the surf,!ace, a1though they are moving at
speeds far less than tl1"_'~surrocnding wa·t:.4;n:(Lobban et
a1., 1985). A settled sp(;,re must remain .in a bounda=y
layer of still or slight flow, to become attached. The
chances of attachment are increased aft-e,,: the production
Clf the attaching organ (eg' rhizoid/s).

Waveexposure also aff~"I",:,csvegetativ~ propagation by
inoreasing plant breaka':;Je(ie a source of mated.,'.l for
propagation) and spreading- plant segments to uncolonised
areas. vegetative propagation is of particular importance
at the end '.": a alga's distribution range (where sexual
reproduction potential is reduced), and in th~
oolonisation of new areas.

Spore dispersal :ls also affected by aspects of the sp ;re
itt'Slf such as the sinking rate, ie how far the spore is
washed before reaching the substratum. The sinking rate
is determined by tIle size of the spore I distribution of
the organelles, and the nature of the spore, ie clumped
or attacheo co a slime-like sUbstance which increases the
mass (Neushul, 1972). Leto]is(1964) reports that, in some
case ..~, more spores are washed onto an a.rea of high wave
aotivity, while in others the spores are washed past the
wave exposed area and into a sheltered bay where they may
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settle and become attached, L..';not survive due to the
turbidi ty and low light. Tl'1,ereis, however a higtJ.er
degree of dispersal and wastage in the wave exposed areas
~Lewis, lS64). On rocky, wave-swept shores, however,
spores are more likely to be washed over a suitable area,
and to find a lrregularity in the rock to which they can
attach (Norton & Fetter, 1981; Lobban at a1., 1985). The
longer the' spore remains in one spot I the more attached
it bacome~ (Lobban at pl., 1985), however, particularly
violent wave action may dislodge" even the most well
attached spores (Norton, 1983).

water movement affects reproduction by qffecting spore
and <;f4metedispersal and attachment (by silt deposition
and water movement) and dispersal of pieces of plant
which act as units of vegetative reprodUction (Druehl,
1981a) .

1.7 REGENERATION

Intertidal organisms which are exposed to waves and the
atmosphere, eaten by herbiVores, or abraded by sand may
experience damage to various parts of their structure. In
seaweeds this may Lnc Lude damage to the attachment organ,
the stipe or the laminae. Damaged individuals must be
able to repair wounds and regenerate the plant tissue
~'lhichhas bE::endamaged or removed I to enable them to
retain their perennial nature.

Regeneration of plants may aldo be a method of asexual
reproduction When removed seC't:ionsbecome reattached and
grow new thalli. Vegetative propagation IJccurs in a
number qf algal species and is important for the
dispersal of ·these species. It is also Lmpor+errt when
dealing wit:'). commercially h~rvested species which are
required to have rapid regene:r.:ationt"ates to be

56



commercially viable (Moss, 1961). The rate of
regeneration differs with plant morphology and age. It
must be rem~mbered, duxing viability studies, that there
are reports dr differences in the morphology and
regeneration of plants in culture alld in the field
(probably due to 1:he difference in environmental
conditions, Fagerberg & nawes , 1976). Regenera'tion of
algal tissue after wounding is a complicated process
which may occur from a variety of plant parts.

1.7.1 Causes of Regenerat.ion

High wave exposure may caUBe severe damage to intertidal
algae Que to the sheering force of t.he waves, increased
sand abrasion or lamina removal during storms. Frequently
damaged plants need to have the potential to regenerate
rapidly. Despite this, the regeneration and recovery of
commercially hazveat.ed Ascqphyl1um nodostUJ!is reported to
be grea1~er in shel tered areas than in wave exposed areas
(Keser et al., 1981). Regeneration allows individuals to
rem a . I perennial despi te sea.sonal increases in wave
exposu"e, abrasion and herbivory.

Van Alstyne (1989) reports a positive correlation between
the number of ~ittorina snails and the degree of
regenerati ve branching. The damage caused by herb! vor'esr

as with other ·types of dan=iqe, needs to be repaired and
the tissue replaced rapidly. In areas of intense grazing,
rapid regeneration is important for the continued
survival of the individuals. There are reports, however,
that damaged laminae of FUQus increase t.heir phenol
production thus reducing the attraction to herbi vores and
allowing the damaged laminae to heal and begin
regeneration (van Alstyne, 1988).

Besides the removal of ti8sue due to herbivory, abrasion
and waves, there is also natural senescence of laminae.
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This is reported to be seasonal in a number of marine
algae (de Paula & de Oliveira, 1982), It is common for
the perenl1i~1 holdfasts of seaweeds to regenerate laminae
annually, after all the laminaR have been removed. This
type of alga is known as a pseudo~lp.reilnial.

1.7.2 Process of Wound Healing

Recovery after damage involves two processes. Firstly the
wound heals, and then the tissu~ regenerates. ~'1ound
healing involves ch.anges in the cells Which underlie a
wounded area. This may occur through the fnr:mation of
plugs, layers or plates of a substance which is thought
to be sulphated polysaccharide in the brown algae
(Fulcher lie McCully, 1971; Fagerberg lie Dawas, 1976). After
wounding, the cells just below the irreparably wounded
cells in 'uous, round up and become pigmented (MOSJf
1961). There is an accumuj.a+Lon of vesicles, tlh.c11.gh,tto
be involved in plug formation and found predominant~y at
the wound surfa.ce (Lobban et fl.!'. 1985). Mitochondria and
dictyosomes a.Lso increase in nmnber I whilc:'the nunbar of
chloroplasts may decrease. This, indioates an increase in
secretory and respiratory funct:ions and a decrease in
photosynthesis within cells that are devoting their
energy to the healing of the wound (Fagerberg & Dawes,
1977). Formation of a plug or plate is followed by the
accumulation of polysacoharides at the surface of the
wound. The majority of the unwounded cells posit.ioned
adjacent to the wounded area., appear not, to lose their
contents. There is, however, a report of a few layers of
medullary cells ad jacent; to the 'Wound, Los i.nq cytoplasm
in 12arg~qJl1 fil:i.pendula C. Aga:rdh (Fagerberg cit Dawes,
1976). The intact medullary filaments and cells adjacent
to the wound in some Phaeophyta, are reported to contain
an dntibiotic Substance (probably a phenol) which is
released and may provide the exposed cells with some
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chemical protection (~. filipendula, Fagerberg & Dawes,
1976).

F'ollowing the initial plug or plate formation, the
medullary cells may give rise to filaments which grow
through the wound and form a. protective layer or new
epidermi.:'lin £_UCllS (McLachlan & Chen, 1972). The inner
cortical and medullary cells experience longitudinal
divisions and the outer layer of cells redifferentiate
into ep:i.dermalcelLs , both actively and physiologically
(Fritsch, 1945). In ,Sargassum, there are reports thnt,
following damage, tt!..new epidermal cells have a
different shape, ie are irregular rather than the
original regular. cuboidal Gel1s (Fagerberg & DaWes,
1976). The cells around the wound not only change in
shape, but also i.n their ultrastructure. The wound repair
and regeneration processes are thus unusual in that there
is the redifferent1~ation of previously differentiated
tissue.

1.7~3 Process of Regerleration

Once the wound has healed, regeneration may :Oegin.
Regeneration can be induced in culture but is more
prominent in plants which are :orone to damage in the
field (McLachlan u Chen, 1972~. The type of tissue which
is regenerated (rhizoid-like t~lam~nts or blade tissue),
depends on the position of the, ound relative to the base
and the tip of the plant (ie polarity; Lobban & Wi'nne,
1981) •

The new epidermal cells of £ucus, in certain regions of
the wound, divide to produce branch initials which
develop into adventitious branches (or adventive embryos;
FUlcher & McCully, 1969; McLachlan & Chen, 1972). The
production of a protrusion and its development into u
flattened lamina with an apical meristem and rhizoids in
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FUous, is sintilar to what was observed ill! Dictyopteris
long:i,foH.a (this study) and what has been reported fol'
various other species of brown algae. The adventive
embryos c.;; F.ucu~ may reach a size equivalent. to the
parent frond, and differentiate into a midrib, wing
region and fertile tips (r~oss, 1961). The newly
regenerated tissues of F_ycUf;1and other species go thc-:ough
a similar developmental sequence to that which has been
observed in the developing zygote of that part,icular
speoies of alga (McLachlan & Chen, 1972; Lobban & Wynne,
19B1). If the p.mbryos continue to grow, the plant
develops a very bushy growth form.

1.7.4 Regenera'tionPotential of Piffererlt Regions

It has been reported that regeneration occU~S more
prolifically from the cells in the midrib r~,gion than
from those in the wing region I eg !"uc::us(Fulcher &

Mccully, 1969; van Alstyne, 1989). According to FUlcher
and McCully (1969), this is due to the higher
concentration of filaments in the midrib region. These
filaments, together with the cortical cells, form the new
epidermis from which the regeneration takes place in
F'uous. Regeneration is reported to occur from different
portions of the plant and the regenerative tissue is
usually similar to the original danlaged tissue (Lobban &

Wynne, 1981).

1.7.4.1 Regeneration from Laminae

Regeneration of new laminae may occur on the remains
(when the latter are not completely abraded away) or
injured areas of old laminae. Fronds of ,Bargassum speCies
have been shown to be regenerative both in the field and
in th.e labC'Jratory.Whole branches of. individuals of this
genus were broken off and still remained fertile while
free-floating (Paula & Eston, 1987). There are reports
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that contin~a1 damage and subsequent regeneration from
new apical meristems results in an algal growth form
which consists of 'many proliferc:.tionsfrom a short,
central axis (Norton ~j; al., 1981; Lobban & Wynne, 1981).
Damage to the growing apical tips may occur when these
are abraded, ~aten, OJ..' become reproductive and decay
after gamete release, eg Enter<;>lllorpha(Lobban & Wynrle,
1981). Removal of the lamina tip may result in var~il'lg
regeneration pa'tterns as various parts of the laminae
differ in regenerative potential. It has been discovered
that the process is greatest in the primary laterals of
members of the genus S~rgassum (Fritsch, 1945; Lobban &
Wynne, 1981; Tsukidate, 1984). However, removal of the
apex p~- been observed to result in greater regeneration
of the l.delaterals due to the removal of the apical
dominance (Tsukidate, 1984). The apical region of some
algae lack regenerative abilit~ all together; this is
thought to be due to an apical dominance effect (Moss,
1961). Older plants and older verts of newly produced
thallhs have the greatest regeneration potential.

There are reports that regeneration occurs from the wings
as well as the midrib, although the former occurs more
slowly. This is thought to be du~ to the smaller number
of medullary cells in the wings. The layer of filaments
involved in the wound healing and regeneration processes
of Fucus, originate from the medullary cells (Moss,
1961). In FtlCllSvesiculoSllS there is reported to be
regeneration of vegetative branches from both sides of a
strip of lamina (Moss, 1961). If sections of this plant
are kept on agar, only filaments develop. These do not
develop into br.anches. The ability of pieces of Laminaria
lamina to continue to metabolise, grow and possibly
regsnerate, has been used to study physiological
processes such as photosynthesis, when use of the !jIhole
plant is impossible (Drew, 1983).
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1.7.4.2 Regeneration from the stipe

The.'"stipe!! or part of the plant attachingt the lamina to
the holdfast may also exhibit re(:rene.rati.ol1'\of new
laltainae.Stipes of Sarq_assum .t'ili;oendul~"flereobser.ved to
produce embryos in a similar manner to that reported for
the regene.rat,iollfrom other sections of 'the plant. There
is the form&ti,on of a new epidermis I the production of
meristematically active cells and the development of
buds. This is followed by a change from a 'tubular
structure t,o a flattened thallus I which may exhibit
diffel.·entiatipn (,)f tissue and develop an apical pit
(Fagerberg & iDawos, 1976). The same authors report that
in the initia:L stages of development when thGl embryo is
merely a tubul.ar st.ructure, the mitotically dividing
cells exert a similar effect to the apical cells in the
later deve Lopnserrt , ie contrro'l over cell differentiation.
Lee (1985) rep()rts that the inner stipe tissue of
Laminaria saccbarins may produce protrusions that develop
into male-like ga1!1etophytes. 'J.lhesewere observed to
produce antherldia in some cases, and female-like
branches in others. F'llrthermore, the regenerating stipe
tissue is morph(;)logically at d anatomicallY similar to the
tissue of the lamina and not like that of the original
stipe (Fagerberg & Dawes, 1977).

1.7.4.3 Regeneration from the Holdfast

Plants which seasonally lose their tronds and regenerate
from the holdfast are known as pseudoperenn.ials (Lobban &
~"ynne, 1981), eg the perennial nature of §. fiJ,ingndule,
.LS due to continuou~ regeneration from attached holdfasts
(Fagerberg & Dawes, 1976). New fronds were r~ported to be
produced from the holdfast but whether this was
regeneration trom individual rhizoids or from the base of
the original stipe, is not clear. McLachlan and Chen
(1972) zepor-c that removed or damaged laminae may be
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replaced by the development of new embryos from the
superficial cells of the holdfast disc in species of
Fuc1'!fJ_.In sarga~um muticuill,the basal and lloldfast
regions of, in particular, older plants more act:i.vely
undergo wound healing and the production of (hew laminae,
than the rest of the frond (Fletcher & l:!'letch~;_I;",1975).
Mooney and van Staden (1985) report a large numbe~ of
lamina initials (protrusions of tissue), developing on
'che holdfast of :2. b@terophyllmn (Turn.) J. \.'\1ardh.In
immature holdfCists of .s.. heteropbyllum, how",.,,~;r., only the
individual procrus Lon which grew from the remains of the
original main axis, developed into a shoot. This
indicates that there is apical dominance of the main axis
region over other protrusions f~om the holdfast. Mature
holdfasts, however, were reporb~d to develop a plantlet,
from each of the protrusions that were present on the
experimentally cut surface. This BUygests some change in
the effect of dominance of the main axis (Fletcher &
Fl,:atcher,1975), with an increase in plant age. 'I'l:lere
does seem to be a minimum holdfast size for the
regeneration of new laminae (Lobban & Wynne" 1981; Norton
§!t .§1.., J.981). Individuals which regenerate from the
holdfast are reported to frequently be short and bushy.

The ability of holdfasts to regenerate laminae is
important for the planned clearing of invasive species
from an area, as well as regeneration of a population
harvested commercially (r~eser .§.t; ru..., 1981; Roland,
1985). For example, it was found that if the holdfast and
a small section of ttle stipe of ASd2.l.~hyllumngdo.§.\1mis
left during harvesting, recovery of th~ plants is faster
than if the plants are ren:.;,)vedtotally, thus increasing
the pr(Jfitabilit:rof the population (D:tling,1992).

Although the production of new lam.inae from holdfasts is
common, reverse regenerat;i.ondoes not auem to occur in
culture. Moss (1961) reports that even when a sUbstratum
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is provided, an attached lamina strip of Fucu§.
vesiCt!l2.§.lJ§.does not produce a new holdfast but rather
develops branches from both sides or individual rhizoids
from the basal side.

1.7.4.4 Regeneration from Rhizoids

'I'h!)holdfasts' of many macroalgae are composed of a mat of
fi'laments or rhizoids. There are reports of 'I:he
production of adventive embryos or new thalli from thE>'
rhizoidaJ filaments in sporelings of the brown alga,
Fucus. These embryos were observed to appear
spontaneouslY and not.following wounding (McI,achlan &

Chen, 1972). Development was reported to occur under a
variety of environmental conditions, although the
condd.t.Lon.s did affect growth rate. McLachlan and Chen
(1972) also report that tho removal of rhizoidal
filaments from a holdfast f results in t~hestimulation. of
the production of elubryos on the r-emoved t'hizoids. Bo'th
exc.Lsed filaments which had the initial stages':of ~h
embryo at the time of excision, and 'those that lacked the
initinl stages I became attached and the embryos deve l.oped
in a similar manner to those on the holdfast. Excised
rhizoidal filaments lack any pigment and thus have to
produce photosyntheshdng thalli before they can gro'w
further. Even the rhizoids of adventive embryos m~y
develop new adventive embryos Ln culture (McLachlan &

Chen, 1972). The process of rhizo.idal adventlve embryo
formation is similar to that reported for regeneration of
new laminae from other regions of the thallus. The only
difference between the rhizoidal adventive embryos and
thOse produced by the epidermal 01""1. Is, is that the former
are superficial to the parent plant, at the beginning of
the development, and only become closely associated later
in the development (McLachlan & Chen, 1972).
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In the initial stages oi embryo formation on the rhizoids
of Fucus sporelings, the normally empty rhizoidal cells
were observed to experience an increase in celll)'lar
material. The first division of the cell was parallel to
the,axis of the rhizoid, and this was followed by rapid
division and the production of a flattened embryo which~~~,\\

hao..\rhizoids"and an apical depression (McLachlan & Chen,
1972\~. From this stage, the deve. opment; was similar to

'i

the development of a normal zY(jot:e,although in some
species of F'l~cus,further development was not experienced
unless the parent SUffered damage. This suggests an
apical dominance effect exerted by the parent plant.
There may be many adventive embryos associated with a
single sporeling, with the majority developing near the
proximal end of the rhizoid.

A similar pr9cess of regeneration from pieces of
sporeling rhizoid I has been reported for l;lelvetia(saqa,
1978) I in \vhich the colourless sections of rhizoids from
germlings grown feom eggs, were used. This author does,
however, suggest that the regeneration of the emb~yo was
stimulated uy injury followed by isolation. Another
important poant, that was mentd oned by this author I is
that the irreversible polarity which is e:!q;'ressedby the
~erminating egg, is ohanged during the production of
another lamina apex out, of the side of a holdfast

\"

rhizoidal cell. A similar proc~ss has also been reported
for tbe rhizoids of ~,rgas§um vulgHr.e C. Agardh (Paula &
Eston, 1987) and ~ictJg~~~ gLvaricata (Okam.) Okamura
(Tokida at ~., 1953). The latter is a genus in which
plants grow repe:atedly in sim.ilar areas, with little
seasonal tJ.tlctuationin plant number. The propagation of
new plants from rhizoids is reported to be the principle
means of reproduction in some species of piotl!op:t;,eris
(Tokida e~ a~.t 1S53).
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1.'7.4.5 Other Regions of the Thallus wit'"
Regenera.tive Potential

I'Various otter sections of algal thalli have };\een
reported to be ab~'.,(t,~to regenerate new thalli. La.minaria
sporophYtc~/) and Alaria gametophytes have been grown from
single sporophyte cells (Saga et, sl., 1978); and Lobban
and Wynne (1981) report that isolated rhizoid cells of
Pelvetia have been induced to produce new thalli. The
ability to regenerate from small numbers of cells could
be important in mariculture.

The conceptacles of Sa~gassum have been found to produce
regenerative tissue (Paula & Eston, 1987). Fletcher and
Fletcher (1975) report th~; production of small"
adventitious branches with receptacles on the tips, from
the damaged terminal regions of .s.. muticum receptacles.
It is thought that the conceptacles are not affected by
the in:eluence of apical dominance and are contro.lled by a
different hormone system which directs regeneration of
new conceptacles after the originals are damaged. This is
not, however the case in a.ll species of Sal;"gassllm.Mooney
and van Staden (1985) report a lack of regeneration from
the cut end of the apical receptacle of the primary
lateral .in.s.. M.'terophyllum. sections of the receptacles
of EUcus vesiculQsus are also reported to lack the
ability to regenerate (:t·loss,1961; Lobban & Wynne, 1981).

In individuals in which the gametes have already been
released from the receptacle I fertile proliferations may
be produced by the branch below the receptacle. This is
thought to be due to some reproduction related substance
which diffuses from the r.eceptacle into the cells below
(Moss, 1961).

Another section of the brown algal thallus rep')rte-dto
have regenerative abilities, are the hairs t-Jhichare
sonv~tbl1esproduced by the thallus. Trlchothallic l':'airsin
Fucu~ have a meristematic base, while the rest of the
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hair is composed of empty cells (Fries, 1985). When these
hairs are detached, they float and may develop into
branched, filamentous plants. It has been shown that the
hairs need i:ndole~acetic-acid (IM) and other hormones to
develop further (Fries, 1985).

1.7 •.5 Polarity

The effect of the apical cells on the rest of thle thallus
and its grow'th and regeneration f is obviously ve:r:y
important. Lateral branches may be inhibited by the
apical cells or the meristem which determines whether any
regenerative proliferations are produced and wheth~r they
develop into blades or rhizoids. In ,S.argassu'1t\muticum,
the sections whic:l included the apical cells 'lilere
observed to lack regeneration of new laminae ar;"
cont.Lnue to elongate. The subapical regions exhibited the
development of lateral branches when ther~ was no apical
dominance (Moss, 1.965;Fletcher 0& Fletcher, 1975~
Chamberlain et a1., 1979). Apical dominance 1n ll. mut..tcum
is exhibited by the inhibition of secondary laterals by
the primary apices. The secondary apices inhibit, in
turn, the tertiary laterals. When the primary apex is
remov~d, the secondary apex may take over the role of the
apical section (Chamberlain at al., 1979). if.nthis
specoles, the effect of the apex decreases with an
increase in distance away frcm the apex (Chamberlain et
al., 1979). There are also reports that there is no
regeneI'ation of sectior.s of the stipe while the apical
tip is still attached. This indicates another example of
the effect of the inhibition ~Ue to the apical cells
(Fagerberg & Dawes, 1976).

Inhibition by the apical region of the lamina is believed
to be caused by the production of some substance by the
apical cells. Kj.ngman and Moore (1982) and Lobban and
Wynne (1981) extracted indole-acetic-Illcid (IAA) ,

67



", ,

abscissic acid (ABA), cytokinins, as well as some other
unknown growth regula'tors, from Ascophyll.lli1nodosum. In
SargaS§Ulltmuticum, the application of lAA inhibited the
apical segments of the '~r,imarylaterals (Chamberlain at,
92., 1979). Growth inhibitors were also repo~ted in g.
heterophy,llulllby Mooney and van Staden (19l15). The latter
inhibitors were said to be produced in the apex and then
transported down the (lJds , There are conflicting reports
about ":'hedecreasing effect of apical dominance towards
the base of the plant (due to a decrease in concentratior:l
of the growth inhibitor), eg a decrease (Lobban & Wynne,
1981) or no decrease in the effect of apical dominance
(Fletcher & Fletcher, 1975). For example, the number of
rhizoids that are produced from damaged tissue may
increase with an increase in the distance away from the
apical region in ~§ (Lobban ~ a1., 1985).

'l'herE!1are many reports of the basal end of a lamina
segment regenerating rhizoids and the apex producing
laminae (Lobban & Wynne, 1981). An example of this was
observed in D:i.ctyotggichotoma (Russell, 1970), where
rhizoids were produced by ,',ebasal side of the lamina
section, and laminae from the opposite side. However, an
exception Ls observed in SargaE3sum mu'ticum, in which only
the basal regions are reported to producE')adventive
embryos or regenerative sboots. Furthermore, the number
of rhizoids produced by ~. ~lJ~_Lcummay also increase
towards the basal region, ie a basipetal increase (Lobban
& Wynne, 1981). McLachlan and Chen (1972) report that
thin sections of Fucua thallus do not exhibit the
regeneration of rhizoids on the opposite side of the
section to the adventive embryos. Instead, the embr.-·"\~
may be observed on both surfaces which is contrary to the
strict polarity obse:r:ved in the zY9'otes of the same
specles. However, Fulcher and McCUlly (1969) report that
I<'ucu~only regenerates adventi ve embryos on one side of
sec+Lons •
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Towa.rds the apex of the frond of ~. mutiCllnl, the rhizoid::;
produced grow from the cut edge, while lower down, they
are produced from the surface of the la:.".lin.a.There art'
reports of lower counts of rhizoids observed when the
apical cell is left intact, which seems to indicate that
there is an apical control over- rhizoid production, :lea
some kind of rhizoid inhibitor (Russell, 1970).

1.7.6 Regeneration as a MetQod of A~exual
Reproduction

Regenera1:'.ionof new plant tissue from pieces of the adult
II

pt.ant , Ls also a method of asexual reproduction or
v~getati"e propagation, which increases the colonisation
of an ar-ea by a species (Fritsch, 1945). This type of
rsproduci::ion is of particular Lmpor-canc= at the end of
the rangE~ of a species, where sexual reproduction j s
unlikely to occur due to the low number of individuals. A

section of the parent plant must be removed and become
attached in a suitable environment bafore new tissue i::;
generated and the section develops into a new individual.
Regeneration potential is also importsmt when dealIng
...lith invasive spec;LAs such as Sargasst1m llluticum (Paula &
Eston, 1987; which r..as spread from Japan to North America
and South t'lestEuro}-e). In the latter case remt'val
programs must ensure complete removal of the entire plant
to prohibit regeneration of tissue.

1.8 SEXUAL REPRODUC'I'ION

The wave exposed, intertidal envi ronment; is not optimal
for sexual forms of reproduction, as wave action reduces
t~e chance of the individual gametes meeting for
fertilization (either internally where sperm has to reach
the ihternally ret.ained egg, or ~D~t.ernally where the
motile sperm and egg cells are released and have to meet



to ..fuse). In some specLas I the gametes are released
synchronouaty to increase the \.J;~anceof fertili.sation.
Examples of this occur in members of the Oictyotales, in
which gametes are released with varying periodicity in
different species e eg Di0tYQPj;~ris muelleri (S""<Inder)
Reinbold which has a periodicity of seven days and is
stimul~ted to release gametes by l.ight (Phillips I 1.988~,.
Another member of the Oictyotales, ~ictyot~ dicOQtoma, is
reported to exhibit a periodicity related to the tide
G~,:periencedby 'Cheplant, ie the periodicity changes with
locali'ty (Hoyt, 1927; Vielhaben, 1963); or to 'thephase
of the moon (Phillips et gl., 1990a). In these cases, as
t,] ,11 as in the species which have some form of sperm
attractant produced by the egg (eg the pheromone
multif:i..denewhich is reported in a member of the
Dictyotales known as Zonaria angustatq) (Phillips gt a1.,
1990a; Kajiwara e~ al., 1985), there are large numbers of
gametes produced and released but very few fertilised.
There are various reports that memberG of the Dictyota1es
exhibit a sporophytio majority amongst the plants of a
population (Tokida ftt .al., 1953; Fritsch, 1945; Phillips,.
1988). Phillips (19B8) reports that the gametophytes of
the Dictyotales studied in her resl?3.rch,went through
periods of being more comnon, indicating that therf;'1:may
be a temporal or spatial variation in the distribution of
gametophytes. The antheridial sari of llictY.o.pteris
specie~ are irregularly shaped patches found in fertile
zones. The antheridia are dense with cytoplasm and swell
above the surface of the lamina. The female gametophyte
of members of this genUf:;,may be confused with the
sporophyte as the immature oogonia are sca·ttered and
swollen above the surface, and resemble the sporangia
(Phillips, 198B).
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1.9 TETRASPOROGENES!S

As has already been d.:tscussedI vegetative propagation
(see 1.7.6) is a method of reproduction without gamete
fusion which is highly successful in a great number of
species inhabiting areas of high wave exposure. Another
method of asexual reproduction common in these organisms,
is the production of spores. Irhesemay be haploid or
diploid, and are normally produced by the diploid
sporophyte through lneiosh; (Dring r 1982). It is thought
that the production of spores rather than gametes, is
under t.hecontrol of environmental factors, eg
temperature (Dring, 1982). Reproduction in the form of
the production of spores, is reported to be particularly
prevalent in the Jiletnbersof the brown algae (Dawf:':s:
1981), and is even reported to be the most common form of
reproduction in primi tive form& of Phaeophyta (Lobban Ii:
Wynne, 1981). In members of this group, the haploid
gametophytes give rise to the diploid sporophytes through
the fusion of gametes. 'rhesegametes l!\A.Yalso act as
asexual reproductive bodies and give ri.se to
gametophytes, parth.ogenet.ically.Similarly, the diploid
sporophytes can produce haploid spores through meiotic
division, or can reproduce sporophytes parthogenetically
through cells lao'i.ng the meioti.c division (nawas , 1981:
Fletcher, 1987). Spo:es can be formed from normal
vegetative cells or in specialised sporangia (~ee, 1980).
The production and gernd.na.tionof the spores Ls
characteris·tic for a pa:r:·ticularspecies (Ilobban& 'HynneI
1981). The spores are produced; settle and develop Lrrco
new thalli without any fusion occurring (Fletcher, 1987).

1.9.1 TetrasporogenE!sis in Membersof the Dictyotales

Members of the Dictyotales are characterisbd by the
production of four to ei9ht, nonmotile zoospores from a
superficial sporangium (Fritscb, 1945; ohapnan & Chapman,
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1973; Fletcher, 1987). There are various reports that
membersof the Dictyotales exhib.it a sporophytic majoritl'
amongst the plants of a population (F'ritsch, 1945;

Phillips, 1988). There are various possible reilsons for
this, including apospory, increased ability for
vegeta+...:ive reproduction of the sporophytic plants I and
the pOS:.:libility of spatial and te:mporal separation (ie
the gametophytes only grow in certain regions or at
certain ·times of the year; Phillips, 1988). The
sporophyte and gametophyte plants of members of the
Dictyotales, are isomorphic and can only be distinguished
when the reprodUo\ive structures are
1988; Clayton, pel's. comm, ) . Alt.hr>,

easily distinguislled (L.ght.ly co~

,
" 'l,nt.h(!n: Ld ia are

patiohas ) r the female gar.i~tophyi:e 13:mbt~:r..3 of this
order I maybe confused with thf! ,~p('lropl.lyt€las the

immature oOiJol'-'.aare sCattered and Ruperfio: lly resemble
the sporangia (Phillips, 1988). Thl~ sporangic.. are F.l.ls('
assembled in fertile zonas I usua"..ly flanking the midrib
(Phillips, 1988), particularly in ttl.:! older parts of the
frond.

1.9.2 Studie~ on Tetrasporogenesis in the
Dic~yotalean genus, DictYQpter~.

There have been a large numberof studies performed on
tetrasporogenesis and .morphogenesis in gi,ct~opt.eris. Inoh
(1936) described the early stages of nuclear and
organelle organisation during the development of four
tet~raspores in Dicty:o.Ill;eri~divaricata. Ishii et .pl.
(1959) compared the t.etraspore formation in some
Dictyotalean species. The differences that were observed
include the elevation of a "cuticle" by 'the sporangia in
the sari of Pa<iins .l!m..@iQ.f!. Yamadaand pa~ ,grnssa
Yamada(lacking }.nthe other two species st.udied).
Mer.wersof thi.s genus aX'aalso reported to lack a stalk
cell, while individuals of Dict:'lot.adicbo·tbmahave two or
three, and 12. divar.icata have two to fou.r stalk cells
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(tetrasporangium divides into tetraspore mother cell and
small stalk Gell; Inoh, 1936). D.. dichotoma has a
cruciat~ arrangement of the spores, Q. divaricata has a
cruc~.ate or tripartite arrangement, and the Padi1)a
sped!ies have only the tripartite arrangement (Ishii gt
i2l.,1959).

The tetrasporophytes of Q. gjvaricata were found. to be
diplo;.j when the nuclei were Feulgen st.ained and the
quantity of DN}..measured. The same method was used to
dt.':lterminet~lat both the germlin.gs and the liberated spore
mother cells, ~rere haploid (Ohmori & Hashida, 1985).
Nishibayashi and Inoh (1959) performed a comparison of
the formation and germination of the spores of these
genera of DictYI"tales. Q. d;i,varicata exhibits a
protrusion of one side of the spore; before the first
division divides the spore into the rhizoid and thallus
cells. The rhizoidal cell undergoes elongation and
division, while the thallus cell divides, becomes
nlulticellular, and develops other protrusions (Inoh,
1936; Nishibayashi t. Inoh, 1959). g. i....8..P.onicaand
Q. ~Uchotqma exhibit similar procesaes , However, in
n. dichot(~a, the upper segment of the first division
becomes the apical dell. In the other species, there is
first the production of a multicellular oval body, before
the production of a protrusion which becomes the apical
cell of the new plant. n. dichotom~ is also reported to
occasionally develop strange "sucker-like" growths on the
rhizoid terminal, the cause of which is unknown
(Nishibayashi & Inoh, 1959; Gaillard et al., 1986). The
entire sporangial contents of g. ,iarumiQg, may gernlilla'te
if liberated together. The germinati(>n of the tetraspore
mother spore of .Q,. diva):,icat§,is discussed fux'ther by
Ohmori and HashidC( (1984). These authors rtJ:)orttwo types
of germinaticn in this specdes , The first involves the
irregular segmentation of the body following the
product.J.on of the primary rhizoid. In the second type of
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germination! the spore divides into a f~w cells first,
and then some of the ped.pheral cells de'llelopinto the
rhizoids. Erec·t shoots are reported af-ter 4 days.

There are many st.udies determining the effect of various
environmental factors on the germination patterns of
spores of Il:lctyopteris.Ohmeri and H€ishida (1984) report
that under continuous, unilateral light 8 rhizoids of
.Q.. gj."·~r,iQa,tadeveloped away from the light source; and
under daz'k conditions, the rhizoids develop in all ';
directions (Ohmeri & Ueki, 1979). In plants where two
rhizoids developed, they either developed away from, or
at right angles to, the light source. The effects of
light wavelength on rhizoid production was studied by
ohmori and Suemura (1978). It was observed that rhizoids
for:ni~daway from the light source at wavelengtl'~.,,;of
350nm-530nm and developed randomly at 580nm-750mn and in
darkness.

Aspects of the effect of the chemical environment on
tetraspore development, have also been observed by a
number of authors for n. div8);'icatatetraspores. Ohmorl
and ijashida (1983) report that spores died in calcium
chl.oz-i de (CaC12)-free seawater, became apolar at low
concentrations of caCl2, and developed a ramified rhizoid
at higher C.lol1centrationsof caCl2• A similar reactIon was
observed in low concentrat.ions of potassium chloride.
Decreasing concentrations of magnesium sulphate inhibited
erect shoot formation, and it was discovered tha·tthe
ma9nesium ion is vital for the formation of the erect
shoot. The addition of cytochalasin B was also reported
to affect the development of the tetraspores (Ohmori &
Ueki, 1980), with spores placed into solutions containing
100mg/1 cytochalasin S, deve1opin9 into multicellular
germlings and only developing rhizoids a-tthe 2-4 cell
stage. In solutions of this concentration, the first
division of the spore (into rhizoid and thallus cells)
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was formed randomly and the rhizoid ~eveloped away f'rom
the l.i.ght.The addition of colchicine markedly affected
the germination of the spores (Ohmori & Hashidaj 1982);
low concentrations inhibited the formation of
segmentation walls, higher concentrations caused.the
development of thick rhizoids, while at concentrations of
0.2% the spores died.

It is obvious that the intertidal region is a highly
stressful environment that exposes organisms to varying
conditions. A variety ot adaptations for survival are
required for organisms inhabiting the zone. The brOttJn
algae, a diverse group of seaweeds, exhibit a number of
strruccnraf., physiological and reproductive adaptations to
the environmental conditions~
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2 MATERIALS AND METHODS

2.1 EXPERIMENTAL ORGANISM

The brown alga Dictyopt.eris longi.folia Papenfuss (in :ied.)
was used in this study. This alga has a (Fig. 1) holdfast
(H) composed of intertwined, branching rhizoids. There
are numerous young (YL) and mature (ML) laminae growing
from each holdfast and attached to the holdfast by a
narrow stalk or "st.Lpe" (5) consisting of midrib tissue.
The stipe region is the remains of the lamina once the
wings have degenerated, and is not (for 'the purpose of
this study) considered to be a true stipe as described
for other members of the Phaeophyceae. The laminae are
flattened and dichotomously CD) branched, and have been
observed to reach a length of 70cm and a width of between
1 and 2cm. There is a thickened midrib (MR) surrounded by
wing tissue (W), and an apical meristem which is composed
of a few cells (2-8) in a sunken, apical pit (AP). The
plants used for the culture experiments were collected
from shallow pools and wave exposed intertidal habitats
at Palm Beach, Natal and were transported to the
laboratory in 21 plastic bot·tles in insulated boxes

cooled by ice blocks.

2.2 STUDY AREA

All field measurements and collections were performed at
Palm Beach (30 30, CD (port Shepstone» on the Natal
South coast (Fig. 2).

Seven sites (Fig. 3, A-G) were chosen according to the
abundance and density of Oictyopteris ~ol:la, as well
as relative wave exposure. These sites were subjectively
ranked, as observed at low tide (from high to low wave
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AP

Figure 1: Diagram indicating the different parts of a
Oicty:opteris longifolia plant. (AP - apical pit, D -
dichotomy, H - holdfast, ML - mature lamina, MR -
midrib, S ,. stalk, or "stipe", YL - young lamina, W -wing) .
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SOUTH A~'rUCA

Figure 2~ Map of South Africa indicating the position of
Palm Beach.

exposure). Sketch maps were made of each site. ThEl
approximate width of the sites in the sketch maps are A
(30m), B (4m), C (10m), D (2m). E (2m), F (Sm) and G
(lOrn). Each site was also was photographed using a Ricoh
instamatic camera and 100 ASA, 35mm colour film

A) Ar1 extremely hi9'hwave aotivity site (H+), which was
composed of a wave exposed, rocky reef subject to
severe wave action. This site consisted of a long,
flat platform of rock exposed to the breakers on
the seaward side and flanked by a deep, sand-
bo·ttomed gully on tilebeach side (Pl. 1, 0; Fig. 3,
A). Even at low tide this site Was subject to the
direct breaking of waves.
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B) A high ~Tave acti vity site (H) which was exposed to
wave action even at low tide, however, this site
was partially protected by a large rock (PI., 1, E;
Fig. 31 B) which prohibited the direct breaking of
waves onto the circular, rocky protrusion inhabited
by D... longifolia.

C) b high, intermediate wave s>cposuro site (1+) which
consisted of a raised pool, flanked on the far side
by opsn sea and exposed to the occasional wave
breaking over the seaward side at low neap tide and
from midway between low and high spring tides (Pl.
1, F; Fig. 3, C). This occasional washing of waves
in·to the pool caused strong water movement
throughout the water body of the pool.

0) A lowl intermediate wave exposure gully (I) which
cons.isted of a sandy gully running perpendicular to
the oncoming waves, but only exposed to wave
activity from when the tide reached the level
midway between high and low tide, at low neap tide
or when the coast experienced a particularly large
wave at low tide (Pl.. I, G; F'ig. 3, D).

E) A high, low wave exposure pool (L+) which was
connected to numerous other pools and experienced
water movement from wat~r flowing ou~ of these
pools. This only occurred from 1 V tide and low
neap tide I when \tlaveswp.:t.:e bre&.~I!.. lito UV'l other
pools. This site was behind the i :ma,tnrocky area and
was close to the beach (Pl. 1, H; l'1i~:.3, E).

F&G) Two calm pools (1.2and Ll) which were situated on
raised rock platforms. These platforms were fairly
far back on the beach and were surrounded by sandy
areas (Pl. 1, I & J; Fig. 3, F & G). Tho pools only
experienced wave activity at high tide.
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B) A high wave activity site (H) which was exposed to
wave action even at low tide, however, this site
was partially protected by a :arge rock (Pl. 1, Ei

Fig. 3, B) which prohibited the direct breaking of
waves onto the circular, rocky protrusion inhabited
by D. longifol:i.a.

C) A highr inte:r.:'lIlediatewave exposure site (l+) which
consisted of a raised pool, flanked on the far side
by open sea and exposed to the occasional wave
breaking over the seaw8rd side at low neap tide and
frOln midway between low and high spring tides (Pl.
1, Fi Fig. 3, C). This occasional washing of waves
into the pool caused strong water movement
throughout the water body of the pool.

D) A low, intermediate wave exposure gully (I) which
consisted of a sandy gully running perpendicular to
the oncoming waves, but only exposed to wave
activity from when the tide reached the level
midway between high and low tide, at low neap tide
or when the coast ~xperienced a particularly large
wave at low tide (PI. 1, G; Fig. 3, D).

E) A high, low wave exposure pool (1.+) which was
connected to numerous other pools and experienced
w"'ltermovement from wat.er flowl.ng out of thesv-
pools. This only occurred from midway tide ana: low
neap tide, when waves were breaking into the other
pools. This site was behind the main rocky area and
was close to the beach (Pl. 1, H; Fig. J, E).

F&G) Irwo calm pools (1.2 and L1.) which were situated on
raised r'ock platfo:r:ms.These platforms were fairly
far back on the beach and were surrounded by sandy
areas (Pl. 1, I & J; Fig. 3, F & G). The pools only
experienced wave activity at high tide.
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4.3 DISTRIBUTION

The distribution of Q& 10~1g.ifolia\111;13 determineq. by
obt(~ining herbarium sheets from thE~herbaria at the
UniversH~y of Natul; Pietermarit2lburg (NO), the Albany
museum; Grahamstown (GRA), the Bolus Herbarium (BOL),
Kirstenbosch (NBG), and the University of the
witwatersrand (J); as "7911 as from personal observation,
seawe~~ds of Inhaca (Isaac, 1956; Macnae & Kalk, 1.958) and
the specf.ea list of the De Hoop Nai:ure Reserve, Cape
Agulhas (Bolton & stegenga, 1990). From the herbarium
sheets the site, condition of the plants and date of
collection were recorded. The information was used to
compile a distrHm·tion map of R. 1ongifoJ.ia, as well as
to attempt to determine any possible seasonality in the
reproducti ve or morphological condition of the ·thallus.

2 • 4 F'IELD METHODS

The intertidal zone is a llighly stressful environment for
the organisms inhabiting the region. }.lostof the ~najor
forces acting on the intertidal region can be connected
to the action of the t"laves,whether it be the force of
the moving water itselff exposure to the atmosphere
between consecutive waves or at low tide in the absence
of waves, or the abrasive action caused by the sand and
!larticulate matter transported in t.hemoving water. A
number of environmental attribute~ such as aspects of
water movement, and sand content and deposition were
measured in the various sitee studied. Features of the
morphology and st.ruct.uralpropertics of n. longifoli.a
were measured and compared between the sites, to
determine any possible response of the species to
diff€lring degrees of ""ave exposure.



2.4:..1. Wa.ve Action

The qUantification of wave exposure and its related
effects is a problem which numerous J:'esearchers have
addressed. One of the difficulties related to this
quant.ification Ls the distinction between what the
methoas are actually measuring (Dring, 1982). some
met.hodsmeasure the action of waves by determining the
strength of individual waves using strw;::tures such a,.; the
dynamometer (Palumbi, 1984). Other m'9thl::>dsare concerned
rather with \-1ater movement, and maybe ;Illeasured in the
absence of actual waves, eg the dissolu'!:ion of plastel:.
blocks (Doty, 1971). Alte't"natives use t'JaV"", he:l.ght, number
or direction, the effects on the shorer or the sp90ieR
composdtion of the shore as an i l'l(Hc:a:tiem of t'l1aVf~

exposure.

Four methods of mea.suring wave exposure were l1se(~ih l;his
study in an atbempt to determine if the subjective
ranking of the study sites was valid. These ~tncln~~eci
methods involving both wave action and water mov~~ent:

2.4.1..1 WaveStrength

The fi.rst method to be used was the dynamomet.erI modified
from a descrip,tion by Palumbi (1984). This device reads
the maximulnforce exerted by waves and strongly :moving
currents in the allotted time period. The apparatus (Pl.
2, A & B~ Fig. 4, A-C) consistod of half a hollow,
plastic t.oilet float (10. Scmin diameter) t'l1hicht,;cted as
the drogue. The size of the drogue was much larger than
that suggested by Paltlmbi (1984), hoeever I a small
fishing float was used .in the pilot study and it was
discovered that the wavleswere too gentle fo:.: a drogue
with a small cross~...sectional area. The drogue was
attached to the head of a cable tie (a ~lat plastic
ribbon used to hold ~lectrical wir~s together) via a
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length of string (50cm), with the cut surface of the
float away from the cable tie. A cable tie cons i.s'cs of a

\j> Ii·· .. •.. Iihead wh~ch moves along a r~bbon wh.lch has teeth on one
side. A small tongue on the head locks into the teeth,
prohibiting the head from moving backwards. The head was
cut off and then thr',ded on to th~ end of the tie. The
head was also attached to the end of t.he tie with two or
three 4cm elastic bands (number depended on the strength
of the waves as too few elastic bands allowed the head to
be pulled off). The dynamometer 'was secured in the surf
by attachment of ~he end of the cable tie to a piece 9f
string which 'was, in t.urn , tied to the observer's ankle.
Palumbi (1984) suggests that the device be at·tached to
the substratum, however, attempts to secure masonry nails
to the rock in the study sites (for attachment of the
dynamometers), fail~d. Extremely rough surfs werp. thus
not measured due to danger to the observer , As many
measurements as possible (never less than three) were
taken within half an hour on either side of low spring
tide. 'rhe struct.ure remained in the water for one minute
interlals. During this time the float was dra.gged by the
waves ~lhich, in turn, exerted a force on the drogue and
pulled the head along the cable tie, stretching the
elastic bands as it did so (Fig. 4, A-B). The head
stopped when th(~force exerted by the elastic bands
equaled the force exerted on the drogue by the t:l'aves. The
head of the cable tle could not slide back along the tle
because of the tiaeth and small tongue which locked it in
the furthermost position. The amount of force exerted by
the water. on the cross-sectional area of the float was
determined by measur Inq the amount of tension in the
elastic bands. rl:h(~seelastics bent the cable tie: over
(Fig. 4, C). Thus, the force exerted by the waves was
calculated hy measuring the amount of force necessary to
stretch these elastic bands until the cable tie was
straightened ard th(~ head almost moving. This was
performed using a 2:k;g spring balance (Pl. 2 I A). The

85



BEFORE:

WAVE

...
,tl"

", ••• I

,11·,.1"t. ,., .. ,.
t"' , •• '4'

• , .. ~.•• I I I ,

f t I .~ I •• I • I.. , ...... , ..
1 •• ,'.'tl,,1, ,

'1 •••••••• t.
I." il •••••
I • ~ •• f •• I 'i ,

• It' " • ~ t i • I

"'11 ,t I".·
I ~ • <I Iff f • , I

,,11""" •
••••••• 1'·
,.,,111' ,
",,'1'"
,; .... ,.

"""B

c

I"igure 4: Diagram 3 ndicating the position of the
dynamometer (Palumbi, 1984) before (A), during (B)
and after (C) a wave.
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dynamometer was teturned to its original position by
inserting a sharp object under the tongue and·sliding the
head back. Each cable tie was used a maximum of 10 times
to account for the wearing of the tee'th. This technique
was only possible in areas which experienced wave action
at low tide~ ie H+ and H. The strength of the waves
acting on the drogue was calculated using the formula:

Force/cross-sectional area of the drogue = N/m2

2.4.1.2 Wave Number

The second method involved counting the number of waves
breaking over the site in a set time interval, within 30

minutes on either side of low ,tide.The waves were
~ounted for 2 minute intervals, and 6 replicateo were
performed in each of the sites, on three of the trips.
This technique, as v1ith the previous one, was limited
because it could only be used where waves were breaking
over the site at low tide, ie in this case H+, Hand !+.

TO overcome tIlisproblem, various other techniques were
attempted. These involved dissolution rates, and were
thus measuring water movemerrt. :t:atherthan wave action.

2.4.2 water Motion.

2 4.2.1 Lifesuver Sweet Dissolution Method

"LifesaVer" sweets (boiled sweets with holes in the
centre) were used for the third method (l>ltartell,pers.
corum.). This method works on the principle that
dissolution rate increases wit.han i.ncrease in water
movement. LifesaVer sweets of diff.erent flavours were
numbered and pre-Weighed in the laboratory. In the field,
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5 Lifesavers of randomly distributed flavours were used
in each site. :rtwas impossible to obtain SUfficient
sweets of u similar flavour and, as Martell (pars. comm.)

'\

reported that there were differences in the dissolution
rates of different flavours, the flavours were randomly
distributed amongst the sites (Pl. 2, 0 & E). The 5
sweets were attached to a wire coat hanger at the end of
a long bamboo pole I and then held stationary in t,he to1ater
(Flo 2, C). Three replicates of different time periods,
ie 2, 3 and 5 minutes, were performed in each of the
sites within half an hour on either side of low tide.
After emersion, the Lifesavers were placed into pre-
weighed glass vials, returned to the laboratory, oven
dried and re-weighed. The decrease in mass per time unit
was used to calculate the dissolution rate of the sweets
from each site. The optimum emersion period for
Lifesavers Ti~~S found to be 3 minutes. This method
el,hibited a similar problem to the previous techniques in
that areas \o1hichexperienced motionless wate:r,at low tide
could not be quantified, and measurements cou.Ld not; be
safely made at high tide.

2.4-.2.2 Plaster Block Dissolut;i.on I.fethod

Plaster of paris blocks or !felod cards" (Dot.y, 1971;
Munnik, 1QS7) were used in the last method atrcempbed in
this study. This method uses the same principle as that
described in 2.4.2.1, ie tha greater the water movement,
the higher the dissolution rate. In this case, plaster of
paris blocks w~~re made in Lee trays (4cm X 30m X 30m; Pl.
2, G). Each block had a p:i.eceof thin wire in$erted int.o
it. Initie:.. tempts to hammer' masonry nails into the
rocks for attachment of the bLooks , proved to be
impossible. Eventually, pre-weigh~d and numbered blocks
were wired onto cable tiel'S(Plo 2, H) and t.o I;'!nfastened
onto large tufts of firmly attached algae such as
Gelidium abbottorium Okam. (Pl. 2, F). Five blocks were

88



a·ttached in each site and left for a complete tide (ie 12
hours, low tide to low tide). The blocks were then
removed, oven dried and re-weighed. The mean :PE.__ ,mtage
mass loss was compared for each site.

Al though the latter lllethod(2.4.2.2) did not determine
the strength of wav.es, .1t was the only method which
measured the differences in water motion for the duration
of the tidal cycle, during which all the sites were
exposed to some degree of water movemant. To determine
differences in the degree of waVe action of a site, a
lJlethodshould be u 1.;) to be used to safely measure the
wave action of al~ sites at high tide when there is some
wave action in all the areas.

The mean values for each site, using each method, were
calculated and compared according to the methods
described in 2.7.

2.4.3 Sand content of the Water

Sand and particulate matter content of the water was
observed to vary considerably in all the sites, and was
thus considered an important feature of intertidal
ecology. 'rhe degr.ee of turbidity affects var Lous feat.ures
of the intertidal environment such as light and abrasion
potential. The sand content and abrasion was oone Lder'ed
to be an important f.aature in the determination of the
morphological state of Q..lct¥.o:gte:ris,and thus some method
of assessment was thought t~be necessary. The sand
content of the water column is affected by the turbulence
or movement of the wnter, as well as the availability of
sand and particulate matter at the sit.e concerned.

The sand and particulate matter content of the water Was
measured by col.lecting lOOml water I~amples froln the top
of the water column in each site. :F'jveraplicates were
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taken in each of the sites on each visit to the shore.
The samples were filtered through pre-weighed Whatman's
Number 1 filter paper. The filter papers were fluslled
wi'th distilled t-laterto remove the salt from the paper
(Which would affect the dry ma.ss), and were then oven
dried (700C) and re-wei.ghed. Any increase in mass was a
record of the amount of sand and particulate matter
pre~;sat in suspension in the water at 'the time of
collection, at each of the study sites at Palm Beach. The
particulate Jiilatterin the water was available to cause
abra.sion and thus change the morphological condition of
the plants. '1lhemase of particulate matter was expressed
as grams per litre (g/l), and the mean values for each
site were calculated and compared according to the
methods described in 2.7.

2.4.4 Sand Deposition

Sand deposition is considered to be important in
influencing growth and development:. of intertidal
organisms. Complete cover of plants, as obser'7ed
regularly in n. longj.folia" reduces light penetration and
changes the tenperatut'r::and chemical environment. It also
reduces the degree of water motion, herbivory and sand
abrasion th:·]'v' the organism is exposed to.

Sand deposi.tion was observed to be considerable in some
of the sites at Palm Beach (PI. 6, A-L). On some
occaui ons Pictyopte:d.s individuals were buried under 30cm
of sand. This was especially noticeable in the sandy,
intermediate wave activity gul.ly (I; Pl. 6, F-r.). An
attempt was made to quantify the degree of sand
deposi tion in each site. A 201cg air brick (b) consisting
of a concrete bl.ock with thre-r.holes was positioned in
each site (Pl. 3, D). A 15c%'.1piece of PVC piping (p) I scm
in diameter was placed into each of the holes. The pipes
were held in place by a piece of wire (w) which was

90



threaded through holes in the top of each pipe and then
fastened under the brick (Pl. 3, E & F). Th~ bottom-of
each pipe (p) was covered by a piece of stretch cotton
l'Ilateri'al(c ) which l'laSheld in place by two elastic bands
and which stopped sand from passing thro~gh the pipe. A
~lock with three pipes was placed into each site and left
for 24 hours. The sand deposited into the pipes was
collected, oven dried and weighed. The maGS measurements
were expressed in grams. The 'mean values for each site
were calculated and compared accoraing to the methods
described in 2.7.

2~4.5 Mean Maximum Lamina Length of the population

The lll(;an ma~dmum lamina length was determined by
lIlQasur.i.ngthe length of the longest lamiila of mapped
individuals of the populations in each site, on each
excursion. The increase in length of the individuals was
determined over the study period. The mean values for
each site were plotted on a graph. The positions of the
individuals were recorded on sketch maps of the sites
(Fig. 5, A-G; scale of maps on page 78) to allow for the
measurement of the same ind.ividuals on return visits.

2.4.6 Morphometry

Various aspects of 12. l..Qngifoli~morphology were measured
on randomly chosen, destructively sampled individuals,
and the results from the different sites nompared. These
aspects included (Fig. 6):

a) the mean of 2 holdfast diameteTf'measurements
b) the area of. the holdfast
c) the wet and dry hold fast nWlE'.1'j m(Mlsur.~·.:.\'Ie.nt.s
d) the mean of the length of "chE:-! tiu-:eelongGst ld~l\inae
e) the mean width of the thr~e lon'1es~ laminae
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f) the total area of all the laminae on the plant
g) the wet and dry masses of all the laminae on the

plant
h) the maximum number of dichotomies on each lamina
i) the number of laminae arising from each holdfa$t

(less than 5mm and greater than 5mm)

These measurementie were t.aken foJ:'as many :i.ndividuals as
possible in each of the sites. On some occasions the
pLantis were too sparse and dest.ructiva sampling for the
morphometric measurements would have iaeanti 'the lacl' of
material for other aspects of tue study. The mean values
for the measurements of' each parameter were calcul.ated,
and the means of the different sitesl compared
statistically. The methods used for these comparisons
~ill be discussed in section 2.7.

The results were summarised, together. with the structural
features, using polygonal graphs as described by Berquist
(1959).

2 ..4 ..7 structural Properties

Intertidal organisms not only ~evelop anatomical and
morphological, but also strt\ctural adaptations in order
to survive the physical stresses experienced in the
intertidal environment. various aspects Clf structural
adaptation have been reported in the literature,
including the extensibility or elastici ...:.y of algae
experiencing wave action and tidal currents. These plants
wi thstand the drag of the water movement; by being
flexible rather than rigid (Koehl & tvednwright, 19'77).
The force needed to break the blade or lamina (tensile
strength) is another featttre which Ls Lmpor-tarrtWhen
considering algae subjected t.ohigh wave forces
(Armstrong, 1987). In individuals which are elastic and
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Maximum number.
of dichotomies
on one lamin,?

Mean length
of 3 longest
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Number of laminae

Holdfast:
Diameter, Area

Figure 6: Diagram indicating the different met'surements
taken for the morphometry study of ~. ll:mgifo_,lia.
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have a tensile strength high enough to withstand the
force of strong wave action, the remaining structural
adaptation needed to survive the wave action is the
ability to remain attached. The attachment strength is
thlls another feature which has been studied in intertidal
seaweeds (McEacheron & Thomas, 1987). The "toughness" or
sclerophylly, and water content or succulence of
intertidal seaweeds were also considered to be
potentially important features relating to the ability of
'the plant to withstand wave forces and abr'as i.on , as \ol'ell
as to recover after exposure to the atmosphere, ie
desiccation. water loss or desiccation is commonly
exper'Lenced by intertidal algae (Dromgoole, 1980). 'J.'he
ability to withstand desiccation ~luring exposure to the
air, and to rehydrate following tlht;! return of the water,
is thus also vi tal to the survi vul of int:el1,tidal aLqae,

A number of ,st.ructural aspects of .12. longifoli..q_ were
investigated with view to survival in the wave-swept
intertidal zone.

2.4.7.1 Tensile strength

The breaking strain or tensile strength of ,Q. longj,_fglia
was measured using a methoo described (and defined as the
force in ounces required to break a single leaf per unit
width of leaf at the broken edge) by Martens and de V·.
Bocysen (1968) for grass studies. This :methodinvolved a
"tensili1.neter" (Pl. 2I I) Whichconsis+ed of two cf.amps
(c), the) lower of which ~las fixed. The upper clamp (PI.
2, J) was attached to a 2kg spring balance (b) which, in
turn i ~7as a'ttached to an arm whiCh could be screwed up or
down. .A section of Sc.m(or the nearest available length)
of fr(;!:sh, undamaged lamina was fixed betWeen the clamps
(PI. 2, J) and the upper clamp screwed up until the
Lamd.nabroke. The force required to break the lamina, was
measured on ·the spring balance and tl1astaken as the

97



tl)

/freading on the balance just prior to breakage (Pl. 2, l1;;j.
\1

The widt.h at the point of the tear was also measured. The
force (fr()m the balance) required to break the thallus,
and the 'Width at the point of the 'tear were used to
detel~ine the tensile strength in the formula:

prea.king force in_Qynes Cd X gravity) == dynasymm
unit length (mm)at broken edge

At least 20 replicates of tensile strength measurements
of ,P-. longifolia, from each site were 'taken on each trip.
The number of replicates was determined by whether the
individuals were of SUfficient length (greater than Scm)
and not abraded to a larg~J degree. Whenpossible, tensile
strength measurements t\~er(~t.aken for ·the three longest
laminae of each individual. The mean valUes were
calculated, and the sites were compared according to the
methods given in Section 2.7.

2.4.7.2 Attachment strength

The attachment strength of Q. 10ngi£01ia at Pa.lmBeach
was measured using a me1:hoddescribed by carter (1986)
whoused the technique to establish the attachment
strength of Gelid,iYmm..:i§.toides.(Turner} Kutzing (a
commercially important agarophyte). The technique is
illustrated in Plate 3, A and involved a st.ructure liI'hl.C,h
was used to exert a force on the holdfast of the plar,t,
to determine the .force necessary to tear or remove the
plant from the substratl1m. It consisted of a "bull-dog"
clamp (c); through which elastic bands (e) of the same
1ength were thr(Jaded (Pl. 3I C). r1'henumbar of elastic
bands used was determined by the s:i.ze and strength of the
holdfast. rrhe end of a 30cmruler (r) Wasplaced ont.o the
substratum and held vex'tically. The clamp was atrcachod to
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the holdfast of the plant as close to the rock as
possible. The elastic bands were then pulled up the
length of the ruler and the extension at which the plant
became c:i.etachedor br oke , was recorded (Pl. 3 t B & C).
The lengths were converted into force by att.aching the
clamp to a stationery object and pulling the elastic
bands to thE:!length measured in the field, using a 2kg
spring balance. IJ.1heforce needed to pull the elastic
bands to the previously measured length, was recorded.
This measurement was then converted into Newton units
using the formula:

Mass recorded (g) X gravity = Force needed to remove
plant (N)

The mean: values for individuals at each site were
calculated and compared according to the methods
described ill 2.7.

This method of measuring attachment strength worked '''fUll
on :Q_. longifolia individuals which were growing on a less
stable substrata or had small holdfasts t, However, wMm
the plants were more firmly attached to rock, the clamp
opened slightly and slipped Qff the lamina~. In the
latter cases I a cable tie was 'tightened around the
laminae and through the: elastic bands and used in a
similar way t,o the clamp xllethod(PI. 3, A). This
modification proved more efficient than the previous
method because the cable t;'.ecould not. slip off the
laminae. tJnfortunately, however, the tie appeared +:'0

damage the laminae more and, in some cases, to cause the
tearing of the thallus. Neither method \V'as'thus entirely
satisfactory. A1.'I. improvement would be to somehow clamp
the holdfast s(,!Qurelyand in a manner that would not
cause any damage.
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2.4.7.3 Sclerophylly and Succulence

Sclerophylly and succulence are parameters which have
been studied extensively in terrestrial plant (mainly
grass) studies, lnclllsiing studies compaz Lnq similar
species growing under diffe~ent conditions (Blackmore,
1992). ~. longif~lis was studied in sites differing in
both the degree of wave exposure a.nd degree of
desiccation experienced. It was thus considered as a good
opportunity to dete:cmine whether' .:.clerophylly and
succulence were parameters whioh could be used in stUdies
performed on intertidal seaw·~,_d,'., and whether there W(!,S

any difference in these parameters in material collected
from areas differing in wave exposure.

Sclerophylly can be defined as tht:'lamount of dry mat-tel'."
per leaf bifacial area and is related to ··-toughness" • It
is calculated 'Using the formu' .

dry mass (g)/unit. area {m2) = sclerophylly

Succulence is defined as the maximal. water content by
leaf bifacial area and is calculated using the formula.:

wet mass(g)/unit area (m2) = succulence

(Colr1ling& campbell, 1983).

The material used to measure these two parameters was
collected from each site and fixed in 4% formaldehyde in
seawater. The area of each thallus was measured using a
planimeter which rl;'~~d~_'.!'''~~I:l'singa light. beam. The
laminae were fed through the planimeter and the holdfast
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area was traced onto paperr cut out and then the paper
was fed through the machine. The maSs of the laminae and
holdfas.t for each plant, was measured separately after
having been blotted dry (wet weight), and then again
after being oven dried overnd "Jht (dry weight), at 600C
for 12 hours. The number of individuals used, which was
dependant on the size arid abundance of the plants in the
field, was never less than three plants from each site.

2.4.7.4 Desiccation Rate and Percentage Rehydra~ion

Thalli of intertidal algae are exposed to the air for
periods of time either between waves or at low tide. In
this time period, water ~.slost from the thallus and
desiccation is experienced. The degree of desiccation may
affect t.hemetiaboLd.sm and morphological. condition of
algae (due to loss of badly desiccated laminae). Wave
aotivity is reported to effect the degree of desiccation
due to splash which keeps plants moist between waves at
low tide.

The rate of desiccation (Dromgoole, 1980) or water loss
was measured by determining the mass of drying ~.
longifolia at different time intervals. An individual
plant, preserved in 4% formaldehyde was used from each
study site. The thalli were blotted dry and weighed
before being placed in front of an oscillating fan. Each
pIt. At was hUl"'.g from a pre-weighed st,and consisting of
three disposable glass pipettes strapped onto a plastic
petridish with masking tape (Pl. 3, G & I). Individuals
that were too large for the stand, were su~pended from a
shelf above the experiraental setup (Pl. 3, H). Each pl.ant
was wei9hed every 5 minutes for the first hour , every 10
minutes for the second hour, every 30 minutes for the
subsequent th:cee hOUl'S, every hour for the followl.ng
three hours, and finally weighed again after being oven
dri.ed at 60°C overnight. The relative humidity of i:.heair
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was measured using a whirling hygrometer at the time of
each desiccation period. Three replicate studies were
performed. The percentage desiccation was calculated
after each observation period, using the formula
suggest,ed by (Dromgoole, 1980; oates & Murray, 1983).

wet weiqht-desiccateQLy]eight = % desiccation
wet weight-oven dried weight

The mean desiccation c,~!"..»: .. I . e the three replicates)
were drawn for each of the sites.

After being oven dried and we:ighed, the .Qigj:,;y:_c,mteri§.
plants were returned to seawater and left overnight. They
lI1erethen blotted dry and re-weighed to d~termine the
percentage of the original weight that ha.dbeen regained,
ie % rehydration. This was mea~ured for each plant, the
mean values were calculated and compared using the
methods described in section 2.7.

2.5 ANATOMICAL AND DEVELOPMENTAL STUDIES

Morphological changes in intertidal organisms are
commonly reported, howevE;I:t',there are also considered to
be anatomical, reproductive and structural adaptations to
allow the organisms to survive under certain
environmental conditions. various aspects of the anatomy
and reproduction of Q. longtfoli~ were studied with a
view to obtaining a better understanding of the
mechanisms employed by this species to survive harsh
envdronmerrcaL conditions.
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2.5.1 Light Microscope Anatomical Studies

Sections for the light microscopic investigation of
anatomical features of ,n• .l..ru.1,gifoliawere made from the
various parts of the thallus, including (Fig. 7):

a) the apical pit
b) the wing and midrib of the apical region
c) the wing and midrib of the middle region of the lamina
d) the dichotpmising region
e) the wir(sand midrib near the base of the lamina where

the initial stages of rhizoid formation could be
observed

f) the midrib at the base of the lamina where the wings
had been abraded

g) the holdfast (longitudinal and cross-sectional)
h) the tetraspore, oogonia and antheridia producing

laminae
i) the regions of regeneration

Special attention was paid to the midrib region in order,
to determine the possible l;lresenceand nature of any
conducting tissue (as reported for Dict~opteris
mem.branag.~.§}~atsaros &1 Galatis, 1988). The ma·terial used
for the light microscope sectioning was prepared as
described in 2.6.4.1.

2.5.2 scanning Electron Microscope Anatomical Studies

The thallus structure of ,n. 1.Qng,ifoliawas also
invGstigated using the Scannin~ Electron Microscope
(SEM). sections across various areas of the la.minawere
prepared using the methods described in 2.6.4.2.
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Figure 7: Diagram indicating the different regions of a
pictyoptex:is longifolia. plant ""here sect.Lonewere
taken for the anatomical ,study.
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2.5.3 Trans~ission Electron Microscope Anatomical
Studies

Transmission Electron Microscopy ('1'EM)was performed on
the cells of the different areas of fresh materia). in
this case, attention was paid to the detail of the cell
walls, and especially the presence of any connections,

: Ibetween the cells of the midrib. The material was
prepared using toe method described in 2.6.4.3.

2.5.4 Regeneration Studies

n. longifolia was observed to regenerate ne\7 laminae
prolifically in the fie11. Regenerat~ion of 'thalli from
sections of a parent plant not only allows damaged
individu~ls to recover, but also allows for propagation
of new individuals (ie vegetative propagation) when
sections are removed from the parent plant and thetl
become .l':'a.''C' ttached. Regeneratiorl potential is obviously an
important feature in the survival of n. longifolia living
in highly wave exposed shores.

The regeneration potential of D.. 10ng1£01ia was studied
by placing selected sections of the thallus into culture,
to investigate the ease and process with whicn
regene.ration occurred. The material used for reger'ration
studies was collected in March, April and September 1989.
A minimum of three, and maximum of six repU.cates of each
type of section ~ere put into culture (ie 3-6 replidishes
with 6 compartments per dish: Pl. 3~ K) under the
conditions described in 2.6.3. The selected sections of
the thallus of Q. longfolia used for this study are shown
in Figure 8.

l,: I
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Figure 8: Diagram indicating the different sedtions of a
Dict~lopteris longifol:Ja plant used of )r the
regeneration study.
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2.5.4.1 sections of the Lamina

Different sections of the lamina of 11. l.Qn..,.qj,.fQlj.a were
studied. Thes~ included (Fig. 8, A-D):

A) strips across the J.am~na I 4mm in length and the width
of the lamina

B) sect;i,onse;;."ludingthe margin but. including about 3nun
on either side of the midrib and up to 1cm in le:ngth

C) a section across the Lamfna ,: 10m in length and as wide
as the lamina (1-2cm) in width

D) the apical tip, the length of which was measured at
weekly intervals (the dichotomised tip was viewed as
WE:~ll) •

The weekly increase in length of some of the apical
sections (D) were plotted (total length in nun against the
time the section had been .inculture) as a growth curve.

2.5.4.2 Whole Laminae and Large Sections of Lamina

Individual laminae and large sections (between 5 and lOcm
in length) were cultured in pre-sterilised, 250ml
Erlemeyer flasks (Pl. 3, t) containing fresh sea water
and sealed wit,h tin foil caps. t.rhreereplicate sections
(of each type of cut) from laminae of I1. longifolia were
placed into each flask and kept in 'the walk ...in growth
chamber under the conditions described in 2.6.3. Several
different types of sections were cut from the laminae
including sections having (F'ig. 8, E-G):

E) a v-shaped cut across the midrib from the side
F) the tips cut off
G) a v-shaped cut which removed the apical cells
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2.5.4.3 Whol.e Plant Regeneration

Whole plants were kept in small glass tanks (t) and 21
plastic bottles in the walk-in growth chamber (Pl. 3, L &
J). Each la.mina of the three individuals used in this
test, had a v-shaped cut removing the apical cells (as in
Fig. 8, G). After a month the regenerated laminae were
recut with v-shaped cuts ann put back into culture. This
was repeated once again after the regenerated laminae
(second regeneration) had established.

2.5.4.4 Sections of the Holdfast

In the field, n. longifolia grows in clumps. one of the
possible reasons for this was considered to be the
ability of the bases of old laminae (which remain in the
holdfast), as well as individual rhizoids of the
holdfast, to vegetatively regenerate the thallus of the
plallt. Initial. attempts to get the holdfast and its
component rhizoids to regenerate in different
concentrations of Provasoli/s Enriched Seawater failed,
due to excessive correamdnacf.on, Eventually these studies
were successful in natural seawater. The regeneration of
sections of the holdfast were studied (Fig. 8, H).

H) The entire holdfast with the laminae and any l*emaining
midrib sectioi.) removed. Six replicate holdfast were
placed into 250:ml beakers of natural seawater and
were k~pt in the Labex growth chamber under the light
conditions $peoified in 2.6.3.

2.5.4.5 Regeneration from Rhizoid Sections

Regenl9ration from rhizoids and sections of the holdfast
has been reported in Oiotyopteris di_xaricata, (Tokida at
!1J"., 1953) and other brown algal species. Regeneration
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from various sections of rhizoid from n. longifol~ were
studied (Fig. 8, I-J).

X) Small tufts of rhizoids (12 replicates, ie two dishes)
were excised from the holdfast and placed into 5ml of
natural seawater in 4cm replidishes and kept in a
Labex growth chamber under the conditions descri))ed
in 2.6.3.

J) Individual sect.Lons of rhizoid (about Lom Ln length)
and excluding branches were dissec'ced out of the
holdfast and placed into 4cm replidishes (2 dishes,
ie 12 replicates) in natural seawater. These sections
were kept in a Labex growth chamber under the
conditions described in 2.6.3.

Al), the regeneration was photographically monitored using
an olympus Photo Automat camera attached to a Wild
Dissecting Microscope and the camera attachment of the
Zeiss Photomicroscope. Black and white Pan F, 50 ASA,
35mm film was used.

2.5~5 Sexual Reproduction Studies

Sexual reproduction is not believed to be al.!lsuccessful
in areas of high wave exposurer as tetrasporogene5is and
vegetative propagation. This is due to the necessity for
fusion of the two gametes, which lnay not occur in areas
of high wave exposure. Sexual reproduction in
,Q,. 19.!lgifoliawas, however, observed infrequently in the

f'ield.

Material displaying sexual reproduction was collected in
the field at different times throughout the year,
prepared, sectioned and viewed on the light microscope
using the metho~~ de~cribed in 2.6.4.1.
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2.5.6 Tetrasporogenesis Studies

The formatiot! of tetraspores is cons Ldez'ed to be an
important form of reproduction for ,Q. ).ongifoli,§.living
in highly wave exposed shores. No meeting of mo'tile cells
is necessary (as is naeded in sexual reproduction)~ and
as this may not occur easi.ly undar conditions of high
wave exposure, 'tetraspores are considered to be more
successful in these areas , Material bearing tetraspores
was frequently observed in the 'field and was induced in
culture.

Sections acrose the lamina and lcm i11 length were put
into culture in individual. compartments of replidishes.
The material was collected in the middle of May 1989. The
dishes were kept in a Labrax growth chamber under the
conditions described in 2.6.3. Three dishes of sections
(6 compartments per dish) were used. After 28 days,
tat'> f3pores were observed on the surface of the lamina
sections.

The spores were collected with a pasteur pipatte and
pla,--:edinto culture in nabura t seawater, in Soml
Erlemeyer flasks. The flasks Were kept in the waDe-in
grmvth chamber' under the conditions '.lescribed in 2.6.3. A
flask of spores was kept in each of six thexnostatically
controlled water baths at 10, 15, 20, 25, 30 and 35°C
(±2o\~). 'l'etraspore growth was measured using a Wild
Inverted Microsoope with a calibrated, graduated
eyepiece. The mean of 30 measurements of the thallus and
longest rnizoid were calculated on every second day for
20 ctay~. The mean growth rates were graphed for. ~ach
t:Z:Jnperature,OVer t.he 20 days of growth and were
statis,ticC'lly investigated using the methods described in
2.1.1.
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The :rJrocessof elongation of the spores was also observed
u.sing flcrescence. Germinating spores, \17ereplaced Lrrco
0.1% calcofluor for 2J minutes. Calcofluor has been used
as a fluorescent marker in a number of studies (Hughes &
Mccully, 1975; Waaland & Waaland, 1975). It stains cell
walls by binding ~ith cellulose, polysaccharides and
callose and has been used Ln studies of higher ~~h_ji:1ts,
fungi and algae. Most of the cytoplasmic corrcerrcs ;,'ellI8":'·

unstained. It is an important stain because it can be
added to living cells allowing the processes of
elongation and the insertion of new Wall material to be
observed. Only those walls present at the tim.e of
staining, show florescence when exposed to light
(ultraviolet and visible light; Hughes & McCully, 1975;
Waaland & Waaland, 1975).

2.6 LABORATORY PROCEDURE

2.6.1 Culture Medium

Various concentrations of Provasoli's Enriched seawater
Medium (0.25, 0.5, 1.0, PES; provasoli, 1968~ Appendi:){1)
Were attempted f,or the growth studies performed to
investigate tetrasporogenesis and regeneration of n.
longifol~. It was discovered 'chat all the concent-cations
of PES 'that werl? t.ested, caused a high deg!.'eeof
associated algal, fungal and bacterial concand.natdon
which inhibited the growth of the Dict:y:opte];:j.ssections.
However, contamination wa.s kept at a minimum and growth
occurred readily In natural seawater (unfiltered arid
unsterilised). All the cultures had the seawater cnanqed
at weekly intervals.
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2.6.2 Isolation of sections of .Q. :t~ Laminae

Externally visible epiphyt~s were £emoved with forceps
from the surface ()f D:i.ct~op:tgillthallus sections being
prepared for regeneration and tetrasporogenesis studies.
All sections of lamina were wiped down with 100% alcohol
to reduce 'the possibility of surface epiphytes
recoveri.ng. The application of alcohol did not appear to
a.dve7~ely affect the growth of the material. The sections
were then dipped into germanium dioxide (Ge02; Appendix
2) which inhibits the growth of di.atoms (Lewin, 1966).
The material was not cUltured in Ge02 bG..:lauseit has been
reported that Ge02 detl:imentlAlly affects the growth of
member's of the Pi.laeophyceae (Fletcher & Fletcher, 1975).

Bacterial contamination of cultures were treated with the
addition of a few grains of Penicilli.n "j (Guillard, 1973)

to each well of the culture containers.

2.6.3 Growth Conditions

The majority of sections used in the regeneration and
tetrasporogenesis studies were placed into lIe:terilin"
replidishes, 4 cm in diametert in 5ml of natural seawater
(Pl. 3, K). I)~hedishes were sealed with masking tape to
stop evaporation of water and the resulting ch.anges in
salinity in the \o1e1ls.The cultures Were kept at 21°C (±

2°C) in a Labex (lilodelL.T.G.C.) growth chanber with a
light intensity of 22J.lE m··2s-1 and a light:dark cycle of
1.4:10.

Material cuf turecl in the walk-in growth chamber was kept
at 21°C (± 2°C) at an irradiance of 70!-,E:m-2s-1 supplied
by "cool" white fluorescent tubes under a lig'ht:dark
cycle of 14:10.

112



2.6.4 M,icroscopy

Light mi.croscopf,c , and scanning and ~:r.ans:missionElectron
uti crcscopf,c techniques were used to view tIle external
features and growth, as well as to observe the anatomy of
sections of the thallUs. Whilst the methods UGed for 'the
preparation of material for light and Scanning Electron
:microsQopio stlldit.t.swere standard and similar to those
used for the preparation of other algae and higher plants
(described .;n 2.6.4.1 ~,(ld 2.6> 4'.2), the preparation for
Transroission Electron I~icroscopy was more difficult.
Brown algae at'e reporb~d to be exceptionally d:i.fficul t to
prepare due to the preS.snce of mucopoj.ysacchar Lde and

I'"

alginate extracellular i\\ucilaget as well as polyphenolic
physodes (Hallum & T,uffi 1988). Physodes have been
reported to leak t.anr-dns and di::.l:Uptthe organisation of
the organelles in the cell. The cells also have thick
walls and small vacuoles which increase the difficulty of
good fixation and infiltration. This means that
alternative methods '(;lo\.1ldhave to be attempted for the
preparatii.on of sections of 12. ~ for Transmission
Electron microscopy, if further stUdies were to be
carried out.

2.6.4.1 I,ight Microscopy Preparation

I.iving and fixed whole mounts of pieces of the plant were
viewed with a Wild Dissecting Mioroscope and a Zeiss
Photomicroscope, to observe external features.
Photographic records were made using the cameras attaohed
to these microscopes and blacZ<:and white Pan F I 35111~, 50
ASA film.

Spore material stained with ca Lcof Iuor was photographe(.1
every seven days I using the fluorescent attachment of ·the
Zeiss Photomicroscope and black and white Pan P, ~5mm, 50
ASA film with exposures lasting up to 5 minutes.
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sections of different pa~ts of the lamin8 and holdfast of
.Q.. longifolia were made on a freez.LH,;lmic:.t:'otomein a
supporting medium of Tissue-Tek (Miles Laboratory, USA).
Sectiol\~ of material were also fixed in glutaraldehyde
and osmfum te'troxi.de, and embedded in Spurr's resin as
described for Transmission Electron microscopy (2.6.4.3).
Thick sections were cut on a L.K.B. ultramicrotome with a
glass knife. All these sectiops were stained with
Toluidine Blue and mou.nted on glass s,lides in glycerol.
Sketches were made and photographic records were kept,
using a Wild Dissecting Microscope and a Zeiss
Photomicroscope.

2.6.4.2 Scanning Electron Mioroscopy (SEM)
Preparation

sectione showing features of general anatomy and material
exhibiting regeneration and tetrasporogenesis were
prepared for examination by SEM. Small sections were cut
by hand, fixed in 2.5% glu'taraldehyde and then dehydrated
in 10, 20, 50, 70, 80 and 90% ethanol for J.Ominu.tes each
and then twice, for half an hour each, in 100% ethanol.
The segments were then critical point dried in a Hitachi
critical Point Drier for 1-2 hours. The sections were
mounbed on 10m diameter aluminium stubs with an adhes.ive
of colloidal graphite. They were then coated with gold in
d Polaron Sput'ter coating unit and viewed on Cambridge S4
and JSM 840 Scanning Electron microscopes. Photographic
records were taken of all the observations.

2.6.4.3 Transmission Electron l-t:i.cros.copy('rEM)
Preparation

The preparation of material for Transmission Electron
microscopy is very difficult in brown algae (Hallam &
Luff, 1988). The extt'acellular muc i.Laqe prevents
infiltration of the fixativer::and resin. The physodes
leak tannins into the cytoplasm and disrupt the fixation.
The recommended method is a slow fi:Kation and
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infiltration (Hallam & Luff, 1988). Th(l!met.hod used in
this study was a slightly modified version of the method
used by Galatis ~t 91. (1977) for the brown alga
Sphacelaria, however, it was not very successfu.l and
alternative methods need to be attempted for further
studies of this species.

1) The material was cut into small sections and placed
in.to glass vials in 2.5% glutaraldehyde in O.lM Na
cacodylate buffer (Appendix 3). The £'olution
contained O.25M sucrose'at pH 7.2 and the material
was kept at room temperature for 5 hours.

2) After fixation, the material was rinsed in solutions
of cold 0.1M Na cacodylate buffer with decreasing
sucrose concentrations (O.25, 0.2, 0.15, 0.1, 0.05
and o,OM) for 20 minutes at each concentration.

3) r.rhematerial '{Ims then post-fixed in 1% osmium
tetroxide (OS04) in O.IM Na cacodylate buffer and
kept in the fridge for 12 hours (pH 7.2).

4) After post-fixation the material was rinsed twice in
0.1M Na cacodylate buffer (20 minutes each rinse;.

5) Dehydration was carried out by soaking the material in
increasing concentrations of ethanol Ln O.lM Na

cacodyf.atie buffer (10 I 20, 30, 40, 50, 70, 90 and
100%) for 20 minutes at each concentration. This was
followed by two 20 minute rinses in 100% ethanol.

6) The material was embedded in increasing concentrations
of Spurr's resin (Harper, 1983; Appendix 4) in
ethanol (1, 2, 4, 8, 151 25, 40, 60, 80, and 100%
resin) for 6 hours at all concentrations except 60,
80 and 100%, in which the material was kept for 12
hours. Due to the long infiltration periods, the
spurr's with the longE:!rpot-life was used. This was
followed by two changes of fresh 1CO% resin.

7) The laateria1 was then polymerised in an oven at 700C
for 12 hours.
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8) The material to;assectioned on a L.K.B. ul tra:microtome
using a glass knife. Thick 5!~(~tionswere used for
light microscopy and ultrathin gold and silver
sections (40'''70nm)were picked up on 200 hexagonal
mesh, copper grids for TEM.

9) 'rhe s\ections were stained with ur.anyl acetate and lead
citr,~,te to enhance the co:r..trast (Reynolds, 1963;
.Append.i.x 5).

2.7 STATISTICALANALYSES

The meanvalues of. the measurements for each at'tribute
(from measurements taken throughout the year) were
calculated for each site. These were plotted as bar, line
and scatter graphs. The standard deviation values are
incJ.uded in brackets after the mean values in the text,.
The meant standard deviation values and the sample sizes
for all the measuzement.s f'l roegiven in Appendix 6.

2.1.2 Tests of Significance

Significa."ce of differences between the mean values for
different sites for selected parameters, was tested using
the Stud~~ntT-tes·t and tables from Garvin (3986) ~

so is the standard deviation
n is the number of samples
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2.7 ..3 Principle ComlXmentAnalysis (PCA)

Principle component; Arlalyses have been used in vaz-Lous
terrestrial and mard.ne ecological studies (Rice &

Chapman, 1985) and were used in this stu.dy to enable any
correlations between

a) some of the environmental measurements and
b) ,;;l.spectsof the algal morpholo<]y and physical
characters,

to be detected. An abridged interpretation of the peA
ordinatiotl biplot is as fQ~,lows (consult Jongnlan e1;sl.,
1987; Ter araajc, 1988 for detailed explanationsl/:

The interset;:tiol1of the <,xes represents the sample mean
or nodal point. 'l'he lines represerrc the approximate
direction of naxinuu variation of the variable, whereas,
the length of the line equals the rate of change in that
dir~ction. The angle between respective lines p~ovides an
estimate of correlation. Lines that point in the ,same
direction indicate positively correlated variables,
perpendicular lines indicate lack of correlation and
lines pointing J.il opp6site directi0ns indicate negatively
correlated variables. The principle components (axes) l\~P.Y
be quantified by dropping a perpendicular from each
variable to the respective axes. The proportional
contribl.ltion of the variables to each prin~iple component
is the length of the segment from the nodal point to the
intersect.'on of. the variables' perpendicular axd.s,
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3 imSULTS

3.1 EXPERIMENTAL ORGANISM

3.1~1 External Mor?hologyof DiQtyopteris 1.9.n.gifoH.a
fl!:omPalm Beach.

Dictyopteris longifolia is a brown alga composed of
numerous flat, strap-like laminae attached to a basal
rhizoidal clump (Pl. 4, Ai Fig. 1). The rhizoidal clump
or holdfast can grow to a few centimetres in diameter and
is p~rennial (while the laminae die back eve.ry year). The
holdfast gives rise to' many (see Section 3.7.2.6) new
laminae after the old laminae die back due to natural
senescence, abrasion or herbivory (Pl. 4, :8-0). The
holdfast is comprised of entangled, multicellular,
branched rhizoics (Pl. 4, E-G) which appear to be
trichothallic n·~divide from t,he base). The terminal
ends of the rhizoids are rounded and have a high
concentration of cell contents i~ the tip~ (Pl. 4~ H).
Rhizoids were also observed -to grow from the mldrib at
the base of the Lami.na , predominantly where the lamina
wing had been removed (Pl. 4, I-K). OccasionallY rhizoids
were observed growing from the midrib in damaged areas
closer to the laminal apex (Pl. 4, r..).

The strap-like laminae of n. longifolig are dark, golden
brown in colour, flat. and dichotomously branched. The
apical tips are bluntly to acutely rounded and there is
an apical pit containing the meristenlatic cells (PI. 5, A
& B, t ~J; Fig. 50). The laminae are 0.5-1.5cm wide (see
Section 3.7.2.2) with the number of dichotomies per
lamina varying conc.irlerably, however, the 111aximumnumber
observed was 8 (see Section 3.7. 2 •5). Immat' .~ laminae do
not have dichotomies. The mean maximum length of the
laminae varied spatially and seasonally and this
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variation is described in section 3.6. For the purpose
of this study I a Lamd.na is def i.ned as a single outgrowth
from the holdfast. It includes everything from the point
of attachment at thg holdfast to the tip of the longest
branch (Fig. 6).

There is a promd.nerrt , centrally arranged midrib which is
fl.at in the apical regions of the Landna (PI. 5, C), but
thicker (l.'\pproximat!3:tylmmthick) and of'ten giving rise
co rhizoids in the moze mature 'regions nearer the base of

the lamina (Plo 5, D)" At the base of the lamina, the
wings may be removed :t,.eavingthe midrib which is knownas
the stipe in some spel'...:.h1Sand which maybe covered in
fairly long rhizoids (Pt. 5, E & F; Fig. 51, E; Fig. 52,

(~). The undamagedmal:"ginsof the wings .of the laminae are
swollen in the mature rElgions (Plo 5, (j & Hi Fig. 51, B;

Fig. 52, F), but not in 'the immature l~\~gions(Fig. 51,

A). The laminal wings were observed to give rise to the
scattered tetrasporar~'~.:.a (Plo 5, K), d.ntheridia (Plo 5,
L) and oogonia, both in the field and under thE'
laboratory conditions de~cribed in section 2.6. In some
individuals of p... longifolia obserVed in the field, and
on sect.i!' I·,. , in culture (Section 2.6), the laminae were
also observed to give rise to multicellular surface hairs
(Pl. 5, M-O; Fig. 53).

3.2 DISTRIBUTION

Specimens from the herbari.a listed in Section 2.3,
included i.ndividuals of n. longifolia. from as far north
as Kosi Bay (26 32, CD), and as far south as Arniston (34
20, CA). !l. ,!.P!1gifol],ais, however also mentioned in
It 'lac (1956), indicating a distribution which extends
along the Moza:mbiquecoast northWards to at least rnhaoa
Island (26 32, AD). The species is also listed in
"Seaweeds of the de HoopNature Reserve" (34 2u, CC;
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Bolton & stegenga, 1990). Personal communication with
researchers on the west coast of southern Africa (J.
Bolton & F. Molloy), indicates that U. longifolia is a
warm water species and is limited to regions east of Cape
Agulhas (Fig. 9).

Specimens of ~. lo~ preserved in the herbaria of
south Africa have been collec'ted over many years, in
different seasons, and at different:.points along the
South and East coasts of south~~n Africa (Fig. 9). There
is great variation in the SiZ~;l as well as the
reproductive ~nd morphological condition of the
specimens. Unfortuflately, due to the lack of sufficient
examples from a single area or seasoh, no conclusions
about trends in the seasonality of morphological
variation can be drawn from these specimens. To determine
any seasonal changes in morphology, a continuous
measurement of individuals throllghC'ut at least One whole
season v.rouldhQ,V6 to be completed.

3.3 WATER MOVEMENT

n. longifo~ia was observed growing in areas of different
degrees of wave exposure at;Palm Beach, Natal. These
areas ranged from very calm pools high up the shone (Pl.
I, A; Fig. 3, F & G) to highly wave swept rocley re~fs
(Pl. 1, B; Fig. 3, A). in some areas the plants were even
exposed to the sun and air for long periods of ti:me
during low tides (one to two hours during calm, low
spring tides; Pl. 1, C).

I'tmust be noted that the values in all graphs mentii.oned
in th.e rest of this study are ar:.:a.ngedin the ordel of
subjecthre ranking of the sites, ie t.he two 10\,1 wave
e~posure sites (Ll and L2), the higher. low wave exyosure
site (L+), the intermediate wave exposure site (I), the
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higher, intermediate wave exposure site (I+), the high
wave exposure site (H) and the extremely higll wave
exposure slte (H+) (see section 2.2; Fig. 3, A-G).

3.3~1 Wave Action

3.~.1.l. Wave strength

The method of measuring wave strength (In Newtons/m2)
us i.nq a modified dynamometer (Palumbi, 1984; see Section
2.4.1.1; Figc 4), has a s~rious drawback in that it is
impractical and unsafe to use this method at any time
other than extreme low tide. Although the sites higher up
the shore can be measured later in the cycle, for
comparable results, all f>i tes must be measured at the
same time. This means that only those sites experiencing
wave activity throughout the tidal cycle (eg H ana H+),
could be measured using th 'dynamometer. The us..~rful,ness
of this metihod to test a large range of sitas
eJt:periencingdifferent degrees of wave activity, is
limi ted. However, comparing the two si'tec tl1hichwere
measured (H and H+), it appears that the extrmc:ely high
wave exposed site (a+) exper Lencee a significantly higb. r
(p<O.OOl) degree of wave exposure, with a mean value of
539.49 (±281.04) N/m2, than the wave exposed site
protected by a large rock {H; see Fig. 3, B) Which has a
mean value of 355.66 (±20~.5B) N/m2 (Fig. 10).

3.3.1.2 Wave Number

A similar proble:m was experienced Nith counting the
number of waves passing over the site per time reriod
(see Section 2" 4. .1.•2). Measurements could only be taken
wnen waves wel.'ebreaking over the area at low tide. This
only occurred in the two sites mentioned above (H and a+)

and the higher, intermediate ~lave exposure pool (1+),
which occasionally had slnall waves breaking into it.
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This method did not distinguish any differences ill wave
force in the other siter (ie L1, L2, L+ and I). It was
found that the most convenient ~ountinq period was two
minutes. From the graph of th~ mean number of waves in
two minute periods, it appears that there may be a trend
in the nrumeI' of waves experienced by the sites. The
trend in wave nwnber of the 8ites :measured, :match~,'~the

I '\subjeotive ranking of the sit~s (ie H+ has a mean of 16.7
(fO.S89) waves/2 minutes, followed by H with 7.08
(±1.296) waves/2 minutes and t~en I+ with 5 (±O.8l?)
waves/2 minutes). The highest wave exposure site (H+) has
a signifioantly larger (p<0.001) number of waves than the
other two sites (H, I+) with H being higher (p<O.05) than
1+. ?" "'ll :msthod does indicate that not only do the

Istreh,..hs of the waves differ between sites, but so do
the wave numbers (due to the position on the shore and
the shore topoqraphy).

3.3.2 water Motion

3.3.2.1 Lifesaver sweet Dissolution Method

The third method of measuring water movement involves the
use of "Lifesaver" sweets (see section 2.4.2.1). This
method differs from the previous two methods in that
water motion, not wave force or number, is measured. The
metihod invalves the use of dissolution rates, which are
assumed to Lnozease f-lithwater motion (Martell, pers.
corom.). There were various drawbacks to the use of this
method. Firstly I' it was not determined to what degree the
flavour of the sweet affected the dissolution rate and,
although the flavours were randomly distributed amongst
the sites, this may have affected the mean ~eight loss
v« .ues signific:antly (due to the s:mall replicate number
whidh was used). A second problem was that the continued
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dissolution of the ~let sweets after removal from the
water, was not initially accounted for. In later
experiments, indi vidual s~leets were immediately packed
into pre-weighed bottles. However, in the latter case,
the amount of water included in the weight was not
considered. 'rhis would vary considerably depending on the
size ot the remaining piece of sweet. Another problem
'that was experienced, is sindla.:t"to that discussed for
the previous two methods, ie to get to the::.,;)t'e wave
exposed sites, the study had to be perfo.rm~u at low tide
and at this tinte the calmGr sites (:i.e LI, L2, L+, I I I+)

were not experiencing water movement. From a graph of
mean dissolution rates (Fig. 12), it is apparent that
there is no significant differie!""ce(p>0.05) between the
wa~er movement of sites experilmcing no water movement at
low tide, ie 1.1, L2, L+, I, and I+ had mean dissolution
values of 0.1271 (± 0.043) g/min, 0.1572 (± 0.033) g/min,
0.175 (± 0.075) g/min, 0.1514 (± 0.022) g/min and 0.1890
(± 0.093) g/min, respectively. The two sites experiencing
water motion at low tide (H and H+) showed a
significantly higher dissolution rates (p<O.OOl), with H+
having a mean dissolution rate of 0.4189 (± 0.088) g/min
which is signif icantly higher (p-co • 05) 'than H (0.3494
(± 0.027) g/min).

3.3.2.2 Plaster Block Dissolutioll Method

The final method used to measure water movement 1n this
study, was similar to the previous method in that
dissolution rates were measured. In this case, the
dissolution rates of pre-weighed plaster (If paris blocks.
The blocks were fastened to clumps of firmly attached
plants such as L,;elidiu~jhby means of' cable-ties (see
section 2.4.2,2). The blocks were set out at one low tide
and removed, to be weighed" at the next low tide. The
advantage of this method \:3S that the blockt:1remained in
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the water over a full tidal cycle, thus experiencing
water movement at high tide. This was not possible with
the other methods. It must be taken :tnto consideration
that those si'tes higp. up on the shore e>t::perienceonly one

,I

short period of high water movement (ie at high tide),
whilst those sItes nearer the bottom of the intertidal
)egion experience longer periods of water motri.on, The
,:esults may have been different, had it been possible to
put the blocks in at low tide and rentove them at high
tide (either after one tidal cycle, or ~fter two).
Unfortunately, this experiment was only performed once,
and for some of the sites (I and H+), only a single block
was ret.rieved. No significance can thus be attached to
the results receiv~d, however, the trends can be
observed. Looking at Figure 13 it is apparent that, once
again, the two s'ites with the highest wave exposure (H
and H+) show the greatest degree of weight loss (mean

'percent.age weight lost are 61.87 (±11.04)% and 68.94
(±O)%, respectiv·ely). However, the difference between
these two a.nd the low wave activity site (Ll), which has
a mean weight loss of 58.09 (±6.20)%, does not seem to be
remarkable. The other si.tes all have a similar deg:r.·eeof
weight loss (L2, L+, and I+ have mean values of 42.44
(±3.82)%, 46.14 (±11.66)% and 46.47 (±14.41)%,
respectively), except for the sandy, intermediate wave
activity gully (I) Which experienced a mean weight loss
of 22.49 (±O)%. Blocks placed at the latter site recorded
a much lower weight loss, however, this was probably due
to the fact that the blocks became inundated with sand
and had to be dug out after one tide, thus preventing the
block from being washed by the waves.

The peA diagram (see section 2.7.3), Figure 14,
incorporates two of the environmental conditions
experienced by the plants. These are the amount of sand
present (in suspension in the water and deposited) and
the degree of water movement. The former aspect (ie sand)
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will be discussed under- Sections 3.4 and 3.5. w~~ter
movement; is represented on the PCA, by the .four!imethods
of measurement used in this study. The three methods
which were only used at loti t;i.de,(ie the dynamometer,
wave counts and the ilLifesaverli teGlhnique) are all very
closely correlated on the peA (PCA angles between the
dynamometer and number of waves = 4°, dynamometer and
lif~'Savers = 30, number of waves and lifesavers:::::7°),
while the plaster block method which covered the full
tidal cycle, is fairly closelY'correlated to the other
three, but nut as closely correlated as they are to each
otiher, (PCA angle between plaster blocks and dynamometer =

35°) •

3 • 4 SAND CONrrEs;TOF WATER

The mean sand con1:ent of the water samples, taken
throughout the year from each site (see Section 2.4.3),
is g:i.venin Figure J.5. The water of the hig(~est wave

}

exposure site (H+) and the intermediate sit~ (1) have
significantly hiqher (p<O.OOl) sand content values than
the other sites (0.101 (±0.044) g/100m1 and 0.088
(±O.033) g/100m1), respectively), but are not
significantly different from each other (p>0.05). The
water of the second highest (H) and high, irl1termediate
wave eKposure (I+) sites both have the lowest (p<O.OOl)
sand content values (0.047 (±0.029) g/100m1 and 0.044
(±0.004) g/100m1, respectively) but are not significantly
different from each other (p>0.05). 'lYheother sites (L1,
L2 and L+; 0.057 (±O.022) g/100m1, 0.062 (±0.002)
g/100m1) and 0.072 (fO.006) g/100m1, l~espectively) all
have similar (p>O.05) and .tnter:mediate sand content
measurements. It was initially suspected that the sanfi
content of the water would be found to be correlated with
the degree of wa·ter motion.
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l.ooking at a peA (Fig. 14) which indicates the
:i:'elationshipbetween the results from the four different
mebhods of water movement measurement, sand cc.:mt.entand
sand depos i.t.Lon r the correlation betweeil sana content Rlnd
deposition, and the degree of water movement (with the
metho~s that were used in this study), is slight (peA
angle between the dynalnc:in~terand sand movement =: 500).
There does, however, seem to be some correlation between
the sand content of the t>late:r:and the amount of aand
deposited (peA angle =: 20.50),and between the various
methods of measuring water motion (see section 3.3).

3.5 SAND DEPOSITION

Photographic records of the degree of sand inundation
experienced by a single plant (Pl. 6, A-E), as well as
inundation in the intermediate (I; Pl. 6, F-I) and
highest (H+; Pl. 6, J-L) wave exposure sites, indicate
that sand deposition may occur extensively. All the sites
were observed to continuously differ in depth and shap~
due to different degrees of sand inundation, which varied
considerably over the observation par'Lod , The
photographic sequences are not the stages of a single
Lnundat.Lon , but r;lt'1erthe degree of sand cover at
different times 01: the year, arranged in a sequence of
increasing cover . The degree of sand inundation was also
observed to change considerably over a 24 hour period.

Unfortunately, the measurement of sand deposition using
the sand trap was not successful in many of the sites. It
was impractical to repeat the experi~ent due to the
weight of the concrete blocks, the distance of' some of
the oites and.the number of blocks lost or buried. The
data presented in Figure 16 can thus not be statistically
analyzed. However, it appears as if the low wave exposure
s I tp (Ll) site has the smallest amount, of san, deposi t.Lon
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(300.88 (±10.S6) g) and the highest wave exposure site
(11+),the largest amount (354.66 (±22.84) g. The sand
in.undated, intermediate wave exposure site (I) showed a
similar and hi.gh volume of sand to 1'1+ (347.03 (±a.S7) g),
While the second highest wave exposure site (H), has a
sligh~ly lower volume of sand trapped (326.22 (±49.92)
g). These observations serve merely to suggest a trend in
the pattern of the volume of sand movement in the
differsllt sites.

The peA (Fig. 14) indicates some correlation between ·the
sand captured and the sand content of the water (peA

angle = 20.5°), but this does not appear to be correlated
with water movement (as measured in this study).

3 • 6 l!EAN :MAXIMUMLAMIN"AL LE'NG'l'H OF THE POl?tJLATI O}.!

The mean population size or maximum laminal length of
12. longifblia at Palm Beach. was ~etermined by measuring
the length of the longest lamina of mapped il'ldividu~ls
from each site, on each i:rip (see section 2.4.5). For
this section the individuals remained in .s;lt1\and were
repeatedly measured. Only the populations in the sites
experiencing the nighest wava exposure (H+ and E), as
well as the lowes-c wave exposure slte (L1), were measured
throughout the st11dy poriod. All three of. these showed a
ahaxp decrease in the mean Lami.na'llength ~:owards the
middle of the study pat-lod (when abrasion was obsecved to
increase), follo\'ledby a slight increase towards the end
of the study period (when lamina regeneration was
prevalent; Fig- 17; L1, H & H+). Those sites only
measured tC'wards the end of the study (L+ and 1+) Showed
a gradual increase in mean population size (Fig. 17, L+ &
1+). The intermediate wave exposure site (X), which was
inundated by sand for long periods of time during tbe
study period, shoto.1edan increase in the mean size of the
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popUla.tion when the individuals of the other populations
were decreasing in size. The plants in this site began to
decrease in size towards the \\endof the study period when
the individuals of the other/sites were increasing in
size (Fig. 1'1, I). The on€: low wave exposure site (L2)
was only measur-ed 011 the last two trips and was thus not
included in these graphs. There was , however, 11ct.Le
difference between the Septeln.berand october measurement.s

in t..'lissite.
:'t3.7 MORPHOMETRY

various aspects of the structure ot: lli.c:ty:opteris
1Qngifolia were measured, statistically analyzed and
!."epresented it. bar and scatter graphEl. Fa!.'the purpose of
this study, the holdfast is the entire matted, rhizoidal
region and the lamina is the region trom the point of
atrt.achmant; to the holdfast I to the tip of the longest
lamina (Fig. 1).

3.'1.1 Features of tne Holdfast

3.7.1.1 Diameter

The diameter of the holdfast is one of the morphometric
measurements taken on the p l.arrt., \('hemean of this
measurement, from data collected throu.ghout the study
period, is displayed in Figure 1L. The one low wave
e:Kposure site (L+) has a significantly lower (P<O.OOl)
mean holdfast diameter (1?-.95 (±2.75)mm) than the other
sites. The other two loW wave e:Kposure sites (Ll and L2)
are similar to each other. (p>O. 05) but significarltly
higher (p<O.OOl) than the L+ site with mean d.imil(.~tor

values of 15.8 (±·1.42)mm and 15.7 (±2.8)X; ,. The other
sites (I, 1+, Ii and H+) hav~ higher mec::nholdfast
diamete:t·s (18.75 (±O.75)mm, 22.23 (±1.0tl)mm, 23.23

(±5.2f,)mm i?.ld21.85 (±7.77)mm, respectively. They are
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significantly different: (p<O.OOl) .,..com each other (except
I+ and H+).

Figure 19 is a acatrt.er diagram of the holdfast diameter
of n. J,ongifolia plotted against the maximum laminal
length of the individuals, of s'ampLes (throughout the
study period) from the low wave exposure site (LI) and
the highest wave exposure site (H+). From this graph, it
appears that there may be five groups of plants present,
je small plants which remain small or may grow and retain
small holdfasts (Ll and H+i holdfast diameter 5-38.5mm,
lamina length 4-132mm), larger plants which have small
holdfasts (H+ onlYi hold fast diameter 6-19mm, l.amina
length 170-230mm), short plants with large holdf~sts (H+
only; holdfast diameter 28.5-32.5mm, lamina length 39-
102Imn), medium plants with medium holdfasts (H+ only;
holdfast diameter 19-36mm, lamina length 305-375rnm) and
large plant.s which have large holdfasts (H+ only;
holdfast diallleter52.5-65.5mm, lamina length 477-535mm).
Whether these groups are due to different stages of
development or to reactions to the different rlegrees of
wave e~posure, was not investigated. The third group
(large holdfast and short laminae) consists o~ plants
which are considered to be regenerated laminae from the
perennial holdfasts. It must be noted that, as this
comparison is taken over the whole stUdy period, plants
at all stages of development (through the season) are
included.

3.7.1.2 Holdfast Area

The mean boldfast area values, from measurements taken
throughout the study period, are displayed in Figure 20
which shows the three .lowwave exposure sites (L1, L2 and
L+) as having the lowest mean holdfast area (0.000219 (±9
x lO-5)ro2, 0.000223 (±3.78 x 10-5)m2 and 0.00013 (±4.7B x
lO-5)m2, respectively), with L+ having the lowest
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Figure 19: scatter graph of the laminal length versus
holdfast diamlater of all in-;iividualsstudied Ln the
Ll (.) and the H+ (x) sites, over the entire study
period.
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of the three (p<O.OOl). The other two low wave exposure
sites (Ll and L2) are not significant.ly different froID
each other (p>O.,05). The three highest wave exposure
sites do not show significantly different holdfast areas
(p>0.05) but are higher (1+ has a value of Q.000442 (±6.9
x 10-5)m2, H a value of 0.000418 (±4.5 x 10-5)m2 and H+ a
value of 0.000516 (±3.6 x 10-4)m2) than the intermediate
site (X) which has a. mean value of 0.000302 (±4.5 x
10-5)m2 (p<O.OOl).

3.7.1.3 Holdfast l.{ass

The mean nlass values of the Net and dry holdfasts, from
measurements taken throughout ·the study period, are
displayed in Figures 21 and 22, respectlvely. In both
graphs; the results show a similar trend. The low wave
exposure site (L+) has the lowest mean holnfast mass
(0.372 (±O.206)g Trletand 0.209 (±0.120)g dry; p<0.001),
with the other two low wave exposure sites (Ll and L2)
being higher (p<O.OOl) but not significantly different
from each other (p>0.05). The mean holdfast mass values
for Ll and L2 are 0.848 (±0.47)g wet and 0.447 (±0.29)g
dry for Ll, and 0.366 (±0.292)g wet and 0.473 (±0.161)g
dry for L2. The two highest wave exposure sites (H and
H+) have the highest mean holdfast mass (3.843 (±l.68)g
wet and 2.553 (±0.97)g dry, and 5.547 (±6.29)g wet and
3.6759 (±4.27)g dry, respectively; p<O.OOl) but are not
different from each other (p>O.05). The two intermediate
sites (I and I+) ::iresj.gnj,ficantly different: (p-co , 001.)
from each other and increase. with an increase in \oJ&ve

,I

exposure. The mean holdfast nass for these two sit~s are
I

1.192 (±O.05)g wet and 0.793 (±0.11)g dry, and 2w726
(±O.71)g wet and 1.73B (±0.52)g dry, respectively.
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3.7.2 Features of the Lamina

3.7.2.1 Laminal Length

The mean laminal length (taken from the mean length of.
the three longest laminae), from msasurenerrcs taken
throughout the study period, is displayed in Figure 23.
The three lowest wave exposure sites (Ll, L2 and L+) have
..the lowest mean laminal lengths (46.19 (±9.49)lItm,86.83
} \"(±21.68)nuu and 83.75 (±6.10')mm..cespectively)with L1
having the lowest of the three (p<O.OOl). The other two
10t'1 wave exposure sites are ~li9her than Ll (p-co , 001) but
not significantly different from each other (p>0.05). The
other four sites eX. I+, Hand H+) have higher mean
lamina length values (p<O.OOl) but, al'though H+ appears
to be slightly higher, the latter four sites do not have
significantly different mean laminal l .....gt.hs (p>O.05) •
The l~ean laminal length values fo~ the latter four sites
are 112.68 (±O.56)mm, 113.96 (±15.44)mm, 113.68
(±58.57)mm and 118.29 (±;9.22)~n, respectively.

3.7.2.2 Lanti.na L Width

The mean laminal width measurements are displayed in
Figu:e 24. r.rhelaminal width value for th-e lowest wave
exposure site (Ll) is significantly lower (8.21
(±1.25)lnm;p<O.001) than tha'i:of the other sites (L2, t~·,
I, 1+1'Hand H+; 12.75 (±1.05)mm~ 12.5 \J:0.7):mm, 13.15
(±0.05)mm, 13.7 (±2.18)mm, 12.03 (±0.81)nun and 12.53
(±L64)mm respectively). The latter sites all have
similar mean laminal wi.dthvalues (p>0,,05).

Figure 25 is a scatter diagram of the indivil')uallaminal
lengths versus the corresponding lamit.ulwidthS for the
lowest wave exposure site (Ll) and the highest wave
exposure site (H+), taken throughout the study period.
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There appear 'tobe three groups on this graph. The first
is comprised lof short, narrow individuals from both
si.t.esr and is assumed to be the ent.i·:-.-epopulation of the
Ll sit.eand the juvenile plants of the H+ site (lamina
width 2"'1,~mm,lamina length 4-110nun). There are then two
groups contp:t.'i:sedof H+ plants 'only. The first of these is
intermediat',e:plants (lamina width 14-21.33mm, lamina
leng1~h 3S-235inun)and the second long, wide plants (lamina
width 15.6-19.6:mm, lamina length 3Dl-535mln). The latter
t'VlOgroups art9thought to be composed of the older
juvenil.es and the adult plants, respectively ..It must be
noted that these groups probably denoba different times
of the study period and stages of development, as the
measurements were taken over the el"1tireFtudy period. If
the same two sites eLl and H+) are compared with only the
March readings (Fig. 26), it can be seen that at this
PQit;l":': (+.1':' the growing season there al~e also three groups.
These i~lClude a group of narrow, short plants (Ll;lamina
width 3.3-12.3rnm, lamina length 29-132mm), a group of
narrow, long plants (H+; lamina width 14·-19.66IlUil,Land.na
length 52-351mm) and a group of longer, wide plants (l!+;

lamina width 16.6-19.6mnlj lamina length 425-535mm~, ie
fairly similar to the grouping representing the entire
study period. A similar graph (Fig. 27) of the October
measurements, shows that there is a Single group of
plants (plants from Ll and H+) which are shorter than
later in the growing season (.laminawidth 2-17mm, lamina
hmgth 4-102mm).

3.7.2.3 SUI'face Area of the Thallus

Fj,gure 28 shows the mean total area of all the l.aminR.e
fr(.)mindividual plants I ie a sum total of the area Of the
laminae of a plant, from measuL"ements taken throughout
the study period. Irhe higher, intermediate (I+) and high .
(H) wave exposure sites are similar (p>0.05) 'with mean
values of 0.007341. (±0.002)m2 and 0.007301 (±I).005)m2
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respectively, whilst all the rest are significantly
different from each other (p<O.OOl). Two of the low wave
exposure sites (Ll and L+; 0.002345 (±0.001)m2 and
0.003653 (±O.0007)m2) have the lowest mean total larninal
surface area, whilst the highest wave exposure site (H+)
has the by far the highes't (J?<O.001) mean area whictl was
measured as 0.020989 (±0.029)m2•

3.7.2.4 Mass of the Laminae

The mean total wet and dry mass values of all the laminae
from single plants, are combined in Figure 29. In the
graph, the plants of the Ll and the L+ sites have the
lowest laminal mass (0.583 (±0.285)g wet and 9.0864
(±0.04)g dry; and 1.457 (±0.182)g wet and 0.191 (±0.033)g
dry, respectively). TheS9 mass values are significantly
different from each other and the rer~ of the sites
(p<O.OOl). The values for L2 and I are higher (with wet
mass values of 1.890 (±O.D5)g and 2.034 (±0.545)g and dry
values of 0.277 (±O.154)g and 0.29 (±C.083)g,
~espectively; p<O.OOl) but not different from each other
(p>0.05). The mean masses then get prog-ressively higher
(p<O.001) with an increase in wave exposure (p<O.OOl)
except I+ and H which where similar (p>0.05). Por both
wet and dry masses, the highest wave exposure site (H+)
has the highest laminal mass (p<O ..OOl). The wet mass
values for 1+" Hand H+ are 2.590 (±0.05)g, 2.947
(±1.785)g and 9.133 (±12.81)g, and the dry mass values
are 0.355 (±0.117)g, 0.508 (±0.337)g and 1.639 (±2.401)g
respectively_

3.7.2.5 Number of Dichotomies :per Lamina

The mean total numbar of dichotomies per lamina length
were calculated. Fi.gure 30 indicates the mean dichotomy
nUluber per lamina over the Whole study per;\od. The low
wave e~posure site (Ll) ha~ a significantly lower
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(p<O.001) dichotomy number (0.267 (±O.12) dichotomies)
than the oth;~rsites ( The remaining sites have different
dichotomy numbers (p<0.001) except L2 and I which are
similar (p>0.05). L2 has a mean number of dichotomies per
lamina of 1.292 (±0.352), L+ has 0.956 (±0.073), I.has
1.329 {±0.233) and 1+ has a mean of 1.094 (±0.495). The
two highest wave exposure sites (H and H+) llavethe
highest (p<0.001) dichotomy number per lamina length
(1.738 (±1.22) and 1.672 (±1.24) respectively) but are
similar to each other (p>0.05). A similar plot of the
dichotomy nUlnbers of ~hose plants measured in March (Fig.
31' indicates that I' has by far the lowest number of
dichotomies (0.176 (±0.512)~ p<O.OOl), followed by Hand
then H+ with mean dichotomy numbers of 3.461 (±2.134) and
3.652 (±1.15), respectively (p<O.001). In Figure 32 the
mean number of dichotomies from the October measurements
are displayed. The lowest wave exposure site (Ll) once
again has the lowest number of dichotomies (0.186
(±O.389); p<O.OOl). The highest wave expo~ure site (H+)
has the next highest dichotomy number (0.535 (±O.677» at
thjs time of the year (p<O.OOl). sites L+ and Hare
hi.gherand similar tf,) each other (p>o.0.15)but different
from the other sites (p<0.001). The mean dichotomy
numbers of L+ and Hare 1.029 (±1.l4) anC:0.8068 (±O.12),
respectively. The remaining three sites (L2, I and 1+)
are all higher (p<O.001; with values of 1.644 (±0.99),
1.56 (±1.12) and 1.6 (±1.13) respectively) than the other
sites but similar to each other (p>0.05).

Figure 33 shows a plot of the length of t.he longest
lamina versus the number of dichotomies in that lamina,
for individuals from the two ext~emes in wave activity,
ie H+ and Ll. From this graph it can be observed that the
individuals from L1 have both a low laminal length and a
low number of dichotolnies. There are individuals from the
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Figure 34: Percentage laminae without dichotomies, from
measurements taken throughout the study period (tl,
n=79; L2, n=93; L+, n~87; I, n=87; 1+, n=112; H,
n=131 and H+, n=158).
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o (\

higher wave ~:x:posureElite (H+) whiah have low dicho'tomy
numbers and low laminal lengths, as well as individuals
with higher laminal lengths and d~chotomy numbers. Ther~
seems to be a g:t'adualincrease .i.nthe number of
dichotondes with an increase in the lamina! length in
individuals of the latter site (H+).

Figure 34 indicates the percentage of laminae total'ly
Lackf.nq dichotomies. There does not; seem to be any
particular trend in these results, other than the lowest
wave exposure site (Ll) haviJag by far the greates:it
percentage of laminae laclting dichotomies (57.97!
l±30.(1)%; p<O.OOl). The L2, I and H sites have similar,
low percentages of lam:Lnae lacking dichotomies (19.17
(±7.30)%, 18.23 (±15.1)% and 16.20 (±10.72)%,
respectively; p>O. 05) \I,hilstall the other sites have
different percentages (p<O.OOl). The percentage lamina~
lacking dd.chotiomi.ea in r..+, I+ I aJldH+ are 37.09 (±l.8)%,
33.76 (±19.81)% and 29.87 (±2l.25)%, respectively.

3.7.2.6 Number of Laminae per IndividuaJ.

r.rhenumber of laminae pElrplant were divided Lnco 2

groups, ie the number of laminae less than 5mm in length,
and t.henumber greater than Snun in length. The results
are shClwnin Figures 35 and :'36, respectivel.y_ In Figure
35, the two 10'" wave expceuz'e sitea (L2 and I,.,,)have
different (p<~l.OOl» and significantly lower (p<O.OOl)
number of small Larai.nae (:3.88 (±O.07) anti 5.005 (±O.805) )
than the clther sites which all have higher and similar
numbers of Lamd.nae less than Smm in length (p>o. 05). The
mean fl\llnbe:t' of laminae smaller than smm (per plant) for
Ll, I I I+, Hand 11+are 6. ,4 (±2.&6), 6"28 (±1.12), 7.O~
(±2.28), 5.04 (±2.02) and 5.4 (±1.78), respectively. In
the graph of the number of laminae bigger than 5mm (Fig.
36), the intermediate site (1+) has the highest number of
longer land.l\ae(23.23 (±4.97): p<O.OOl). The low wave
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Figure 35: :f.leanLami.na number (per plant) less than 5mm
in length, from measurements taken throughout the
study period (Ll, n=25; L2, n==31; L+, ne>27; X, n=26;
I+, n=36; H, n=42 and H+, n=56).
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Smm in lengt.hr from measurements taken throughout the
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exposure sib.1 L+ and the highest wave exposure 5ite (Ir+),
bave similar (p>O.005) and the lowest number of large
laminae (12.4 (±2.8) and 12.68 (±8.59), respectively;
p<O.OOl). The other sites (Ll, L2, I and H) all have an
intermediate and similar (p>O.05) number of larger
la.minae (16.84 (±9.23), 18.55 (±4.75), 16.6 (±3.4) and
14.83 (±5.07), respectively).

3.8 MECHANICAL PROPERTIES

30801 Tensile strength of the Laminae

various problems ~ere experienced with the method used to
measure tensile strength (see section 2.4.7.1). Figure 37
shows the mean tensile strength over the entire study
period, for as many individuals as possible from each
site. There is no obvious trend in the ter1sil~ strength
measurements on this graph. The highest wave exposure
site (H+) does, however, have a slightly higher (p>O.05)
measurement; than the rest of the sites (524.87 (±86.13)
dynes/rom), and the lowest wave exposure site (Ll) has a
significantly (p<O.OOl) lo\,Yermean (349.95 (±14.22)
dynes/nun) than all the other s:ites, except H which has a
mean te11sile strength of 372.21 (±47. 34) dynfls/mm
(p<O.OO:L). The four sites L2/ L+, I and 1+ (417.83
(±92.43) dynes/rom, 500.62 (±13.86) dynes/mm, 497.85
(±44.22) dynes/mm and 413.89 (±27.6J.) dynes/mm,
respectively) are significantly higher (p<O.OOl) than the
other sites but not significantly different from each
other (p>O. 05). Tl'lemean t.ensiLe strength of the sites
measured in March are shown in Figure 33. Once again
the highest wave exposure site (H+) had the highest
mean tensile strength (509.78 (±234.47) dynes/rom).
The low wave exposur-e site (Ll) arvi the high wave
exposure site (H) had lower tensile strength (334.80
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Figure 37~Meantensile strength measurements (dynes/m~)
for those sites measured over the entire st\ldy peri cd
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Figure 38: Mean tensilla strength measurements (dynes/mm)for those sites meas?lrer1 in March (Ll, n=13; H, n=12;
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Figure 39: Mean tensile strength measu~ements (dynes/rom)
for those site~ measured in ootober (Ll, n=6; L2,
n=27; L+, n=31; I, n=48; I+, n=25; H, n=21; H+,
n=18) •
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(±99.32) dynes/mm and 317.02 (±18S.15) dYlles/mm,
respectively). similarly, means of tensile st:.rengthfor
october (Fig. 39) show a lack of any particular trend,
but with H+ having the highest (669.69 (,±234.26)
dynes/rom) and Ll the lowest (346.06 (±72.77) dynes/rom)
mean tensilE'.!strength.

t.['hecorrelation between the tensile strength measurements
and other aspects of the lamina meas ..ted in this study,
was confirmed by a peA ordination (see Section 3.8.2;
Fig. 43).

3.8.2 Attachment strength of the Holdfast

The mean attachment strength for populations of
Qn lQngifolia from the various sites at Palm Beach, was
determined and presented in Figur 'J. It appears f~om
this graph that the more intermo(1, :,wa'\.l'eexposune sItes
(ie L2, L+, I and 1+) all have similar and higher
attachment strengths (13.58 (±:L14j Newtons, 12.87
(±2.31) Newtons, 14.50 (±7.97) Newtons and 14.61 (:1:1. 28)
Ne\tltons,respE!)ctively)than the extreme sitesf ie thc:':l:Low
wave exposure site (Ll; 7.072 (±2.14) Newtons) and the
high wave exposure sites (H+ and H; 10.63 (;;1.95) Newtons
and 9.82 (±4.14) Net'l't,onsI J;'espectively). The lot"lestwave
exp~~ure site (Ll) is significantly lower (p<O.OOl) than
the other sites. In all but the calmer pools (Ll and L+),
the October (when the plants were older) attachmel'l't
strength measurements (Fj.g.42) appear to be greater than
the September measurements (Fig. 41) when ther9 are many
young plants.

1J.1he peA (see Section 2.7.3) of various structural and
morphological features of the plant (Fig. 43), indicat~s
any correlation s}cist'::-":f, t'n. \;:J':~~l the features measured,
It must be noted that, by defini t.ion, the a'ttachment
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strength (using this method of measurement; Carter, 1986;
Carter & simons, 1987) is the force needed to remove the
plant from the- substratum or to break the lamina to t.,hich
the force is being applied (whichever occurs first). This
means that the attachment strength measurements were
frequently those of laminal tensile strength. From the
angles on the PCA (Fig. 43) it appears that the holdfast
features, ie holdfast diameter, sclerophylly and
succulence are very closely correlated (all within 40 of
each other). The laminal features are not; highly
correlated with the holdfast features (peA angle between
holdfast sclerophylly and laminal length = 630), however,
the laminal features are within 650 of each other.
Laminal width, succulence, tensile strength and
attachmen't strength are closely correlated (within ";.7°of
eaol' other). Surprisingly, attachment strength is very
slightly correlc.rted with holdfast diameter (1140 between
them) but closely correlated with aspects of the lamina.

3.8.3 Sclerophylly and Succn:lence

Mean lamina and holdfast sclerophylly and succulence were
measured for individuals of .Q.. longifo).,ia from all the
sites (Section 2.4.7.3). Figure 44 shods the mean values
of the laminal sclerophylly. It appears that no trend
exists in sclerophylly, with respect to the degree of
wave exposure , The lowest. wave exposuna site (L1) 1"...as
significantly lower (p<O.OOl) sclerophylly measurements
(33.81 (±4.34) 91m2), with the second highest (H) and one
of the lower (L+) wave exposure sites having siMilar
(p>O.05) but significantly higher (p<O.OOl)
scleroJ:jhylly measurements (74.72 (±10.99) g/m2 and
67.99 (±5.40) g/m2, respectively). The other sites have
intermediate but different' (P<O. 001) sclerophylly
measurements with only the measurements of. 1+ and
L2 being similar (p>O.05). 12, I, 1+ and H+ have
mean mea~urements of 43.72 (±4.35) 91m2, 55.84
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(±11.10) g/m2, 46.14 (±9.64) g/m2and 58.88 (±11.29) g/m2,
respectively.

Figure 45 shows the mean holdfast sclerophylly from
measurements taken over the study period. This graph
indicates an increase in the holdfast sclerophylly with
an increase in wave activity. The two low wave exposure
sites (L1 and L+) are similar (p>0.05) but significdntly
lower (p<O.OOl) than t.he rest of the sites (1344.99
(±432.35) g/m2 and 1230.21 (±377.47) g/m2, respectively)
which are all differ~nt (P<O.OOl) except sites L2 and I

(p>0.05). L2, I, I+, Hand H+ have mean holdfast
sclerophylly measurements of 1858.92 (±432.35) 9/m2,
2004.78 (±334. 20) g/m2, 3l1:46.87 (±846. 84) g/m2, 3919.78
(±349.72) 91m2 and 5085.762 (±3291.85) g/m2,
respectively.

!Jlhemean laminal succulence values do not to show a trend
with relation to the degree of wave movement experienced
(Fig. 46). Figure 46 displays L+ and I as having
significantly higher laminal succulence values (p<0.001)
than the other sites (520.83 (±77.8) q/m2 and 570.69
(±100.67) 9'/m2, respectively) but not clifferent from each
other (p>0.05). Ll has a significantly lower (P<O.OOl)
mean succurenee measurement; than the other sites (231. 82
(±15 •26) g/m2). The remaining sites are all intermediat',
(H and Ii+ (423.14 (±37.32) g/m2 and 422.28 (±98.83)
91m2); and L2 and I+ (316.98 (±J5.26) g/m2 and 343.86
(±77 .17) g/m2) and sj,m:'larto each other (p>O. 05) •

Figure 47 is a graph of the mean holdfast succulence from
measurements tak~h~ver the entire study period. The
trends of thir.-graph are similar to those in Fj.gure 45 in
that there is an increase in holdfast succurenoe with an
increase in wav'e acti vity. .All the si-tes have
significantly different measurements of holdfast
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'S'll.cculence(p<O.OOl). LJ., L2, L+, If I+, H, and B+ have
mean holdfast succulence values of 2779.84 (±583.30)
g/m2, 3488.63 (±583.30) g/m2, 2253.64 (±538.50) g/m2,
3109.02 (±20.38) g/m2, 4459.07 (±456.95) g/m2, 5674.9~
(±456.99) g/m2 and 7974.56 (±4693.25) g/m2, respectively.

For both sdlerophylly and succulence of the holdfast, it
must be noted that the rh:i.zoidalmat of the holdfast
retains a large amount of sand, the grains of which were
attached to the rhizoids and which were thus not removed
before the measurements were tdken.

F1rom.the peA (Fig. 43) of various morphological and
structural features of the holdfast and lamina, it
appears that the factors relating to laminal strength and
size are all fairly closel~' correlated; wllile the
holdfast measurements are not correlated with the lamina
facto~ , but are very closely correlated with each other.
The only factor which was expc<:"tedto show some
correlation with the holdfast measurements, and did not,
is the measurement of attachment strength (see Sect.ion
3.8.2).

3.8.4 Desiccation and Rehydration

The plants in the field were regularly observed to be
exposed to the elements for 1011g periods of time (a few
hours over low spring tide) and to thus undergo
desicc.lation, and the subsequent rehydration with 'the
incomir,g t~~de. Particularly noticeable was the amount of
time t}l~'tthe J:.'·~antsin the more wave exposed sites (such
as Hand 1'1+) spent expr -sed to the air, especially at the
very low spring tides. Those individuals in the pools (eg
LI, L2 and L+) remained submerged for: the entire tidal
cycle. Tl'.:eplants which did become heavily desiccated
appeared ~o L~ alive and to recover when the tide turned,
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a1though the heavi.Ly desi.ccaced Lemi.nae may have been
lost. Unfortunately, tlle lethal desiccation could not be
calculated because preserved specimens were used (Section
2.4.7.4).

The mean rate of desiccation was similar in plant~; ~r">m
all the sites. Figures 4B, A and B, indicate the
des Lccat.Lon curves (as pezoent.aqe desiccation over time)
for all the sites. It appears that the more regularly
exposed sites (ie I, I+, Hand 'H+) have a grea'ter
percentage desiccaticn after the allo·tted time period of
300 minutes (~B.OB (±O.271)~, 90.69 (±O.7B5)%, 97.12
(±1.733)% and 99.94 (±4.173)%, respectively), than the
less exposed sites in Which the pl.ants are continually
submerged (Ll, L2 and L+ have meatl percent~ge desiccation
v.llues of 93.11 (±B.974)%, 96.76 (±O.524)% and 96.02
(±1.52)%, respectively). It appears tha'c the desiccation
curves of all the sites are similar (Fig. 48, A & B)
except; for the low (L2) and highest (H+) wave exposure
sites, both of which have lower desiccation rates than
th(~ other sites.

The mean percenta.ge rehydration or percentage of tll.a
original mass that was regained after resubmerglng the
pla.nts (see section 2.4.7.4) for all the sites, is shown
in Figure 49. The lowest wave activity site Ll has the
lowest pezcerrcaqe rehydration and only recovered 49.92
(±B.B)% of the original mass , '1lhs highest percentage
rehydration valu~ was that of the intermediate site I

(77.82 (±4.88)%) and the other sites were all similar and
between these two values (1.2, L+, I+, Hand H+ have IDetin
percentage rehydration values of 64.58 (±4.63)%j. 6'1.48
(±1.92)%, 64.09 (±4.2)%, 68.58 (±2.~B)t and 63.94
(±5.15) %, respectj vely). These diffl:':!r.·encesa.re not:I
however, siguificant (p>O.O!j).
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3.9 ANATOMICAI. STUDIES 0F R. tON~b~OLIA

3.9.1 AI~ical Tip

The apical tip of each lamina consists of a sunken pit
(Pl. 7, A & B; Fig. 50). In young laminae (Pl. 7, C) or
newly dichotomised branch tips, the pit may not be
evident but mel:istematic cells I~n the apical region are
present (PI. 7 I D & E). T!1ese cells become oll?ngated and
"sausage shaped" and begin characteristic, longitudinal
division (PI. 7, F & G) which initiates the formation clf
the apical pit, containing the l.ong\tudinally dividing
meristematic cells (Pl. 7, H-K). During dichotomising of

Figure 50: Detail of the structure of the meri~tematic,
apical tip of l)ictyopted.s l.Qng;ifoliawhere Me are
the meristematic cells, IL is the inner layer of
material and OL Ls the outer layer (Redrawn frOli! Pl.
7, I & J; Pl. 8, D; scale 1cm = 85~m).
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the lamin~, two apical meristeroatic cells appear to
initiate t.he division (PI. 7, L). Once two apical pits
have formed (Pl. 7, M), the growth of the two branches
continues.

'l'heapical pit is lined by two layers. The inner layer
appears to be fibrous and is narrower (30~m at the widest
point) than the outer layer. The former layer is thickest
in the centre of the pit and tapers towards the outl.:!r
edge. The outer layer is. wide;:r"(up to lOO,.c in tl1idth)and
appears to be mucilaginous in nature (Pl. 8, A-DI Fig.
50).

3.9.2 Wing structure

The wing section of the lamina of Q. ;'ongifolia
terminates in a characteristic marginal bulge (Pl. 9, A-
F; Fig. 51! Bi Fig. 52, A). In young laminae, the
thickened "bulge" region is not as prominent and is
composed of only a few cells (PI. 9, 0; Fig. 51, A). In
I\loremature laminae r however ~ the thickened region is
composed of many layers of cells (Pl. 9, E & F; Fig. 52,
A). The exterior layer of the wing :r:egionis composed of
a single layer of epidermal cells. There is a layer of
small cells beneath the epidermis in the most marlJinal
region of the bulge (Pl. 9, F). The rest of the thic]r,:ened
area is composed of the normal wing cells. The relnainder
of the laminal wing is composed of two parallel layers of
epidermal cells with a number of layers of wing cells
between them. In the very young laminae or newly
developed regions of old laminae, the wing is composed of
only two layers of wing cells between the two epidermal
layers (PI. 9, G; Fig. 52, B). III the older laminae there
may be many layers of wing cells (Pl. 9, H-J & K; Fig.
52, C).
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The wing cells are large (approximately 75~m),
irregularly shaped and divide in all directions (Pl. 9, L
& M). The walls of the cells are extremely thin
(apprmdlnately 1.5ILmthick; Pl. 9, N-P).

3_9.3 Midrib Structure

The midrib is the prominent, 'thickened region which runs
down the centre of the lamina. It is initiated by the
mer:i.steluaticcells in the apical.pit. At the'immature tip
of a lamina, or in a newly formed lamina, the midrib is
less prominent (Fig. 51, A; Fig. 52, D) and not as thicl~
(approximately 400l'mtihd.ck)as in more mature regions
(Pl. 10, A-C; Fig. 51, B; Fig. 52, E). In these immature
:regions,the cells of the midrib are smaller with thinner
wa~ls. The cells of the epidermis in the immature midrib
region are much smaller than those in mature areas. In a
fully developed lamina, the more mature regions are found
nearer the base of the lamina as growth occurs from the
meristematic tip. In the basal regions, prior to the
rhizoid producing regions, the mi~rib is thicker
(approximately l.mm 'thic}{)wit.h larger, thick-walled cells
and a more prominent epider.mal layer (Pl. 10, D ,;E). The
midrib cells are similar throughout the matur:e region
(holdfast, laminal base and lamina). !n the regions
closer to the base of the lamina, but prior to the
regions where there is degeneration of the lamina, there
may be some production of nlulticellular rhizoids from the
meristoderm (rhizoids develop from the epidermis; Fig 51,
C; Fig. 52, F). The midrib has a similar thickness in
this region to tha.t in the region lacking r:lizo:lds(lmm;
Pl. 10, F-J; Fig. 51, C & D; Fig. 52, E & F). At the base
of matnrrelaminae t Ln the region Which may be known as
tr'1 stipe, the wing of r.'nelamina degenerates, oresumably
due to abrasion and herbivory. The midrib may ;;,left
without any surrounding tissus. The rhizoids in this
region may reach considerable ler..gthi.nmature laminae,
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and the central core of midrib cells appears to decrease
in thickness (20('lJjm).The remains of the wing t.issue may
be observed surrounding the midrib (Pl. 10, ;K-M; Fig. 51,
D; Fig. 52; G). The base of the lamina. becomes
incorporated into the boldfast. The latter attaches the
plant to the substratutll and is composed of a mass of
long, intertwin.ed rhizo:i.dsand a central core of nlidrib
tissue (200Jjm; Pl. 10, N & 0; Fig. 51, F; Fig. 52, H).

The (Jel1.sof the midrib have a distincti ve shape. In
cross-section they are squarish or bric,k shaped and
smaller than those of 'I:h~twing (approximately 30pm Wide;
Pl. 11, A-J). TtJ.€.'V1allsof the midrib cells d.re very
thick (approxill'taLtely4pm thi.ck) and appear to be composed
of different layers of mat~rial (Pl. 11, K & L). In
longitudinal section, the ceLls of the midrib are
elongated and approximately 65pm long (PI. 12, A-E).
Interestingly, these cells have pores in the longitudinal
walls (Pl. 12, F & G), wl,ich may be compared to the pores
in the longitudinal walls of conducting cells in higher
plants.

3 "9 •4 Epi"~''~rmis

The epiderntis is composed of a single layer of cells on
either side of the lamina, in both the midrib and wing
regions. The cells appear to be similar in the midrib
(Pl •.12, H-K & M) and wing regions (Pl. 12, L). They are
rectarlgular in shape and smaller t.han the cells of the
rest of tl'l(;! lamina (approximately 18pm wide and 30pm
long). In the lower regions of the lamina, the epidermis
may develop Lutio a rneristodernl which gives rise to the
rhizoids. The rhizoids protrude from the epidermal cells
(Pl. 13, At Fig. ?~, F-H) and then the cells at the base
of the rhizoid und~rgo repeated divisions to give rise to
the multicellular rhizoids, ie trichothallic growth (PL
13, B-C). The exterior walls of the epidermal cells
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appear to be covered by a thick layer of material (Pl.
13, H). This layer was observed to extend over the cells
in the initial stages of rhizoid development (Pl. 13, I).
In many of the sections a densely stained region was
observed between the region of dividing meristoderm cells
and the developing rhizoids (P1. 13, J-L). The layer
appeared to be composed of small cells or large grains.

3~9~5 Surface Appearance of Epidermal Cells

The surface appearance of the epidermal cells of the
nlidr:1.bana those of the wing are markedly different. Even
in the young laminae (1)1. 14, A), which lack the well.
developed midrib characteristic of older laminae, there
is some difference in the cells (Pl. 14, B & C). In the
older lamina where there is a distinctive midrib region,
the difference between the epidermal cells can clearly be
seen (Pl. 14, D & E). In the surface view, the epidermal
0e11s of the midrib appear to be mucb longer and narrower
than those of the wing. The charactel'istic LonqdtudinaJ.
division of these cells can be observed on the surface
(PI. 14 I F-H). The cells of the wing are much more
irregularly shaped and may have different concentrations
of cell cont.ents .i.n different reg4.ons of the lamina (Pl.
14, I-L). For example, the contents were dispersed (Plo
14, J), aggregated around the nucleus (r.I. 14, K) or
periphel:ally adpr-sesed to the Will (PI. 14, L) in the
various regions of the .lamina that were observed.

3.9.6 Holdfast structure

The ho1dfast or attachment organ of U. lon~ifolia is a
structure which may deve'lop to a few centimetres in
diameter. The structure is composed of a mat of entangled
l:,hizoidsgiving rise to numerous laminae (Plo 15, A & B).
~rhere is a central core of cells similar to those of the
midrib (Pl. 15, C; Fig. 51, F; Fig. 52, H). The
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development of rhizoids similar t.o those of the holdfast.,
was observed to occur on the midrib nearer to the base of
the laminae (Pl. IF, D). The length of rhizoids produced
from the midrib was observed to increase closer to the
laminal base (Pl. 15, E-G). Rhizoids are produced from
the epidermal meristoderm (Pl. 15, a-J), may be branched
and are multicallular (Pl. 15, K & L). The majority of
the rhizoi.d tips are pointed, with a high concerrcratdon
of cell contents in the terminal re9Iions (Pl. 15( M & N).
Occasionally rhizoids with spheracal structures at the
terminal tips were observed (Pl. 15, 0 & Pl. It is
believed 'that t.hese rhizoids were attached to the
substratum p'clor to being removed from culture for
microscopy.

3.9.7 Surface Hairs

Tufts of hait's were observed to grow on the dorsal and
ventral surfaces of the lamina, both in the field and in
culture, on sections kept under the conditions discussed
in .2.6.3 (file 16, A & B). l).1hemul,ticelllllar hairs
app~ared to developed in sunken pits on the surface of
the lamIna (Pl. 16, C & D). Old or deformed tufts of
hairs were also occasionally observed (Pl. 16, E & F). In
the initial stages of development, numerous hairs were
observed to emerge from th~ pit on the laminal surface
(Pl. 16, G). It appeared as if the epidermis around the
pit was pushed aside to enable the hairs to grow through
(Pl. 16, H & I), and these then enlarged until a fully
developed clump was present (Pl. 16, K). The hairs are
multicellu.lar with various cell contents visible In the
cells (Fig. 53). An interesting observation was the
presence of dark brown structures in the cells which
appeared to make indentations on the cell walls (Pl. 16,
L-N). Tips of the hairs a~e blunt (Pl. 16, J & 0; Fig.
53). The cells at the base (B) of the hair and attaching
it to the lamina are small and densely packed with cell
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Figure 5~: Cell detail of a surface hair showing the
different ceJ.ls from the small basal cells (B) to the
larger cells at the apical tip (A) (redr.wn from Pl.
16, 0 & P; Scale lam = 33~m).

.vorrcent.e , whilst towards the apex (A) of the hair t'lle
cells are larger and more sparsely packed, indicating
trichothallic growth of the hairs (Pl. 16, P; Fig. 53).

3•9 .,8 Other .structural Observatiolns and Associations
of n. AQngifolia,

3.9.8.1 Other Hair-Like struct~res

Fairly regularly spaced clumps of hair~'like structures
were observed on the laminal surface of certain plants.
The hai~s were unlike those mentioned previously in both
distribution and structure. They were far shorter and
interspersed with finer hairs (Pl. 17, A-D).

3.9.8.2 Wounds or Injured Areas

on some laminae "wounds" or apparently damaged areas were
observed. These went through a few layers of cells and
are believed, due to the hazy areas observed in tha
injuries and often associated with fungal infections, to
be caused by a fungus (Pl. 17, E-G).
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3.9.8.3 Algal Epiphytes

The plants of g..longifolia were often observed to be
contamtnated by ~piphytes. These lncluded filamentous red
algae found ~jrowing on the holdfast (Pl. 17, H), tufts of
filamentous brown algae (Pl. 17, I & J), red crustose and
other types of red algal epiphytes on the laminae (Pl.
17, K-M). The immature apical regions. of the laminae
appeared to be relatively clear of epiphytes.

3.9.8.4 Epide:r:malSloughing

The epidermis of the laminae was obse~ved to slough off
occasionally in cultu~e, and this is believed to be a
mechanism to rid the plant of damaging epiphytes (Pl. 17,
N-P) •

3.9.8.5 Animal Associates and Herbivores

Although few animals were observed to graze on plants of
,Q. longifoli§\ in the field, a polychaete worm
PseudonereJ.s variegata was observed to cause some damage
t.o the p1.flntby rolling the laminae up to form a nest
(1'1. 17, Q-R). 'rhere was also some danaqe caused to the
laminae by what is believed to be, due to the patterns of
removed areas, grazing fish (Pl. 17, ~ Fig. 54, D).

3.10 REGENERATION

Regeneration was observed to occur frequently in the
field. Figure 54 is a composite of silhouettes of
specimens collected towards the middle of the study
period. They show various patterns of degradation. Plate
18 also shows various aspects of dlageneration and
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Figure 54: composi,te of silhouetted specImens from the
field showing different stages of laminal
degeneration in p.ict~opteris longifol:lg (Seale lelll :::<

O. 5cln) •
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regeneration of plants collected in the field. There is
natural seasonal degeneration of the wing ·tissue a:tthe
base of the lamina (Pl. 18, A; Fig. 54, A-C), as well as
laminal degeneration due to sand abrasion and grazing by
fish and invertebrates (Pl. 18, B; Fig. 54, D). At the
end of 'thewinter, just prior to the increased growth·and
regeneration (although some degree of regeneration occurs
throughout the study period) I the la~ltinaeaze reduced to
a small amount of terminal material and midrib remains
(Pl. 18, C-F). Regeneration of new laminae may occur from
the damaged regions of the previous year's laminae (Pl.
18, G-J), from the holdfast whilst the previous year1s
laminae remains are still attached (PI. 18, K), or from
the holdfas \ghichis perennial) without there being any
remaining laminae (Pl. 18, L).

As regeneration is obviously allimportant part of the
survival strategy of Il..1ongJfolia, especially in the
heavily wave exposed areas, a study of various aspects of
and the processes involved in laminal regeneration 1 was
performed.

3.10.1 Regeneration from Small sections of Lamina

various small sections of the laminae were used for the
regeneration studies under the conditions described in
Section 2.6 (see section 2.5.4, Fig. 8).

A) Strips 4mm in length and the width of the lamina
including the wing margins (Pl. 19, A; Fig. 8, A),
did not exhibit any regeneration at all.

B) Sections lam in length, excluding the margins but
including 3nun on either side of the midrib (PI. 19, B
& C; Fig. 8, B) did exhibit some regeneration. Those
kept in enriched seawater became overgrown with
epiphytic brown and red algal species and did not
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regenerate (Pl. 19, B)I whilst those CUltured in
natural seawater developed rhizoid-like outgrowths
(Plo 19, D-F) with some Inulticellular. thallus-like
struotures developing (Pl. 19 t E). This regem:._,:,ation
occurred mainly from the midrib region but no proper
laminae developed.

C) Seotions 10m in length and the width of the lamina
j.noluding both margins (Plo 21" A; Fig. 8, C), showed
the highest degree of regeneration with laF.inac
developing along the cut edge (Pl. 19, G-K).
Regeneration did not only ocour along the midrib but
on the wing as well. Regenerated laminae developed to
an advanced stage with a meris,tematic apical region,
midrib and rhiz01ds (Pl. 19, K). In some cases small,
tubular outgrowths developed instead of laminae and
these developed no further (Pl. 19, L).

D) Apical seotions of the lamina (approximately 10m in
length), removed with a V-shaped out (Fig. 8, D) and
oultured in natural seawater, were also cultured in
tl'Leregeneration study. DiffeJ,;.'entresponses were
observed to occur in the oulture of these seotions.

In some cases the seotions continued to elonga.te as :l.f
they were still attached to the parent plant (Pl. 20, A·M
C). These sections remained healthy and did not show any
signs of regenerating new laminae from the cut edge.
Surface hairs developed on the sections. These hairs were
observed in a number of the cultures, as well as in the
field on speod.mens collected from (in particular) small
pools. The increase in length of these seotions was
measured and graphed in Figure 55, which shows the
gradual increase in le~9th of a number of apical sections
kept; in culture for 41 days (see section 2.5.4).
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Some sections, cut in p similar way (apical sections
removed by a v-shaped cut), did exhibit regeneration of
new laminae (PI. 20, D-H) ~ In some of thesE! sections I

there was regeneration of new laminae from the cut edge
only; ie in the opposite direction to the original growth
direction (Pl. 20, D). Other sections showed a similar
regeneration from the cut surface, as well as some
development of the apical region (Plo 20, E) 1 wn:iJ.e some
regenerated new lam:inae from both ·the cut surfac: !:'l.ndthe
apical region (Pl. 20, F). Dichotomising tips showed
sim.i1 ar regeneratio.n from the cut surface and some growth
of the apical regions (Fig. 8, D).

3.10.2 Regeneration from J..arge Sei.~tions or Whole
Lalnind.e

various large sections and similar si2ed 'Whol~ laminae
(approximately 5cm in length) were also damaged and
cul.tured to observe regeneration patt.erns (Fig. 8). These
segments are shown in Plate 21. The different types of
experimental injury Used i11this study were chosen to try
and imitate the damage patterns observed in the field,
from which different regeneration patterns were observed
to develop. An example of a peculiar regeneration pattern
observed in the field is shown in Figure 56 which is a
silhouette of a specimen collected in the field. The tips
have obviously been damaged but the midrib has remained
intact and grown to give rise to a new t9rminal region
(not a new lamina). This was not, however observed in any
of the similarly damaged laminae in culture.

E) complete laminae wH;h horizontal, V-shaped cuts
severing the :midribS (Il'ig.8, E) were cultured and
continued to grow from the tips. No regeneration
occurred from the cut surfaces (PI. 21, E & F).
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}t'iqure56: silhouette of a specimen of OJ,.gj;,Y.opt§rif?,,
lO.!1..,ctj,foliafrom the field showing peculiar
regeneration of the tip region (Scale lcm ~ 0.5cm).

F) Large sections of dichotomising lamina~, having both
ends removed with a straight cut, were also cultured
and these exhibited regeneration from the apical cut
edge only (PI. 21, C & D; Fig. 8, F). The laminae
regenerated were similar -tothose from other sections
and the process was similar to that described in
3.10.3. No regeneration occurred from the basal cut
edge.

G) Complete laminae having the apical tips removed with a
V-shaped cut dinplayed similar regeneration from the
cut surface (Pl. 20, I-K: Pl. 21, E; Fig. 8, G).
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R ,:reherationoccurred along the entire cut surface
and not only from the midrib region.

H) Complete plaq~s were also kept in culture and each
lamina had t~le apd.ca L tip removed with a v-shaped
out. Onoe new laminae had regenerated, these were
once again cut and again regenerated new laminae.
Figure 57 is a drawing showing one of these plants
with regenerated laminae.

Figure 57: Drawing of Dictyop.teris lonq:i,fQ.ilishO't'1ing
regeneration of new laminae from the damaged laminal
tips of the parent plant (Scale 10m = 20m).
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3.10.3 Process of Regen~ration trom injured Laminae

Regeneration of new laminae was observed to occur with a
similar sequence of developments (on all sections
cultured). Initially there was cytoplasmic concentration
in, and protrusion of, a single cell above the rest of
the cells cn a cut surface (Pl. 22, A & B; Pl. 23, A-D;
PI. 24, f.-D: Fig. 58, B). The surrounding damaged cells
remained as cell walls only (Pl. 24, A-C; Fig. 58, B &
C). 'l'heprotruding cell then divided into a multicellular
thallus (Plo 22, C-J; PI. 23, E-S; PI. 24, E-L; Fig. 58 E
& G). The l'1ewlyregenerated lamina developed in a similar
way to other new laminae of the plant, with an apical pit
and meristematic cells developing in the apical region
(Plo 22, G-J; PI. 23, ,J''''M,0). Longi tUdinal division '7·f

the apical meristematic cells can clearly be seen ih
Plate 23, J. The midrib region also becomes visible (Pl.
22, I & J) and in the lUore advanced stages of
deve Lopnenb , the laminae develops basal rhizoidal
outgrowths at the point of attachment to the parent
material (Pl. 23, M, N, P-S; Pl. 24, L; Fig. 58, L).
These (:mtgrowths grow into a fully developed system of
rhizoid.s. The regenerated laminae were never observed to
break loose from the parent material and attach, although
they had the rhizoidal network for attachment.

3.10.4 Regeneration from the uncut surface of a
Lamina

In some cases regeneration was ob ';!rvedto occur from the
uncut Isut'faces,of laminae. This was observed rarely in
the fi~31d, where th.e regenerated laminae developed from
the base of the parent lamina near the midrib. There did
not sel;)lmto be any damage at the point of attachment of
the ne'rllamina alt.hough, there \'lasoccasionally some
small holes in ·the region. Laminal regeneration of this
type was observed to occur in culture on sporelings
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Figure 58: crosu-aeccf.ons through stages of regeneration
of Dict~onteris longifQl~~ (Redrawn from Pl. 24, B,
C, E,. G & L; .Scale lcm := 140~m, except; L where 10m :.>:;

3501..£m) •
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(Pl. 25, A), on regenerated laminae which had been
removed from the parent material (PI. 25, B) and from the
apical tips of laminn sections damaged in culture (PI.
25 ,e). The regenej:ated laminae reached an advanced stage
of deve Lopment;, wi\',hthe growth of rhizoids occurring
(PI. 25, D). The process of regeneration was similar to
that from a cut surface, with a single cell protruding
initially (Pl. 25, E-H). This pro+rusdon then divided
into a multicellular s+ructure (Pl. 25, I-L) which
developed further into a new lamina. The regenerated
laminae did not grow'very large but, in some casesp

developed further thalli and rhizoidal outgro~~hs from
their Gurfaces (Pl. 25, M-P).

3.10.5 Regeneration fr.om the Holdfast

a:rheholdfast of 12. longifo.l..1.9. is perennial and it was
observed that when all the laminae are removed by
herbi vory and/or abrasion, net-l laminae are produced ;from
the old holdfast (Pl. 26, A). In culture (see section
2.5.4.4; Fig. a, H), small holdfast clumps with all the
laminae and stipe regions removed, regenera.ted new
laminae (PI. 261 B-F) afb~r approximately 3 weeks. The
new laminae were normal a r.::~ developed from the holdfast
region (Pl. 26, G) in a similar manner to those observed
to develop in other regions.

3.10.6 Regeneration from Rhizoid sections

It t.as been reported in the literature (Tokida et;,al.,
1953) that members of the Dictyotales, and other brown
algae, have been observed to regenerate new laminae from
rhizoid sections. After many attempts, s:mall sections of
the rhi~oids of Q. longifoli~ regenerated new laminae in
culture (see section 2.5.4.5). The attempts using shot,
unbranched segments (Fig. 8, J) all fail~d r howevar ,
slightly larger clumps including branches were successful
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Figure 59: Regeneration of new laminae from sections of
rhizoid from llict:y:o_pteris longifoU t! (Redrawn from
Pl. 27, B, C, Bf G, J & L; scale lem = 340pm).
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(Plo 27, A; Fig. 8, I). Initially a. cell in the rhizoid
enlarged and became dense (Pl. 27~ B; Fig. 59, B). ~his
cell then divided into a mult:tcellular lamina (Pl. 27, c-
P; Fig. 59, C-K) which produced more rhi2:oids from i.ts
basal region. The apical cells developed into a
meristematic region (Pl. 27, K-N) and eventually an
apical pit formed (PI. 27, Li Fig. 59, L). There was also
some growth of surface hairs in t1lemore advanced Lamf.nae
(Pl. 27, L; Fig. 59, L). There was no further growth of
the laminae although they stayed alive for approximately
two months.

The regenerati.on patterns observed on experimentally
damaged sections of ,Q. lOl,lgifoliaare sumnaef.sed in
Figure 67.

3.11 SEXUAL REPRODUCTION

Although the study of sexual reproduction in ~.
],.ongifcl.iawas not part of the original si:udy design, it
was observed to occur in the field and in cultUre and wa~
thus recorded. The sexual structures obserrved in thi8
species appear to be similar to those rec()rded fOl"other
members of the Dictyotales. A diagram (Fi9. 60) of t.he
structures reported for D.i.gj:;:LQtadiemensi~l (Phillips e't
§l., 1991b) has been included to clarify the structure of
the ooqonfa and antheridia observed in .Q. longifo1i.a..

3..11.1 Anthorid.ia

The presence of antheridia was .fairly comn:lonlyobserved
in the field, on herbarium specimens and en sections in
culture (see section 2.5..5), especially illthe sununer
months. 'rhestructures are characterised by a
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Figure 60: Antheridia and oogonia (Redrawn from Phillips
et al., 1991b; Dict~~ta giemensis); Pl. 28, H & L).
Early (A) and late (E) stages of antheridial
formation in ,Q. diemetlsis and (C) the stage of
formation observed in n. longifQlia (redrawm from Pl.
28, H). Early (D) and late (E) stages of oogonial
development in ,Q. diemensis and the stage of
formation observed in ,Q. longifglis (Ft redrawn from
Pl. 28, L: scale 10m = 90Mm for C and 4o~m for F).
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"pock-marked" lamina appearance. The surface on either
side of the midrib was observed to be covered by an
irregular arrangement of lighter areas (Pl. 28, A-C). The
early stages of antheridial formation, were most
frequently seen (Pl. 28, D & E). A pit lined by dividing
cells was observed on the surface of the lamina. A later
stege of development was also observed. The pits became
shallower with the division of cells into antheridia (PI.
28, F & G). The moat; developed stage observed, was just
prior to sperm rele,llse.'rhe antheridia were observed to
be swollen above the surface of the lamina and the
definite area of denser material, indicating the sperm
cells, could be seen (Pl. 28, H & I; Fig. 60, C). The
antheridia were observed on both surfaces of the lamina.

3~11.2 Oogonia

The oogonia were less frequently observed. Th~ structures
could be identifi~d by circular, darkened areas spaced
randomly and fairly far apart on the lamina (Pl. 28, J).

The structures were only obsarved on the dorsal sid~ of
the lamina (Pl. 28, K). Only a very early stage of
development was observeo. This was characterisen by a
ra:b:ed area in which longitudinal divisions could be
observed (Pl. 28, Li Fig. 60, F).

3.12 TETRASPOROGEHESIS AND MORPHOGENESIS

A study of tetrasporogenesis and morphogenesis of
released tetraspore~i waS not included in the original
study design. However, tetrasporangia in different stages
of developnent were observed to occur abundantly on
plants in the field, as well as on seqmerrcs of the
thallus in cul,tu:ce (segments we:t'ethe w.idth of the lamina
and about lem long; seccf.on 2.5.6). Development of
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tetraspores on the surface of the laminae, and
germination and growth of the spores into sporelings, was
observed and recorded.

3.12.1 Development of the Tetraspores

Tetrasporogenesi$ occurred aft~r 28 days (beginning in
mid-June) in culture (sect.Lon 2.5.6). Tetrasporangia
developed wii...."'insari on, the surface of the laminal
sec·tions. Sori were scat~tered over both sides of the
laminal wings (P1. 29, A·...E; P1. 30, A & B) but not on the
m:i.drib(PL 29, B - midrib is on the right hand side). 1>.

single spore mother cell was observed t.o begin
development below the surface of the lamina (Pl. 31, A;
Fig. 62, A)( Development was first observed to occur with
a conoentration of cell contents in the spore mother cell
and a gradual bulging towards the e:x:tcriorof the lamina
(Pl. 29, F; Pl. 30, C & Di Pl. 31, B; Fig. 61, F). The
protruding tetrasporangium was observed to have a thick
cuticle (approximately 30 /Lm thick.) coveri.ng the exterior
surface (Pl. 31, C; Fig. 62, C). Onoe the tetrasporangium
(site of meiosis) had completed protrusion, it was
observed to unde'1"godivision in·to fau:c tetrahedrally
arranged tetraspores (Pl. 29, G-J; Pl. 30, E-H; Fig. 61,
H-J). A single stallt cell was produced a.t the base af
each sporat"gium (Pl. 31, D-H; Fig. 62, G) and the
tetraspores were released from the sporangia, leaving the
empty sporangial casings on the laminal surface (1'1. 30,
I....I<; PI. 31, L-O; Fig. 62, N). In some cases, the four
released spores began germination without separating (Pl.
29, K & L; Pl. 31, K; Fig. 61, K & L). In other
instances, the spores began germination whilst still
attached to the sporangia (Pl. 3(), L-S; Pl. 31. I & J).
IJa"k of water movement under experimental oondf tions may
account for ·the in situ deve l.opment; observed, as the
germination of tetraspores, attached to the sporangium or
to one another, was not been observed in the field.
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Figure 61: Early stages of spore development and
germination in Dict¥,opter.is J,ongifol ia (Reux'awnfrom
Pl. 29, F, H-L; Scale lcm == l05J.'m).
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Figure 62: Detail of sections through different stages of
tetraspore development in Diot;y:o_pterislongifol.ia
(Redrawn from Plate 31, A, C, G & N; Scale 10m =
110JLm)•

However this phenomenon may explain the clumped
appear-ance observed in the field.

3.12.2 Morphogenesis

Morphogenesis of individual tetraspores "'1asobserved
(Section 2.5.6) to begin with an initial elongation of
one side of the spore (Pl. 32v D-F; Fig. 63, D-F), before
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Figure 63: Detail of germinatlng spores in Pictyo_pteris
long:i.folia(Redrawn from Pl. 32, D-GI I-K & M-O;
Scale 10m = 120~m).
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the first divi 1.:f_ ...>11 occurred and polarity was established
(PI. 32, G; Fig. 63, G). Protrusioll of the wall at one
end of the cell could clearly be seen when the cell was
labelled with calcofluor before the onset of germination
(Pl. 32, A). The areas of new wall development, ie the
protruding end, were less heavily labelled after three
days of growth due to the syn·thesis of new wall material
in the region (Pl. 32, B & C). Once the first division
had occurred, the spore was polarised into a rhizoidal
and a thalloid pole. Growth continued with rapid
elongation and division of cells in the rhizoid (PI. ,32,
I-N; Fig. 63, G-N). In some spores, a aecond rhizoid was
observed to develop prior to (Plo 32, a-Pi Fig. 63,0),
or during (Pl. 33, A; Fig. 64, A) thallus development.
Occasionally two well-developed rhizoids were observed
with little thallus development having occurred (Pl. 33,
B & C; Fig. 64, B). The developing thalli underwent cell
division to become multicellular (Pl. 33, D & E) and
eventually became well established with apical,
meristematic cells (Pl. 33, F & H). Development of the
sporeling continued untiJ. the lamina was large and well
developed with an apical pit, a midrib and many basal
rhizoids (Pl. 33, H-Ki Fig. 64, J & K). None of the
sporelings maintained in cul~ure were observed to develop
any further than a single lamina with rhizoids (Pl. 33,
K) •

Some peculiarities of sporeling development were
observed, especially in the culture kept at :WOC (from
day 9). Amongst these peculiarities were sporelings
having short rhizoids but well developed thalli (Pl. 34,
A), as well as those with strangely shaped thalli (PI.
34, J & K). The most common aberrance was a highly
branched, r:tseptat,e,Ujigsaw puzzleli shaped rhizoid tip
(pt. 34, B·'''Ji'& H & r; Fig. 70, C) I which developed
instead of the normal rounded, growing tip (Pl. 34, G).

207



J K

Figure 64e Detail of advanced s'tages of spore germination
and sporeling deveJopment in Oictyopteris longifolig_ ,
(Redrawn from Pl. 33, A, B, J & K; Scale lcm ~ 180pm
except for K where 10m ~ 600~m).
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This phenomenon was ra~e in cultures at temperatures
other than 20°C (ie at 100,15°, 30° and 3SoC).

3,,12.3 Growth :Rates under Different Tempere:tures.

Growth and development (jf tetraspores was observed to
differ under different temperatures (10oe, lSoe, 20°C,
250e, 300e and 3SoC were tested). The optimum temperature
for the development of both the rhizoids and the thalli,
was observed to be from 20°C to 2S0C,iat 70/.lEm-2s-1•
Figures 65 and 66 are graphs of the mean growth rates of
the thalli .andrhizoids (respectively) of 30 individuals
at each temperature The graphs show that there was an
initial rapid elongation of the primary rhizoid (in
particular in the 200e and 2Soe cuh:.ures) up until day 9.

After this there was a decrease in the elongation rates
under both treatments. Following the initial slight
elongation (up to day 3), growth of the primary rhizoid
stopped in all the other cultures (ie at 10°, J.50,30°
and 35°C). The thalli elongated at a much slower rate
t,han the rhizoids, but the i.ndividuals at 20°C and 25°C
still had the greatest growth. There was either very
slight, or no growth at all, of the thalli at the other
temperatures (ie at 10°, 15°, 300 and 35°C). There ~as no
development of either rhizoids or thalli. at 35°C.
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4 D!SCUSSION

4.1 :E:'XPERnfE~~TAL ORGANISr1

4.1.1 External Morphology

The alga used in this study is commonlyknown as
Qictyonteris ~ifolia and was observed to grow in a
range of habitats from calm r'ook pools t.o highly wave
exposed areas at Palm Beach, Natal. It is composedof a
number of flat, strap-shaped laminae with up to 8
dichotonlies per lamina (al though many shor-e laminae
lacked dichotomies c.'ll')lnpletely).The laminae are golden
brownI becoming greenish whe.11removed from the water and
black when dried. n. .Jm::!g_ifolialaminae were observed to
measure from a few centimetres to over 60cm :i.nlength,
and 0.5-1. 5cmin width (the widt.h is similar for the
entire length of the lamina). r.rheplant is an erect tuft
with the laminae attaohed to the substratum by means of a
mat of entangled .rhizoids (PI. 4, A; Fig. 1) which are
produced from the base of the lamina, I.stipe!! and
holdfast region (PI. 4, I-L). The rhizoids are
multi.cellular, trichothallic and branched, with rounded
tips (Pl. 4, E-H). The basal wing tissue was frequently
observed to degenerate (particularly towards winter)
leavirlg only the midriff. There is a prominent (0. 5-1mm

thick), unveined midriff, downthe centre of the lamina.
The midrIff decreases in promi.nence near the apex (PI Q 5,
C) of the lamina and becomes more cylindrical in the
basal region, where the wings are abraded away and
rhizoids are produced (Pl. 5, E & F; Figs 51 & 52). The
apex of the Lamd.nais rounded. However! during the latter
part of the study period, a greater number of more
acutely rounded tips I were observed. The lat.ter ahaped
laminal ti~s were also observed on regenerated laminae in
cultli\re (PI. 21, F). '.T,'hetemporal diffterences in
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abundance of the different shaped apical tips, in so~e
populations, could be due to a difference in response of
the gametophyte and sporophyte to environmental
conditions, although g. longifoli~ is reported to be
isomorphic (as are all Dictyotales; T-lobban& Wynne,
1981). There are, however, repo~ts of tempo~al and
spatial differences in gametophyte and sporophyte
dominance in the Dictyotales (Fritsch, 1945; Phillips,
1988), and the possibility that there could be
morphological differences in the response of the phases
to environmental conditions, should not be rul~~d out.
Katsaros and -::;alat:ts(1988) report that the merist;.oderm
cells in the basal. portions of the lamina of Oictyo£?teris
membranacea develop outwards, either as rhizoids or as

adventitious branches. Although these branches were not
observed in ~. 19n9ifolia, it is interesting to note that
the apical tips of adventitious branches in 12.
membranacea appear to be more acute, whilst those of the
rest of the plant ar.e smoothly conveX with the apical
initials in a smal.Ldepression. The possible reaS(.m for
the difference in shape. in this species, is reported to
be a h~gher rate of asymmetrical divisions in the firs't
stages of development, leading tc:.lan acutely shaped tip
(Katsaros & Galatis, 1988). There is a pit con·taining the
merietematic initials in the apex of the lamina of ~.
longi;foli~ (PI. 7, A-M; Fig. 50). ~~he margins of the
lamina are entire and the surface is sro~othp except for
the occasional tuft of colourless, trichothalU.c hairs
(Pl. 16, A-P; Fig. 53).

The midrib of the lamina of ,Q. longifo1.ia is composed of
approximately fourteen layers of cells covered by a
single layer of epidermal cells (on both surfaces; Pl.
10 r A"'O). The t'lingis comprised of appr()ximately five
layers of cells in mature laminae (PI. 9, H-I) and two in
immature laminae (Pl. 9, G; covered by epidermis). The
mature wings have marginal bulges composed of
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approximately ten layers of cells with smaller cells in
the exterior region of th(~ bulge (Plo 9, A-F; Fig. 52).

t;[lheantberidi.al sari are .irregularly shaped, light
coloured patches scattered over both surfaces of the
wings of the laminae (Pl. 28, A-C). In cross section, the
sari appear as raised reg.ions (PI. 28, R & I). The
detailed structure of the antheridia was not, however,
studied. The ooqorri.a appear-ed as darkened, raised ar'eas
similar in appearance to 1che tetrasporangia. However,
only very early stages of deve Iopment; were observed (Pl.
28, J-L).

The tetrasporangia were observed to occur in sori which
appeared as smally dark spots scattered over both
surfaces of the wing, but not on the midrib (PI. 29, A-
C). -"1- ~ spora.ngia covered a large percentage of the
lamina1 surface. The approximate diameter of the mature
tetrasporangium is 60Mm. The sporangia are initially
spherical in shape and become moze o"roid when mature.
There is a single, rectangular stalk cell at the base of.
the sporangium and this cell becomes l~lat,teras the
sporangium develops (Pl. 31, F). The surrounding
epidermal cells extend up the sides of the sporangium and
there appears to be a colourless cuticle COVering the
structure (Pl. 31, C).

4.1~2 Nomenolature

The identification and description of the species whiCh
is commonly l:et'erredto as picty:op.te.:r.~islongifolig
(Simons, J.976; Branch & Branch, 1901; S~ag:r.ief,:1.984),
has been under some debate. Isaac (1956) reports a
species from the Mozambique coast which resemble,s
Haliserj,s.dichot:oma (Suhr) Klitz., as described by Kutzing
.111 Tabulae Phycologicae IX Tab 57(i). Levring changed the
name Haliseris dichotoma (Suhr) Klitz. to pict~w.terifl
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dichotomq (Suhr) Levring in 1938/. Material identified as
Dictyopte..b.'i§.df.chotioma(suhr ) Levri:ng, was also repo:cb~d
to resemble the material collected from Mozambique
(Isaac, 1956). stephenson (1947) however , reported that
Papenfuss was convd nced that the material collected on
the southern African coast was not ,suhr's species 11.
dicllot.om§,and was describing it as a new species to be
known as Dict~pteris longj.folia•.U:nfortunately,
professor Papenfuss died before fOrimally publ,ishing t'his
name. The desc:ription was never completed and, although
the species is commonly known as 11.Jongifolia, it is in
fact Dictyopteris longifolia Papenfuss (in ed.).

After examining material of .0. JJmJlaj;_~ (Suh:r.)o.c.
Schmidt, Papenfuss suggested that this species w;',ol,!;,l

conspecific with his l1etr:r species, 11. ,l~;mgif..!.)~. In 1963,
Chihara (under Professor l>apenfuss' supexvd.sLon)
initiated a comparison of n.. ligulata and t:hspct\m't:iQlly
new species. Chihara (1963) appears to be convinced that
the new sp~cies is not ~. li~ulata. Although the
sporangial dist:.ributionof the two are similar I t(jer~ are
a number of other differences which led Chihara to
b~lieve that the material was indeed a new species which
he suggested should be named pictyopteris longifol;lg,
Papenfuss (et Chihara). He does, however, suggest that
the material figured by Kutzing waG similar to the
material being studied, except that the former had
veinlets a.ndthe latter not. As only a single specimen of
12. lig:_ula:t.qwas obbaIned by suhr , it has been stlggestpd
that the speciel:>is rare whereas 12. longifoli.~, which was
frequently collected, is a more common species.

'rhecomparison of n. .Jj,g,y"lata.and the new material being
described, clearly indicates that these are two different
species. It is also clear from Chihara's notes (1963)
that the material he described is similar to the material
used in this study, and common;ty known as ,Q. Jonq;i.f.Qili.
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Table 3: Comparison of .Q. ligulata (Suhr), the alga
described by Chihara (both from Chihara's notes) and
the alga used in this study~

.p. ligulata Chihara de§cription Alga from_this study

laterally dich,"'\pmously
issued branches branc ..,ed (1"'5)

on 1 plane

sharply acute
ap,ex

spindle shaped
laminae

unknown
thallus
structure

tetrasporangia
scattered over
lamina

antheridial
distribution
unknown

obtuse or retUs.e
apex

strap-shaped,
tapering to base
and briefly to tip

4-5 layers
medullary cells
surrounded by
epidermis (lnattu:e)

tetrasporangia
scattered over
lamina

antheridia
in patches
(microscopically)

dichotomously
branC'hed
(1-5, 8 rare)
in 1 plane

rounded or slightly
acute apex

strap-shaped
tapering to base
and briefly to tip

4-6 layers
wing cells
surrounded by
epidermis (mature)

tetrasporangia
scattered over
lamina

antheridia
in patches

There is still a possibility however, that the new
species is s:lmilar to .Q. dicllqtoma (Suhr) Levring,.
unfortunat~ly samples of the latter species could not be
obtained to compare it to the species in this study,
however, Papenfuss seemed convinced that his new material
was not .Q. dichotoma.
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4.2 DISTRIBUTION

The map indicating the collection and observation points
of P~ct~opteris. 19n9ifolia, which was compiled from
literature studies, herbarium specimens, personal
observation and personal communf.catd.on (Fig. 9) I

indicates that the species appears to be res·tricted to
intertidal regions in warmer waters. The distribution
extends down the east coast of the sUbcontinent from
Mozambique to Cape Agulhas. Although it has been
determined that [d. long;J,foli.adoes not occur on the West
coast, the extent of the distribution up the east coast
has not been established. Chihara (1963) reported that
Papenfuss collected specimens of the species from the
coast of East Africa, however, the exact loca'tl.onwas not
specified. From the reports on the herbarium specimens
and personal observation, it appears +hat; the species is
able to sttrviveconditions varying from calm pools to
wave exposed areas in the intertidal zone. Clayton (19S1)

reports that melnbers of the Oictyotale$ are common in
both hemispheres, in warmer temperate to tropical waters.
This suggests that the order is ancient end was
widespread before the splitting of the continents. other
species of Dictyopteri~ are reported in, amongst othe~s,
southern Australia (n. acrostichoides (J. Agardh)
Boergesen and 12. !llUelleri.;Phillips I 1988), Japan (n.
givaric~; Tokida at al., 1953), California (n. undulata
Holmes; Benson, 19a6) and Greece 02. mmnbra,nacea;
Katsaros & Galatis, 1988).

4. :3 W,ATERMOVEMENT

The intertidal region is defined as the region regularly
covered and uncovered by the tid~s (Dawes, 1981). Water
movement; is probablsr the single most important factor
in:f;luencingadaptation to intert.idal life. The movement
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of water results in a number' of different stresses which
act on the intertidal organism. For example, the
hydrodynamic force of the water, ie drag can be extremely
strong and the intertidal organism has to be able to
wi.thstand this force to su·cvive (Carrington, 'l990).
Charters gt sl. (1969) repor~ that the foroes experienced
by intertidal plants (due to water) are greater than
those experienced by terrestrial plants (due to wind).
Despite the stresses that are experienced in the
intertidal zone, the biota in this region is extremely
diverse (Denny, 19aB)~ Water motion also affects growth
in plants by constantly renewing the supply of nutrients,
allowing greater growth to occur (Neushul, 1972; Kain,
1977). Nutrient supply is Lncxeaaed by r~lduction of the
thickness of the boundary layer due to increased water
movement, and the resulting reduction in resistance to
nutrient diffusion (Dring6 1982; Gerard & Mann, 1979).

The reduction in boundary layer allows gaseous exchange
potential to increase. Increased water movement also
enables waste products to be removed, temperature to be
kept constant by mixing, organisms to be kept clear of
sedintent (Neushul, 19'12; Denny, 1988; Gerard & Mann,
1979) and competition and h-arbivory to be limited (Gerard
& Manni 1979). water motion causes severe abrasion of
laminae (by sand abrasion and whipping), makes
e.stablish:mentof new seaweeds difficult (Pring I 1982) and
reduces the light penetration (due to increased turbidity
and reflection off tne surface). There are many
conflicting reports on the different effects of water
motion on the growth of plants. Burrows (1955) and Norton
et a~. (1981) suggest that growth decreases with an
increase in wave action, due to the decrease in l:i.ght
penet:!::ation(increase in reflection off turbulence).
Gerard & Mann (1979) report an increase in the
productivity of "Kombu" (I,aminaria spp ,) with an increase
in water motion (due to increased nutrient and gas
supply). However, the latter authors did report that the
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growth of plants in extremely violent conditions, is
:l:nhibited. Plants in highly wave exposed ,"'reashave to
make a compromise between the conflicting db~andn of
increasing thallus surface az-ea to recei ve enou~h
sunlight, gas and nutrients, and being able to withstand
the mechanical forces of drag (Jones, 1959; Charters at
al., 1969; Gerard & Mann, 1979). Numerous seaweeds
achieve this by being highly flexible, spreading out in
the water to increase light reception during calm periods
and clumping together to reduc~ drag on the holdfast, ie
going in the direction of flow and becomihg streamlined)
during increased wave motion (Charters et ~., 1969;
Neushul, 1972; carrington, 1990). It is obvious that
there are many "trade-offs" in the structure and function
of algae living in wave exposed areas. In Lami.naria
longicruris, for exampf.e I the Land.nae become narrow and
thick to red\~,Jadrag, and thus experience a reduction in
photosynthetic area and the area available for ·the
production of reproductive structures (Gerard & Mann,
1979).

The degree of wave exposure is also reported to affect
aspects of population dynamics such as the distribution
of a species. For example, the abundance of the ho1dfasts
of Turbinaria ornata (Turner) J. Agardh incrt:!aseswith an
increase i' water movement (Payri, 1984). Dring (19S2)
reports that the breaking waves experienced during storms
cause a great deal of dislodgement in macroalgae and may
be a eiqnif.icant source of mortality. 'rhe size and age
structure of the population may thus differ considerably
follO\'1lngpezLcds or except.Lona LLy high wave exposure
(Ca.rrington, _" 30). Wave acrcd.onaffects the zonation of
the shore by increasing the height at which growth can
occur up the shore through increased splash and spray
(Chapman & Chapman, 1973). ~he effect of wave exposure on
a population is important in commercially utilised
species, where some species increase in productivity in
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exposed ateas and others show a decrease (Druehl, 1981b).
Water moti:?n is obviously an important factor influencing
the form and function of individuals and the dynamics of
populations.

4.3.1 Wave Action

All the techniques that were used to :measure water
movement, wave strength and number in this study,
indicate that the sites subject~vely ranked as the
highest wave action site (H+) and the slightly lower high
Ii'we action site (l' J ~ were correctly ranked in this
order. The other sLtes were either not maasured , could
not be statistically analyzed or showed no difference in
wave strength due to the lack of waves at low tide (eg
the Lifesaver technique). Although Dring (1982) reports
that dynamometer readings correlate well wi.th subjective
ranldng, Pa Lumbf (1984) points out that the measurement
of wa:"e strength using the dynamometiez has a possible
flaw in that the strength of the strongest wave in the
obServation period i.sm~asured. This Inight be of unusual
strength and thus would give an unreasonably high
measurement of wave action for an area. The drogue of the
dynamometer also has a slow response time and has to
travel 1800 from the backwash of one, to the forward flow
of the next wave (Denny, 1988). There is also the
possibility that there may be sone effect from the
attachment structure, and the drag coefficient of the
drogue is not taken into account.

4. 3 •2 wa'ter Motion
oThe technique whioh involves the us~ of attached plast~r

blocks (Munnik, 1987), is believed to be the most useful
of the methods used in this study. Unfortunately it was
not repeated, and could thus not be statistically tested,
as in some of the sites only a single block was recovered
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after a period of about 12 hours ~xposure to water
motion. The problem with this method, as discussed :i.Yt\ the
resul ts section (section 3.3.2) is that, in order: to ~et
a true representation of the differences in water motion
between the different sites, the blocks need to be put
out in one low tide and retrieved at a high tide (ie over
a full tidal cycle). In some of the more wave exposed
site'_{t:his would be highly dangerous. There is the added
problem that the blocks are worn down by abrasion (due to
sand and the laminae of other plants) as well as wabi~r
movement, thus a reduction in weight is not solely a
measurement of water movement~

The graph of the weight loss from the plaster bloc]t,s
(Fig. 13) indicates that the high~st wave action site
(H+) and the slightly lower high wave action site (H) had
the highest degree of weight loss (68.94 (±O)% and 61.87
(±ll. 04 )%, respectively). 1_'he lowest wave action site
(Ll) had however, a similar degree of weight loss (58.09
(±6.20)%). One of the blocks in the latter site did
appear to have lost a large chip of plaster, which may
have fallen o~t due to a fault in the structure of the
block and would'have caused. a misleadingly high
percentage weight loss ~ The one intermediate si,te (I) had
the lowest d~J'.J,nee of weigh+- loss (22.49 (±O) %). ~his site
experienced intermittent, heavy sand inundation, but was
fairly sand free when the blocks were laid. However, when
the blocks were retrieved, the site was inundated and the
blocks were buried which would have caused a decrease in
weight loss due to the lack of water movement; over the
block. The plants in this site did not become abraded as
early as the plants in the other sites (Fig. 17). The
lack of degene~ation could have been due to the periodic
inundation which reduced ~and ~brasion of the laminae and
decreased. the effects of desJ..ccation and wave
exposure. The burial and subsequent lack of wat~r
movement over the blocks is thought to have been the
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cause of the low de~ree of weight loss. The other sites
(L2, L+ and I+) all appear to have had an internlediate
and similar degree of weight loss (42.44 (±3.82)%, 46.14
(±11.66)% and 46.47 (±14.41)%, respectively), indicating
a similar and lower (than Hand H+) degree of water
movement OV3r the blocks. Th~ high, intermediate wave
exposure site (I+) showed a surprisingly low degree of
weight loss. This is believed to be due to the pool beil'lg
much deeper than the other sites. It was also backed by
deep sea (Fig. 3, C), and thus 'the sand content of the
water was very lot't1(Secti on 3.4.), lea.ding to a low loss
in mass due to sand abrasion.

The PCA (Fig. 14) shows that the plaster block method is
not cor:related with the rest of the wa.ve action
measurement techniques. This is thought to be due t.o the
fact that the former method measured water motion over a
tidal cycle and th~ other three methods did not, ie the
plaster blooks measured Wave exposure OVer high and low
tides I' whilst the other methods only measured over the
1mv' tide.

The structure and size of the block is believed to be
important, as the shape of the block may affeot the
degree and speed of weight loss by affecting the
turbulence around the blocks; and the plaster consistency
is believed to affect the ability to dissolve. If this
technique was to be used for fUrther studies, a control
study would have to be performed to deternd ..ne the effect
of shape (and other factors) on weight los~. The effect
of temperate on dissolutioll rate has been reportEld by n
number of :r.'(Elsearchers(Muus, l!:l6B; G(/i,~ard& Mann, ;1.979;
Denny, 1988). A calibration woul,;ltbus have, tf\ .he
performed to allow future f?tud:i.eu,to u~~e t!~).S m!!:lt~mdI.n:
different seasons, (ie different temp~.ra:t:.ure$).
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From the methods (excluding the plaster block method),
that were used, it would appear that the H+ site, does
indeed have the highest d2gr~e of wave exposure, with the
H site having the second highest degree. The correct wave
e~posure ranking of all the sites used in this study
cannot be quantified because the measurements (except the
plaster blocks) could not be taken when all 'the siteB
were experiencing wave .expoBure. It must also be
remembered that the diss(')lu'fl,ionmethods were measuring
abrasion as well as water movement.

The study and measurement of wave exposure and strength
has been perfonned using a number Of methods, each
differing in th~ .aspect 01: wave action that is measured
(Norton at al.., HiS].;Dring, 1982). It is thus difficl1lt
to compare similar studies, ie ecological studies, which
are based on wave exposure but whjch measur~ it in
different ways. Despite the large variety of methods
which have been suggedted in various inter'tidal studies,
it is difficult to find a method which measures an aspect
of wave exposure correctly, is cheap and easy to
construct, can be left unattended on the shore and is
suitable for a small scale study such as that described
in this thesis (Lobban et !!l., 1985). Some of the
numerous methods of wave exposure measurement are
discussed below.

Subjective expression of the degree of expo~ure is the
most common method of dividing the coast into different
regions {Cousens, 1985; Cheshire & Hallam, 1988). It is,
however, a highly unreliable method which varies
considerably wi.th the observer, tine and weather (Lewis,
1964; ~ield, 1968; Norton ~t ~l.., 1981), although there
a.re reports of other 'methods correlating closely with the
subjective method (Dring, 1982). It is impossible to
compare different areas which have been subjectIvely
ranked by different people (Dring, 1982). However, the
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majority of studies continue to use. sllbjective rankin't1as
a basis for ecological comparisons.

Lewis (1~64) suggests a biological expoauz-e scale because
no single method can measure all tb.e ct.:i.ffe:;:entaspects of
wave action ~t once (Dring, 1982). This uses The presence
or absence of certai.n spec:i.es,eg F'ucus disticb.us (Tl'.)

Emend. Powell and ,Alaria in areas of extreme exposure,
and long ASoQPDulum plants Ln areas of shelter; as well
as the extent or width of the zones and their posi tiol~
relative to the tidal levels. Thj s method can he refin~.\d
b;; the addition of numerical abundances of different
species. Features of a single species may also be used,
ag width of the IGmina~ of kaminari~ lonq.ipes Bory
(Palmisano & Sheng, 1977). The problem with this method
is that wave exposure may not be the only factor which
affects species distribution, eg differences in slope and
shading may also influf"l'lceit. other problems include the
possibility that a species may be mere tolerant at the
limits of its distribution, the scale can only be used in
the range inhabited by the species used for that
partictlHu: scale, the results may differ according to
growing season and the number of levels of exposure may
differ with observer (Dring, 1982). Dring (1982) suggests
the use of the entire biological character of the shore
to determine the degree o~ exposure. He lists five
deg:t:eesof exposure and the relevant species composition
for each, for the British coastline. The advantage of a
biological method is that all the different aspects of
exposure are LncLuded , ie impact of the waves, dl:ag
caused by the waves, wetting effects of the spray,
sediment and loose sand transport, and nutrient
availability (Lobban at Sl., 1985). Other biological
exposure indices include the structural wave exposure
scale which u~es features such as the tenacity of a
limpet, or the S~:i'~:ngthOr rate of coral breakage (both
nf which increase with an increase in ~xposure).
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Disadvantages of using features suvh as these, include
the fact that moving limpets are less strongly attached
and damaged coral is more easily broken. There is the
added problem that the species used for the index may not
be found in all the sites (Denny, 1988).

Exposure indices q.ra also used by diffe.t"~,!t researchers.
Baa.t"dseth(1970; in r~obban at aL, 1985) and Dring (1982)
use the number of 9° compass sectors of unimpeded fe'tch,
at a distance of at.least 7.5 lcm .'tromthe shore. This
method shows a reasonable correlC1.tiol1with the
dynallJPmeter(D1:' ing, 1982). Drin9 (1982) reports t.he
formation an exposure index using the percentage of days
on which the wind blows direc'tly onto the shore. This
method relieG on the relation of 'ilaVeaction to fetch and
does not take other factors involved in the,modification
or generation of waves, into account. McEachreon and
Thomas (19B7) doveloped an exposure index which used the
local weather data and included it into tht:.formula
suggested by Thomas (1986) t1iththe final product being:

Exposure index:-::loglO}JW[1+log10(F/[CS+.1FS]

(McEachreon & Thomas, 1987)

W = wind en~rgy
Il' =-= fetch (km) over open water
cs = close shore distance or extent of proximal water

(ltm) less than 6m deep, and within the secbar
FS = far shore water or extent of water (km) less than 6m

deep arid ~dthin the sector I but separated from the
shore by pointis (.i"eaterthan 6m deep

The main disadvant,age of this Inethod is that both the
mea>sllrementsand the calculations are difficult to
obtain. Weather data and hydrographic charts are needed
for eacIlsite" and. if thE!sites are clos~ together (such
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as in this study), these factors would not differ to a
great degree. The advantages a.re that it includes wind
veloci ty, arc of exposure for the shore, and the
distribution of snallow water both near and off shore.
The method could h,e improved by adding the slope of the
shore to the i:orm\l',la.

'rhe relati ve wave actrion of an area, as water motion or
net flow, has been measured in a number of ways. These
methods use the relative rates ~f dissolution of moulded
objects to determine differences in wat~r motion (Dringl
1982). The objects are weighed before and after exposure.
Plaster of paris baJ',lswere used by Gerard and Mann
(1979; M1.1nnik,1987) and "clod cards" mr.ldeof the same
substanc~ were used by Doty (1971). Concre~e blocks were
us~"d in a similar telst performed by craik (1980; in
Lobban et pl., 1985)., Martell (1989, pers. COIDm.)

suggests the use of boiled sweets known as "Lifesavers".
Druehl (1981b) uses cylinders bec~nse "clod cards" and
balls cause tnrrbul.ence which lead to biased erosion. When
the diameter loss of the mid-section of a cylinder is
measured, thE:!dissolution measured is due to laminar flow
alone. Gerard and Mann (1979) added 1..cex to the plaster
of paris to decrease the dissolution rate and to thus
extend the period of use of the structure, thus allowing
it to be used in long-terln studies. These researchers
report no correlation with wave exposure when the latex
waa added but, i.n the structures lacking the latex thel:·e
was an increase in dissolutioll rate t"ith an increase in
water movement. The variability however, was great.
Martell (pers. carom.) showed an increase in the
dissolution rate of Lifesaver sweets with increased
velocity in a calibrated water flume. A problem with the
dissolution methods is that the rate of dissolution
differs disproportionately with a difference in
temperat.ure. This means that care must be taken to ensure
that the temperature of calibration is similar to the
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temperature most frequently experienced in the fiel.d.
Another disadvantage is that dissolution is not only due
to the effects of w~ve aQtion, but also the effects of
ahrasion due t:o suspended solids and neighbouring plants
(l{oehl & Wainwright, 1981). similar plaster devices have
been used to measure the abrasion caused by ke l.pplants
which sweep the substratum (Koehl & Wainwright, 1981).

Dawes (1981) uses a method following that of Jones and
Demetropoulos (1968) I which Lnvot vas 'I:.heconatrruct.i.on of
a mec~anical dynamometer consisting of a spring, gauge,
and drogue. The latter part of the construction may be a
fishing float (Palumbi, 1984), wooden disc (Druehl.
1981a) or a toilet float (this study). Although this
method luay give varying results, it is used in the
commercial Kombu farms in Japan (Oruehl, 19S1b). Tl'te
waves place a drag on the drogue and this force is
transferred to the gauge. The strength of the individual
uaves (impact), as kg per cm2 (cross-sectional area of
the drogue), .:i.n the tidal and subtidal areas can be
measured. The dynamometer is reported to correlate well
with the result.s of the subjective ranking, eg forces of
2-20N have been measu.red (Dring, 1982, Palunlbi I 1984).
Palumbi (1984) uses a sintilar structure which is slllaller,
inexpensive and can easily be transported. The structure
consists of a drogue (fishing float) vlhich is attached to
a cable tie and elastics. The wave caUses the cable tie
head to move along the tie until the force of the
stretched elaf:~t,:lcsis equal to the strength of the wave
(Fig. 4). The fOJce is measured with a opl"ing balance and
equals the maximum wave strength (over the cross-
sectional area of the drogue) that the device has
exper Lenced in the allotted t.ime period. The
disadvantages of this method are that meaaur'emerrt.a cannot
be made in areas where the water movement is very slight,
ann the current and the backwash are also measured. The
longer that the devi.ce remains Ln the water, the more the
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chance ()f it experiencing an unusually large wave and
thus having an misleadingly high ~eading. Different size
drogues and elastics may be used in different wave action
areas, however, inter-site measurements should be made
with the same equipment to reduce variation due to
diflererlces in the drag coefficient. Both dynamometer
methods experience the disadvantages that the structure I:;

are only accessible at low tide in high wave exposure
areas I and respond slowly. 'l'helatter problem depends on
the length of the string at.tached to the drogue. If the
string i:s long then it only becomes fully stretched once
the wave has passed, whilst a short string would be
stretched out rapidly. The drogue and string have to
swing through 1800 from the direction of flow of the
wave, to that of the backqash (Denny, lS88). There are
also the problems of t:he drag coefficiant and wake which
are not considered (Vogel, 1981).

Charters et al. (1969) developed a method to measure
current velocity called a !lfish-pole tensimeteriV which
consists of a spring, scale and pointer attached to the
end of an aluminium pole which has a double roller at the
tip. A hollow plastic ball fllled with seawater (to give
it a neutral buoyancy) is attached to the pointer and
spring with. a line. The rod is erected pe'rpendd.cuf.axto
the nai,n direction of surge on a frallleattached to the
substratum. The ball is dragged back and forth by the
waves and backwash I and the strength of the movement is
measured off the scale. The readings are I.::alibratedby
taking the readings off the scale under known loads, and
determining the drag force of the ball. The disadvantages
of this method are that there is friction of the tip
roller, there are differences of calibration at the
maximum arid mi.na.mumextension of the spring; the sphere
causes drag which should be taken into ac.;::otlnt,and the
construction is cumber-some and difficult to move. 1J.1he
structure also lneasures backwash and current. Current
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movement can also be measured using the "I.Jagrangian
method II which involves a drogue or marked orange (has a
neutral density). This measures the course of water
movement over time by recording the movement of t.he
floating object. It is useful when measuring the movement
of driit materialp but has the disadvantage of being
useless when ·there is turbulent wave action (Koehl &
Wainwright, 1985).

other methods of measuring aspect.s of wave exposure are
less commonly used. These include measurements of surge
intensity, which was determined by an observer floating
at a specific point and observing the maximum lateral
d l.spf.acemerrh caused by single swell in a 1 minute period.
This measurement was found to ,oorrelate well with wind
speed (Foster, 1987). Some researchers even use the
percentage of experimental equi.pment that is lost during
the period of the experiment, as a measure of the
relative differences in wave exposure between different
sites (Pal1l'mbi,1984)! Another metihod is to count the
number' of waves whi.ch break over a site in a certain time
peri.od. This is also unreliable as i·tdoes not give an
indication of the relative strength of the waves and
cam-lotbe used high up the shore at low tide. The
position of the tide when the waves are counted, also
affects 'themeasurement. Koehl & "'lainwright(1985) report
the use ()f the deflection of a tethlared sphere which was
attached over a large plastic protractor. The probf.em
with thi.sis that the turbulence ar'ound the ball causes
it to sink and move around, thus decreasing the accuracy
of measurements.

The various methods which are described above, are all
fairl.y simple, inexpensive methods. There are however, a
numbar of mechanical devices which have been used to
determine differences in wave action and water motion"
These are lnore accurate but also prohibitively expensive

228



for a small scale study. Druehl and Green (1970; hl
Lobban et al.,..,1985) suggest a "surf sensor" which is
attached to a strip chart. The number of times that the
area is wetted, is recorded and tbe de\dce functions on
the basis of electrical conductivity. This is therefors a
measurensnt; of wave number and gives no indication of
wave strength or direction. An electromagnetic flo~ueter
was used by Koehl and Wainwright (1977) to measur'e the
water velocity in kelp beds. rrhe advantages of this
method are that the response is very fast, there are no
moving parts to go wrong and any movement of water in a
horizontal direction is measured by the device (Koehl &

Wainwright, 19a1). The major problems with this method
are the high price of the equipment and the fact that it
cannot be left unattended Plt r'"e study site. Denny (1982;

in Palumbi, 1984), uses an in-.:ertidalwave telemetry
system to continuously monitor the waves using radio
trunsmission. Denny (1983) then went on to develop a
mecJ1anical version of this device that measures the
maximum wave force and direction over a tidal cycle. The
diF;·advantage of this is that the sites require
substantial preparation and thus is it is not appropriate
for measur lnq a number' of sites at the same time.
HowevE\'r,the method does measure Jche direction of the
waves t Which is a factor Lackf.nq in other methods.

'J.,. l!turb\l'!.lometer"Was designed by Field (1968) and gives
the avei-aqs reading of the amount of water that flows
over a su~face during the period of lneasurement. The
method can be used to compare different sites. The device
is a "SaV'onious-t.ype current meter!' composed of a rotor
which is 'turned by the water movemerrt , and is attached to
a counter which reads the number of rotation:s. The device
is howevel:',subject to fouling and has a slow reaction
time. The total water movement is not really a useful
measurement. A more Useful measurement can be obtained
When the rate of flow is at its strongest, ie at the time
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when the waves are having their greatest effect on the
organisms. For this reason, Field (1968) took the mean of
the highest 10 readings in a 5 minute interval. The
readings had to be repeated at the other sitt:';!sin as
short a time as possible to cut down on. variation due to
differences in the tide or weather. The problem witr this
is that to compare the measuremerrcs of different sites at
a particular time may not give typical results for those
sites and it would thus be better to lea"'c~the device to
record over an entire cycle. Th:i.:smethod is also
expensive. l?ressu:t'e-sensingdevices ;[....also be used.
Th(~se determine orbital velocities of ...119 water using
data of w~ve height and period. They may be obtained
commercially but the disadvantage is the high price of
the equipment (Koehl & Wainwright, 1985). Another
instrument that :may be used is the "wave rider" which is
a buoy attached to a mooring. This floAt~ on the surface
and sends a radio signal to a statio· the shore. It is
also a prohibitively expensive pd.ece ~,. !3quipment (Koehl
N Wainwright, 1985). The v....jtor-measuring current meter
is commercially available and expensive plece of
equipment. It measures only the current water motion and
filters out the motion due to wave action (Koehl &
Wainwright, 1985). The "Eulericm" method measures the net
movement past a stationary point using an electromagnetic
flow meter or a propeller devic.'e.This is applicable to
the movement of water past a plant, but the equipment is
expensive (Koehl & Wainwright, 1985).

There are thus many methods of measuring water movement,
all of which have both advantages and disadvantages. A
researcher must; take care, wh~m choosing a method, that
the necessary information is available or easily
obtainable. A important factor that must be considered is
which aspect of wat,er movement j s rr::"quired,ie general
water movement, strength ,~; ihi'J:.';'v 1.,···.1."'1 waves or back
wash, movement due to currents or the tides.

230



4.4 SAND CONTENT

The sand and pari:iculate matter content of the water is
another important feature of the intertidal environment,
which affects organisms in the zone ~ofisiderably. It llot
only causes abrasion and regulates the epiphyte and
slI3ssileherbivore populations, bu·tal~o alters the amount
of light reaching the plants (Neushul, 1972; Den11Y,
1988) ..

It was initially presumed that the sand and particulate
lQattercontent of the water would be correlatediwith the
degree of water motion oxper-Lenoed , however, from a peA

(Fig. 14) of the different water motion measurements and
the featureS of sand that were m<aasured, it appears that
there is no correlation between these two factors. The
results displayed in Figure 15 can be explained by the
position of the sites and the condition of the
sur:r.oundinqareas. The highest wave action site eH+;
0.101 (±O.044) g/100ml) and the intermediate gully (I;
0.088 (±0.033) g/lOOml) had the highest sa>nd.and
particule.tematter concent.. The former is composed of a
rocky reef ba(lked on the sea.ward side hy a shallow sandy
basin (PI. 3, A). At low tide (when the samples were
taken) the waVes \\lerebreaking over the basin or on the
back of the reef. The sand frOlnthe basin was thllsput;
into suspension in the breakers, and thrown over the
sit.e.The J.attersite (I) is composed of a sandy gully
bordered by steep rocky sides and running perpendicular
to the breakers (Pl. 3, D). Incoming waves wash over tl

fairly wide str'ltcl1 of sand before entering the gully.
The wate:rentering the gully became turbulent and not
only brought sand from the beach behind the gully, but
also from t.hebottom as it washed through. The
higher intermediate wave exposure site (X+i 0.044
(±0.004) g/lOOml) and the lower of the two hi.qh wave
act.Lon sit~s (8; 0.047 (±0.029) g/lOOm.l), had t'ae
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lowest sand content. These results can also be explained
by the position of the sites. The first of the two (I+)
is a high pool, backed on the seaward sio~ by very deep
water (Pl. 3, C). Waves breaking over the seaward wall of
the pool did not contain a great deal of sand and the
pool was rarely observed to become inundated by sand. The
H site, is a shallow site but it is backed on the seaward
side Py a large rock outcrop (Pl. 3, B). The waves break
fairly far back and then wash over a large area before
reaching the site, thus must of the suspended sa.nd is
deposited before reaching the study site. The remaining
three sites (Ll; 0.057 (±O.022) g/lOOml, L2: 0.062
(:1:0.003)9/lOOml and L+; 0.072 (±0.006) g/lOOml) are the
lowest wave exposu t:1 sites and have a similar but.
slightly higher sand content tha:n.the latter two 5ites
(1+ and H). The low wave exposure 5it.as are al.l fairly
large arid undisturbed pools. I],'heyare far back on the
shore and raised above the beach (Pl. 3, G-E). The
sl.ightly higher measurements m,ay be due to the faot; that
waves breaking into the pools tat high tide wash over a
large st:t'etchof sand and tihus conta.in large quanti ties
of suspended sand. Th.is may tak;e a long tilt\;ato settle
(through fairly deep water) and would thus explain the
high levels of sand in the water. An alternative reason
may be that nQ distinction was made between sand and
other particulate matter. In t.hese calm pools t there was
regularly a high degree of organic debris in suspension.
Although this organic matter would not cause as much
abrasion as sand, it would still cause some degree of
abrasion and would affect light penetration. It must be
noted that water samples were not taken from all the
sites on all t.he trips. On some occasions, the water in
all the sites was more turbid than at othet' times. There
would thus be a bias against those sites not measured
during extremely turbid periods.
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Intertidal species which experience high degrees of sand
scouring must have some strengthening tissue to withstand
sand abrasion. Flimsy species living in sand scoured
areas would regularly be destroyed. An abrasion study
involving various intertidal algae from Palm Beach,
indicated that U. lQ1llLifQljAwas abraded less than other
species (Savage, in prep.). Tough species which are able
to withstand scouring provide epiphytic algae with hosns

which remain at'cached (oat.es , 1989). ,Q. longifolia at
Palm Beach was observed to act as a host for a number of
epiphytic red and brown algal species (Section 3.9.8.3).

4.5 SAND DEPOSITION

The effects of sand burial on intertidal organisms has
been investigated by a nUmber of researchers (Littler et
al., 1983; Williams et al., 1985). Inundation by sand
affects the degree of abrasion, the degree of
competii.tif.on , the amount of light, the gemination of
spores, thl~ amount; of gas a.nd nutrie'"ts I the temperature
of the microenvironments (Foote & Kadlec, 1988) and the
epiphytic and herbivore composition experi.enced by an
intertidal organism (Mathieson, 1982ai Littler et gl.,
1983; D'Antonio, 1986). There are various reports on the
seasonality of sand deposition with Littler et aJ,.. (1!J,J3)
reporting an jncrease in sand deposition during winter
due to increased wave activity, and Mathieson (1982a)
reporting a decrease due to winter storms (washes sand
away). 'l'hereare other studies that :report seasonal
fluctuations in the level of sedimentation, due to the
seasonal changes in water movement (Littler et al., 1983;
Williams at sl., 1985).

The movement of sand lnto, and out of, the study areas at
Palm Beach was observed to be considerable (Pl. 6, A-L).
It appears that the degr(;l~of sand Lnundatri.on at Palm
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Beach varies over a short period of time (from one tide
to the next a site can become completely inundated),
although there may also be seasonal variation as well
(this was hot investigated in this study). sites very
close to each other can experience differing degrees of
sand inundation, and the amount of sand in the area
completely changes the depth, nature and shape of pools.
An exampl.e of this was the intermediate site (I) which
was very close geographically to the low wave exposure
site (L2), however, the former'site was X'egularly heavily
inundated with sand while the latter rarely filled up.
Due to the considerable differences in the degree of sand
inundation (especially in the intermediate gully (I»
observed over the initial part of the study period, it
was decided to include some measurement of the sand
deposition in the study. The 'technique used in this study
was potentially useful, however, \~'b.<ii''', the bricks were put
into place numerous problems were enoourrcered , Firstly I

the bricks were extremely heavy and unmanageable and 'che
sites were relatively far aipart and inacc"lssible. This,
and the number of bricks lost, made repetition of the
experiment impractical. A number of the bricks were
washed away complE'tely (four out of 'even bricks were
lost on the first I.~rsecond attempt), moved a
considerably distance from the ori.ginal site or
irretrievably buried beneath a large amount of sand.
Unfortunately, the num~er of measurements obtained from
some of the sites prohibited an extensive statistical
analysis of the results however, Figure 16 shows the mean
mass of sand captured for each of those sites in which
the traps were retrieved, It does appear that the low
wave act.Lon site (L1) has the lOWe;3t amount of sand
deposition (300.8R (±10.859)g, while the intermediate
gully site (I; 347.03 (±8.869)g and the highest wave
action site (H+; 354.66 (±22.84)g) had the highest. amount;
of sand deposition. These results correlace wit,b the
results obtained in the sand content study,
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suggesting that the brick method did work in those sites
where the bricks were retrieved. However, there are
several improvements which could he made to make the
method i(\Oresuccessful. J:t~irstly,'the blocks could be
attached to the substratum in some way, heaviel' blocks
could be used or permanent cement traps could be
installed. The effects of the pipes and any eddy
movements caused by them, on sand deposition, would also
have to be investigated. The measurements in this study
needed to be repeated in each site over a number of
tides, as there was considerable variation in sand
deposition from day to day. Another possible solution
would be to USe a method suggested by Daly and Mathieson
(1977) which entiai.Ls measuring the fluctua.tions of the
substratum height bet.~l7eentwo known points.

Clayton (pers. comm.) reports that many of the
Dictyotales found in southern Australia, p appear to prefer
areas of high sand deposition and scour. The reason for
this is not known however, from the observations made in
the sandy; l.ntermediate gully (I) in this study, .R..
lO~Q.lia also appears to thrive and was far healthier
when frequently inundated with sand. Thils may be due to
protection from herb! vores, sand scourin~r I sun bleaching
or wave damage provided by complete sand cover.
Intertidal organisms which are subject to severe sand
abrasion and frequ.ent burial, are reported to have
powerful recovery and regeneration abilities (Daly &
Mathieson, 1977). There are reports that the brown alga
Ph~ostrophion ir:r.'egJ,11a:r,;:gis only found in areas of high
sand fluctuations and may be covered for periods of four
to six months. This plant grows and reproduces when the
s~nd subsides (Mathieson, 1982a). spores of the species
remain viable for long periods of time. The respiration
rate of R. irregular~, when inundated, is reported to be
very low, and thus 1::hephotosynthetic surplus allows
survival of the individual (Mathieson, 1982b). However.
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not all species of algae thrive when inundated. In a
study performed on the green alga cauler~~, it was found
·that daily burial resulted in a reduction in elongation
and growth and an l.nc,...easein plant death and
decompositi.on (Williams at al., 1985). Increased
sedimentat~ on is also said to reduce plant growth rates
and the densi t:l" of plants in some species.

Sand inundation is obviously a very important feature of
intertidal life and something that should be studied
further with l::'efere:n;.':1eto the degree of epiphytism,
herbivory and abrasion di~played. It would be interesting
to determine if t,hE!tmost violent storms and periods of
wave action corr~late with the major decrease in laminal
lengt.h that was measured in plant.... front most of the
si tes. This would indica '..~ a seasCtnal increase in
degradation rather than a change in rate of ,generation
(Santelices, 1977).

4.6 MEANMAXlMU.M LAMINA!. LENGTH or THE POPULATION

The graphs displayed in Figure 17 indicate that the mean
size of the plants in a single popuf.atd.on, fll1ctuates
seasonally. !l,lhereare reports tha1; the chance of death
due to removal is increased in areas (.'Ifhigh wave
exposure (Santelices at ill.., 1981), and this may lead to
variation in mean papUlation size during seasonal
increases in wave exposure. An attempt to tag indi vi.dual
plaHts with cable ties, as describeu for LaminariB
(l<1inger & DeWreede, J.98t1),failed and was thought to
increase the chances of removal by "laves by obstructing
tbe natural movementof the plants~ Armstrong (1987) Also
reports that there are more surface flaws on fu:l.ilonh~l,lum
sess:i.l~ (C. Agardh) Setchell. laminae from higi'" Wave
exposure areas and that this results in large lamin'.;..
removal due to stre(:;s concentration, especial~' ,during
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periods of partiC'tllarlyhigh wave exposure. The removal
of large laminae, under extreme wave exposure would
reduce the drag and stop the entire plant fro~ being
dislodged. 'l'hismay be the reason for tlleremoval pf
laminae from 11. ,longifolia plants in the high wave
activity sites (H+ and H). As far as possible, individual
plants of ll. longifoli~ wera remeasured for this study,
over the t.ime!-)riod however I aome ''lerelost during the
year. The holdrasts of Q. longbtolia appear to be
perettnial with annual foliage, although Benson (1.986)
reports that the holdfasts of Qict~opteris undulata are
frequently detached and are thus considered to be annual.
The length of the longest laminae of mapped Lndf,viduals
of J2. longifolia t>3eremeasured to give the mean maxfmum
population size. A similar study was performed by Benson
(19B6) on .12 • .!1ndulata"in which the mean maximum height
of the population was de'termined by measuring the maximum
length of individuals. This author reported that the mean
maximum length was affected by depth. It was not
ascertained however, whether depth had an effect on R.
longifolia, eg I+ was distinguished from the other sites
in that it was a fairly deep pool. The 1:.minaeof .12.
Jongifolia in this study reached a maximum size in
approximately March and then underwent a sharp decrease
during the early Wil'ltermonths. The decrease was due to
abrasJon al"dherbivorous effects on the long laminae. It
could also have been caused by an il'lcreasein mortalit.y
due to storms, as the removal of large individuals during
a storm woulrlaeverely affect the size distribution of
the population (Carrington, 1990). Longer larninaeare
also thrashed against the rocks more during sborns than
short plants I and are the:r:eforeabraded more (Dring;
1982). Kilar and Hallisak (19B9) report that different
patterns in development and senescence cause seasonal
changes in the ratios of laminal measurements. The mean
laminal length of n. .longifolla Ln this study appeared to
remain constant over the win'termonths and it is believed
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that this is due -to the lack of growth or further:
abrasion of the already established small laminae over
this period. After September, when warmer conditions were
being experienced, the new and regenerated laminae
developing from the holdfast, were observed to resume
elongation and growth. It must be noted that the study
only started in March and that the mean size decreased
from ·this measurement. The mid-summer measurements, may
thus have been higher than the March measurements.
TJnfortunately, without the timing and size of the highest
measurements, a prediction of the growth rates from
September cannot be made. The results are displayed in I
of ]:<"igu1:'e17 show the mean size of the population of
plants found in -the sandy, intermediate wa.ve action gully
(I). This graph appears to have a reverse curve to those
results from the other sites. Measurements in this site
only began in April and fr9m here there was an increase
in size until September whet. the plants began to die back
and decrease in length. It is 1:elieved that the plants in
this site were protected from abrasion and herbivory by
being totally inundated by sand for long periods of time.
The protection of plants by total sand cover was also
reported for Phaeostrophion. irregulars (Mathieson,
1982b). The plants in I also appeared to be relatively
free of epiphytic organisms. possibly the decrease in
size from Sept.ember was due to na.cur'a L senescence of old
laminae, or due to a prolonged period of a low degree of
sand inundationp and the sub~equent abrasion of the
laminae. There were numerous new laminae growing from the
base of the holdfaste of indi vi.duals in the intermediate
site (I), at the same time as growth was observed ~n the
plants f.:om the other s.ites. It is surprising that plants
frequently inundated to such a degree can survive, never
mind flOurish.

It appears from the various studies reported, that
seasonality is particularly common in large brown
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aeaweeds (puggins & Dethier I 1985; Druehl & Wheeler,
1986). These authors report that Hedopb.yllum plants reaoh
a peak size in summer and are then reduced to tatters in
winter due to the winter storms. There ~re similar
reports of seasonal degeneration in Laminaria long~es
(Palmisano & Sheng, 1977). I,!=-has also been reported that:
there is a seasonal change in the length of the laminae
of members of the O~ctyotales and other brown algae, with
the long laminae be,Lng abraded back (Norton gj;; a1., 1981;
King & Farrant, 3.987). Thtase authors report that the
length of members of ,Rj,ctyopteris act:9stichoide~ fron\
1!>.ustraliavaries seasonally and new growth occurs in
Au'tumn when the water is the warmest. A similar report of
seasonal growth and die back has been: reported for
another member of the Dictyotales, Glossopho:r;;:s,kunthii
(c .' Aga:r.dh)J. Aga:t'dh(Malbdm & Hoffmann, 1990).
Seasonal changes in the mean size of I.anlini:tria
populations have been correlated with seasonal changes in
the chemical composition of seawater (Black & Dewar,
1949). This seasonal differentiation in length inuicates
the danger of measuring a parameter such as this at a
single time of year, eg if the lengths of individuals of
Q. longifolia populations were ueasuxed only once dur;t.T'g
the study period, highl:.'conflicting conclusions wou11
have been drawn. There are reports that the growth rates
of Ascophyllum 119doSUlllare greatest in intermediate wave
exposure areas (Cousens, 1982; Cheshire & HallaIn, 1988)
and .Qy_eyillaea.lJotatOtum is reported to have a maximum
internodal length at intermediate wave exposure, possibly
due to the gradients of factors which influence growth
reaching a.noverall optimum in the intermediat.e areas, ie
no extreme conditions present (Cheshire & Hallam, 1988).
n. longifoli_~ individuals in the intermediate wave
exposure site (I) are longest at certain times of the
year however, a ~~udy involving another season would have
to be completed to determine whether this pattern ocours
regularly.
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4.7 MORPHOMETRY

Ma.rine macrcaf.qae have frequently been reported to
display variation in morphology with variation in
environmental conditions (Lobban & Wynne, 1981; Dring,
1982). Cheshire and Hallam (1988) report that there is a
correlation between the differences in morphology and
water motion because wave exposure affects the
physiology, phenotypic expression and genotypic
differentiation of populatimls of the same species,
living undsr different environmental conditions. The
studies which have been performed on this subject include
aspects of the ~oldfast (de Paula, 1982; in Cheshire &
Hallamf 1988), lamina (McEacheron & Thomas, 1987) and
stipe (Chapman, 1973). The size of a plant is dependant
(amongst other factors) on nutrient availability and is
thus affected by wave action. The latter determines the
nutrient supply due to :mhd:ng (Denny, 1988). Although the
differences in morphology ar'e usually related to
differences in wave act:i.vity,they may also be affected
by changes in light penetration and teluperature (which
are, in turn, also affected by wave motion; Gerard &
Mann, 1979). Many algae adopt a crustose alternate phase
,to withstand sand scour and wave exposure, whilst otheJ:s
(such as IJ.. lopgifolia) become thick atld leathery with
thidk cell walls and can thus grow to a large size
(Littler ~t~l.,1983). There are reports that changes in
morphological features such as length, width of the
laminae and length of the stipe cavity occur in
association with changes in environmental features, and
that this causes taxonomic problems (Mann, 1971). The
mor'phometrri.cstudy included in t_his thesis Lnvolved a
comparison of morphological features of n. bOD9i.folia
plants from different wave exposure sites. !t must be
noted I' however, that not all thE~ measurements were
perfotmed in all the si teG throughout the year, and bhua
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mean. (values LncLude plants at different stages of
deve Lopment;, This may have led to mis;t,eading results.

4.7.~ Features of the Holdfast

An inorease in wave expos~~e places a greater stress on
the hcldfasts of intertidal .algae which have to :r.t:iI1tl\airl '.i n
place to allow the plant to complete its life Cy(~.ll~.
There are reports of a greater biomass, abundance and
densi ty of holdftlsts in higher "wave action areas (PaY3:'j,I

1984). In the case of flexible pf.antis , the, laminae spread
out to reduce the stress on the holdfast in calm water,
and then clump t0gether and surge in one direction to
reduce drag when expexLencd.nq the force of wave action
(Cheshire & Ballanl, 1988). This results in the holdfast
experiencing a sudden jerk in 01', e dir~ction. Different
.d(spectsof the morphology of the holdfast of 12.
long_ifolia were measured,

4 •7 •1 •1 Diar,teterof lIold:fast

It has been reported that the holdfasts of ~argassum
gymosum increase in size with an increasa in Wave
exposure (de paula & de Oliveira, 1982). nenny (1988)
a l.so discusses the nscessi ty for increased adhesion and
the resulting i.ncrease in holdfast size of plants growing
in highly wave exposed areas. :rt has also been reported
that the diameter of the holdfast increases with an
increase in Wave act.Lon ,

The results from the pr.esent study largely support the
reports that there is an increase in.ho1dfast size with
all increase in wave exposure. Tl.lelowest wave exposure
sites (L1f L2 and L+; 15.8 (±4.42)mm, 15.7 (±2.8)mm and
12.95 (±2.75)mm, respectively) have tbe smallest holdfa&t
diameter and the highest wave exposure sites (H and H+;
23.23 (±5. 29m) and 21. ss (±7. 77 )mm) have the
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largest holdfasts (Fig. 18) 0 It would be\>expected (based
on the subjective site ranldng) that H+ W9;~ld have the
largest mean holdfast diameter due 10 the higher wave
exposure, howeverp the slightly lower wave exposure site
(H) has a significantly (p<O.OOl) larger mean holdfast
diameter. 'rhis could be due to the large number of
juvenile plants that were observed in the H+ site
(particularly at the end of the study period). The larger
nurnber of juvenile plants in this 8ite, is believed to be
due to··the high degree of production of reproductive
structures (particularly tetrasporangia) which was
observed in this population. The latter observation was
probably due to the increased laminal surface available
for reproductive structure production, as well as the
increased nutrient and gas supply. The H+ population was
larger and much denser than the other populations
studied, and thus sporelings could easill' have been
caught amongst t.hs other plants. The large clumps of
plants that were observed in this site d.:i.dmake
identification of single holdfasts difficult, and there
could have thus been a bias to ct"'Josethe more easily
iden1;'.ifiableand smaller holdfasts.

The scatter diagram (Fig. 19) of the holdfast diameter
versus the lamina length for 1.1 and H"/" over the entire
study period, indicates that there are five groups of
plants. There Ls a group composed of small plants wi ttl
small h()ldfasts (from L1 and H+; holdfast diameter 5-

28.5mm, lamina length 4~132mm) whicn are believed to be
all the pla.nts fr.om Ll and the juvenile plants of H+. The
group consizting of plants with longer laminae and small
holdfasts (H+ onlYI holdfast diameter 6-19mm, lamina
length 170-230mm) are thought to be older juvenile
plants, the lllediumsized plants \\Tlthmedium hol(lfasts (H+

only; holdfast diameter 19-36mm, lamina length 305-375mm)
are believed to be older plants and the plants with long
laminae and large holdfasts (IH only; holdfast diameter
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·i52.5-65.5mm, lamina length 477-:j35mru)are believ~d to be
mature plants at the peak of the g;rowing'season (of the
study p~riod). The group of plants having large boldfasts
and short laminae (H+i holdfast diameter 28.5-32.5mm,
lamina length 39-102IRlU)are pla~tE."which had lost their
long lantinae and were .:egene·...ating new laminae (at the
end of the season). It must be remembered that pla)'\t.sin
all stages of development, frOln the entire study period,
are included in this diagram. Tovey and Moss (1978)
report that there is enlargement of the holdfast area
with an Lncnvase in laminal number and size in r~am5naria.,

, ,

it is clear, hOWever, that there are seasonal changes in
laminal length of D. longif~ia (Section 4.6) and thus
this relationship would be difficult to identify.

4.7.1.2 Holdfast Area

It has been reported that the area of holdfasts
experiem.'ing a high degree of wave action is greater than
those in calmer areas. Mos$ (1950) reports that members
of Fucus veslculosus populations living in sheltered
ar~as have less holdfast area in contact with the
substratum than individuals from more wave exposed sites.
This is due to the presence of proliferations growing
under the holdfast and reducing the area of a'ttachment.
Members of the some species are reported to lack
holdfasts in salt marshes which do not experience water
motion (Moss, 1950). There are reports that Mac~oc.~~
:pyrifera (t,~) c. Agardh from shelt.ered are~s has no basal
meristem or holdfast (Gerard & Kirkman, 1984) indicating
the reduced necessity for attachment in calm areas.

The results Qf the measurement of E!.. longifoli.a holdfast
area, in relation to the degree of \OJaveexposure,
indicates that there is a direct relationship between the
holdfast area and the degree of wave exposure, 1e
holdfast area increases significantly (p<O.OOl) between
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low and high Wave exposure (as ranked subjectively; Fig.
20; L+, 0.00013 (4.78 x 10-5~2);:,!+ 0.000516 (3.6 x 10··
4m2». This indicates that an increase in holdfast area
in contact with the substratum is necessary to allow .Q..

12ngi~~lia to survive in high wave exposure areas.

4.7.1.3 Holdfast Mass

Hold fast biomass of populations of sargassum 9]E0SUm and
TYhbinaria prn~ta is reported to increase with an
increase .inwavp action (de Paula & de Olivei:ca, 1982~
payri, 1984). 'l.thereis a problem in determining the mass
of holdfasts, in that those attacr~ant organs consisting
of rhizoids retain a large amount of sand due to the
a'1herance of the rhizoids to the sand particles (Tovey &
Moss, 1978). The sand is thus included in the mass
measurements ~9 removal of the sand particles is
impossible.

The holdfast mass measurements (Fig. 21 & Fig. 22; of wet
and dry mass, respectively) also show co~relation with
exposure, with the low wave exposure sites (L+, 0.3,72
(±0.206)g wet) having the lightest holdfasts and the high
wave exposure sites the heaviest (H 3.843 (±L68 )g wet;
H+, 5.547 (±6.29)g wet). This is due to the greater area
of holdfast (Section 4.7.1.2) havf FAg a greater mass (ie a
greater amount of structural tissue) but also containing
a greater volume of sand. Although living drift material
of Q.. lQngifQl,.i.gwas regularly observed, it was not
deter.mined whether this was ripped up or whether it came
from floating material in she1 tered ar'eas. The holdfast
size of the drift material was also not measured. It was
determined, howeve:r.,that mature plants do not need
attachment for survival in sheltered areas as, detached
pLants survived and grew in tanks for many morrchs without
reattaching (Section 4.10.2). These plants did, however,
remain upright.
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4.1.2 Features of the Lamina

There are many conflicting reports on the effect of wave
expOSllre Oil macroalgal laminal morphology. Some
researchers l,:eportthat, to overcome the harsh
environment of wave exposed areas, plants become smaller
and narrower (Denny, 1908), whilst other reports suggest
that the plants growing in more wave exposed areas
flourish and grow larger due to the increase in nutrient
and gas availabi.lity. Russell (l:978) reports that tne
changes in aspeots such as lct,lllinallength I "t",Tidthand
shape are commonly found to be associated with
environmental changes in brown algae, and this has led to
a great deal of confusion in the taxonomy of members of
the group. It is not only the size of the laminae which
may be affected by the wave exposure. the shape and
structure of the laminae are also important. Long,
smooth, flexible strap-shaped laminae S1.1chas those in 12.
lcmgifolia are thought to be optimal in highly waVe
~xposed areas as they are able to move in the direction
of flow rapidly (Norton et ~., 1981). Bending over also
calces the laminae closer to the substratum and into areas
of lower water velocity (Charters at al., 1969).

4.7.2.1 Laminal Length

There are conflicting reports about whether plants living
in more wave exposed environments are longer or shorter.
Ascophyllum nodosum and Turbinaria ornata (Russell, 1978;
McEacher(m & TholUas, 1981; Payri., 1984) are reported to
be shorter in more wave exposed areas. lliJ,rv:i,.llae.!!.
potgj;_orumis reported to be short, stunted arid highly
branched (due to continuous t'egenerative recovery from
damage to the tips) in high wave exposure areas, but to
have a maximum internodal length at intermediate wave
exposure (Cheshire & Hallam, 1988). The latter
observation is thought to be due to this region being
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intermediate of all the gradients affecting growth
(advantageous and disadvantageous), i.eno extreme
conditions exist in this region (Norton gt. gl., 1981).
Neushul (19'72) reported long, thin individuals in
shelter.ed areas where the plants respond to the decrease
in nutrier'ts by increasing the ahsorptive surface. Schiel
and Choat (1981) report that individuals of dense,
monospecifJ~c algal stands found in areas of higher
exposure, tend to be larger ill,size. A similar report
suggest.s that individuals of Laminaria .§)etchelli in mere
wave exposed areas are t~ller and ~hicker than
individuals of a similar; age in less wave exposed. areas,
presumably due to the increase in nutrient availability
(Klinger & DeWreede, 1988). De Paula &I de Oliveira (1982)
report that Sargass~\m PYffioaqm populations in sheltered
areas are longp.r but: of a lower density than those in
wave exposed areas. Many me~~ers of the Dictyotales have
seasonal changes i.n laminal length with the longest
length not occurring at the peak of biomass pL"oduction
rate, due to the long laminae being degraded badly (King
&I Farrant, 1987). Long laminae are exposed to differen·t
degrees of water motion, l.Lqht and nutrients at the tip
and the base (Dawes, 1981) which may cause differences in
grow rates of different regions. It appears that the wave
exposure b"l.S different effects on different species,
indicating the importance of intensive growth studies to
determine optimal conditions for the growth of co:mmercial
~eaweed.

From the graph of the mean values of laminal length for
D,. .l..~.QJJ,a over the entire year (Fig. 23), it appe.r-s
that there is an increase in laminal length with an
increase in wave exposure (according to the subjective
ranking; Ll, 46.19 (±9.49)mm (p<O.001); H+, 118.29
(±79.22):mm) probably due to the increas~ in nutrient and
gas avaIlability. It must be remembered that the
measurements of 12. J,Qngifolia were taken over the entire
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year and that. H+ was abraded the most and thus the
laminal length W,'lS reduced more than the other sites. To
get a mean mnximum laminal l~ngth, measui'ements would
have to be ~aken throughout the year and the measurements
at peak growth compar-ed, However, as the study was not
performed over a complete year, the period when the
greatest length was attai~ed, could not be determined.
This is a constraint of the study and the data should be
int.erpreted accordingly. The seasonal changes in laminal
lel'1gtbin the different sites ar....,shown in Figu.re 17.

4.7.4'.2 Laminal Width

There are reports of various other aspects of 11minal
morphology changing with variation in the degree of wave
exposure experienced, eg laminal width and thickness. The
laminal width of A§Q9phyllum rodQsum in areas of higher
\>laveexposure is reported to be less than that in
sheltered areas (McEacheron & Thomas, 198'7), ~i2"
~~~~ shows an increase in thickness due an increase
in nutrient supply (Kain, 1977) and kamin~~ia 19~
experiences a decrease in width (Kain, 1977) with an
increase in water movement (palmisano & Sheng, 1977). The
latter authors l'eport that this decrease in width is so
pronounced that they used L. lODgipes as an exposure
indi.cator and attribute the strap-like laminal shape tb a
method of reducing resistance. Russell (1978) reports
that there is no correlation between the width and length
of laminae of lucus v.esiQulosus from areas of different
wave exposure.

Although thla mean lald,nal width of .Q. longifolig from all
the sites in this study, are not significantly (pe-o.05)
different (except Ll which has a signifi.cantly lmler me.an
laminal width; 8,21 (±1.25)mm (1'<0.001», there does seem
to be a trend in laminal width in relation to wave
exposure, iF.!there. is an increase in l"aminal width with
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an increase in wave exposure. Once again, it must be
remembered that the mean laminal widths from the whole
year are plotted on a graph (Fig. 24), but that 'the
numbez; of pl.arrtis from each season inclttded in the mean,
differed for each site. The width of :"11ethree longest
lamina of each individual were measured and thus plants
experiencing high degrees of abrasion and grotvth of net...,
lamina, eg H+ would have a lower mean laminal width than
plants where the mature Lami.nae were still intact. The
ideal situation would be to measure the mean width when
the J.aminde were at their longest I ie peak of the growing
season. However, to do this the seasonal patterns of
growth would need to be determined.

'l'hescatter diagram of laminal length ver-sus laminal
widt.h for plants from Ll and H+ over the whole year (Fig.
25), indicates three groups of plants. There is a group
of short, narrow plants from both sites (lamina width 2-
14mm, lamina J.enqth 4-170mm), which appears to be the
entire population of Ll and t1hat is assumed to be younq

juveniles of H+. There is a group of intennediate plant~
with fairly long, wide plants from H+ which are assumed
to be older juvenile plants (lamina width 1.4-2.1. 33mm,

lamina length 38-23Smm). The last group of plants are
long and wide and are from H+ onty (lamina width 15.6-
1.9.6nun, lamina length 351-535:mm). This group is assumed
to be composed of adult plants. The latter two groups
could possibly be the sporophyte and the gametophyte
which, although Q. LQngifol~ is reported to be
isomorphic; may respond differently to the different
conditions. A genetic study would have to be performed to
deternin~ this. It is important to note that the
measurements wele taken over the entire year and thus
different stages we~e included together. There is a
sd.mi.Lar grouping if the March results are s+ ied (Fig.
26) however, the short narrow group (Ll;lamina width 3.3-
12.3mm, lamina length 29-132mm) is composed of only Ll
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plants. As the 'C'Jidth (.)f the three longest laminae were
measured, this indicates the presence of long laminae on
all the mature plants from the H+ site, i.ethe grl,:mpwith
Lonq , wide laminae (H+; lamina wi.dth 16.6-19.6mm, lamina
le~'gth 425-535mm) are mature plants from H+. The group of
plants made up of S;'lOrter,wide H+ plants is believed to
be young laminae which are wider at this time of the year
(increased growth of the plants) than young laminae from
the rest of the study period (H+; lamina width 14-
19.66mm, lamina lengt.h 52-351mm). If we look at the
October readings only (Fig. 27), all the plants are much
shcrtier as they have been abraded and have only begun to
regenerate (lamina wJdth 2-17mm, lamina .L(mgth 4-102mm),
ie the new laminae are in the process of tJleingproduced.

4.7.2.3 Laminal Su~face Area

Klinger and OeWresde (1968) report that the area of
l.§rninarialaminae I ir.oreases with an increase in wave
exposure and they a.ttr.;!.butethese:.:differences to the
increase in nutrient sup1.llyin wave exposed areas. The
drag experienced by an organism is reported to be
pzopor+Lono 1 to the laminal area of the object which
moves in ene direction of flow (Vogel, 1981; Denny,
1983), thnEl plants illmore wave exposed sites should,
theoretically, have smaller laminae so as to decrease the
drag. However, the total laminal area of in1ividuals of
Jl. lQl'lgifolia appears to increase with an increase in
wave exposure (Fig. 28), wi.th H+ having a signifi(.la:ntly
higher (P<O.OOl; 0.020989 (±O.029)m2) mean laminal
surface area than the other sites (Ll and L+ have the
lowest area valUes of 0.002345 (±O.OOl)m2 and 0.003653
(±O.0007)m2, respec,tively). This :may be due to the fact
that there W(:p C'~ a greater number of Lami.nae on the plants
in H+ (Section 4.7.2.6). The Inean laminal length (Section
4.7.2.1) and width (Section 4.7.2.2) of O. longifQli~
from H+ are also greater than those of the
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other sites. Presumably the increased area i~ due to
greater growth caused by an increased nutrient and gas
supply, due to the higher degree of wave exposure.

4.7.2.4 Mass of Laminae

The mass of the laminae of an indi vidua.1 is another
feature of algal morphology which is reported to change
with a change in the degree of wave exposure. Payri
(1984) reports ·that there is a -decrease in mass of
Xurbin9~ ~nata with an increase in wave exposure.
Creshire and Hallam (1988) report ohanqes in the
morphology, but not in biomass I of purvillaea 'p.otato:r_y:m
in differing areas of wave activity. It has also been
reported that dry mass of laminae of .F.uclls plants gI.·owing
in ahel·tered areas is greater than that in wav~ exposed
areas (where plants are abraded by sand), whilst there is
no significant difference in the wet mass of lall1inaefrom
different areas (Schonbeck & Norton, 1979). The
difference between the wet ar:~ dry mass results is
attributed to differences in the relative amounts of
strengthening and photosynthetic tissue (Schonbeck'&
Norton, 1979). i.fabeauand Kloareg (1987) studied a range
of brown algae and reported that 35-45% of the dry
thallus mass is composed of cell wall material and that
this percentage is related to zonation and desiccation
resistance.

'l~bestudy of laminal mass in,n. longifolia seems to
indicate that :mass is directly rela'ted to wave exposure
and that there is a significant (p<O.OOl between most of
the values) increase in laminal mass (wet and dry) with
an increase in w~ve exposure (Fig. 29; L1 0.583
(±O.285)g wet; H+, 9.133 (±12.81)g wet). This is
probably due to an increase in lamina1 area in the
higher exiosur-e areas (due to the increase in nutrient
and gas supply), but may also be due to an increase in
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strengthening tissue. A further scudy would have to be
performed to determine the percentage of wet laminal mass
composed of structural tissue.

4.7.2.!3 Number of Dichotomies per Lamina

I,aminae dichotomy nuIllberis another factor of morphology
which may change with a change in wave exposure. There is
reported to be an increase in digitation of ~acc!hox:hj_za,
Dtlrvillf!.,eaItbtatOl;':umand Mcoph~llum no.p.osumliving in
more wave exposed areas (Noi:ton, 1969; Cheshire & Hallam,
1988; McEacheron & Thomas, 1987). However, there are also
reports of a decrease in the number of bratl.ches in
;e_eJvatJ,!!(Russell, 1978) and Turbinaria. ornata (Patri,
1984), whilst Cheshire and Hallam (1988) report that
there is an decrease in digitation but an increase in
laminal number in Durvillaea pot.atorum from more exposed
areas. Kilar and McLachlan (1986) report that
Acanthophora sp,icifera (V'ahl) Borg. has small plants with
fewer branches in wave exposed areas.

It appears from Figllt'e30, that the number of dichotomies
per lamina In 1l. longifolia Increasea with an increase .i.n
wave exposure (as ranked subjectively). The number of
dichotomies may be related to the lamina! length and
poas Lb.l.y there is a minimum laminal length at which
dichotomies are formed. If this was the case I i1:( may
explain why the dichotomy numbers .in the sheltered pools
(Ll and L+) were so low (0.267 {±0.12) and 0.956
(±O.073): respeotively) 0 ie the laminae did not rea<~h the
minimum length for dichotomy production while in the
highest wave exposure sites (H and H+;' 1.738 (±1.22) and
1.672 (il.24) the dichotomy number was significantly
higher (p-co,001). '1'hemean measurements from March (Fig.
31) indicate that the highest wave action si.te H+ had the
greatest number of dichotomies (3.652 (±1.15». It also
had the greatest mean laminal length (section 4.6). In
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october, when the plants of H+ were abraded back (more
than any of the other sites) and the holdfasts had only
just begun to produce new laminae, the H+ site had the
second lowest mean dichotomy nutlhe:t(Fig. 32; 0.535

(±0.677». In both these months the low wave exposure
site (Ll) had the lowest dichotomy number (March and
October; 0.176 (±0~512) and 0.186 (±0.la9) respectively).
',11hesuggestion that the number of dichotomies present is
related to the Lami.na), leilgth, is supported by the
soacber diagram (Fig. 33) of th~ laminal length versus
the number of dichotomies for Ll and H+for the entire
year, which shows that there is an increase in dichotomy
number with an increase in laminal length in both the L1
and H+ sites.

The site having low laminal length (L1) has the g~eatest
pezcent.aqe (57.97 (±30. 61) l;";; p<O. 001) of lamil'lu~\",i thout
dichotomies, while the other sites have lower perc~ntag~s
of lamina~ without dichotomies (Fig. 17). The site with
the l.owestpercentage of laminae lacldr1g I~ichotomies is H

16.20 (±10.72)%) which may be s.xp.l.aLned by the higher
number of long laminae at certain times of the year. :0:
t.hedichotomy number is directly related to the laminal
length I blen the dichotomy numbez will be related to the
amount of abrasion and wave exposure that the plant
experiences (as this decreases the mean laminal length).

4.7.2.6 Number of Laminae per Individual

The number of laminae 'i~er plant (greater and lel::sthan
Smm) was another aspect, of morphology that was l~t,gasured
for 11. longifoli.l:!.The low wave! action sites L2 and L+
had the greatest number of small (less than 5mm) laminae
per plant (Fig. 35), whilst the res·t of the sites had
s:i.milarnumbers of small laminae. This could be explained
by the observation that even at the peak of the growing
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season, the plants in the sl,\eJ.tered pools had a large
1\

proportion of laminae -el'latwbre less than 5mm'In length'~\
\i

The mean number of la'minae greater than 5mm,show a
surp:t'ising trerl.d. It appears that the L+ and H+sites

,'I

have the lowest number'of longer Lami.nae (12.4 (±2.8) and
12.68 (±S.S9». This can be explained, in the case of the
L+ site, by the low wave exposure and reduced ~lant size
(although Ll and L2 show signif4,cantly higher values than
L+; 16.84 (±9.23) and 13.55 (±4.,75), respectively). In
the case of H+, it mUl:ltbe remembered that the plants of
this site were highly abraded (mor-ethan any of the other
sites) and f:or a large proportion of the study period
were composedof new lamina or short abraded sections of
lamina. 'rhe mean laminal nunbez per plant is another
morphological measurement which would probably be most,

meaningful if it was perfOl."'llledat the peak of the growing
season. Tbe unexpectedly high number of laminae longer
than 5mi1\from the interu\ed:i.ate wave exposure site (I+;
23.23 (±4.97», could possibly be explained by the depth
of the water in this site. There was also compara.tively
little sand in suspension in the water of thiL site
(Section 4.4), and thus the abrasion was less than in the
other sites. The plants in this site were also only
measured ncar the end of the st'\:dy period when
regeneration had begun. Even duj:ing the initial part of
the study of the plants of this. te, very little
abrasion or degradation of the lamina was Observed'.

I j

The results of the morphometric and structural studies
are summarised and compared in. Section 4.13.
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4.8 STRUCTURAL PROPERTIES

4.8.1 Tensile strength

Intertidal organisms such as macrophytic algae have to be
able to withstand the violent jerks caused by cur:r~nts
and waves. Thes~ organi~ms have evolved two alternative
forms to enable them to withstand these forces. The first
of these is to remain rigid and withstand the forces of
moving water. Alternatively, the organisms can b~
fl. dble and withstand the forces by reducing the area in
contact with the waves and "flowing" in the same
direction as the water movement. In the latter case, the
organisms require less s'i:.rengtheningtissue (Denny,
1988). Flexible algae must also be ahle to extend and
stre·tch without brea!dng under stress (Dem'lY I 1988).

There are two phases of extension under a strain such as
the drag caused by water. The first is within the elastic
lilnits, ie the s'tl::etchbefore breakage I and the second is
greater than the first and leads to breakage (Delf,
1932). The break:tng stress is reported t.obe the stress
which "just exoeedc -thegreatest Lonqd.tiudd.ne L stress
which can be born.e per unit area without rupture" (Delf,
1932). The period of recovery between stresses, ie waves
or storms is a'l.aoof importance. Delf (1932) tested the
extensions and breaking strf:I.ins Df the stipes of various
brown algae such as Ascoph:illum, )::)ucus.and taminari~.
There are however, other factors besides plant structure,
Which may affect the tensile strength or breaking strain
of algal thalli. Kraemer (1990) reports in the red alga
l.tidae.s,there is a significant increase in the tensilf'r
strength of the laminae with a water loss of up to 50%1

thereafter the tensile strength decreased. Thus tho
tensile strength may be altered by the environmental
conditions e~perienced by th~ ~lga
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Tensile strength of the lamina is a feature frequently
used in the study of land plants including grasses
(Evans, 1964), in relation to factors such as
palatability. It was initially believed that the tensile
strength of n. longifolia, laminae would be reJ.a'tedto the
't'Javeexposure experi anced by the plant. The met:.hodthat
was used in this study involved the construction of a
tensilimeter (Section 2.4.7.1) which was effective but
could only be used when the laminae being measured were
of a reasonable Hmgth (5cm or 'more) 10 To s'tandardise the
measurements, the length of lamina put into the machine
was kept at 5cm butl for a majorlty of the plants, the
laminp'P>,wereless than this for most of the year. This
resuL d in a low nunmer of measurements for some of the
sites. The sections of lamina also needed to be flee of
any damage, epiphytes or parasites. The clamps did cause
some damage to the plant. In SlOme cases the lamina broke
at the clamp however, these results were discarded. The
measur.ement of the tensile strength indicated that there
was a high degree of elasticity in the laminae which
elongated a great deal before breaking. Possibly the
measurement of the degree that the lamina can stretch
before b:r::eaking(ie elasticity) I would be a useful
indication of how much drag the plant can be exposed to
before the laminae are broken. Unfortunately,
measu'remerrcsof tensile strength were only taken when
sufficient material was available. This resulted in the
mean tensile strength for the stUdy being obtained from
different numbers of measurements for each site (from
different times of the yeaI'). The results of mean tensile
strength must be viewed with this in mind, ie at certain
times of the year only immature laminae were available
whilst at other times 5mm sections of mature laminae were
used. A :moreuseful comparison would have been the
tensile strength of laminae measured at the peak of the
growing season when all the laminae were at a naximum
size.
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Delf (1932) had a similar problem and rl9portsthat young
laminae of Laminaria have a much lower breaking stress
than older laminae. From the graph of the mean tensile
strength for the year (Fig. 37), i-tappears that there is
no relationship between the degree of wave action and the
tensile strength, other than that the highest wave
exposure site (H+) has the highest tensile strength
(524.87 (±86.l3) dynes/mm) and the lowest wave exposure
site (Ll) the lowest tensile strength (349.95 (±14.22)
dynes/rom). In March (Fig. 38), "the laminae of all the
plants were fully developed, and the highest wave action
site (H+) has a significantly higher tensile strength
than the other sites (509.78 (±234.47) dynes/mm).
Unfortunately, only the Ll, Hand H+ sites were measured
at this time of the year. It must be noted however, that
not all the sites were measured in all the months (only
October had all the s1te measuremen-ts). The October
measurementis also lacked a trend I a1though the highest
wave action site (H+; (669.69 (±234.26) dynes/rom) had the
highest mean tensile strength (Fig. 39). This would seem
to indicate that even when the lamina are small (newly
regen.erated from the holdfLst), extremely high wave
exposure may induce an incraased tensile strength. At the
same time, the low wave exposure site (Ll; 334.80
(±99.32) dynes/rom) has the lowest tensile strength. The
apparent lack of relationship between tensile strength
and wave exposure in 12. longifol:is is surprising
considering the studies which cOllcJ.udethat there is a
rela'tionshipbetween the two. This coul~ howe~rerI be due
to the uneven spread of measurements over the year. Delf
(1932) reported that -there are no differences in the
breaking strain of two species of Fueus from sheltered
and wave exposed sites, however, Armstrong (1987) reports
stronger tissue resulting in a higher tensile strength of
H@dophy:,llIDnsessile from areas of higher wave activity.
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similar tests of elasticity and tensile strength have
been reported for Nereoc\vstis ).ue·tkeana(Mertens) postels
and Ruprecht (Koehl S: Wainwright, 1985). There is also a
report that there is an increase in breaking strength
with an increase in wave exposure in ASCO.l!.lur..llumn_odosum
(McEacheron & 1'homas, 1987). The latter study described
sindlar problems to those experienced in this study, ie
desiccation of the plant material prior 't.o, 'I1reakageand
damage by the equipment. Koehl and Wainwri~:.c.(lS77)
report that H. luetkeana survives wave exposure by having
high elasticity rather than tensile strength. It is
1possible that 12. longi_t:_Qlig_has a similar method of
Ii;t!opingwith drag and other stres~es of water movement.

!'The latter authors report that t~\'$ stretch is due to the
cellulose fibrils in the walls of the central cortical
cells.

From the peA (Fig. 43) of the morphological and
structural aspects of the lamina and holdfast, it appears
that tensile strength is fairly closely correlated with
aspects of the lamina such as laminal width. It is
surprising that the tensile strength is closer to laminal
succulence than sclerophylly, as the latter is a
measurement of strength (strengthening tissue). However,
there were some problems experienced with the measurement
of laminal sclerophylly and succulence (Section 4.8.3)
'o1hichmay have caused mir:;leading:cesults •

The tensile strength measurements are included in the
structural and morphological summary (Section 4.13).

4~8.2 Attachment strength

The attachment strength of the holdfast to the sUbstratum
is obviously an important -Feature of thE:!abili'ty of
intertidal algae to survive under harsh conditions. It
was in.itially presumed that The mean attachment stl'ength
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would be ,rlirectlyrelated to the degree of wave action
being experienced. There were a few problems expar'Lenced

with the technique used to measure the at~ach~ent
strength of D.. longifolia in this study. The clamps that
were used did cause some damage to the laminae and, as
the method defined attachment strength as the force
nersded to remove the plant from the rook or to break the
la:,ttinae(whichever came first; Carter, 1986) I the
measurements obtained. in many of the cases could have.
been lower than the true forces 'required to remove th'~
alga from the roc~. Another problem. was that SOllleof tha
plants were so firmly attached that the clamps slipped
off and thus a cable tie was used. The cable tie also
caused damage to the plant and may have affected the
:r.esults. 'T.'hereare other reports that the device used to
hold a hoidfast during attachment strength measuremerrcs,
weakens ·the plant and leads to misleading results (Lobban
at al., j,985).Very sm~ll plants cou.ld not be fastened
into the clamp and this caused a size bias. A similar
problem with small sized plants was described by
McEacheron and IJ.1homas (1987). A further problem with the
method used in this study, was that differen·t numbees of
laminae and different conbtnatdons of lamina size Were
included into the clamp. IJ.1his may have affected the
results (when attachment strength equals::the breakage of
the laminae). For exanp l,e, if a greater number of laminae
or if more laLye, mature laminae were included in the
clamp, the att.achment strerlgth measurement would be
greater than if there only immature or few laminae
included.

As mentioned in section 3.a . 2, 'theattachment strengths
were only measured in september and October (Fig. 40).
The H+ and H sites had by far the largest populations of
12. longJfolia and at this time of the year, a large
number of the plants in the populations were juvenile
individuals and were thus not firmly attached. rrhismay

,.)
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account for the low attachment strengths measurements in
these sites (H+ and H; 10063 (fla95) Newtons and 9.82
(±4.14) Newtons, resp~ctively). This sU9Qestion is
supported by the fact that the Septentber attachment

;\ '

strengths (Fig. 41) were lower than those for october
l;'-:\:·~.42) when juvenile plan'l;swere larger and more. \flqily attached. '1}h~area of thp holdfast should also be

,/

inclUded in the m~asurement and this would, perhaps
account; for the l:'emovslof juvenile plants from some of
the sites. The intermediate wave exposure sites (I and
I+) had the highest atrtachnent;strength (14 ..50 (±7.97 )
Newtons and 14.61 (±1.28) Newtons, respectively) which
may be explained by the decrease in abrasion to the
holdfast due to the sand Lnundat.Lon (in I), and reduced
sand susp~nded content (in I+). The attaQhment strength
of the irldividuals from the low wave exposure site (Ll)
is by far. the low,est of the sites {7.07 (±2. 07) Newtons),
and t.hismay be due to tile small holdfast size thrQughout
the year (Section 4.1.1.1, and a~h;odue to the fact that
the plants were often attached tio soft sandstone with a
high degree of sand inclusion in the holdfast material.
Lobban et ftl. (1985) report that the substratum does
influence the attachment strength ..Tovey and Moss (1978)
report that the rhiz~ids of-the holdfast of Laminaria
digitatg (Huds.) LamQur. attach by growing into all the
irregularities on the substratum and thus fitting the
substratum perfectly. Grains of loose sand are also
picked up the adhesive rhizoids. There are also reports
of the gaps be'tween the rhizoids and the substratUm being
filled with mucilage which is thought to bE!aoue form of
adhesive compound (Tovey & Moss, 1918; Cheshire & Hallam,
1985). A smooth SUbstratum is t.hus not optimal for
adhesion and would result in easy removal of the plant.
The other sites in this study show no particular trend
with relation to wave movement f,ndthis may be due to a
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la~··..of trend, or to the results being affe(~ted by the
problems discussed above.

Attaohment ~trengtn measurements performed on ~scophyllum
nodosum weri~~measured by attaching a grommet to the stipe
below the first internode. The force ne0ded to break the
stipe at or above the holdfast was measured using a
spring balance (McEacheron & Thomas, 1987). However, this
nlethod was a measurement of the tensile strength of the

''Istipe rather than the attachment strength of the plant
(s.:i.nd.larto the method used in this study. Despite this,
the latter ~uthors report an increase in strength of
attachment organs from highJ.y t"raveexposed shores when
compared to sheltered shores.

The peA of the various aspects of structural and
morphometric measurements (Fig. 43) indicates,
surprisingly, that there is some correlation bet~e(:!nthe
atrcachment;strength and laminar neasueemerrcs, but Iittle
correlation between the attachment strength and the
holdfast measurements. As mentzioned in section 3.8.2, the
definition of the method used to measure attachment
strength resulted in the force measured often being the
tensile strength of the laminae to which the clamp was
attached, and not force needed to remove the holdfast.
Consideting this, it is not surprising that the
attachment strength is correlated to the tensile strength
and the fe~tures of the lamina such as its width,
sclerophylly and succulence; and not correlated at all
with the features of the holdfast. As mentioned
previously, the inclusion of so~e aspect of holdfast area
would perhaps have given a more accurate measurement.

The attachment strength measureDents are included in the
structural and morphological summary (Section 4.13).
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4·•8•3 Sclerophyll}T and Succulence

t'1ilson(1965) showed. that leaf strength. in t.herye grass
L.gliuulwas an indicator of cellulose oontrenti, Although
brown seaweeds do contain cellulose in the cell walls,
alginic acid is.also 't\ major component in the walls.
Varic,.tionsin the type of alginic acid ca.nbe related to
the/l!lOrphologyand environmental factors. P'orexample I

the stipe and laminae of purvillaea gotatorum bend,
whilst the holdfast does not. These areas have different
ratios of alginic acid to other material (Cheshire &
Hallam, 1985). "Tough" algae are reported to be more
resistant to herbivores, abrasion and wave shearing
forces, and to compete with more delicate species for
light and space (by the whiplash effect; Dayt....~· "./5; in
Littler et al., 1983; Littler et al., 1983).

Surprisingly, the tissue strength of desiccat~d Iridaea
(Rhodophyta) is reported to not be out of the range
hydrated ti.ssuestrength (Kraemer, 1990).

4.8.3.1 Lamina Sclerophylly

There appears to be nD trend in the lamina sclerophylly
(amount dry matter per area) with respect to wave action
(Fig. 44). This result is surprising considering that
laminae in wave expesed areas could only survfve if they
We)"'A ~t.~leto withstand abrasion and drag, and I;'lere
"tough". However, laminae of ,Q. longifolia may survive
wave forces by having high elastic properties or rapid
regeneration rates, rather t.uanexpending ene:r,~gyon
strengthening tissue. The lowest Wave exposure site (L1)
did have the lowest sclerophylly values (p<O.QiOl~ 33.Cl
(±4.34)g/m2) indicating that these plants had less
s·trengthening tissue than the plants from the other sites
and are thus flflimsy'*.The sclerophyJ,ly values for the
other sites show little trend with respect to wave
exposure (according to the subjectivE.'ranking) .•The
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results of this section a!e included in the summary of
morphological and structural features (Section 4.13).

4.8.3.2 Holdfast Sclerophylly

The holdfast sclerophylly values shJw a definite
relatie)nship with tiledegree of wave 'exposure..There
appears to be an increase in holdfast sclerophylly of D.
longifolia, with an increase in wave exposure (as
subj(i',ctivelyranked; Fig. 45) ..'These result~ support the
suggestion that holdfasts in mox'e wave exposed si'tes must
have greater strength and adherence to allow the plants
to remain attached to the substratum (L1, l~44.99
(±432.35) g/m2; H+, 5085.762 (±3291.85) g/m2). It must be
relnembered however I that the holdfasts retained a great
dRal of sand and, as mass is part; of the sclst'ophyll~l
calculations, this retent.ion must have affecteo 'the
sclerophylly measurements.

4.8.3.3 IJamina Succulence

Mean wat,er
also lacks
(Fig. 46).

ccrrcent; per lait'linaarea (suocurence values)
any real trend in relation to wave exposure

( iThese ~e5ults can be explained, to somJ
degree, as the rate of desiccation is reported to be
related to the water conbenti i of the plant (Dromgoole I

1981). The plants in the low wave exposure sites (Ll and
L2; 231.82 (±15.86) g/r02 and 316.98 (±15.86) g/m2) and
the intermediate wave exposure site (1+; 343.86
(±77..17) g/m2) may nav« lower lamina water content as
they were never observed to sUffer exposure to the
atmosphere. All these sites consist of deep pools that
were never observed to dry up completely. The two high
wave exposure sites (H and H+; 423.14 (±37.32) 91m2
and 422.28 (±98.83) g/m2) were frequently observed
to experience exposure to the air for long periods
of time (a few hours at. low tide). The plants in

"',
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these sites would require a greater lamina water cont.,tH:'rtt
to overcome desiccation. The intermediate site (I; 570u69
(±100.67) g/m2) has the highest lamiT'asucculence v0\lues
(p<O.OOl) which could be explained by the fact that the
plants in this si·tewere frequently left out on the sand
with no water or splash to k,.;)ep them moist (as plants in
the Hand H+ sites had). The plants in this site (I) were
also inundated by sand more regularly than thone in the
other sites. The reason for 'the high succulence values of
the low wave exposure site (11+: 520.83 (±77.8) g/lU'2) are
not known, as this is a fairly deep pool t at was never
observed to dry up. II

4.8.3.4 Holdfast Succulence

'l'he holdfast succulence in no longj.fQlia appears to be
fairly closely related to the wave exposure (Fig. 47).
The low wave exposure sites (L+ and Lli 2253.6~ (±538.5)
g/m2 and 2779.84 (±538.5) g/m2) have the lowest mean
succulence values which could be expected considering
that plants in these sites were never observed to be
exposed to air. The two highest wa\re exposure sites (H
ana H+i 5674.93 1;t456,,99) 91m2 and 7974.56 (±4693.25)
g/m2) had the hi~.·"lestholdfast succukence values; which
could ne explained by the fact that the holdfasts in
these sites are frequently uncovered and are thus
requited to retain wat.er to survive .. It is interesting to
note that the holdfast succulence values for the
intermediate wave exposure site (I) are fairly low
(3109.02 (±20.38) g/m2), whilst the lamina succulence
values are high. The reason for t.his is not known\,
however, l,t must be remembered once again, th.at again the
sand retention of the holdfasts mayhave affected the
results obtained1

From 'the P.rinciple component Analysis (Fig.. 43) of
var i.ous features of the lami.n&and holdfast of 11.
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longifolia, it appears that 'I '1efeatures of Landna
strength, sclerophylly, succul.ence and si~,e are closely
correlated with each other.' The features of the holdfas·t
(including sclerophylly and succulence) are not related
tc the lamina traits but at'ecorrelated witb each other.
Attachment strength was presumed to be rela't,~dto the
features of the holdfast because a, larger holdfast area
should mean better attaChment. However, due to the
definition of ,the method, the attachment strength was
measured as the breaking force of the lamina in many of
the firmly attached plants.

From the results obtained, and considering the problems
in holdfast measurement (due to the inclusion of sand),
in the measurement of sclerophylly and succulence in Da
l.ongifolialit does not appear that these attributes are
as useful in the determination of the effect of the
environmental conditions on macroalgae, as they are in
terrestrial studies. However, ·there is a possibility that
the attributes may provide useful inter-species
comparisons, and fUrther investigation should be
perfornled before sclerophylly and succulence are rejected
as unimportant in aquatic studies.

The sclerophylly and succulence results are included in
the structural summary (Section 4.13).

408.4 Desiccation and Rehydration

Intertidal organisms may b(~t:r:ansferredfrom an aquatic
to a terrestrial environment during the tidal cycle.
Emersion changes the temperature (and thus metabolism)~
water content and exposure to light of these organj,sms
(Dring, 1982). The degree of desiccation is therefore,
another factor which affects the growth and distribution
of intertidal algae. Zonation OY'l rocky shores I.s reported
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to be determined, to a certain degree, by the tolerance
of the species to different levels of desiccation
(Dromgoole, 1981; Dring, 1982). In this study, the plants
in the wave-swept populations (H and H+) were exposed to
th.~ atmosphere at low spring tide, whereas in the pools
(Ll, L2, L+ and I+) the plants were neve~ exposed to the
atmosphere" and would thus be expected to have different
tolerances. The ra.te of desiccation is related to the
rat.io between the Gvaporating surface and the volume and,
to a lesser extent, the water content of the plant
(Dromgoole, 1981). Larger plants have smaller surface
area to volume ratios which means that less water is
lost. It also means, however, that there is more drag in
wave exposed areas and that the plants may be r~moveQ
before reaching reproduc'tive maturity (Denny, 1988). It
has been reported that the thickness of the cell walls
and the presence of mue '~ge is not of great importance
(Dromgoole, 1981)f although Chapman and Chapman (1973)
report that thicker cell walls a~e frequently found in
algae experiencing higher de9rees of desiccation. The
presence of alginic acid in the walls is also reported to
redude desiccation in fucoids (Berard Therriault &
Cardinal, 1973; in Dromgoole, 1981). An il1c'reasein
tempe.rature is rrported to dec'1::"easedesiccation
resistance in l?adina jg.];!onica(Allender, 197'/),
i.ndicating that desiccation :may vary seasonally. This is
supported by the report that :resistance to desiccation in
Fucus spirali.s Linnaeus and gelvetia Spa reache$ a
maximum in summer and a minimum in winter, and that the
percentage dry matter content of the tissue is correlated

.
a:i..L.'

wi th both the changes in resl.stance and tlleseason
(Scllonbeck & Norton, 1979). plants are reported to either
tolerate or avoid desiccation. Examples of t,oleral1ce
include reports that pel vetia ,ganalic_ulat:lis able to
recover after being exposed to the air for a few days
during neap tide, and FUCllS distichus has gr'eater
photosynthetic activity when initially emerged than when
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submerged (Dring, 1982). However, continUed emergence
reduces the photosynthesjc;, of this species. There are
suggestions that the position on the shore determines
whether photosynthesis is greater wIlen emerqeu or
submerged (Quadir at sl., 1979; oates & Murray, 1983).
Desiccation for four hours during the day, causes death
of ~QPbYllYm Dodpsum, whilst exposure du~ing the night
has no effect (Rheault & Rythor, 1983). This indicates
the importance of the time of day (and temperature) at
which the emersioll occurs, ie emersion at ntidday does
more harm than at night, dusk or dawn (Chapman & Chapman,
1973). The morphology and growth Pt:v~sca -of' 'the rlant is
also reported to affect the d'9s1~~'" ~i.stance
(Zanev..ald,1937; Ln Allend'.!;ir,19', .Jli~ ~t,ophyte of
gadine, .ism,Q.uicais reported to La,. d. higher Gnlersion
tolerance than the spo- phyte ~A.l.lc.nder,1.~·;'7). It was
observed 'tnat many of the '\.nt':,sl't.!.C:al;..lgae •.ncluding ,P-.

J.Qn9.i_:!;_ol:i,f!)having plants with a,nUlnbl:~r of lamina, are
not as badly desiccated as plants '~tith less laminae. This
is due, :i.npart I to the protection of some Lamd.nae by
those lying above them. Similarly very dense popUlations
are more resistant t,odesiccation due to the potential
protection from ~eighbours, ie aggregation of laminae,
whilst single pkarrcs have lldssprotec·tion unless they are
surrounded by plants of another species. Palmisano and
Sheng (1977) report that largt::::clumps of seaweed and kelp
protect each other froltildesiccation and also slow down
waves, thus reducing the effect of wave action. Plants
lying on sand are also able to retain water longer due to
the water retent:i.onpotential of the sand (Isaac, 1933),
and therc. are reports tha't plants buried under 10cm of
sand experience the same temperature as that in the
subtidal region (Johnson, 1963). Cheshire and Hallam
(1988) report that there is physical erosion of the tips
of Du:t:.villa,ei!RQ!:atorUlnplants which have been exposed tC)
desiccation, and Norton at al. (1981) suggest that the
erosion of algal lamina tips due to desiccation may
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result in a considerable decrease in growth. Erosion
following desiccation may be one of the ntajor factors
leading to the degeneration of the plants in the H+ and H
sites I which were the only plants that wel'e exposed to
the air for any period of time (except I which was
covered by sand for long periods of time). 'rhe much
denser populations in these two sites, and the larger
plant~ (over 60cm for large periods of the year) may,
however, ~ave led to desiccation resistance.
Unfortunat,~ly, the lethal level of desiccation was not
measured in this study, however, this would make an
interesting stUdy.

From the results obtained for the desiccation curves ofn. longifolia from the different sites (Fig. 48, A & B),
it appears that the pattern of desiccation is similar for
plants from all the sites however, the plants from 1:.he
more frequently wave exposed sites (I, Hand H+)
experienced a greater percentage of desiccation over the
allotted time period. This is probably explained by the
larger laminal area of plants from these areas , .?mother
study performed on intertidal algae from Palm Beach,
showed that although n.. .longifo,.llirapidly lost water in
the initial stages of desiccation experiments, i,t
recovered rapidly and completely suggesting a high level
of lethal desiccation (Savage, in prep.). It would have
been interesting to compare the lethal desiccation level
of plants from the different sites, some of Which were
never exposed (Ll, L2, L+ and I), and others that were
regularly exposed to desiccation (I+, Hand H+).

The percent&ge rehydration after oven drying (Fifj. 49),
~ndicates that only the intermediate site (r; 77.82
(±4.S8)% had ~ significantly higher percentage
rehydration (P<O.OOl), whilst all the other sites had
silllilar.'varras (H+; E;3.94 (±S.15)%. The lowest waVe
activit.y site 1,1 did however I have the lowest percentage
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rehydration and only recovered 49.92 (:!.:8.82)% of tIle
original n18Ss. This could be explained by the fact that
the former site (X) was frequently inundated by sand or
completely dried out. The plants in this region would
thus need to be able to rehydrate completely after
desiccation. Although the high wave exposure sites (H and
H+) did sUffer emerge rice, there was the occasional wave
or splash which ]tept the plants moist. The intermediate
sit0 (I) however, was observed to suffer periods of up to
few hours, without any water mdvement or spray. It has
been suggested that water loss or desiccation reduces the
survival of thalli in wave swept environments because the
biomechanical features which allow the plant to survive
are a.ffectedby desiccation, eg lamina strength may be
aff~cted (Kraemer, 1990).

The aspects of desiccation and rehydration measured for
D. longifolia are included in the structural summary
(section 4.13).

4.9 ANATOMICAL STUDIES

There ar.e numerous studies involving different aspects of
cell anatomy in members of the Dictyotales and other
brown algae. Few of these report any anatomical
difference between plants growing in wave exposed sites
and those from moze sheltered areas. Kristensel1 (1968; in
Cheshire & Hallam, 198B) does however, report that the
cell walls of fucoids from areas of high wave activity
are thicket't.nan walls of plants from more sheltered
sites. A detailed anatomical comparison of ~. lon~ifolia
from different wave activity areas was originally planned
for this study howp.ver, due to the-difficulty experienced
in the preparation of material for TEMf the detailed
anatomical section of the study was terminated. Fixation
and infiltration problems are commonly exper'Lenced during
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the preparation of brown algae for ~JM (Hallam & Luff,
l.988). This is reported to be due to the presence of
thiok walls, physodes and phenols which disrupt the
infiltration process. The anatomical study which was
performed on )d. long:i,.folisis a general description of
the cell types and arrangement u~ing information from
light, Scanning and occasional Transmission Electron
microscope photographs. An anatomical comparison
involving cell wall thickness, ratios of cell types and
the sizes, and ultrastructure of the cells of plants from
different wave exposure regions would, however, be an
interesting study.

4.9.1 Apical tip

Members of the Dictyotales are characterised by an apical
meristematic region. The meristematic cells divide
longitudinally and transversely and are reported to give
rise to the other meristems, as well as the midrib
initials in pictyopteris (Katsaros & Galatis, 1988).
These authors report that the longitudinally dividing
cells bGcome the central, apical cells and are fully
J'Ilerl.stematic,whilst the transversely dividing cells
undergo further division before playing a role in the
expansion of the wings. The organelles in the apical
cells of .Q,;membranacea are reported to be highly
polarised (Katsaros & Galatis, 1988). Qictyo~teris is
distinguished from the other members of the Dictyotales
by the marginal, apical row of four to five (rarely more)
large, meristematic cells which divide into a thin lamina
and a prominent midrib (JOhnson, 1889; Fritsch, 1965~
Allender & Kraft, 1983). The sunken apical tip containing
the elongated meristematic cells, such as that observed
in.Q. longifoli~ (Pl. 7g A-M), is reported for other
species of Oic't:lQJ2teris.However, the pit in l'!.
membranace~ does not appear to be as deep as that in l'!.
lcmgifoli!1.(Katsaros & Galatis, 1988). The tips of the

269



newly dichotomised branches or the tips of new laminae of
o. longifol~ do not have a pit (Pl. 7, C) but the
elongated, "sausage shaped", longitudinally dividing,
apical cells are visible at the laminal tips (Pl. 7, D··'
E). It appears that two of these cells initiate the
formation of the dichotomy (Pl. 7, L & M) and the midrib
(Katsaros & Galatis, '988). _'i)

There appear to be two layers lining the pit (a thin,
fibrous, inner layer and a thicker, outer layer). The
outer layer appears to be mucilaginous in nature and is
thickest (up to 100~m) at the base of the pit and tapers
outwards, whilst the inner layer is much thinner (301-'mat
the widest point) and tapers only slightly (Pl. 8, A-D;
Fig. 50). It is thought that these two layers form a
protective ooat or layer over the sensitive meristematic
cells. An extensive literatUre search was performed, but
no similar report was found. The composition of the
layers was not investigated however, if a largeI' range of
staining techniques had been used, the composition may
have been determined.

4.9.2 Wing structure

The mature wlng of 12. longifolia has characteristic
bulges at the margins (Pl. 9, A-F; Fig. 51, B; Fig. 52,
A). This thickened margin with a cluster of small cells
at the outer edge, has also been described for
QictyoptW...!?.nig:ricans Womersley (Womersley, 1987) and .12.
delicatula (Allender s Kraft, 1983) I but not for all 'the
species of PictYQ.l2..1;.gris.The thickened area lncreases
with maturity and young laminae may have only slight
thickening (Pl. 9, D; Fig. 51, A), whilst in older
laminae the bulge may consist of a number of layers of
cells (Pl. 9, E & F: Fig. 52, A). In the basal regions of
the laminae of .n. longj,folj.~,the wing bulges and (in the
most basal regions) the entire wing may be removed.
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Katsaros and Galatis (J.988)report Q similar reduction of
the wings at the base of the laminae of U. membranac~~.
However, these authors suggest that this reduc1.:icnis not
due to tissue degradation and abrasion, but rather due to
an increase in the rate of asymmetrical divisions during
the initial stages of thallus development. The cells in
the marginal bulge are dissimilar to those in other areas
of the wing in that they are much smaller (25pm) and more
tightly packed (Pl. 9, F). There are approximately 13 of
these cells across the bulge. The entire lamina is
covered by a single layer of epidermal cells (on both
surfaces). The remainder of the wing is composed of a
nUmber of parallel layers of large (50-75~m), irregularly
shaped, thin walled (1.5J.l.:m) cells which divide in
different directions. In young laminae there may be only
two layers of wing cells (Pl. 9, G; Fig. 52, B) whilst in
more mature Lami.nae there are a few layers (Pl. 9, H-J s

K; Fig. 52, C)I Katsaros and Galatis (1988) report the
presence of marginal apical initials that give rise to
the tissue of the wing. The latter authors report that at
different distances from the apica1 initials, the
derivative cells start dividing and result in a two
layered wing such as that observed in 12•. 1ongitQlia (PI.
9, G).

.'1,

4.9..3 Midrib

The midr.ib is the thickened region (0.5 -lmm thick)
running down the centre of the lamina of D,. lqp_gj._fo:,t.ia,
and is charaoteristic of the genus. It appears to be
initiated by the meristematic celIe of the apical region
and is not as thick in the apical region and in newly
formed laminae ;Pl. 10, A-C; Fig. 51, B; Fig. 52, E). The
cells in the less prominent midrib (500J,'mthick) are
smaller and have thinner walls than those in the more
mature regions (Pl. 10, E). The epidermal cells are also
small.er and less prominent in the immature midrib. The
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mor-. nat.ureregions (approximately Lmm thick) of the
midrib are found nearer to the base of the lamina as
growth occur'sfrom the apdca.l,tip. Although the apical
cells may be responsible for longitudinal growth, there
must be some meristematic activity that accounts for the
thickening of the midrib towards the more mature regions.
There does seem to be some division in the epidermal
cells of the midrib, and in more mature regions the
epidernlis becomes the meristoderm and produces the
rhizoids (Pl. 10, F-J; Fig. 51; C; Fig. 52, F). However,
this is not very clear from the photographs t.akenin tlds
study. There is a report of a superficial meristem which
is involved in increasing the thickness of the midrib (in
p-. :melnbranaceii;Katsaros & Galatis, 1988). In the more
mature regions of p-. longifoli~, the cells are large
(30j.Lm)with thick walls (4/.&nl;Pl. 11, A-J). Katsaros and
Galatis (1988) also report that the walls of the midrib
cells of Q. membranace~ are very thick. The walls of the
cells in ~. ~ifoli~ appear to be composed of layers of
material (Pl. 11, K & L). A similar report of thick walls
composed of what appears to be fibrillar material, has
been reported for .F.Yc:usand other brown algae (MCCully,
1965). The cell walls of another Dictyotalean alga
Dic~Qta gichQtom~ is also reported to be multilayered
(Evans & Holligan, 1972).

There are approximately 14 layers of cells across the
midrib. It Ls believed that the cells of the midrib are
thi.ckwalled (4J,nnthick; Pl. 11, B-L) for extra strength
because the midrib is often the only part of the laminae
that remains once the wings have been abraded away
(Chapman s chapman , 1973). The structure and thickness of
t:.henidrib is similar from the mature region to the
holufast. In the basal region of the lamina there may be
some production of rhizoids from the epidermal meristern
lmeristoderm) of the midrib (Pl. 10, F-M). The wings of
'thebasal region of the lamina may degenerate leaving
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little tissue surrounding the midrib. The midrib appears
to get narrower (6 cells across; 2oo~m thick) nearer the
base of the lamina and into the holdfast. This m~.y be due
to prolific division of the outer cells of the midrib to
produce rhizoids (hence the smaller size of the cells on
the periphery). Although in some brown algae the "stalk"
at the base of the lamina is called the stipe, in this
species this region is believed to be caused by the
abrasion of the laminae wings and was thus determined by
the degree of abrasion experienced r ie at certain till,)s
of the year the entire lamina was reduced to midrib and
would have thus, by other definitions, have been ~alled
the stipe. The remains of the midrib at the lamir.abase
was thus not considered as a stipe, but was included as
part of the lamina. At the base of the lamina, jus'\:.
before the midrib enters the holdfast I the midrib wart,
observed to become cylindrical in cross-section (from
being fairly flattened). A similar obss~~'vationwas
reported for D. membranacea and it has been suggested
that this change is due to the activity of the
meristoderm in this region (Katsaros & Galat.is, 1988).
There appears to be a c~re of midrib cells (approximately
200l-'m wide) in the centre of the holdfast. (PI~ 10, N & 0;
rig. 51, F; Fig. 52, H).

The cells of t.he midrib throughout the lamina. of J2..
long,1folia appear to be square or brid··...shaped in cross
section and smaller (3UJ,£mwide) th~tt· 'a of the wing"
with thick walls (41..41n). The ~ompositifl:,"l.lot the different

\

wall layers in D. longifolia was not det~rmined4 The
cells are elongated in longitudinal section
(approximately 65J,£mlong; Pl. 12, A-E) with pores in the
longitudinal walls (Pl. 12, F & G).

Large, more complex seaweeds, such as some members of the
Phaeophyceao which may grow up t~ a size of 30m (og
Nacroc~stis; Manley, 1981), require some form of
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transport other than the simple diffusion of material
between the cells of the plant (Schmitz & Srivastava,
1974; Buggeln, 19a3). The conducting systenls of the brown
algae are believed to be a parallel evolution to those in
green plants t without there bei,ng any connection between
the two groups (Schlliitz& I,obban, 1976). The process, and
aspects of the anatomical features of ~Ubstance transport
in brown algae, has bet;!nthe subject of numerous studies
entailing observations of dye and radioisotope transport
at speeds exceeding those pli)ssibleby diffusion alone
(Parker, 1965; Buggeln, 1983). ·rhetransport of both
organic and inorganic material over long distances, in
big and fast growing brown species, eg Neregcxstis (grows
6-13cm per day), is highly efficient. It is also believed
that some type of transport occurs in smaller, less
advanced species, hut this has not yet been shown
(Diouris & Floc'h, 1984). Seaweeds, unlike terrestrial
plants, are able to absorb and accumulate nutrients from
the water, through all parts of the thallus (Floc/h,
1962). Translocation (long distance transport) of
absorbed substances, eg phosphorus (Floc'h & Penot,
1978), nitrogen (Davison & stewart, 1983) and C-labelled
materials (Luning et al., 1972)~ as well as
photosynthates, have been reported.

'J'.1hetheory that material is transferred from areas cf

high (source), to areas of low availability (sink)
seaweeds, is supported by the observation that there may
be a greater dry mass iA'l the growing tip, meristematic
rugions, and unfurled laminae of the plants than can be
explaine ~ by the photosynthetic capabili'ties of these
regions alone. In more mature pa:t'tsof the thallus, the
opposite is true, ie there is a greater carbon fixation
than what is needed for growth. Thus, it has been
suggested that there is transport from the areas of
excess which are usually mature, to areas of deficiency
which are usually growing (Schlnitz& Lobban, J.976;
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Buggeln, 1983). In the case of plants growing under a
canopy, the areas in the light act as the source and the
photosynthates are transported to a'l:eaP:iwhere there is
reduced illumination (Schmitz I 1981). The dir~ctiQn of
the movement may also change if the sink is r~moved, eg
the growing tip is destroyed. Material. applied in the
middle may move bid.irectionally (Buggeln, 190J) and there
is also reported to be lateral movement in the wings
(Diouris & Floc/h, 1984). Schmitz and Kuhn (1982)

)\suggested that prior to long distance transport in the
medulla t there must be transpoi..t across the parenenyna
cells of the cortex in what is believed to be a
s):'lUpla~ticprocess. Photosynthesis occurs mainly in the
outer layer of the cortex cells, and then the
photosynthates are cransferred across the cortex to the
medulla in the centre of the plant for transport (Schmitz
& I\'libnf 1982). There may also be a cha~q'e in direction
during different seasons, ie if the grb~iing tip changes
or the reproductive structures develop and become new
sinks (Schmitz, 1981). The transport from a new region tu
an old is not believed to occur and, in the ~'1on-growir!',g
season, the transport from the mat.uze fronds is believed
+c be to the holdfast for storage (Schmitz Ii t.obban ,

1.9'16; Lobban, 1978). The midrib has beon identified as
the pathway for movement in some Fucalean species, as its
remov~l prevents transport (Diouris & Flocih, 1984).

i I

Translocation occurs in both light and dark conditions,
but light and temperature affect the velocity (\nd
possibly also direction, of the movement (Parker, 1965;

Buggeln, 1983). The.re is difficulty in measuring
translocation velocity due to the fact that the velocity
may vary with species, plant, thallus regioa and
envf.ronment.al conc'l.ition(Schmitz, 1981; Buggeln, 1983).
The diameter of the pores in the eieve plate also affects
the velocity. The translocation rate is a more frequently
used aspect of movement. It is defined as the movemerrt;of
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dry material per und.t;of:.ime,divided by the cross
sectional area of the transporting channel (Schmitz,
1981) •

In t.\lelarge I more complex members of the brown algae, eg
Laminariales there may be a highly specialised oell
organisation with different cells having different
functions (Schmitz, 1981). Studies on the anatiomy of
various advanced members of the brown algae, e9 Lam:i.nariB
(schmitz & srivastava, 1974) and MacrQg~stis (Parker,
1965), ~..a:lTerelated the presence of "hyphae" or sieve
elements in the medulla to the transport of substanoes in
thallus of the seaweed (Sideman & Scheirer, 1977;
l3uggelnI ;L983). The tr~msporting cells found in the
medullary region are not organised into bundles such as
in hlgher plants, but rather form a reticular systelu
(Schmitz 81 Lobban, 1976); although Buggeln (1983)
reported ::a fairly regular system of tubes. The sieve
tubE;S of algae differ from those of higher plants in that
thet-e are no companion cells and no centra.l vacuoles
(Lee, 1980). The tubes may become trumpet shaped due to
passive stretching caused by growth. The Jlames "sieve
tube" or "sieve element", relate to the presence of a
sieve plate with pores traversed by protoplasmic strands,
which separate the cells across their transverse walls
(Fritsch, 1945i Bisulputra, 1966; Lee, 1980). The pores
of the cortical cells are only found in thin regions of
the wall, whereas, in the sieve elements, the pores are
found evenly allover the sieve plate (sideman &
Scheirer, 1977). Transport is reported to cease in the
older elements which may die and undergo callose
deposition in the pores (Fritsch, 1945; Schmitz, 1981).
The pores of algae are l'eported 'cobe less advanced than
those found in the higher plants due to the lack of
internal components (La Claire, 1981). The pores do
however, maintain the cytclplasmic continuity between the
cells, eg Dawes .~,.1;,al. (1961; in Bisa.tputrat 1966) report
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