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ABSTRACT

Aspects of the brown alga Dictyopteris lopngifolia at Palm
Beach, Natal, were investigated with special reference to
the effect of wave exposure.

A description of the species is given and the
noemencloture discussed. Distribution of D. longifolia was
deternined from literature and herbarium specimens.

various methods of measuring wave exposure were assessed
and reviewed. Attempts were made to quantify sand
abrasion and deposition in the study sites.

Morphological and structural aspects of the thallus were
found to vary considerably with season and wave exposure,.

Light and scanning electron microscopy studies indicated
the relatively complex cell organisation of this brown
alga.

The prolific regeneration from various thallus sections
of D. longlifvlia indicate that regeneration is an
important survival stratcy following damage.

Sexual reproduction and tetrasporogenesis were
investigated. Sexual reproduction was not prolific in the
field, however, tetraspores were abundant and are
believed to be particulerly important in high wave
exposure areas.

D. longifolia experiences a range of environmental

conditions and responds to these with morphological,
structural and reproductive adaptations.
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1  INTRODUCTION

This chapter will begin with a discussion of the
characteristics of Dictyopteris longifolia Papenfuss (in
ed.),, starting with distinguishing features of the
Phaeop@yta and dontinuing with characters of the order
Dictyotiales, the genus Dictyopteri: and finally, the
species Dictvopteris longifolia. The discussion will
include aspects of anatomy, reproduction, life history
and evolution in the brown algae.

The study of D. longifolis outlined in this thesis
involved investigations of the effect of various
environmental factors, in particular wave action, on
aspects of the plants’ morpholeogy and population
characteristics. The methods of assessing wave action and
the physical effects of waves on intertidal organismg and
their growth, are discussed. In addition, the _
regenerative ability, anatomy, sexual reproduction and
tetrasporogenesis of P. longifolia are mentioned. '
Emphasis is placed on areas where adaptation to harsh
wave~swept environments may have occurred,

1.1 PHAEOPHYTA
1.1.1 Gen<ral Characteristics of the bivision

The bruwn algae or Phaetphyta are a large group of plants
exhipiting a wide range of morphological and anatomical
variation. They are found predominantly in marine
environments, with a few genera existing in brackish
water and very few in fresh water (only four genera
including Heribaudiella, Pleurccladia and Bodrinella).
Members of the division are found in both hemispheres, in
tropical to Arctic waters. 'They form a significant part



of the intertidal flora. Members are reported to extend
fro. the Upper Littoral Zone to & depth of 270m (in
tropical waters). The greatest diversity of both species
and morphological tywes are, howavér, reported to occur
in the colder. water regions (Bold & Wynne, 1978),
although members of some orders, eg Dictyotales are most
common in warmer tropical or subtropical waters (Dawes,
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 cellulose present in the inner layer
differs from that found in higher plants, in that it
consists of glucvse and xylose, while higher plants have
only glucose. The xvlose i, however, also present in
other groups of algae (Morris, 1967). The ratio of
alginic acdd to fucoidan varies between dlfferent species
of brown alga, parts of an individual and environmental
conditions {Lee, 1980).

It has been suggested by Evans et al. (1973; in Fletcher,
19387) that the amount of fucoidan present in the wall
increases with an increase in expesure 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 composed of primarily mannuronic acid with
variable amounts of gnluronic acid. 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 commercial products (Scagul et
al., 1982).



The thallus may also have an external "cuticle! or a
mucilagenous layer compossed of priwarily alginic acid and
fucoidan (Morris, 1967). Some plants have copious amounts
of mucilage and feel v.rery slimy to the touch. Mucilage is
found both intercellularly, where it is believed to play
a role in adhesion of cells and filaments and
extracellularly, where {t is thought to play a role in
adhesion of the rhizoids to the substratum, in herbivore
defence and prevention of epiphyté settlement (Fletcher,
1987} . Some members of the Phaeophyta, eg Laminaria and
Nereocystis have a system of mucilage ducts and canals
for the transport of the mucilage to the surface {(Walker
& Bisulputra, 1977; Kasahara, 1985; Fletcher, 1987).
There are only two calcified members of the Phaeaophyta,
both members of the Dictyotales (Padina and Zonaria).

The cell walls of brown algae are penetrated by pores
which may be scattered or collected into primary pit
fields. The latter state ls particularly prevalent in
members 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. The
larger members of the more advanced orders such as the
Laminariales, Fucales and, in a simplexr form, the
Dictyotales, have transport systems composed of
ggecilalised tissue, eg the '"sleve elements" of Laminaria
(Fritsch, 1965; Sideman & Scheirer, 1977) which may be
compared to the transport systems of higher plauts.

1.1.1.2 Flagella Apparatus

There are no known unicellular or flagellated menmbers of
the Phaeophyta (Trainor, 1978). However, the gexual cells
cf all orders and asexual spores of all except the
Dictyotales, are biflagellate. The cells are

characteristically pyriform and have two laterally



inserted flagella. The anterior flagellum is the ;ongér
of the two and is covered with two rows of tripartite
hairs or mastigonemes. The shorter posterior flagellum
lacks hairs and is known as the "whiplash" flagellum. In
menbers of the Fucales, the posterior flagellur of the
‘gperm is longer than the& anterior one (Lee, 19380) and
there is a proboscis on the cell. These latter two
features are what Scagel et al. (1982) use as a basis for
their div.sion of the brown algae, into two groups, le
the Fucalean line has this type of flagella structure and
the Ectodarpalean line dces not. The sperm of Qictgotg, a
nmember of the Order Dictyotales has only one flagellum
although there are residual basal bodies whare the base
of the secend flagellum would be found (Morris, 1967).
The motile reproductive bodies ara able to select
suitable sites for settlement and attachment, whilst non-
motile structures such as the tetraspodres of the '
Dictyotales, are unable to select the site and thus rely
on current movement and gravity to determine their
attachment point (¥Fletcher, 1387).

1.1.1.3 Chloroplast

The characteristic Phaeophycean chloroplast consists of
lamellae composed of three closely associated, but
unattached thylakoids. There is a girdle lamella and the
chloroplast is surrounded by a chloroplast envelope and
two mambraies of the chloroplast endoplasmic reticulum
(Bold & Wynne, 1978). The outer of these membranes is
continuous with the outer membrane of the nucleus in the
less advanced orders such as the Ectocarpales, but
discontinuous in more advanced members such as the
Dictyotales, Laminariales and the Fucales (Lee, 1980).
This feature may differ in the reproductive cells of the
higher orders, making it an unreliable taxonomic feature.
There is DNA found attached to the membranss in the
plastid.



There are various types of chloroplast found in the brown
algae, eg discoidal, plate~like, ramified or stellate
(Bold & Wynne, 1978), with the most common beiny the
discoidal type (Fletcher, 1987). Members of the
Phaeophyta may also vary in the number of plastids that
are presamt in the cells, ie a single, few or many. This,
together with shape, is considered to be a dependable
taxonomic character (Bold & Wynne, 1978; Wynne, 1941).
All members of the brown algae, including parasites, have
chloroplasts and photosynthesize to some degree (Scagel
et al., 1982).

1.1.1.4 Pigments

The thylakoids in plastids of members of the Phaeophyta
contain chlorophyll a, ¢, and c,, alpha a.:d beta
carotene, and xanthophylls such as fucexanthin,
flavoxanthin, lutein, diatoxanthin, diadinoxanthin and
violaxanthin., The characteristic brownislk colour of the
members of the Phacophyta is mostly dependant on the
amount of fucoxanthin (an accessory photosynthetic
glgment absorbing light in the range 500-540nm) and
violaxenthin present (3old & Wynne, 1978). These
wanthophylls mask th® effects of the chlorophyll (Chapman
& Chapman, 1973). During senescence, cells lose their
xanthophyll pigment and become greenish in colour
(Trainor, 1978).

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 within species and
with the stage of development of the plant (Lee, 1980).
In the higher orders, eg Dictyotales (Hori, 1972) and
Laminariales, pyrenoids may be absent or rudimentary,



except in the reproductive cells (Fletcher, 1987).
However, when a pyrenoid ls present, it is stalked,
protrudes from and is continuous with the plastid. The
chloroplast endoplasmic reticulum survounds the structure
which i3 not penetrated by any plastidial thylakeids. The
pyrencid contains a granular substance which is believed
to be composed of storage products (Lee, 1980), and is
surrounded by a layer or sheath of polysaccharide (Bold &
Wynne, 1978).

1.1.1.6 Storage Products

The main storage product found in members of the brown
algae is a polysaccheride known as laminarin. Another
product, an alcohol known as mannitol, is also stored and
in some cases so 1s fat. Laminarin is found as granules
in the cytoplasm (Scagel et al., 1982 Fletcher, 1987).
Other products which are stored and may be used in
classification, at the division level, are sterols. Most
nembers of the brown algae contain a sterol known as
fucosterol, while some members are reported to contain
- sargasterol (Morris, 1967). Iodine is also reported to be
stored by the brown algae. Tilden (1935) suggests that
the storage of iodine may indicate that the Puaeophy:a
evolved in conditions where the seawater had a different
chenical condition to what it has today.

1.1.1.7 Physodes and Fucosan

Fucosan is the phaeophycean, tannin-like, phenolic
substance {Galllard, 1962) which is stored in structures
known as physodes or fucosan vesicles found in the
cytoplasm of cells |particularly metabolically active or
dividing cells; Zavodnik, 1981). The substance is
colourless, highly refractive and slightly reduced (Lee,
1980} and has been identified as a mixture of different
phenols (Baardseth, unknown) or am polyphloroglucinols

6



with possible taxonomic importance (Ragan & Craigie,
1378). Fucosan if oxidised in air, which gives dried
seaweed its black or dark brown colour. The physcodes are
believed to originate in the plastids where the tannins
are produced. They then migrate to the cytoplasm where
they mdy fuse into larger vesicles. Tannins and phencls
are believed to act as antibiotics, to control the growth
of hothl epiphytes and erdophytes, eg the reported
reduction of unicellular algal growth by Fucus tannins
{Lee, 1980), as well as to act as herbilvore deterrents.
These compounds are also reported to protect the
chloroplasts by excliuding excess ultra violet light
intensity (Clayton, 1981), and to act in the formation of
a wound-plug following injury (Dawes, 1981}. The
concentration of phenols is believed to increase with a
decrease in water salinity, and to wvary with season and
region of the piant (Zavodnlk, 1981). Tapnins are
reported in nost orders, but are more common in the wore
advanced orders such as the Dictyotales (Fletcher, 1987).

Iridescent bodies are found in some Phaeophyta such as
members of the Dictyotales. The hodies contain what is
thought to be an electron dense, proteinaceous substance
of golgi origin, which gives submerged laminae an
iridescent blue or green colouring instead of the
characteristic brown, eg Digtvota (Fletcher, 1987).

1.1.1.8 cGrowth Forms

Meubers of the Phaeophyta exhibit a number of different
growth forms and a great range in size (from a few
millimetres to 70m). Brown algae are reported to have the
most advanced tissue development 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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maltinucleate holdfast cells in some kelps: Scagel ef
al., 1982) are alseo absent from the Phaeophyta. There
are, however, members which exhibit branched filamentous,
peeudoparenchymatous (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 forhs, eg
members of the Laminariales, Fucales and Dictyotalss,
there is a phdtosynthetic frond-in which most of the
chloroplast-containing cells are found. The frond is also
the region giving rise to the reproductive structures.
The region joining the frond to the attaching organ is
knouwn as the stipe oz stalk. This is the structure which
gives the frond ice upright support. It is flexible and
resilient to withstand wave forces and participates in
the translocation of substances from the
phetosynthesizing frond to the attachment organ. The
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 received, but
must also be able to withstand the drag of the waves on
the frond (Trainor, 1978). The attachment organ is
usually composed of secondary rhizoids produced from the
erect thallus and may come in & nmumber of forms, such as
the fibrous mass found in Halothrix, a compact
pseudoparenchyma such as that in Sargassum, the
parenchymal haptera of Laminaria or the horizontally
spreading, stoloniferous attachment *ound in menbers of
the Dictyotales. All these types are, however, composed
of similar filaments with adhesive properties (Fletcher,
1987). The atrachment region, together with the presence
of thickened walils and a strengthened thallus, are all
adaptations to the frequently wave-swept environment of
the larger brown seaweeds (Chapman & Chapman, 1973).



On a cellular lavel, the more complex, parenchymatous
forms show some cell differentiation. Even in members
consisting of three cell layers there is some
dlfferentiation into an inner medulla and a outer cortex.
More complex members exhiblt advanced differentiation
(although not vascular differentiation like that of the
higher plants) such as the presence of the transporting
sleve elements in members of the Laminariales (Trainor,
1978; si. sman & Scheirer, 1977; Fletcher, 1987).

1.1.1.9 Growth Patterns

Members of the Phaeophyta vary considerably in the type
of growth which they undergo. The various patterns
exhibited by members of tha group are as follows
(Fritsch, 1945; Trainor, 1978; Bold & Wynne, 1978; Lee,
19805

‘1) Diffuse growth which octurs where most of the cells of
the plant are capable &% divigion and the plant van
thus increase its size from any cell. This is Zfound
in most Ectocarpales and some Chordariales, _

2) Apical growth which is found in cases where there is a
sihgle apical cell, group of apical gells or marginal
cells which divide to give rize to the £ellg below.
The plant will thus only grow through apical
division. This method of growth has been reported in
members of the Dictyotales, Sphacelariales and
Fucales.

3) Trichothallic growth which occurs when a meristematic
cell divides inte a halr on the surface and & thallus
cell below. Members of the Desmarestiales,
Cutleriales and some Chordariales as well as the
hairs and rhizoids of some orders such as the
Dictyotales, exhibit this type of growth .

4) Promeristematic growth which occurs when a non-
dividing apical cell controls the growth and division



of a large number of small, dividing cells beneath
it. o

5} The intercalary zone which is a region composed of
dividing or meristematic cells 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 Lamiparia. The intercalary meristem 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
merigtoderm {cortex), and perpendicularly to the
surface to increase the vell number of the
‘meristoderm. The meristoderm of Laminaria is found
around the stipe and divides to increase the girth of
this organ. This type of growth is characteristic of
membars of the Fucales and Laminariales.

1.1.2 Life Hi=stories

The life history of an individual is a combination of the
reproductive and morphological stages of the organism
{Fletcher, 1987). In the brown algae, the site of meiosis
ig considered to be the unilocular sporangium which gives
rise to many, haploid, motile zoospores (wembers of the
Dictyotales have 4~8, non-motile zoospores procduced in
this process). These, in turn give rise to gametophytes
which may be dioecious or hermaphrodite (Clayton, 1981}
and which produce the haploid gametes from plurilocular
organs. These fuse in the water (uswally) 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 fusicn and which is known
as a plethysmothallus. The latter is a filamentous stage
which multiplies itself through the production of spores
from a plurilocular sporangium. Dawes (1981) reports two
types of sporangium in brown algae. The first is the
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plurilocular type which is thought to be taxonomically
important (Clayton, 1981; Wynne, 198l). This type may be
found on the gametophyte or the sporophyte plant. On the
former, it may either produce gametes by melesis, or
reproduce parthenogenetically byﬁmitosis to give rise to
gametophyte plants. On the sporsphyte plant, the 4
plurilocalar sporangium produuéa diploid zoospores by
nitosis. Unilocular sporangia are reported to occur only
on the sporophyte, where the haploid zoospores are ‘
produced by meiosis (Dawes, 1981l). The lack of fusion of
haploid gametes is constidered to be an indication that
vegétative reproduction is primitive and that fusion
occurred secondarily (Scagel et al.. 1982). The simpler
forms are considered to exhibit the more complex life
history, whilst the more complex forms undergo a simple
cyole (Fletcher, 1987), however, Chapman and Chapman
(1973) suggest that none of the life histories are truly
simple because all the generations are capabls of
proliferating asexually.

There are, however, some exceptions to the
generalisations concerning the simplicity of the life
cycle, 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
chenical known as ectocarpene, members of the Fucales
produce a single, different chemlcal called fucoserraten.
The other orders, which are bhelieved to be related to the
Ectocarpales, all retained the ectocarpene but developed
a second or third attractant, such as dictyotene in
Dictyota and multifidene in Zonaria (Phillips et al.,
1990a). This seems to support the theory of separate
evolution of the Fucales from the other brown algae. More
research inte the sexual attractants of the various
different algae, will determine the taxonomic importance
of this feature.
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There are considered to be three major types of life
history in plants (Fletcher, 1987) namely:

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

Diplontic: The plant is diploid and produces haploid
gametes through meiosis. Fusion of these give rise to
a zygot# which germinates mitotically into a diploid
plant.

Diplohaplontic: There are two phases in this life
history. The first is the gametophyte phase which is
haploid. This gives rise to haploid gametes (mitosis)
which fuse to give the second phase, le the
sporophyte, which is diploid and gives rise to
haploid spores through meiosis within a sporangium.
The sporee =0 produced develop into the haploid
generation (gametophyte).

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

1) the isomorphic type in which the haploid and diploig
phases exhibit identical morphologies, and

2) the heteromorphic type which has morphologically
different phases,

The isomorphic type is reported to be present in the
Eetocarpales, Sphacelariales, Cutleriales, Tilopteridales
and Dictyotales; whilst the Chordariales, Sﬁbrochnales,
Desmarestiales, Dictyosiphonales and Laminariales all
exhibit the heteromorphic type (Morris, 196%). Kylin
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{1933; ir tlayton, 1381) classified the brown algae
according 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 Xylin (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 form which could 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 E“;gggxnmgrtype
(Fletcher, 1987).

f%
Vegatative reproduction does occur in membéxrs of the
Phaeophiyta and is thought to be important in
celonisation, especially in regions at the limits of
geographical distribution, ie where there are too few
plants for sexual interaction (Fletcher, 19287}. This type
of reproduction ocours via sections of the thallus or
special propagules, eg Sphaceleria. Some brown alyae are
only capable of reproducing vegetatively, eg Sargassim in
the Sargasso Sea (Scagel ot al., 1982). There may also be
perennation exhibited. This is the growth from a
prostrate, perennial attachment organ (Chapman & Chapman,
1973), eg in the Fucales and Dictyoctales. In members of
the Laminariales, which have very localised meristematic
tissue, the old holdfasts (which lack vegetative tissue)
are capable of proliferating to form normal, new plants
(Scagel et al., 1982).

Agenrding to Chapman and Chapman (1973), the evolutionary
features 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
towards the collection of sporangia into sori, eg
Dictyotales and Laminariales, the tendency from isogamy
to anisogamy and then to oogamy, and the tendency te an
increase in the haploid number of eight chromosomes, eg
Fucales which has 32.

1.1.3 Evolution

There are numerous thecries on the evolution of the
Phaeophyta and the various orders which comprise this
division. The brown algae are poorly represented in che
fossil record, due to their lack of calcification or
silicification of the thallus {Chapwan & Chapman, 1977)
and the similarity in morphology between the Phaeophyceae
and nmembers of othex groups (Clayton, 1981). The earliest
fossil record which can be identified as a member of the
Phaeophyta, is from the Late Precambium Period (1900
million years; Bold & Wynne, 1978). A fan-shaped brown
alga which 1ls similar to extant members of the genus
Bigtyota was found and dated 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 that the
Phaeophyta are the modern representatives of the most
archaic of all marine plants. Evolution of the division
to which the Phaeophyceae belong is sug 2d tn have
origihated, with the rest of the Chrom{h.; i
{Christensen, 1%62; in Trainor, 1978), thiough the
invasion of a eukaryotic cell by a prokaryotic cell
containing the pigments found in the chloroplasts of the
relevant division. aAccording to the scheme suggested by
Chapman and Chapman (1973), the original organism was a
photosynthetic anaercbe. This gave rise to the primitive
eukaryote. The Cryptophytes and the Rhodophytes are
considerad to be evolutionary dead ends. Two main lines
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of evolution are thoumit to have developed. The first
involved the avorution of chlorophyll b and starch~like
storage prcdncts, ie the Chlorophyta ard later the land
plants, The second line involved chlorophyll ¢ and
Taminarin-like storage products,; le the Chromophyta,
which includes the Phaewphyta. A similar theory was
suggested by Scagel et gl. (1982), who use the evolution
of the three different chlorophylls, ie a, b and ¢, as
the basis of 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 conditions 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 "Third Algal Period"”, occurred, that the illumination
avallable was suitable for brown algal pigments to
evolve, The xanthophyll known as Fucoxanthin and certain
chlorophylls, still found in the brown algae today, were
thought to be the pigments which evolved to cope with the
new illumination conditions.

Pederson (1984) suggests that the class Fucophyceae

{ Phaeophyceae) evolved frem a parenchymatous form of the
Chrysophyceae. The two groups are biochemically similar
and Chapman and Chapman (1973), suggest a sinilar
ancestral stock for the two groups as an alternative to
the theory that the Chrysophyceae were the ancestors r;
the Phaeophyceae. - |

The evolutionary sequence of the brown algal orders,
suggested sy Trainor (1978), uses information cn
reproductiion &nd some vegetative features. There ara five
lines which he suggests occurred.

1) The ancestral form from which other forms evolved.

This was filamentous, isogamous and isomorphic.
Clayton (19281) suggests that this ancestral form,
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which is believed to be jisomorphic, had a dominant
gametophyte and a short~iived sporophyte.

2) The 1ife history remuined isomorphic but the plants
Pecame parenchymatous and in the larger forms, sexual
reproduction became oogamous.

3) Theé.%ife history became heteromorphic with the larger
ganetophyte being pseudoparenchymatous and the
sporophyte being a small, encrusting form. {)

4) The life history was no longer isomorphic hecause the

Laporophyte hecame a larger, pseudoparenchymatous or
parenchymatous form, with the yametophyte being a
small, filamentous form. OCogamy occurred.

5) Tha life histories were heteromorphic with the
occasional loss of the free-living gametophyte phase
(haploid), as is oliserved in the extant members of
the Fucales. The sporophyte was parenchymatous with
differentiation of the celis of the medulla occurring
in some cases. Oogamous sexual reprodt..kion occurred.

Chapman and Chapman (1973) suagest two possible
alternatives for the evolution of the various orders.
Both these schemes begin with the evolution of a branched
silevent exhibiting only a haploid generation or
iscamorphic alternation of generations. The latter type of
lite-history is considered more likely, as the ancestral
form was considered to be a primitive "Ectocarpalean-type
organism". The major difference between the two schames
is the evolution of the Fucales and the Laminariales. In
both cases the Dictyotales are connected evolutionarily
to the Cutleriales, the Sphacelariales and the
Tilopteridales. This association is also suggested by
Johnson (1889), who connects them because, besides other
similarities such as apical growth and a parerchymatous
form, the spores of the Tilopteridales are gquafirinucleate
and thus could be linked to ths tetraspores of the
Dictyotales. However, other authors (Clayton, 1981)
separate the Dictyotales #rom all the other orders due to
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the presence of the unique sperm type (1 flagellum) and
non-motile meiospores. Recenl. studies, however, report
biflagellated sperm in the Dictyotalean alga Zoparia
angustata (Kitzing) Papenfuss (Phillips & Clayton, 1991).
The presence of uniflagellated sperm and non-motile
spores have been used in the past to connect the
Dictyotales with members of the red algae which also have
non-motile meiogpores (Johnson, 1889). Clayton (1981)
suggests an early separation of the Dictyotales,
supported by the lack of any intermediate taxa.

Church (1920) also considers the HEctocarpalean-type

- organisation to be the most evolationarily primitive
form. The brown algae display all 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
Llagella. 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 organism, ie having the laximum
surface area of the cell exposed to the medium and each
cell having its own light supply. Attachment in a woving
mediuwn wmeant an increase in nutrient and gas supply (when
compared to moving within the medium). aAn uniseriate
filament would also retain the iight, nutrient and gas
supply and thus the unicells developed into filaments.
The attached cells were belleved to be capable of
ragressing to the planktonic state if the nhutrient, gas
or light supply changed, eg if the water astopped moving.
Different parts of the uniseriate filament would,
however, be exposed to different degrees of water
movement and light. Thls could have led to differential
development and the production of branches. Development
of the holdfast is suggested to have been a response to
mechanical tension produced Ly the drag of the filament.
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The body of the plént daveloped mechanical support in a
number of ways, ey an increase in wall thickness, the
development of polysaccharides in the walls, formation of
& "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 the formation of a three dimensional,
parenchymatous structure. The cells .n 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 to develop into a more
complex form. Together with this, came the development ¢f
the bilateral laminae wliich 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, Heterogeneratae and Cyclosporeae
(Fucales), respectively. This organisation has been used
as the basis for many of the evolutionary systems
suggested by other authors (Clayton, 1941). Scagel et al.
(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 Fucales and is separated
fron the other orders due to differences in 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 thig separation of the Fucales but
suggests an early branching rather than a totally
independent derivation. The Ectocarpalean group can be
divided into several lines of development based primarily
on life history, construction and reproduction but all
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are believed to have evolved from a simple filaﬁgntous
Ectocarpalean form (Clayton, 1981). From this form the
anisogamous, iscmorphic forms; and the oogamous,
isomorphic forms could easily have developed., The main
division is based on the vegetative construction which
forms two groups, ie the filamentous to complex
pseudoparenchymatous form composed of an agygregation of
filaments (Haplostichinae (Chapman & Chapwan, 1973;
Clayton, 1981)) and the parenchymatous form which is the
result of longitudinal divisions of the primary filament
(Polystichinae (Chapman & Chapman, 1973; Clayton, 1981))
and which displays tissue differentiation. The members of
the Ectocarpalean line show variation in réproduction
from the primitive state of lsogamy to the advanced state
¥ oogamy, through the intermediate anisogamy. The
Fucalean-line have a similar parenchymatous and
differentiated structure to the latter group of the
Botocarpalean-line, ie the parenchymatous forms. There
are some'problems with grouping the Phaeophyta according
to their external morphology, eg the highly compacted
filaments of the pseudoparenchyma may be identified as
parenchymatous (Wynne, 1981). The Dictyotales are, once
again, evolutionarily related to the Sphacelariales and
the Cutleriales according to this system.

Contrary to what has been suggested by other authors,
Tilden (1935) suggests that the simple filamentous
Ectocarpales are the most recently evolved group in the
Phaeophyta. It is suggested that the members of the
Heterogeneratae and the Cyclosporeae, both of which have
very advanced menbers, are the pioneeérs of the
terrestrial plants although they themselves are not found
beyond the spray zone. This theory has not heen 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, 1378) four groups of algae had been distinguished.
 These were the red, green and brown algae and the
diatoms. This clasgification was based mainly on colour,
which is still an important feature today, although it is
now accompanied by many other features of the plants’
structure and anatomy. By 1855 (Tilden, 1935) the class
Phaeophyczae in the division Phaeophyta had developed
and, based on this, many different g¢lassification systems
have been suggested (see Tahle 1). '

Teble 1: Table showing various classifications of ths
brown algae up to the class level.

Aukhority Date Division Class.

Kylin 1933 Phaeophyta Tsogeneratae

(Clayton, 1981) v Heterogoneratas
Cyclosporeae

Papanfuss 1946 Phaeophycophyta Phacophyceae

(Bold & Wynne, 1978)

Chadefaud 1960 Phaeophyta Piiaesporeae

{Wynna, 1981) Cyclosporeae

Chapxan 1962 Eucophyta Phacophycede

(Trainor, 1978) -

Christensen 14962 Chronophyta Phacophycaae

{Tralnoy, 1978)

Perestenko 1972 Phiasophyta Phacosporophycidae

{Rynne, 1981} Cyclosporophycidae

Dodgu Wy Chrysophyta Phacophycaae

{Bold & Wynne, 1976)

* fyme & Kraft 198} Phaeophyta Fhagophyceae

% This classification system was uged in ‘this study.

20



The above classifications is based on different Ffeatures.
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
specialisation. Papenfugs (1946) changed the suffix of
the division hecause "Chlororhyta' includes all green
plants and the change to Chlorophycophyvta 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 members. Christensen
(1962) grouped all the algae lacking chlorophyll b into
the same division. Nohe of these suggestions are widely
used, however, the most common systeln and that used in
this study, is that suggested by Wynne and Kraft (#
1981).

There are reports of 32 familles, 96 genera and 197
species of brown algae (Fletcher, 1987), whilst Bold and
WYnhe {1978) report that there are 250 genera and over
1500 gpecies, and Scagel gt al. (19882) report 260 genara
and 2000 species. The number of orders into which these
are grouped range between 11 and 14 and these, in turn,
nay be placed into different subclasses and one or three
clagses (see Table 1). These figures vary considerahly
‘betwaen researchers and as new species and genera ars,
identifind. The state of the orders is also constant.iy
charging {(Wynne, 1981), with some researchsrs adding new
ordere and others combining old ones (see Table 2).

The classges are divided into orders and, in some cases,
subclasses. This division is determined by various-
features. Chadefaud (1960) groups the orders into
shclasses due to the degree of specialisation, ie Proto-
wning least specialised, Eu- being specialised in the
sporophyte generation only and the Para-phaeosporeae
being speclialised in both generations. Nakamura {1972)
uges the mode of construction as the basis for the
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formation of subolasses, ie Haplostichidaé ( non-
parefichymatous), Haplopolystichidae (parenchymataus) and
Polystichidae (both); with the life history type being
used at the ordinal level. Perestenko (1272) uses a
totally different feature for the classification of the
brown algae into subclasses, le differeices in the
germination patterns and early developmeni:. Most of the
more recent classitication changes are, however,
differences in the subglass and order lavel.

Table 2: Table showing various classifications of the
* brown algae up to the order level.

Authority Date  Class Subclass Order

Tilden 1935 Phacophyceae _ Isogeneratae Dictyotales
Tilopteridales

Cutleriales
Sphacelariales

iles

Heteroyeneratae Chordariales

Sporochnales
Degaarestiales

Punctariales

.} Dictyosiphonales
i . Lanittariales
Cyclesporeae : Fucales

Chlefand 1960 Phaeosporeae Protophaeosporeae Ectocarpales
{Wynne, 1981) Tuphacosporeae Choxdaciales
. Spoxochnales

Desmerestiales

Seytosiphonales

Dictyosiphowaies
: Laminariales
Paraphacosporeas Dictyotales
Tilopteridales
Cutleriales
. Sphacelariales
Cyclospoxeae Picales

Horkis 1957 Phacdphyceae Rotocarpales
Deswarestiales
Cutleriales
Laminariales
Sphacelariales
Dictyotales
Fucales

Tilopteridales
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Dictyosiphonales

Rakamura
(Wynne, 1981)

Dictyosiphonales

Perestenko
(Wynne, 1981)

Dictyosiphonales

Bold & ¥ynne

Dictyosiphonales

1972 Phacosporead Haplostichidae
Haplopolystichidae
Polystichidae
Cyclospoféae
1972 Phacosporophycidae  RBotocarpophysidae
Laninariophycidae
Cyclosporophycidae
9% | Phacophyceae
1840 Phagophyceae
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Chordariales
Bporochnales

Retocarpales
Chordariales
Sporochnales
Paswarestlales
Ralfsiales
Soytosiphonales

Taminarisles
Dictyolales
Tilopteridales
Cutleriales
Sphacelariales
Fucales

Ectocarpales
Chordariates

Soytesiphonales

Sporochnales
Deswarastiales
Laminariales
Cutleriales
Dictyotales
Tilopteridales
Sphacelsriales
Ascoseirales
Durvillasales
Fucales

Retocarpales
Desmarestiales
Cutleriales
Lawinariales
Sphacelariales
bictyotales
Yucales
Tilopteridales

Chordariales
Sporachnales
Ralfsiales
Seytosiphonales

Ectocarpales
Desmarestiales
Cutlariales
Lanlnariales
Sphacelariales



Dictyotales
Fucales

* Jymne & Kraft 1981 Phasophyceae ’ Ectocaxpules
Chordariales
Sporochnales
Deswarestialss

Dictyosiphonales '
Scytosiphonales
Tilopteridales
Curlerjales
Sphacelariales
Dictyotales
Lawinarjales
Fucales
Ascoseirales
Purvillaeales

Bcagel et gl. 1982 Phaeophyceae Phagophycidae Dlctyotales
Tilopteridales
Cutlerlales
Sphacelariales
Eetocarpales
Chiordariales
Sporochnales
Desnayestiales
Seytosiphonaies

Dictyosiphonales
Lapinariales
Cyclosporidae Fucales

1.2 ORDER DICTYOTALES (Kjellman, 1893).

The Diotyotales is a large order and members are common
in the warmer waters of the temperate to tropical
regions. Menbers of the arder are found in both
hemispheres and Clayton (1981) suggests that this
indicates that the Dictyotales are an ancient oxder that,
together with the . .ocarpales, Chordariales,
Dictyosiphonales and Sphacelariales, were present all
over the globe befors the splitting of the continents
occurred. The Fucales, Laminariales, Desmarestiales and

* This classification system was uged in this study.
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Sporochnales, however, arose after the splitting of the
continents since they are only present in one of the
hemispheres {Clayton, 1981). There is reported to bae '
either a single family, the Dictyotaceae (Tilden, 1935),
with 20 genera having been identified so far (Bold &
Wynne, 1978); or two families, the Dictyctaceae and the
Dictyotopsidaceae with the latter containing only a
single genus, Dictyotopsis (Wynne & Kraft, 1981).

The systematic position of the Dictyotales has been
fairly stable in recent years (Table 1 & 2), however, in
the p» t the group (call+d the Dictyotaceae) was thought
to belong to the Florideae (Rhodophyta) due to the
presence of the non-motile tetraspores (Johnson, 1889).
The other members of the brown algae were reported to
belong te the Subclass Melanophyceae in the Class Algae,
This author’s report placed the Dictyotaceae into the
Florideae based on work which was performed on
gig;ﬁgpgggig pelvpodioides (De Candolle)} Lamouroux
{Johnson, 1889). Members of the Dictyotales are
characterised by the meristematic¢ region which consists
of a single aploal cell or a marginal row of dividing
cells (apically situated) which divide both
longitudinally and transversely to produce the thin,
parenchymatous thallus (Wynne, 1981). The life history is
isomorphic, diplontic and sexual reproduction is
cogamous. 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 anthseridia give
rise to uniflagellate sperm (although Zoharia angustata
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;
Lea, 1980). The laminae are attsached 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, colourless medullary cells and a
layer of small, cortical cells (Chapman &IChapman, 1973).
The cortlcal cells are reported to contain numerous
small, discold plastids (Bold & Wynne, 1978). A
distinctive character of the Dictyctales is that the
unilocular epcrangium 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,
Qigtygpte;is, Padina and Zonaria.

1.3 GENUS DICTYOPTERTS Lamouroux

The lectotype of the genus was identified by Lamouroux as
Bictyopteris polypodioides (D. membranacea (Stackhouse)
Batters)) in 1809 (in Papenfuss, 1877). The dgenus had
previously been named Halyseris Ag. (Johnson, 1889;
Fritech, 1965) and Neurocarpus (Fritsch, 1965). There are
reported to be twenty species in this genus, distributed
over the tropical and temperate regions of the world.
Simons (1976) lists four species frowm South African
waters (D. deligatui. Lamouroux, D. longifolia, D.
mnacrocarpa (Areschoug) Schwidt and D. serrata (Areéchaug)
Hoyt, while Seagrief (1984) added three more (D.
dichotoma {(Suhr) Levring, D. ligulata (Suhr) Schmidt and
D. polypodicides).

According to Aliender and Kraft (1983), the members of
the genus Digctvopteris are distinguished from other
members of the Dictyotales by the meristem which is
marginally situated and composed of 4 cluster of
neristematic 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 (Fritsch, 1965). These cells are
larger thasn the other cells, contain dense cytoplasm and
are thought to be the origin of the midrib; they undergo
prolific division. The meristematic cells decrease in
activity towards the margin. During .ormation of &
dichotomy, the apical cells form'two groups, one for the
tip of each new branch. Katsaros and Galatis (1988)
report that there are three types of wmeristematic cells
in D. membranacea. These are the central, apical initials
which give rise to the other meristems and the initials
of the midrib, as wel) as the marginal, apical initials
which form the wing and the superficial meristem which is
a true meristoderm and forme the midrib. There may be the
production of adventitious branches from individual cells
along the surface of the nidrib region and rhizolds 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 three cell types in the
midrib of D. membranacea, ie the photosynthesizing,
ebidermal cells; thick cortical cells and slender
madullary cells which have thick, end walls perforated by
plasmodesmata (Katsaros & Galatis, 1588). There is
reported to be a continuity of protoplasm throuyl the
cells of the midrib and stalk. This was shown by staining
(«fohnson, 1889).

Unilooular sporangia are found in sori ou the blmds
surface, although it has been reported that. there are
sowe species which have the sporangia scakterad on the
surface and not in sori (Womersley, 1987). The sporangia ;
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are found on both surfaces of the thallus, amongst
scattered hair tufts and are produced from cells of the
cortax. They may be positloned under or protruding fron
the lamina surface, and may or may not have stalk cells
(single or more) which are embedded in the peripheral

- layer and are yeported teo act in spore discharge
(Fritsch, 1965). Numerous studies have been performed on
aspects of tetrasporogenesis and germination in this
genus (Ohmori & Hashida, 1982), and comparisons with
other genera in the Dictyoctales (Ishii ef al., 1959;
Nishibayashi & Inoh, 19%9; Gaillard, 1973; 19 5). Other
studies include the effects of varilous external features
such as light wave length (Ohmori & Suemura, 1978) and
unilateral light (Ohmori & Ueki, 1979) on the growth of
tetraspores; the effect of the addition of cytochalasin B
(Ohmori & Ueki, 1980) and colchicine (Ohmori & Hashida,
1982) and deficiencies of calcium, potassium and
magnesium (Obmori & Hashida, 1983), on tetrasporogehnesis
and germination of the spores in memberz of the genus.

There are four tetraspores produced in a tetrahedral or
truciate arrangement. Following release of the spores,
germination beging with the production of a primary
rhizoid which undergoes cell division and elongation
prior to thallus development (Inoh, 1936; Nishibayashi &
Inoh, 1959)., Members of the genug Dictvopteris exhibit a
diplohaplontic, isomorphic life history, although sexual
plants of some species are rarvely observed (Womersley,
1987). The antheridia and archegonia are similar to those
described for other members of the Dictyotales.

The dichotomously branched thallus of Dictyvopterls is
attached to a pevennial holdfast or attachment organ by a
stalk or "etipe", which consists of the remaining midrib
once the wing of the lamina has abraded away at the base
of the lamina. This stalk changes from being flattened to
eylindrical at the base where the lamina is absent. The
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stalk thickening islrepérted to be due to the activity of
‘the epidermal meristematic region which gives rise to
rows of cells on the inner side (Johnson, 1889; Katsaros
& Galatis, 1988). Reinke (1878; in Johnson, 1889) is
xeported to be the first researcher to discover secondary
thickening in members of Dictvoptéris. The thickening is
interrupted at points where the lamina wings protrude, ie
the thallius scars. Fritsch (1963) reporte the thickening
at the base of the lamina to be due to the presence of a
thick carpet of rhizoids which covers the base of the
lamina. These extend into a "mat" of rhizoids which
comprise ‘the attachment region and from which numerous
thalli may arise. The thallus and rhizoids at the base of
the plant are thought to be a¢tive in vegetative
reproductlon (Fritsch, 1965).

1.4 THE SPECTES DICTYOPTERLS LONGLFOLIA

Material corresponding to this species was identified as
Haljseris dichotoma Suhr by Kitzing and as Dictyonteris
dichotoma by Mipenfuss, but was later renamed
Dictyopteris longifolia by Papenfuss (in ed., Isaac,
1956). The species has not, as yet, been officially
dascribed although Papenfuss did have it in preparation.
The plant has been referred to as D. longifolia by many
avthors (Simons, 1976:; Brarch & Branch, 1981; Seagrief,
1984) despite the lack of an official description
(Bolton, pers. comm.). This study considers the species
to Lo D. longifolia as the material used is similar to
D. longifolia as illustrated in other reference~ (Simons,
1976; Branch & Branch, 198l), as well as being similar to
specimens identified as D. longifolia from varicus
herbaria in Scuth Africa.

The species consists of a4 flaitened, strap~like thallus
which has & prominent midrib and is reported to
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dichotomise almost reguliarly at 50mm intervals ,although
plants from tnis study were observed to dichotomise at
about 15-20cm intervals, Simons, 1976). It has an entire
margin and may reach a length of up to 70¢m. Simons
(1976) identifies it as having the thallus wings missing
on the lower one or two dichotomies, resultinﬁ in a stipe
which enters the lLeafy part of the thallus as a midrib
and may become cove.»d in rhizoids ("bearded") at the
base, The species is reported to occur along the entire
east coast of South Africa (Branch & Bramch, 1981) and
nas been obgerved as far north as Inhaca Island off the
Mozambigue coast (Isaac, 1956, Macnae & Kalk, 1958). It
grows in areas of shallow water and on low intertidal
areas in rock poole, in areas of varying wave action. It
ig reported to be common in the Lower Balanoid zone which
is fairly high up on the intertidal slope and is exposed
during every low tide (Simons, 1976).

1.5 PHYSICAL ENVIRONMENT OF THE INTERTIDAL REGION

The intertidal zone lg one of the most stressful
environments in which organisms live, and.yet there is a
high diversity of speclies present (Denny, 1988). The zone
ig defined as being the area bhetween the high and low
water marks. It is thus the region which is covered and
uncoveraed by the tide. Due to the periodic submergence
and emergence, the organisms in this region are exposed
to the stresses of constantly changing conditions, and
have to be able to exist in both an aquatic and basically
a terrestrial environment (Delf, 1932; Branch & Branch,
1981; Dring, 1982). Tha changing conditionsg include
variation in evposure to wave action and thus to drag, as
well as to sand abrasion. There are also changes in
exposure to the atmosphere (desiccation), wvariation in
the light and temperature, as well as c¢hanges in the
chemlical environment. Biological factors in the
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intertidal environment, such as hexrbivory and
competition, also place gtresses on the inhabitants of
the zone,

1.5.1 Causes and Types 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
watar motion are not discussed in this study, although
their importance in exposure, saliniﬁy, gpore dispersal,
temperature and light determination, as well as nutrient
availability must be realised (McEachreon & Th.mas,
1987). Various aspscts of waves, including their
formation, characteristics and effects on the shore and
its inhabitants, will be discussed.

1.5.1.1 The Formation and Arrival of Waves

Waves are initially formed due to storms or winds which
cause pressure dlfferences as they blow over the water
and wave profiles, thus giving the waves energy and
height (Smith, 1976; Dawes, 1981; Lobban et al., 1985).
Waves may travei 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 Forties" (about 40° S; Day,
1974). The direction and height of the waves are affected
by the winds that they encounter on the way to the shore,
depth of the water predominant currents that they cross,
the shape of the coast line, as well as the "fetch®
{(which is determined by the uninterrupted distance that
the wave has travelled; Lobban et al., 1985). The wave
action (height and activity) and the topography of the
shore (steepness and ruggedness) determine the degree of
wave exposure (Lewis, 1964; Dawes, 1981).
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As the swell advances onto the shore and the water depth
reduces, the velocity and wevelength of the wave
decreases due to friction with the hottom substrata. The
,bottom water of the wave is retarded and the surface
wat2r 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
transferred from velocity to wave height)}, until the top
water overtakes the bottom water and the wave breaks
(Branch & Branch, 1981). Seymour et al. (1989) reporied
that waves break when the water depth is 1.4 times the
height of the wave. Bach wave has a gentle back slope and
a steep, turbulent front slope (Denny, 1988). There are
different types of waves which have different effects on
the shore. These include spilling waves which have a
small amount of water spllling down the crest and causing
turbulence at the top of the water, 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 very deep water, the water at the lower levels is not
in motion, while that at the surface undergoes vertical,
circular motion. There i a vertical row of orbits
decreasing in diameter and becoming elliptical as the
depth increases, with the circular motion being
negligible at hkalf 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 wave (Day, 1974; Denny, 1988). In
shallow water (less than half a wave depth), the bottonm
water only moves back and forth causing a shearing stress
oh any organisms attached in this region (Vogel, 13%81;
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 et al., 1989).

If the sea is deep right up to the shore, the wave breaks
right onto the beach, whilst if the sea is shallow, the
wava may break far out (Day, 1974; Denny, 1988). A flat,
sandy beach, dissipates the energy of the wave as it
washes up the beach, while on a rough rocky beach, the
wave does not run up as far and is more turhulent. The
height of the run~up is important for the growth of
interstitial organisms (ie those living between the sand
particles) in the swash zone (Denny, 1988). The offshore
region is that which is found outside the surf zone
{region from the breakers to the waters edge) and the
swash zone is the regicn which is alternatively covered
and uncovered by the waves. The height of the latter
reglion (and that of the surf zone) changes with the tide
and this also affects the organisms existing in this area
(Denny, 1988).

Waves nearly always 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 around so that it is forced to come in paraliel to
the shore (Lewis, 1964; Day, 1974; Lobban et al., 1985).
The non-parallel arrival of waves on the shore causzes a
"longshore current" that transports sediments along tha
coast (Denny, 1988). This longshore scouring causes long
straight beaches such as thosge in Natal, unless there are
areas of harder rock which cause headlands. These deflect
the waves and lead to the formation of bays such as those
in the southern Cape. Waves breaking patrallel to the
shore cause greater exposure than those which break at an
angle (Dawes, 198l). The water of these waves, as well as
that of short waves, rushes up the beach and washes back
to meet the oncowing wave, increasing the turbulence
(long waves can wash back withcut causing interference of



'tha next wave). This backwash may lead to rip currents
which are jets of water washing out and then dissipating
behind the breakers. The rips turn the longshore currents
into offshore currents and may be dangercus to balkiers as
they often move at gfeat speeds (Branch & Branch, 1981).
In rocky enviromments, the rips are dissipated by the
bottom topography.

1.5.1.2 Water Flow Over organisms

Local water flow over organisms and the substrata, may
either be laminar, where there is a smooth Flow of
parallel layers with small scale movements:; or turbulent
flow, which is the irreqular movement of the water even
if the flow is in one direction, causing small scale
water movements in a direction different to the direction
of the main water flow (Vogel, 1981).

No matter what type of flow is experienced by an
organism, there is a layer where the velocity of the
water is zero dus to the friction of the vuter passing
over a surface. This layer is known as the boundary
layer. It is defined as % the region from the pd  wheie
the water velocity bégins to slow down to the point
immediately adjacent to the object where the water motion
is zero" (Neushul, 1972). Boundary layers of macroalgae
are reported toc be approximately 150um thick (Lobban et
al., 1985). There are gradients of nutrients and
dissolved gases acrosg the boundary laver, determined by
the diffusion rates of the nutriemts. The boundary layer
is said to be a function of the size and area of ths
blade and the wvelocity of the flow. Little ig k.aown about
how the lamina deflects or affects water flow passing it
or closely adjacent laminae. The 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 &'Ffusion thus
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increasing nutrient flow to the thallus surface (Neushul,
1972; Dring, 1982; Lobban gt &l., 1985), The velocity of
the flow and thus the nutrient supply, is increased by an
increase in turbulence. Turbinlence may be increased by
the presence of wrinkles or spines on the plant surfo.a,
or by the plant remaining rigid and upright or moving in
the direction of water movement (WNeushul, 1972; Lobban et
al., 1985; Koehl & Alberte, 1988). Norton gt al. (1982)
have reported different degreas of surface
proliferations, spines and hairs on seaweeds inhabiting
different regions. The theory that seaweeds produce their
own turbulence by having an irregular surface is
contradicted by reports that some kelps are smoother in
sheltered areas than they are in turbulent areas (Noxton
et al., 1981). In Macrocystis integrifolia Bory %he
degree. , /rugosity increases with the increase in wave
axposure, dontrary to what ote would expect in an area of
high turbulence. This way be an adaptation of

M. iptegrifolia to reduce drag or te strengthen the
laminae, rather than to increase tne velocity of flow and
decrease the boundary layer (Norton et al., 1982; Lobban
et al., 1985). Gerard (1987) reports that, in sheltered
areas, the water velocity is lower and thus there is a
decrease in the boundary transport of nutrients and a
subsaequent reduction in growth and production.

1.5.1.3 Beach Formation and Structure

Beaches experiencing rough surfs are composed of coarge
sand and protected areas or estuaries, have fine, more
stable sediments, The finer sand is found at the bhottom
of the shore because it Ils taken down the shore in
suspensgion in the backwash. The coarser sand is, however,
found higher up on the shore where it settles out of the
water in the incoming waves. The finer sand is also blown
out of this upper shore region when it dries, leaving the
only coarse sand behind (Gray, 1981). The coarse sand
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drains and dries quickly allowing buried organisms to
become desiccated, while those living in fine sand are
not desiccated because of the slower drainage. However,
the finer sand may become stagnant and lacks a constant
supply of oxvgen (Branch & Branch, 1981; Gray, 1981).
Temperature and salinity of the top layers of sdand may
also change due to solar warming and evaporation
(Johnson, 1967). Thig affects any organisms living in the
top few centimetresr of the sand.

The main sedimant distributor, cn a large scale, are the
currents (Gray, !*Bl). However, there is a high degree of
water and sediment circulation in the surf zone., On sandy
beaches where the waves surge far up the shore, wave
action plays a big role (Lobban et al., 1985). In areas
of high wave activity, waves may result in a shore with a
small beach, a steep face and coarse sand, while the

- opposite iy tre y areas of less wave actlion (Dawes,
1981). The bre~  ; or washing of waves onto & rock 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 the high and low tide
marks, and a rock platform may be eroded at this point on
a rocky shore. A stretch of shore may also exhibit
different toppgraphies, and thus different expusures, at
low and high tide, eg a steep slope which tapers off to a
flat platform lower on the shore, would exhibit a high
degree of exposure at high tide when the waves break on
the steep slope; and low exposure at low tide when the
waves break on the platform (Lewis, 1964).

1.5.2 DbDesicoation
Exposﬁre to wave motion is the major force which affects
the crganisms in the intertidal zone, however, other wave

aripate oo gled facktors sre 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 in metabolic functions, and at
the same time be sble to resist stresses such as
desiccation and wave action (Norton et al., 1982). Algal
thalli which are exposed to desiccation must either be
able tc recover from desiccation: orx overcome it by
avoidance, reduction or physioclogical tolerance
(Dromgooke, 1980). Avoidance incliudes living in
aeprassﬁons which retain water, or resorting to
microscopic or boring phases in summer (Branch & Branch,
1981). There are reports of the resistance to desiccation
being a seasonal feature of the intertidal organisms, ie
maximal in summer when the temperatures are at their
highest (Schonbeck & Horton, 1979).

Tolerance to water loss is thought, by some, to be the
'main determining feature of the zohation of the shores,
~ especially in the upper regions of the shore (the 1ﬁwer
raglons are thought to be controlled more by biotlé
factors such as vempetition and herbivory; Brown, 1987).
Norton et al. (1982) reported that algaes found on the
upper shore regions were better suited to rapid water
loss and recovery which causes biochemical damage, than
to slow water lose, ie water conservation which causes
physical damage. Within a zone inhabited by the sane
species, there may bae differences in growth~phase (ie
gametophyte or sporophyte) and morphology due to
different respones to degrees of emersion (Allender,
1977). In some sﬁecies, the small gametophyte generation
is capable of withstanding the long daytime emersion
while tho macroscopic sporophyte is not (Druehl, 198ia).

Body shape and size are important in de.ermining the rate
and degree of water loss, as water is only lost from the
surface of the organiszm (Norton et al., 1582; Brown,
1987). Thus larger organisms have a smaller surface area
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to volume ratio and lose relatively less of their body
mass (in water), than smaller organisms. Some algae
contain a large amount of mucus which loses water,
leaving the cell water intact, ey Splachnidium. Water
content is thus also important, although to a lesser _
degree (Dromgoole, 19280). Other organisems store sea water “
in vesicles, eg Colpomenia, and thus retain water and
nutrients to reduce desiccation and allow photosynthesis
to cortinue (Oates, 1988). Some organisms have surface
irraegularities which trap water or a "false outicie"
which is caused by high concentrations of fatty acids in
the epidar::. *_1ls, eg Fucus (Quadir et al., 1979).
Seaweeds also gilve other organisms protection from heat
and desiccation (Lewlis, 1964). Beds or tufts of a single
algal species, not only protect the members of the bed,
but also offer protection for other organisms, by
retaining water (Isaac, 1933). The type of structare
which the organism displays is also important in the
datermination of the degree of desiccatior, ie flexibie
plants ¢ollapse on themaselves when emergence occurs and
*hug decrease desiccation more than if the plants were
rigid and thus completely exposed to the atmosphere
(Dromgoole, 1981).

The 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 (lsaac, 19337 Lewis, 1964). In
more wave exposed areas, the lower reglons 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 betwaen wetting. The degree of wave action
that the area experiences, affects the amount of exposure
to the atmosphere that the inhabitants are subjected to
(ia high wave activity causes increased spray). Schonbeck
and Norton (1979) reported that piants transplanted from
a wave exposed area to a sheltered area, demmstrated a
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decrease in desicecation resistance and a correlated
decrease in the percentage dry matter present. The role
that the dry matter plays in the resistanc~ to
deslocation is not known, however, the percentage also
changes with seasonal change in desiccation resistance
(8chonbeck & Norton, 1879).

Emergence causes intertidal organisms to be exposed to
extreme temperatures at low tide, On a hot, sunny day the
rock on which an emerged seaweed is lying, may increase
in temperature to a point higher than that of the air and
a great deal higher than that of the water. At nighk the
same rock might drop to a temperaturz lower 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 becone
desiccated in calm periods when there is little spray
(Norton gt al., 1981). The higher up the shore an
organism is positioned, the longer it will be exposed to
thege extreme/ temperatures and the less likely the chance
of it being washed by & wave, ie having the temperature
returned to that of the water. Organisms may be adapted
to lose heat to the atmosphere or substratum by their
shape, colour or texture. The *~2mperature of the plant
not only affects the rate of desiccation, but also the
metabolism (Pring, 1982). A sudden increase in
tenperature may lead to a change in blade morphnlogy or
an increase in blade abscission (Norton et al., 1981).

1.5.3 ILight Quality and Quantity
For the photosynthesizing organisms on the shore, light
is an important feature. Under submerged conditionz, the

organisms that grow lower on 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
{Cougens, 1982), Increased wave exposure can affect the
iight reaching organisms by affecting turbulence and silt
deposition. Light penetratzs water 2000 times less than
air (Dring, 1982). Thus light limits the depth of growth
and is in turn limited by water turbidity, turbulence and
depth {Denny, 1988).

Flatter laminae ensure a larger area exposwd to the light
and the possibility that the pigments are near the
surface of the plant. Norton et gl. {(1982) reported that
most seaweeds maximise their ability to trap light by
having the chloroplasts on the outside surfaces of the
surface cells and by holding the laminae perpendicular to
the sun, eg when flat laminae are spread out by the flow
of water (Norton et al., 1982). An increase in the
surface area ior nutrient uptake, eg hranching or hair
production as «2ll as lamina overlap, may decrease the
area able to absorb light due to self-shading (Xoehl &
Alberte, 1988). Similarly, shading may occur in dense
clumps or kelp beds in which the adult plants are
reported to shade younger plantlets and the lower
branches of advlt plants (Xiugeng & Neushul, 1984). There
are reports of aigher concentrations of photosynthetic
pigments in plants which are found in deeper water or are
continually shaded, eg Dictyota dichotoma (Hudson)
Lamouroux (Perez-Bermudez et al,.,, 1981).

The algae in small pools compete for light and this may
rosult in elongation of the laminae. Many seaweeds are,
however, damaged by too much light and, in these species,
the maximum photosynthesis occurs while the plants are
submerged. If there is a particularly low spring tide
(especially in summer), these plants become damaged and
sun bleached {Branch & Branch, 1981; Santelices et al.,
1981; Duggins & Dethier, 1985). The time of day at which
the low spring tide occurs is of particular importance to
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species which become damaged by high light intensitiles,
as low tides occurring at midday would increase the
chance of desiccation or excessive light (Lewils, 1964;
Dring, 1982). Some algae have adapted to withstard high
irradiance by having migrating chloroplasts, eg Codium,
or masking pigments, eg the brown algae. Algae may &lso
grow in cracks, c¢revices, or on shady overhangs, allef _
which reduce the amount of sun that the ~lant receivak
(Denny, 1988), Light is also a liriting factor when young
sporelings settle. If there are many adults, the o
sporelings will not receive suffic:rent light.

The amount of light which the plant receives is not only
dependant on the dopth, turbidity and turbulence of the
water; but also by the amount of time that it is exposed
to the atmosphere bstween waves. The rate of
photosyrithesis that the plants are able to achieve, is
determined not only by the light received, but also the
nutrient availability and uptake.

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 rainfall
or riunoff, and the carbon dioxide content may decrease
due to algal metabolism (Branch & Branch, 1881; Dring,
1982). Small pools and sheltered areas which lack wave
activity for a large part of the tidal cycle also lack
the mixing which occursg in open seas (Dawes, 1981). This
mixing distributes the salinity, nutrients and
temperature of the water (Druehl, 198la). The organisms
deplete the oxygen and nutrient supply in their immediate
vicinity and this ig not replaced due to the lack of
mixing, Depletion is incresased by the high degree of
epiphytism in these areas (Norton et al., 1982). The
salinity is reponrted to changs in the top few netres of
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variations with waves and change of tide (Druehl, 198la).:
The top layers of water may alsoc suffer nutrient
depleiion due to metabolism of phytoplankton (Smith,
1976; Valiela, 1984). Variation of salinity and nutrient
concentration is reported to affect the morphology of
algae, &g Fucus vesiculosus Linnaeus (Jordan & vadas, J
1972; Norton et al., 1%8l). Some of the algae which grow;

the water thus suhjecﬁing an attached alga to salinity /

be able to withstand the decreases in salinity although f
the plants may exhibit a decreased growth rate. Some are)
even reported to photosynthesize well under conditions oﬁ
varying salinity and nutrient conditions experienced in ;
pools or gheltered sites, eg Phaeovstrophion irrequlare
Setchell et Gardner {Mathieson, 1982b). The cell walls cif
ali;ae (especially members of the Phaecphyueae) contain ;
alginates and fucoidar which are reported to play a rold
(amongst otier functions) in cation exchange and thus iﬁ
resistance to salinity changes and poasinvly also to
desiccation {(Zavodnik, 1981; Mariani el al., 1985).

f
{
_ !
Wave movement is important for the provision of nutrien%s
due to increased movement around the submerged plant. ;
(Kain, 1977; Day, 1974; Gerard & Mann, 1979). In |
submerged plants, the entire organism is involved in |
nutrient uptake, thus the surface to volame ratio vf th%
plants is important for nutrient supply. In sheltered |
areas, there way be a smaller surface area to volune ]
rat Lo (smaller plants) which decreases the amount of I
nitrients that are relatively available to the plant. i
These plants may develop hairs, branches, secoundary ;
stipes, spines, surface protrusior * or more laminas to
increase the uptake ability (itorton ek al., 1982). The
branches of some spscies remain rigid and perpendicular
to the main axis to incroase flow over the thallus and
thus increase nutrient availe' llity (Norton et zl.,
1982). A problem experir ced by some marine plants is
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that the carhon dioxide necessary for photosynthesis must
be dissolved in water and thus some desiccated seaweeds
are unable to photosynthesize. Algae in the highest
regions of the intertidal zone must be qapable of
recovering from desiccation, starting to métabolise and
absorbing nutrients rapldly when submerged (Dring, 1982;
Norton et al., 1982). Brown (1987) raported that all the
tested seaweeds (from differenl parts of the shore),
regovered photosynthetic capability following :
desiccation, after three hours of submergence. The degree
of recovery of photosynthesis after drying, shows the
best correlation with the position of the individual
seaweeds on the shore (Brown, 1987).

1.5.5 Sand Deposition

Sand movement is a further problem experienced by
intertidal organisms (Mcfuaid & 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, 19282). Littler gt al. (1983),
report that even rocky shores (not normally expected to
be greatly affected by sund deposition) have sand mixed
in with the benthic biota and sand movement and
inundation does occur (especially in pools and
depressions). Some speries of seaweed cannot survive sand
cover, while ¢thers thrive when covered, ie are sand-
loving or psammophytic (Branch & Branch, 1981) possibly
due to the protection provided by the gand, against
epiphytes and herbivores (large herbivores are excluded
and swall attached forms which colonise the plant may be
smothered; D/Antonio, 1986). Spores of some algae
tolerate sand cover whilst others suffer from smothering,
scouring, or becoming attached to sand grains which may
be washied away (Mathieson, 1982a).
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sand burial not only affects organisme by physical
scouring, but also due to smothering (reduction in light,
dissolved oxygen and anutrients) and detrimental chemical
changes in the mic¢roenvironment (Littler et al.., 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 deplation and anaercbic conditions (Lobban et
al., 1985), the prostrate rather than the erect morph of
heteromorphic forms (Fletcher, 1987), those with rapid
life histories which reproduce rapidly when the plants
are uncovered (Dawes, 1981; D’Antonio, 1986), or
incompiete life histories which ensure the continued
genetic stability of the resistant plants (Daly &
Mathieson, 1977). Sand deposition may affect the
branching of the laminae, eg Norton et al. (1981) report
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
there is regular sand deposition (Daly & Mathieson, 1877;
Dawes, 1981). There are reports of periodic sand covering
being advantageous to the population by making "free-
space" available and allowing an increase in diversity by
encouraging the growth of opportunists which appear soon
after the initial }+wial (Littler et al., 1983).

Sand depogition may be seasonal (Lobban et al., 1885);
Daly and Mathieson (1977) suggest diurnal, neap-spring,
storm and summer sand inundations which may be affected
by local topography, wave steepness, angle of wave
impaét, sand particle size, wind, tidal amplitude and
beach slope. There are reports of sand inundation being
highest in wave exposed areas (Mathieson, 1982a},
although, high wave action may inhibit the settlement of
sediment onto the laminae of the plants (reducing the
possible shading effect). However, sediments kept
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suspended also decrease the light reaching the organisms
(Neushul, 1972; Koehl & Waihﬁright, 1985). It appears,
however, (pers. obs.) that there may be a rapid
alternation between sand inundation and removal in wave
exposed areas on a tidal scale, while in sheltered areas
there is a slow £illing up which remains for long periods
(until a storm or spring tide is experienced).

1.5.6 Hexbivory

Lewis (1964) suggests that the effect of wave exposure on
algae is indirect and only due to the effect of the
exposure on the herhivores. Duggins and Dethier (1985)
however, reported that the rewoval of chitons from
experimental sites allowed the extension of the zone of
subtldal kelps further up the shore to regions where they
were unable to withstand the stresses of summer exposura,
and thus died back. Kitching (1987) reports a variable
reaction of both faunal and floral epiphytes and
herbivores to differences if wave action. In sheltered
areas where small herbivores such as snails are common
(they cannot survive high wave exposure), grazing
herbivores may even be an advantage to the alga in tha*
they remove the surface epiphytes from the laminae
(Lubchenco, 1983).

Littler et al. {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 the species, following the removal of the herbivorses
(Duggins & Dethier, 1985), eg upright when there are few
herbivores and crustose when the herbivores are more
active (Norton et al., 1981). Features of the algal
morphology such as size, shape, toughness, calcifiqﬁtion,
presence of a "“cuticle" and any surface irreaqulerities.
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nay affect the preference of herbivores for that
individual (van Alstyne, 1988),

Seaweeds are the primary producers of the intertidal zone
(phytoplankton play a small role in this region). The
tiny algal spores and germlings are more readily grazed
by herbivores and filter feeders, 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~s in order for the
sporelings to escape predation and abrasion (Lubchenco,
1983). There iz also believed to be a different
preference between the gametophytes and sporophytes of a
species (Hannach & Santelices, 1985). Large plants are
believed to be less palatable than theixr sporelings and
immature thalli, for both mechanical and chemical
reas: 2, eg less anti~herbivore substance is produced in
small plants presumably due to the energy required for
quick growth (Lubchenco, 1983). Many algae secrete.an
anti=herbivorous, secondary metabolite, eg Digtvopteris
delicatula (Hay et al., 1988), which stops herbivores
such as fish and starfish (smaller herbivores such as
amphipods are not affected to such a Jdegree) from eating
the plants. Other species of algae have a shield of slime
which may have antibiotie properties, while still others
are reported to shed their outer surface thus
discouraging herbivory, epiphytism and parasitism
{Kitching, 1987). In more wave exposed regions, the areas
damaged by herbivores are more extensively removed than
in less wave sxposed areas, and this decreases tha chance
of recovery ol regeneration of these damaged areas
(Noxton et al., 1981). Aspects of the plant structure
such as the toughness and the shape of the lamina, may
also affect the herbivory potential, eg a narrow, buoyant
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frond ig more difficult to grip and manipulate than a
flat, broad lamina (Watson & Norton, 1985).

1.6 ALGAL RESPONSE TO WAVE EXPOSURE

It has been reported that iwaater.motion weasuirements
were converted into wind speed, intertidal organisuy
would be experiencing forces of up to 400 wm\s or at lsash
60 m\s, which is considerable if cpnsidering wind acting
on terrestrial organisms (Charters et al., 1969). Sone
algaes 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 attached or entire
in these stressful conditions (Simons, 1976). Adaptations
for survival ocour to the detriment of the growth and
productivity (Gerard & Mamm, 1979). There are reports
(Dawes, 1981) of an increase in diversity but a lower
productiivity and biorass in some populations found in
areas of higher  exposure, and reports to the contrary in
other populaticns (Gibbons, 1988). Kelp bheds or large
patches of seaweed, reduce wave action on the shore and
thus provide protection for other organisms (Palmisano &
Sheng, 1977). Plants growing in the wave-swept intertidal
region are exposed to different degrees of wave action,
resulting in varying degrees of abrasion, drag, gas and
nutrient supply as well as the related environmental
conditions discussed in the preceding sections. The
plants react to these stresses in & variety of nanners
involving their morpghology, populationh characteristics,
reproduction, physiology and growth.

i.6.1 BEBffects of Wave Exposure on Morphology
Morpheological changes in response to efivironmental

stresses are the most immediately obvious responses
displayed by organisms. Organisms adapt to different
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conditions by developing the optimal pheﬁﬁtype for those
conditions experienced. . Ny

1.6.1.1 Effects on Attachment

Intertidal organisms are exposed to intermittent pulls
and jerks in different directions; due to the back and
forth movement of the waves. Unlike terrestrial plants
which have their root systems anchored under the ground,
the attichment organs of the seaweeds are also exposed to
the movement uf the water (Norton et al., 1982). Wave
strength determines the type of thallus able to exist in
an atrea, sinhce very flimsy or loosely attached plants are
removed by the waves (Lewis, 1964: Day, 1974). Large
plants have an advantage in that herbivory and
desiccation is reduced, however, the plant may be removed
by the waves bhefore it has bhecome reprodu..tive. For this
reason, large holdfasts are necessary oh large plants.
Holdfasts may be weakened by grazing or death of the
central rhizoids due to sediment settlement, and this may
result in the removal of plants during times of
exceptionally high wave activity (Seymour ef al., 1989).
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 axposure (Moss, 1950; Lobban et al.,
1985). Individuals inhabiting the most wave exposed parts
of the coast require specific adaptations in order to
cope with the stresses of drag imposed by the waves, and
abragion due to “otl: sand and being thrashed against the
rocks (Lobban et al., 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 Laminaria and
Asgcophyilum or the mucus adhesive of limpets (Lobban et

al., 1985; McBachreon & Thomas, 1987). The majority of
the current movement is in the top layers of the water,
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thus the force on the holdfast is determined by fﬁe 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 determines the attachment strength, but
also the area in contact with the substratum and the type
of substrata (ie sand shifts and is thus not as stable a
subatratum for attachment as rock; Norton gt al., 1982).
There iz a close association between the rhizoids which
constitute the holdfast, and the substratum.

1.6.1.2 Rifects on Shape

Cheshire and Hallait (1988) suggest that in any population
of seaweed there are different forms and that these range
in variation around an average which is corxrélated to the
level of wave exposuré?experienced by the population.
Similarly, it has been suggested that different wave
exposure causes different morphologies and life-histories
in the sam2 species {Fletcher, 1987). It has also been
reported that certain brown algae reduce in size and
undergo both anatomisal and morphological changes
(Fletcher, 1987) in different wave activity areas,
Organisms which exist in similar environments often have
similar forms, although they are unrelated (Noxrton et
al., 1982}.

Plants cannot be easlily transplanted from areas of low,
to areas of high wave activity. The plant adapts to the
environmental conditions early in its develeopwent and is
thug not able to change rupidly (Lobban et al., 1988).
The transfer experiments which have been performed have,
however, been successful when juvenile plants were us/d
{Cheshire & Hallam, 19288). It is thought that the main
reason for the lack of success in transplant experinents,
is that the attachment organs of the plants from calm
areas are unable to keep the plant attached in more wave
wxposed areas due to their reduced sizZe (Armstrong,
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1987). Alternatively, the algae show a decrease in growth
due to their exposure to light and air during the
transfer (Gerard & Mann, 19792). ancther possible reason
is that fragile laminae are ripped apart in the more
stressful envivonment. The reverse transfer, ie 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 form 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: to reduce
rasistance, flexibility to be able to bend in the
direction of water movement or rigidity to be able to
withstand it (Armwstrony, 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 gt 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 drag
of the water by reducing the turbulence around the
individual; Branch & Branch, 1981), are not to reduce the
drag but rather to decrease the chance of the laminae
tearing (Vogel, 1981). Some species become flat and
encrusting, ie occur within the boundary layer to reduce
resistance (Sheath & Hambrook, 1988), others form a
cushion, to withstand the wave force. The individuals of
a species in wave exposed sites are generally shorter, eg

Laurencia papillosa (Forssk.) Grev (Kilar & Mclachlan,
1986), thicker, ey Laminaria hyperborea (Gunn.) ¥Fosl.

(Kain, 1977), more robust due to an increase in
strengthening tissue (Norton et al., 1981) and bushier,

with narrower laminae, eg Laminaria longicruris de la

Pylaie (Gerard & Mann, 1979) or have more branches and a
larger attachment organ, eg Sargassum gymosum C. agardh,
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than those in sheltered sites (Norton gg'g;,, 1981
Payri, 1984; de Paula & de Oliveira, 1982; Lokban et al.,
1985; de Ruyter van Steveninck & Breeman, 1987). Narrower
lamihae found in some species of algae from gquieter
wataers are réported to be a result of nutrient depletion
caused 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 &l.,
1981). Plants consisting of a few flexible laminae will
clump together thus reducing the area expcned to the
current (Koehl & Alberte, 1988). They bend in the
direction of the surge in order to maximise their length
in the direction of the wave mcvement, and to form a
single wnit for the water to flow around. This acts to
reduce the drag around the plant (Charters et al., 1969;
Vogel, 1981; Lobban &t al., 1985). Streamlining of
sessile organisms in turbulent flow is problematic in
that the direction of waves is unpredictable, and thus
the individual cannot align itself to the direction of
the wave, prior to the wave’s arrival (Branch & Branch,
1981). In 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 & Hallam, 1988).
Large plants, however, wmay flap in a current (increase in
drag on the fronds; Vogel, 1981) and become abraded or
torn. When there is little watexr movement, the blades
spread out and increase tha 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 direction of the waves or currents.

Water keeps submerged bodies buoyant and allowsg the

organisms to expend less enerqgy 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
gupportive tissue. Algae may be very soft but, due to the
increased photosynthetic rate, they are capable of
growing faster than land plants (Branch & Branch, 1981).
However, algge growing in more wave exposed sites need
dore strengthening and structural tissue, to withstand
the wave farcgs, than those growing in sheltered areas.
An incresxse. gh support tissue results in an decrease in
amount  of photosynthetic tissue which is counteracted by
an increase in the photosynthesis due to the increase in
the uptake of nutrients.and gases (Norton et al., 1981}.
There are repdrts of thicker cell walls and an increase
in the cortical layer of algae in areas of higher
exposure (Cheshire & Hallam, 1988). There is also an
‘increase in the alginic acid of cells from the base to
the tip of Durviliaea potatorum (La Billardiére)
Areschoug individuals from high wave exposure, This
rasults 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 continual, longitudinal *ansion, such as that pjaced
intermittently on laminae of seaweeds by wave action,
causes elongation and narrowing of the laminae of
Laminaria scqcharina (1..) Lamour due to changes in the
orientation ot the ¢ell divisions {(rather than cell size
or divieion rate).

It is thus apparent that the reaction of plant morphology
to different levels of eunosure varies with different
species. Thus, there is nu single reaction which can be
used as an index to predict what exposure an individual
has experienced, or how a species will reasct 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 ¢f a population (Lewis, 1964; Palumbi, 1984;
MoQuaid & Branch, 1985). The degree of wave exposure is
seasonal and thus influences the temporal distribution of
species, eg more fragile or ‘rigid individuals are nore
comron in times when the average wave exposure is lower,
ig suasons with fewer storme (Sant2lices, 1977). Some
species which are weaker may extend their habiltats from
sheltered areas to more wave exposed areas in the calmer
seasons (Santelices, 1977). Even within one general
environment type, eg wave exposed or sheltered, there may
be local changes in dominance and distribution oi a
species (Lewis, 1964). Waves also extend the inhabitable
region of the shore, ie the water goes further up the
shcre in a wave exposeda site than in a sheltered area _
1Day, 1974). This, todgether with the spray, elevates the
zones in high wave activity areas. Some intertidal algae,
eg Agggpnx;;gm nodosum (L.) Le Jolis are reported to grow
faster under spray conditions than under submerged
conditions (Rheault & Ryther, 1983). The zones in
sheltered areas xre both lower on the shore and
compressed, compared to those on wave exposed shores
(Powell),, 1957; Lewig, 1964; Dawes, 1981). The degree of
exposure is also thought to determine the pattern of
succession and the climax speciesg (Lubchenceo, 1983). Wave
activity reduces morphological wvariability of members of
a population by removing some morphological forms. Thew:
are also reports that wave exposure affects the age

- structure of a population. An example of this occurs in
populations of Laminaris setchellii silva which are
composed of mainly young plants in wave exposed areas,
with a more even spread of age clagses in less wave
expoged areas (Klinger & DeWreede, 1988).
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It is reported that populations of Sargassum gymosum from
areas of differing degrees of wave expusure, beconme
ecotypes and thus variation in morpholuyy becomes a
genotypic rather than phenotypic responsge to the
environment. This is demonstrated by the lack of change
when the plants are transplanted between areas of
different wave exposures (de Paula & de Oliveira, 1982}.
Thus wave exposure affects the physiclogy, phenotypic
expression and genhtypic variation of the population
{Cheshire &.Hallam; 1985).

1.6.3 Effects of @#ave Exposure on Reproduction

Payri (1984) reports more rapid development of the thalli
and reproductive structures of individuals found in
highly wave exposed sites. Spores of some species are
unable to germinate 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 may mean that some spores will land in
unsuitable areas (eg on areas with unsuitable susrface
texture or toxic areas) and will thus not survive, eg
spores of rome algae ¢an withstand only slight degrees of
desiccation (Fletcher, 1987). Sexual reproduction is much
more difficalt in wave exposed areas where the lartners
and the gametes can be washed away, therefore many plants
in these regions reproduce asexually by spores, or by
vegetative propagation (Denny, 1988). Plants in wave
exposed areas may have thelr spores swept out to sea and
this may result in the sporophytes only growing close to
the substratum, eg Alaria or in protected grooves and
crevices, eg Postelsia, to decrsase the chance of the
spora loss (Norton e% pl., 1982). In some species, spores
Jdre not dispersed from the adult before germi..:tion. This
ensures a suitable habitat for attachment, eg Yucus
sporelings (Branch & Branch, 1981). Similarly, the zygote
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may ke retained on the parent for a short while after
fertilisation, eg Sardgassum muticum (Yendo) Fensholt. In
wave exposed sites, germlings of individuals of S.
cyposum may be found growing qmongst the branches of the
adult plants. This also cccurq in sheltered areas but not
in the intermediate wave expoque areas (de Paula & de
Oliveira, 1982). The released =vore Las to pass through
two boundary layers before settling, le the layer around
- the:plant and that above the substratum. A special
~mechanism which aids the spore in passing through the
boundary layers may thug be needed {Vogel, 1981). Motile
spores or gametes are able to increase the speed at which
they can reach the surface, although they are moving at
spaeds far less than thd surrounding watesr {lobban et
al., 1985). A settled spcre must remain in a boundary
layer of still or slight f£low, to become attached. The
chances of attachment are increased after the production
«f the attaching organ (eg rhizoid/s).

Wave ewposure aleo affer.ts vegetative propagation by
increasing plant breakage (ie a source of materic¢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 the
colonisation of new areas.

Spore dispersal is also affected by aspects of the spure
itewalf such as the sinking rate, ie how far the spore is
washed before reaching the substratum. The sinking rate
is determined by the size of the spore, distribution of
the organelles, and the nature of the spore, ie clumped
or attached o a slime-like substance which increases the
mass (Neushul, 1972). Lewis (1964) reports that, in sonme
case¢ 3, more spores are washed onto an area of high wave
activity, 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.t not survive due to the
turbidity and low light., There is, however a higher
degree of disperssl and wastage in the wave exposed areas
(Lewis, 1264). On rocky, wave-swept shores, however,
spores are more likely to be washoed over a suitable area,
and to find a irregularity in the rock to which they can
attach (Noxrton & Fetter, 1981; Lobban gt al., 1985). The
longer the spore remains in one spot, the more attached
it becomes (Lobban et al., 1985), however, particularly
violent wave action may dislodge even the most well
attached spores (Norton, 1983).

Water movement affects reproduction by affecting spore
and gemete dispersal and attachment (by silt deposition
and water movement) and dispersal of pieces of plant
which act as units of vegetative reprroduction (Druehi,
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
seaveeds this may include damage to the attachment organ,
the stipe or the laminae. Damaged individuals must be
able to repair wounds and regenerate the plant tissue
which has bsen damaged or removed, to enable them to
raetain their perennial nature.

Regeneration of plants may aluso be a method of asexual
reproduction when removed sections become reattached and
grow new thalli. Vegetative propagation ocecurs in a
number of algal species and is important for the
dispersal of these species. It is also importunt when
dealing with commercially harvested species which are
required to have rapid regeneration rates to be
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commercially viable (Hoss, 1961). The rate of j
regeneration differs with plant morphology and age; It
must be remewbered, during viability studies, that there
are reports &: differences in the morphology and
regenceration of plants in culture and in the field
(probably due to the difference in environmental
conditions, Fagerberg & Dawes, 1976). Regeneration of
algal tissue after wounding is a complicated process
which may occur from a variety of plant parts.

1.7.1 Causes of Regeneration

High wave exposure may cause severe damage to intertidal
algae due to the sheering force of the waves, increased
sand abrasion or laming removal during storms. Freguently
danmaged plants need to have the potential to regenerate
rapidly. Despite thisz, the regeneration and recovery of
comnercially bharvested Ascophyllum nodosum is reported to
be greater in sheltered areas than in wave exposed areas
(Keser et al., 1981). Regcneration allows individuals to
rema . perennial despite seasonal increases in wave
exposu~e, abrasion and herbivory.

Van Alstyne {1989) reports a positive correlation between
the number of Littorina snalls and the degree of
regenerative branching. The damage caused by herbivores,
as with other types of darage, needs to be repaired and
the tissue replaced rapidly. In areas of intense grazing,
rapid regeneration is important for the continued
gurvival of the individuals. There are reports, however,
that damaged laminae of Fucus increase their phenol
production thus reducing the attraction to herbivores and
allowing the damaged laminae to heal and begin
regeneration (van Alstyne, 1988).

Besides the removal of tissue 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
algaa (de Paula & de Oliveira, 1982)., It is common for
the perenninl holdfasts of seaweeds to regenerate laminae
annvally, after all the laminae have been removed. This
type of alga is known as a pseudojwrennial.

1.7.2 Process of Wound Healing

Recovery after damage involves two processes. Firstly the
wound heals, and then the tissue redgenerates. Wound
healing involves changes in the cells which underlie a
wounded area. This may occur through the farmation of
plugs, layers or plates of a substance which is thought
to be sulphated polysaccharide in the brown algae
(Fulcher & MceCully, 1971; Fagerbery & Dawes, 1976). After
wounding, the cells just below the irreparably wounded
cells in Fucus, round up and become pigmented (Moss,
1961). There is an accumuiation of vesicles, thought to
be involved in plug formation and found predominantiy at
the wound surface (Lobban et al.. 1985). Mitochondria and
dictyosomes also increase in mwber, while the number of
chloroplasts may decrease. This indicates an increase in
secretory and respiratory functions and a decrease in
photosynthesis within cells that are devoting their
enargy to the healing of the wound (Fagerberg & Dawes,
1977). Formatlion of a plug or plate is followed by the
accumulation of polysaccharides at the surface of the
wound. The majority of the unwounded cells positioned
adjacent to the wounded area, appear not to lose their
contents., There is, however, a report of a few layers of
medullary cells adjacent to the wound, losing cytoplasm
in Sargassum filipendula C. Agardh (Fagerberg &« Nawes,
1876). The intact medullary filaments and cells adjacent
to the wound in some Phaeophyta, are reported to contain
an antiblotic substance {(probably a phenol) which is
released and may provide the exposed cells with sdme
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chemical protection (S. filipendula, Fagerberyg & Dawes,
1976). . -
¥ollowing the initia) plug or plate formation, the
medullary cells may give rise to filaments which grow
through the wound and form a protective layer or new
epidermis in Fucus (McLachlan & Chen, 1972). The inner
cortical and wmedullary cells experience longitudinal
divisions and the outer layer of cells redifferentiate
into epidermal cells, both actively and physiologically
(Fritsch, 1945). In Savgassum, there are reports that,
following damage, tl. new epidermal cells have a
different shape, ie are irregular rather than the
original regular, cuboidal cells (Magerberg & Dawves,
1976). The cells around the wound not only change in
shape, but also in their ultrastructure. The wound repair
and regeneration processes are thus unusual in that there
is the redifferentiation of previously differentiated
tissue. '

1.7.3 Process of Regeneration

Once the wound has healed, regeneration may begin.
Regeneration can be induced in culture but is mere
prominent in plants which are prone to damage in the
field (McLachlan & Chen, 1972}, The type of tissue which
is regenerated (rhizoid-like £¥laments or blade tissue),
daepends on the position of the .ound relative to the base
and the tip of the plant (ie polarity; lLobban & Wynne,
1981},

The new epidermal cells of Fucus, in certain regions of
the wound, divide to produce branch initials which
daevelop into adventitious branches (or adventive embryos:
Fulcher & McCully, 1269; McLachlan & Chen, 1972). The
production of a protrusion and its development into a
flattened lamina with an apical meristem and rhizoids in
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Fucus, is similar to what was observed incDictyopteris
Lgngigglig (this study) and what has been reported for
various other species of brown algae. The adventive
enbryos .. Fucus may reach a size equivalent to the
parent frond, and differentiate into a midrib, wing
region and fertile tips (Moss, 1961). The newly
regenerated tissues of Fucus and other species go through
a similar developmental sequence to that which has been
observed in the developing zygote of that particular
species of alga (McLachlan & Chen, 1972; Lobban & Wynne,
1981), If the ambryos continue to grow, the plant
develops a very bushy dgrowth form.

1.7.4 Regeneration Potential of Different Regions

It has been reported that regeneration ocours more
prolifically from the cells in the wmidrib region than
from those in the wing region, eg Fucus (Fulcher &
McCully, 1969; van Alstyne, 1989). According to Fulcher
and McCully (1969), this ls 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 regenexation takes place in
Fucus. Regeneration is reported to occur from different
portions of the plant and the regenerative tissue is
usually similar to the original damaged tissue (Lobban &
Wynnhe, 1981).

1.7.4.1 Regeneration from Laminae

Regeneration of new lawinae may occur on the remains
{when the latter are not completely abraded away) or
injured areas of old laminae. Fronds of Sargassum species
have been shown to be regenerative both in the field and
in the laberatory. 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 continual damage and subsequent regeneration from
new apical meristemg results in an algal growth form
which consists of many proliferaztions from a short,
central axis (Norton ek al., 1981; Lobban & Wynne, 1981).
Danage to the growing apical tips may ocour when these
are abraded, eaten, or become reproductive and decay
after gamete release, eg Enteromorpha (Lobban & Wynne,
1981). Removal of the lamina tip may result in varﬁing
regeneration patterns 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 Sgrgassum (Fritsch, 1945; Lobban &
Wymne, 1981; Tsukidate, 1984). However, removal of the
apex b’ - been observed to result in greater regeneration
of the Jide laterals due to the removal of the apical
doninance (Tsukidate, 1984). The apical region of some
algae lack regenerative ability all together; this is
thought to be due to an apical dominance effect (Moss,
1961). Older plants and clder .parts of newly produced
thallus have the greatest regeneration potential.

There are reports that regeneration occurs from the wings
as well as the midrib, although the former octurs more
slowly. This is thought to be due 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 Fucus vesiculosus there is reported to be
regeneration of végetative branches from both sides of 4
strip cof lamina (Moss, 1961). If sections of this plant
are kept on agar, only filaments develop. These do not
develop into branches. The ahility of pieces of Laminarla
lamina to continue to metabolise, grow and possibly
regenerate, has been used to study physiological
processes such as photosynthesis, when use of the whole
plant is impossible (Drew, 1983).
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1.7.4.2 Regeneration from the sStipe

The "stipe" or part of the plant attaching the lamina to
the holdfast may also exhibit regeneration' of new
laminae. Stipes of Sargassum gi;i@gngglﬁ were observed to
produce embryos in a similar manner to that reported for
the regeneration from other sections of the plant. There
is the formation of a new epidermis, the production of
meristematically active cells and the development of
buds. This is followed by a change from a tubular
structure to & flattened thallus, which may exhibit
differentiatibn of tissue and develop an apical pit
(Fagerberg & Dawes, 1976). The same authors report that
in the initial stages of development when the embryo is
merely a tubular structure, the mitoticelly dividing
cells exert a similar effect to the apical cells in the

~ later development, ie control over cell differentiation.

- Lee (1985) reporte that the inner stipe tissue of
Laminaria Egggﬁgzinﬁ may produce protrusions that develop
into male-~like :gametophytes. These were obsexrved to
produce antheridia in some cases, and female-like
branches in others, Furthermore, the regenerating stipe
tissue is morphologically ard anatomically similar to the
tissue of the lamina and not 1like that of the original
stipe (Fagerberg & Dawes, 1977).

1.7.4.3 Regeneration from the Holdfast

Plants which measonally lose their fronds and regenerate
from the holdfast are known as pseudoperennials (Lobban &
Wynne, 1981), eqg the perennial nature of 8. filipendula,
ls due to continuous regeneration from attached holdfasts
(Pagerberg & Dawes, 1976). New fronds were ruported to be
produced from the holdfast but whether this was
regeneration from individual rhizoids or from the base of
the original stipe, is hot clear. McLachlan and Chen
(1972) report that removed or damaged laminae may be

62

et i nlm A LT AR R s i T



replaced by the development of new empryos from the
superficial cells of the holdfast disc in species of
Fucus. In Saprgagsum muticum, the basal and holdfast
regions of, in particular, older plante more actively
undergo wound healing and the production of{ﬁew laminae,
than the rest of the frond (Fletcher & ?1etcﬁ§x$ 1975).
Hooney and van Staden (1985) report a large number of
lamina initials (protrusions of,ﬁissue),,developing on
the holdfast of §. heterophyllum (Turn.) J. Agardh. In
immature holdfasts of 3. heterophvlilum, how. &x, only the
individual protrusion 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 from the holdfast. Mature
holdfasts, however, were reported to develop a plantlet
from each of the protrusions that were present on the
experimentally cut surface. This suggests some change in
the effect of dominance of the main axzis (Fletcher &
Fletcher, 1975}, with an increase in plant age. There
does seem to be a minimum holdfast size for the
regeneration of new laminae {Lobban & Wynne, 1981; Norton
et al., 1981). Individuals which regenerate from the
holdfast are reported to fregquently be short and bushy.

The ability of holdfasts to regenerate'laminae is
important Ffor the planned clearing of invasive species
from an area, as well as regeneration of a population
harvested commercially (leser et al., 1981; Roland,
1985). For example, it was found that if the holdfast and
a small section of the stipe of Ascoghyllium neodosum is
left during harvesting, recovery of the plants is faster
than if the plants are remsved totallyg’thus inareasing
the profitability of the population {D2ing, 1982).

Although the production of new laminae from holdfasts is

common, reverse regeneration does not scem to ocour in
culture. Moss (1961) reports that even when a substratum
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is prOV1ded an attached lamina strip of Fucus
vesiculosus does not produce a new holdfast bt rather
develops branches from both sides or individual rhizoids
from the basal side. - l

1.7.4.4 Regeneration from Rhizoids

Th/': holdfasts of wany macroalyae ara composed of a mat of
filements or rhizoids. There are reports of the
production of adventive embryos or new thalli from the’
rhizoidal filaments in sporelings of the brown alga, !
Fucug. These embryos were observed to appear
spontaneously and not following wounding (McLachlan &
Chen, 1973). Development was reported to ocour under a
variety of environmental conditions, although the
conditions did affect growth rate. McLachlan and Chen
(1972} also report that the removal of vhizoidal
filaments from a holdfast, results in the stimulation of
the production of embryos on the removed rhizoids. Both
exclised filaments which had the initial stageé\pf_&ﬁ_
embryo at the time of excision, and those that lacked the
initial stages, became attached and the embryos developed
in a similar manner to those on the holdfast. Excised
rhizoidal filaments lack any pigment and thus have to
produce photosynthesizing thalli before they can grow
further. Even the rhizoids of adventive embryos may
develop new adventive embryos in culture (McLachlan &
Chen, 1972). The process of rhizoidal adventive 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 crlls, is that the former
are superficlal 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 or embryo formation on the rhizoids
of Fucus sporelings, the normally empty rhizo;dal cells
were observed to exper;ence an increase in callular
material. The first division of the cell was parallel. to
the, axis of the rhizoid, and this was followed by rapid
div1smon and the production of a flattened embryoc which
haamrhlzozds ‘and an apical depression (McLachlan & Chen,
- 1973). From this stage, the development was similar to
the development of a normal zyyote, although in some
species of Fucus, further development was not experienced
unless tha 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 process of regeneration from piéces of

sporeling rhizoid, has been reported for Pelvetia (Saga,

1978), in which the colourless sections of rhizoids from
germlings grown from egygs, were used. This author does,
however, suggest that the regeneration of the embryo was
stimulated Ly injury followed by isolation. Another

important point that was mentioned by this author, is

that the irreversible polarity which is exjressed by the
germinating egg, is changed during the production of

another lamina apex out of the s%ﬁe of a holdfast

rhizoidal cell. A similar process has also been reported

for the rhizoids of nggggaum vulgare C. Agardh (Paula & I
Eston, 1987) and mignggp;g;i_ divaricata (Okam.) Okamura { f
(Tokida et al., 1953). The latter is a genus in which .
plants grow repzatedly in similar areas, with little

seasonal f£iuctuation in plant rumber. The propagation of

new plants from rhizoids is reported to be the principle

means of reproduction in some species of Dichyopteris

(Tokida et al., 1953).
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1.7.4.5 Other Regions of the Thallus with
Regenerative Potential

various otler sections of algal thalli have heen
reported to be able to regenerate new thalli. Laminaria
spor0phytg$ and Alaria gametophytes have been grown from
single sporophyte cells (Saga et al., 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 concepﬁacles of Sargassum have been found to produce
regenerative tissue (Paula & Eston, 1987). Fletcher and
Fletcher (1975) report the 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 influence of apical dominance and are controlled by a
different hormone system which directs regeneration of

new conceptacles after the originals are dumaged. This is.

not, however the case in all species of Sargassum. Mooney
and van Staden (1985) report a lack of regeneration from
the out end of the apical receptacle of the primary
lateral in 8. heterophvllum. Sections of the receptacles
of Fucus vesiculosus are also reported to lack the
ability to regenerate (Moss, 1961; Lobban & Wynne, 1981).
In individuals in which the gametes have already been
released from the receptacle, 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 receptacle into the cells below
(Moss, 1961).

Another section of the brown algal thallus repuvrted to
have regenerative abilities, are the hairs which are
sonmetimes produced by the thallus. Trichothallic kairs in
Fucus 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 indole~acetic-acid (IAA)} and other hormones to
develop further (Fries, 1985). ’

1.7.5 Polarity

The effect of the apical cells on the rest of the thallus
and its growth and regeneration, is obviously very
important. Lateral branches may be inhibited by the
apical cells or the meristem which determines whether any
regenerative proliferations are produced and whether they
develop into blades or rhizoids. Inh Sargassum muticum,
the sections whicl included the apical cells were
observed to lack regeneration of new laminae an“"‘_
continue to elongate. The subapical regions exhibited the
development of lateral branches when there was no apical
dominance (Moss, 1965; Fletcher & Flelcher, 1975;
Chamberlain et al., 1979). Apical dominance in S. nuticum
is exhibited by the inhibition of secondary Iaterals by
the primary apices. The secondary apices inhibhit, in
turn, the tertiary laterals. When the primary apex is
removed, the secondary apex may take over Fhe role of the
apical section (Chamberlain et al., 1979).1En this
species, 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
regeneration of gactions of the stipe while the apical
tip is still attached. This indicates another example of
the effect of the inhibition ute to the apical cells
(Fagerberg & Dawes, 1976).

Inhibition by the apical region of the lamina is believed
to be caused by the production of soma substance by the
apical cells. Kingman and Moore (1982} and Lobban and
Wynne (1981) extracted indole-acetic-acid (IAA),
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abscissic acid (ABA), cytokinins, as well as some other

unknown growth requlators, from Ascophyliun nodosum. In
Sargassum muticum, the appiication of IAA inhibited the

apical segments of the primary laterals (Chamberlain gt.
al., 1979). Growth inhibitors were alsd reported in 8.
heterophyllum by Mooney and van Staden (1995f. The lattex
inhibitors were said to be produced in the apeéx and then
transported down the aiis. There are conflicting reports
about the decreasing effect of apical dominance towards
the base of the plant (due to a decrease in concentratiom
of the growth inhibitor), ey a decrease (Lobkan & Wyune;
1981) or no decrease in the effect of apical dominance
(Fletcher & Fletcher, 1975). For example, the nuwber of

' rhizoidslthat are produced from damaged tissue may
increase with an increase in the distance away from the
apical region in PFucus (Lobban et al., 1985).

There are many reports of the basal end of a lamina
segmént regenerating rhizoids and the apex producing
laminae tLobban & Wynne, 1981). An example of this was
observed in Dictyota dichotoma (Russell, 1970), where
rhizoids were produced by  “e basal side of the lamina
section, and laminae from the opposite side. However, an
exception is observed in Sargassum muticum, in which only
the basal regions are reported to produce adventive
embryos or regenerative shoots. Furthermore, the number
of rhizoidg produced by §. muticum may also increase
towards the basal region, ie a basipetal increase (Lobban
& Wynne, 1981). Mclachlan and Chen (1972) report that
thin sections of Fucug thallus do not exhibit the
regeneration of rhizoids on the opposite side of the
section to the adventive embryos. Instead, the embr --=
nay be observed on both surfaces which is contrary to the
strict polarity observed in the zygotes of the same
species. However, Fulcher and BcCully (1969) report that
Fucus only regenerates adventive embryos on one side of
sections.
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Towards the apex of the frond of 8. muticum, the rhizocids
produced grow from the cut edge, while lower down, they
are produced from the surface of the lamina. There are
reports of lower counts of rhlzoids observed when the
apical cell is left intact, which seems to indicate that
there is an apical control over rhizoid production, ie
some kind of rhizoid inhibitor (Russell, 1970).

1.7.6 Regeneration as a Method of Asexual
Reproduction

Regeneration of new plant tissue from pieces of the adult
plant, is also a method of asexual reprgduction or
vegetative propagation, which increases the colonisation
of an area by a species (Fritsch, 1945). This type of
reproduction is of particular importanc- at the end of
the range of a species, whers sexual repraduction is
unlikely to occur due to the low number of individuals. A
section of the parent plant must be removed and become
attached in a sultable environment bzfore new tissue is
generated and the section develops into a new individual.
Regeneration potential is also important when deallng
with invasive speciers such as Sargassum muticum (Panla &
Eston, 1987; which has spread from Japan to North America
and South West Europe). In the latter case remcval
programs must ensure complete removal of the entire plant
to prohibit regeneration of tissue.

1.8 SEXUAL REPRODUCTION

The wave exposed, intertidal environment is not optimal
for sexual forms of reproduction, as wave action reduces
the chance of the individual gametes meeting for
fertilization (either internally where sperm has to reach
the iuternally retained egg, or externally where the
motile sperm and egg cells are released and have to meet
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to fuse). In some spacles, the gametes are released
synchronously to increase the w.iance of fertilisation.
Exawples of this occur in members of the Dictyotales, in
which gametes are released with Varying periodicity in
different species, eg Dictyopteris muelleri (S~nder)
Reinbold which has a periodicity of seven days and is
stimalzted to release gametes by light (Phillips, 1988)%.
Another member of the Dictyotales, Dictyota dichotoma, is
reported to exhibit a periodicity related to the tide
- axperienced by the plant, ie the periodicity changes with
locality (Hoyt, 1%27; Vielhaben, 1963}; or to the phase
of the wmoon (Phillips et al., 1990a). In these cases, as
w21l as in the species which have some form of sperm
attraotant produced by the egg (eg the pheromone
multifidene which is raeported in a member of the
Dictyotales known as Zonavia angustata} (Phillips gt al.,
1990a; Kajiwara et al., 1985}, there are large numbers of
gametes produced and released but very few fertilised.
There are various reports that members of the Dictyotales
exhibit a sporophytic majority amongst the plants of a
population (Tokida et al., 1953; Fritsch, 1948; Phillips,
1988). Phillips (1988) reports that the gametophytes of
the Dictyotales studied in her research, went threugh
periods of being more common, indicating that there may
be a temporal or spatial variation in the distribution of
gametophytes. The antheridial sori of tyopt:
speciel are irregularly shaped patches found in fertile
gones. 'The antheridia are dense with cytoplasm and swell
above the surface of the lamina. The female gametophyte
of members of this genus, may be confused with the
sporophyte as the immature oogonia are scattered and
swollen above the surface, and resemble the sporangia
(Phillips, 1988).
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1.9 TETRASPOROGENESIS

As hds already been discussed, 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 prodﬁction of spores. These may be haploid or
dipioid, and are normally produced by the diploid
sporophyte through meiosis (Dring, 1982). It is thought
that the production of spores rather than gametes, is
under the control of environmental factors, eg.
temperature (Pring, 1982). Reproductlon in the form of
the production of spores, is reported to be particularly
prevalent in the wmembers of the brown a&lgae (Dawas,
1981), and is even reported to be the most common form of
reproduction in primitive forms of Phaeophyta (Lobban &
Wynne, 1981). In members of this group, the haploid
gametophytés give rise to the diploid sporophytes through
the fusion of ¢gametes. These gamebes may also act as
asexual reproductive bodies and give rise to
gametophytes, parthogenetically. Similarly, the diploid
sporophytes can produce haploid spores through meiotic
divigion, or can reproduce sporophytes parthogenetically
through celis lac ing the melotic division (Dawes, 1981;
Fletcher, 1987). Spores can be formed from nermal
vegetative cells or in specialised asporangia (ILee, 1980).
The production and germination of the spores is
characteristic for a particular species {(lLobban & Wynne,
1981). The spores are produced, settle and develop into
new thalli without any fusion occurring (Fletcher, 1887).

1.9.1 Tetrdsporogenesis in Members of the Dictystales
Members of the Dictyotales are characterised by the

production of four to eight, nonmotile zoospores from a
superficial sporangium (Fritsch, 1945; Chapman & Chapman,
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1973; PFletcher, 1987). There are various reports that
members of the Dictyotales exhibit a sporophytic majority
amongst the plants of a population {Fritech, 1945;
Phillips, 1988). There are varlous possible reasons for
this, including apospory, increased ability for
vegetative reproduction of the sporophytic plants, and
the possibility of spatial and temporal separation (ie
the gametophytes only grow in certain regions or at
certain times of the year:; Phillips, 1988). The
sporophyte and gametophyte plants of mambers of the
Dictyotales, are isomorphic and can only be distinguished
when the reproduc.ive structures are mature (Phillips,
1988; Clayton, pers. comnm.). Althr  =f anthéxidia are
easily distinguisaed (l.ghtly coJ'-- e ﬁgular
“patchas), the female gametophyte '  smberd of this
order, may be confused with tie .ptrophyte as the
imnature cogoer’a are scuttered and superfic’ lly resenble
the sporangia {Phillips, 1988). The¢ sporangii are alse
assembled in fertile zones, usually flanking the midrib
(Phillips, 1988), particularly in the older parits of the
£rond.

1.9.2 BStudies on Tetrasporogenesis in the
Dictyotalean genus, Dictyopteris

There have been a large number of studies performed on
tetrasporogenesis and morphogenesis in Dictyopteris. Inoh
(1936) described the early stages of nuclear and
organelle organisation during the development of four
tetraspores in Dictyopteris divaricata. Ishii et al.
{1959) compared the tetraspore formatlon in some
Dicvtyotulean species. The differences that were observed
ing¢lude the elevation of a “cutilcle® by the sporangia in
the sori of Padina japonica Yamada and RPadina crassa
Yamada (lacking in the other two species studied).
Menbers of this genus are¢ also reported to lack a stalk
cell, while individuals of Dictyota dichotoma have two or
three, and D. divaricata have two to four stalk cells
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(tetrasporangium divides into tetraspore mother cell and
small stalk c¢ell; Inoh, 1936). D. dichotoma has a
cruciate arrangement of the spores, D. divarigata has a
cruciate or tripartite arrangement, and the Padina
speﬁies have only the tripartite arrangement {(Ishii et
al., 1959).

The tetrasporophytes of D. divaricata were found tuv be
diploid when the nuclei were Feulgen stained and the
quantity of/DNAL measured. The same method was used %o
determine that both the germlings and the liberated spore
mother cells, were haploid (Ohmori & Hashida, 1985).
Nishibayashi and Inoh (1559) performed a comparison of
the formation and germination of the spores of these
genera of Dictyrtales. D. divaricata 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
multicellular, and develops other protrusions (Inoch,
1936; Nishibayashi & Inoh, 1959). P. Jjaponica and

D. dichotoma exhibit similar processes, However, in

D. dichotoma, the upper segment of the first division
becomes the apical c¢ell. In the other species, there is
first the production of a multicellular oval body, before
the production of a protrusion which becomes the apical
call of the new plant. D. dichotoma iz 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 P. Japonica may germinate
if liberated tegether. The germination of the tetraspore
mother spore of D. divaricata is discussed further by
Ohmorl and Hashids (1984). These authors report two types
of germinaticn in this species. The first involves the
irregular segmentation of the bhody following the
production of the primary rhizoid. In the second type of
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germination, the spore divides into a féw cells first,
and then some of the peripheral cells develop into the
rhizoids. Erect shoots are reported after 4 days.

Thera are mahy studies determining the effect of various
environmental factors on the germination patterns of
spores of Dictyopteris. Ohmori and Hashida (1984) report
that under continuous, unilateral light, rhizoids of

D. di'sxicata developed away from the light source: and
under dark conditions, the rhizoids develop in all
directiong (Ohmori & Ueki, 1979). In plants whers two
rhizoids developed, they either developed away from, or
at right angles to, the light source. The effects of
light wavelength on rhizeid production was studied by
Ohmori and Suemura (1978). It was observed that rhizoids
forméd away from the light source at wavelengtLs of
350nm~530nm and developed randomly at 580nm~750rmm and in
darknese.

aAspects of the effect of the chemical environment on
tetraspore development, have also been obsarved by a
number of authors for D). divaricats tetraspores. Ohmori
and Hashida (1983} report that spores died in calcium
chloride (CaCIz)—free seawater, became apolar at low
concentrations of CaCl?, and developed a ramified rhizoid
at higher concentrations of caCl2. A similar reaction was
observed in low concentrations of potassium chlorida.
Decreasing'concentrations of magnesiuw sulphate inhibited
erect shoot formation, and it was discovered that the
magnesium ion is vital for the formation of the erect
shoot. The addition of cytochalasin B was also reported
to affaect the development of the tetraspores (Ohmori &
Ueki, 1980), with spores placed into solutions containing
100mg/1 ¢ytochalasin B, developing into multicellular
germlings and only developing rhizoids at the 2-4 cell
stage. In solutions of this coneentratlon, the first
division of the spore (into rhizoid and thallus cells)
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was formed randomly and the rhizoid developad aWay from
the light. The addition of colchtcine markedly affected
the germinetion of the spores (Ohmori & Hashida, 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. 2 variaty &f adaptations for survival are
required for organisms inhabiting the zone. The brown
algae, a diverse group of seaweads, exhibit a number of
structural, physiological and reproductive adaptations to
the envirommental conditions.
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2 MATERIALS AND METHODS

2,1 EXPERIMENTAL ORGANISM

The brown alga Dictyopteris longifolia Papenfuss (in ‘ed.)
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 "sﬁipa".(sj consisting of midrib tissue.
The stipe region is the remaing 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 laminde are
flattened and dichotomously (D) 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 bottles in insulated boxes
cooled by ice blocks.

2,2 5TUDY AREA

All field measuremcnts and collections were performed at
Palm Beach (30 30, CD (Port Shepstone)) ori the Natal
South coast (Pig. 2).

Seven sites (Fig. 3, A-G) were chosen according to the

abundance and density of Dictyopteris longifeolia, 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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Figure 1: Diagram indicating the different parts of a
Dictyopteris longifolia plant., {AP - apical pit, b -
dichotomy, H - holdfast, ML - mature lamina, MR -
mg.'drilg, 8 -~ stalk, or "gtipe", YL - young lamina, W -
wing)
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Figure 2: Map of South Africa indicating the position of
Palm Beach.

exposure}. Sketch maps were made of each site. The
approximate width of the sites in the gketch maps are A
(30m), B (4m), € (1mm), D (2m), E (2m), F (5m) and @
(10m). Each site was alsc was photographed using a Ricoh
instamatic camera and 100 ASA, 35mm colour £ilm

A) An extremely high wave activity site (H+), which was
composed of a wave exposed, rocky reef subject to
severe wave actlon., Thie site consisted of a long,
flat platform of rock exposed to the breakers on
the seaward side and flanked by a deep, sand-
bottomed gully on the beach side (PL. 1, D; Fig. 3,
A). Even at low tide this site was subject to the
direct breaking of waves.
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B} A higix wave activity site (H) which was exposed to
wave action even at low tide, however, this site
was partially protected by a large rock (PLr..1, E;
Fig. 3, B) which prohibited the direct breaking of
waves onto the circular, rocky protrusion inhabited

by D. longifolia.

C) A& high, intermediate wave exposure site (I+) which
consisted of a raised pool, flanked on the far side
by open 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, Py Fig. 3, C). This occasional washing of waves
into the pool caused strong water movement
throughout the water body of the pool.

B) A low, intermediate wave exposure gully (I) which
consisted of a sandy gully running perpendicular to
the oncoming waves, but only exposéd to wave
activity from when the tide reached the level
nidway between high and low tide, at low neap tide
or when the coast experienced a partioularly large
wave at low tide (P;[ 1, G; Fig. 3, D).

E} A high, low wave exposure pool (IL+) which was
connected to numerous other pools and experienced
water movement from watar Ilowing out of these
pools. This only occurred froém ) ”Y tide and low
neap tide, when waves weve bre§$¢1r ‘who the other
pools., This site was behind thefmﬁiﬁ rocky area and
was close to the beach (Pl. 1, H; Fig. 3, E).

F&G) Two calm pools (L2 and Ll) which were situated on
raised rock platforms. These platforms were falrly
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, E;
Fig. 3, B) which prohibited the direct bresking of
waves onto the circular, rocky protrusion inhabited
by D. longifolia.

C) A high, intermediate wave exposure site (I+) which
consisted of a raised pool, flanked on the far side
by open 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 (P1.
1, F; Fig. 3, C}. This occasional washing of waves
into the pool caused strong water movenent
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 experienced a particularly large
wave at low tide (Pl. 1, G; Fig. 3, D).

E) A high, low wave exposure pool (L+) which was
connected to numerous other pocls and experienced
water movement from water flowing out of these
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. 3, E).

F&G) Two calm pools (L2 'and L1) which were situated on
raised rook platfofms. These platformns were fairly
far back on the beach and were surrounded by sandy
areas (Pl. 1, I & J; Fig. 3, P & G). The pools only
experienced wave activity at high tide.
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2.3 DISTRIBUTION

The distribution of D. longifolia wes determined by
obtaining herbarium sheets from the herbaria at the
University of Natul; Pietermaritzburg (NU), the Albany
museun; Grahamstown (GRA), the Bolus Herbarium (BOL),
Kirstenbosch (NBG), and the University of the
Witwatersrand (J); ag well as from personal ohservation,
Seaweads of Inhaca (Isaac, 1956; Macnae & Ralk, 1958) and
the species list of the De Hoop Nature 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 distribhution map of D. longifolia, as well as
to attempt to determine any possible seasonality in the
reproductive or morphological condition of the thallus.

Y
!
o

2.4 FIELD METHODS

The intertidal zZone iz a highly stressful environment for
the organiems inhabiting the reglon. Most of the major
forces acting on the intertidal region can he connected
to the action of the waves, whether it be the force of
the moving water itself, expesure to the atmosphere
between consecutive waves or at low tide in the absence
of waves, or the abrasive action caused by the sand and
narticulate matter transported in the moving water. a
nmunber of environmental attributes such as aspects of
water movement, and sand content and deposition were
measured in the various sites studied. Features of the
morphology and structural properties of D. longifolia
were measured and compared between the sites, to
determine any possible response of the species to
differing degrees of wave exposure.



2.4.) Wave Action

The quantification of wave exposure and its related
effects is a problem which numerous researchers have
addressed. One of the difficulties related to this
gquantification ig the distinction between what the
methods are actually measuring (Dring, 1982). Some
nethods measure the action of waves by determining the
strength of individual waves using strucgtures such as the
dynamometer {(Palumbi, 1984). Other methods are conuwernsd
rather with water movement, and may be measuared in the
absence of actual waves, eg the digsolution of plaster
blocks (Doty, 1971). Alternatives use wava height, number
or direction, the effects on the shore, or the spacies -
composition of the shore as an indication of wave
exposure.

Four methods of measuring wave exposure ware used in chis
study in an attempt to determine if the subjective
ranking of the study sites was valid. These Included
methods involving both wave action and water movement:

2.4.1.1 Wave Strength

The first method to be used was the dynamometer, modified
from a description by Palumbi (1984). This device reads
the maximum force exerted by waves and strongly moving
currents in the allotted time period. The apparatus (Pl.
2, A & B; Fig. 4, A-C) consisted of half a hollow,
plastic toilet float (10.8cm in diameter) which rcted as
the drogue. The size of the drogue was much larger than
that suggested by Palumbi (1984), however, a small
fishing float was used in the pilot study and it was
discovered that the waves were too gentle for 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 electrical wires together) via a
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iength of string (50cm), with the cut surface of the
float away from the cable tle. A cable tie consisis of a
head which moves along a ribbon which has teeth on one
side. A small tongue on the head locks into the teeth,
prohihiting the head froa moving backwards. The head was
cut off and then thr- ided on to the end of the tie. The
head was also attached to the end of the 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 the end of the cable tie to a piece of
string which was, in tuxn, tied to the observer’s ankle.
Palumbi (1984) suggests that the device be attached to
the substratum, however, attempts to secure masonry nails
to the rock in the study sites (for attachment of the
dynamoneters), failed. Extremely rough surfs weire thus
not measured due to danger to the cbserver. As many
measurements as possgible (never less than three) were
taken within half an hour on either side of low spring
tide. The structure remained in the water for one minute
intervals. During this time the float was dragged by the
waves which, 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 the force exetrted by the elastic bands
equaled the force exertad on the drogue by the waves. The
head of the cable tie could not slide back along the tie
because of the teeth 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 measuring the amount of tension in the
elastic bands. These elastics bent the cable tie over
(Fig. 4, ¢). Thus, the force exerted by the waves was
calculated by measiring the amount of force necessary to
stretch these elastic bands until the cvable tie was
straightened ard the head almost moving. This was
performed using a 2kg spring balance (Pl. 2, A). The
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dynamometer was returned to ite original position by
inserting a sharp obiect 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 teeth. This technique
wag 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—gectional area of the drogua = 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
counted for 2 minute intervals, and 6 replicates were
performed in each of the sites, on three of the trips.
This technigue, as with 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+, H and I+.

To overcome this problem, various other technigques were
attempted. These involved dissolution rates, and were
thus measuring water movement rather than wave action.

2.4.2 Water Motion
2.4.2.1 Lifesaver Sweet Dissolution Method

"Lifesaver® sweets (boiled sweeis with holes in the
centre) were used for the third method (Martell, pers.
comm, }. This method works on the principle that
dissolution rate increases with an increase in water
movement. Lifesaver sweets of different flavours were
numbered and pre—éeighed in the laboratory. In the field,
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5 Uifesavers of randonly distributed flavours were used
in each site. It was impossible to obtain sufficient
sweets of a si@ilar flavour and, as Martell (pers. comm.)
reported that there were differences in the dissolution
rates of different flavours, the Fflavours were randomly
distributed amongst the sites (Pl. 2, D & E). The 5
sweets were atbtached to a wire coat hanger at the end of
a 1bnq bamboo pole, and then held stationary in the water
(PL. 2, C). Three replicates of different time periods,
ie 2, 3 and 5 minutes, were performed in each of the
gites within half an hour on either side of low tide.
After emersion, the Lifesavers were placed into pre-
welghed glass vials, returned to the laboratory, oven
dried and re-weighed. The decrease in mass per time unit
was used to c¢alcoulate the dissolution rate of the sweets
from each site. The optimum emersion period for
Lifesavers wps found to be 3 minutes. This method
exthibited a similar problem to the previous techniques in
that areas which experienced motionless waterjat low tide
could not be quantified, and measurements covid not be
safely made at high tide.

2.4,2.2 Plaster Block Dissolution Method

Plaster of paris blocks or “Clod cards" (Doty, 1971;
Munnik, 1987) were used in the last method attempted in
this study. This method uses the same principle as that
described in 2.4.2.1, ie the greater the water movement,
the higher the dissolution rate. In this case, plagter of
paris blocks were made in ice trays (4om X 3cm X 3Jom; Pl.
2, G). Bach block had a piece of thin wire ingerted into
it. Initia. tempts to hammer masonry nails into the
rocks for attachment of the blocks, proved to be
impossible. Eventually, pre-weighad and numbered blocks
were wired onto cable ties (PL. 2, H) and thsn fastened
onto large tufts of firmly attached algae such as

Gelidium abbottorium Okam. (PL. 2, F). Five blocks were

88



f :
attached in each site and left for a complete tide (le 12
hours, low tide to low tide). The blocks were then
removed, oven dried and re-weighed. The mean pe. _ontage
mass loss was compared for each site.

although the latter method (2.4.2.2) did not determine
the strength of waves, it was the only method which
measured the differences in water motion for the duration
of the tidal oycle, during which all the sites were
exposed to some degree of water movement. To determine
differences in the degree of wave action of a site, a
method should be u le to be used to safely measure the
wave action of ali 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 BSand 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. The degree of turbidity affects various features
of the intertidal environment such as light and abrasion
potential. The sand content and abrasion was considered
to be an important fsature in the determination of the
morphelogical state of Dictvopteris, and thus some method
of assessment was thought tc- be necessary. The sand
content of the water column is affected by the turbulence
or movement of the water, as well as the availability of
sand and particulate matter at the site congerned.

The sand and particulate matter content of the water was

measured by collecting 100ml water pamples from the top
of the water column in each site. Five replicates were
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taken in each of the sites on each visit to the shore.
The samples were filtered through prenweiqhed.Whatman's
Number 1 filter paper. The filter papers were £lushed
with distilled water to remove the salt from the paper
(which would affect the dry mass), and were then oven
dried (709C)} and re-weighed. Any increase in mass was a
record of the amount of sand and particulate matter
prassut in suspension in the water at the time of
collection, at each of the study sites at Palm Beach. The
particulate matter in the water was available to cause
abrasion and thus change the morphological condition of
the plants. The mass of particulate matter was expressed
as gramg per iitre (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

sSand deposition is consldered to be important in
influencing growth and development of intertidal
organisme. Complete cover of plants, as obserwved
regularly in D. longifolia, reduges light penetration and
changes the terperature and chemical environment. It also
reduces the degree of water motion, herbivory and sand
abrasion th:f the organism is exposed to.

Sand deposition was observed Eb be considerable in some
of the sites at Palm Beach (Pl. 6, A~L). On some
occagions Dictvopteris individuals were buried under 30cm
of sand. This was especially noticeable in the sandy,
intermediate wave activity gully (I; Pl. 6, FP~I). An
attenpt was made to guantify the degree of sand
deposition in each site. A 20kg air brick (b) consisting
of a concrete block with thres holes was positioned in
each site (Pl. 3, D). A 15ct piece of PVC piping (p), Sem
in diameter was placed into each of the holes. The pipes
were held in place by a piece of wire (w) which was
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threaded through holés in the top of each pipe and then
fastened under the brick (Pl. 3, E & F). The botktom of
each pipe (p) was covered by a piece of stretch cotton
material (c) which was held in place by two elastic bands
and which stopped sard from passing through the pipe. A
block 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 nass measurements
were expressed in grams. Thé mean values for each site

- were caloulated and compared according to the methods
described in 2.7. )

2.4.5 Mean Maximum Lamina Length of the Population

The mpan maximum lamina length was determined by
measuring the length of the longest lamina 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 individuals on return vigits,

2.4.6 Morphometry

various aspects of D. longifolia morphology were neasured
on randomly chosen, destructively sampled individuals,
and the results from the different sites nompared. These
aspects lnoluded (Flg. 6):

a) the mean of 2 holdfast diameter measurewments

b} the area of the holdfast _ -

¢) the wet and dry holdfast maes measurements

d) the mean of the length of the three 1ungast-laminae
e) the mean width of the thrre longes® laminae
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£) 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 holdfast
(less than 5mm and greater than 5mm)

Thege mensurements were taken for as many individuals a=m
posaible in each of the sites. On some occasions the
plants were too sparse and destructive sampling for the
morphometric measurements would have meant the lacr_of
material for other aspects of the study. The mean values
for the measurements of each parameter were calculated,
and the means of the different sites, compared
statistically. The methods used for these comparisons
will 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 ievelop anatomical and
morpholodgical, but also structural adaptations in order
to survive the physical stresses experienced in the
intertidal environment. Various aspects of structural
adaptation have been reported in the literature,
including the extensibility or elasticity of algae
experiencing wave action and tidal currents. These plants
withstand the drag of the water movement by being
flexible rather than rigid (Koehl & Wainwright, 1877).
The force needed to break the blade or lamina (tensile
strength) is another feature which is important when
considering algae subjected to high wave forces
(Armstrong, 1987). In individuals which are eslastic and
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Figure 6: Diagram indicating the different messurements
taken for the morphometry study of L, longifolia.
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have a-tensile strength high enough to withstand the
foruye of strong wave action, the remaining structural
adaptation needed to survive the wave action is the
ability to remain attached. The attachment strength is
thus another feature which has been gtudied in intertidal
seaweeds (McEacheron & Thomas, 1987). The "toughness" or
sclerophylly, and water content or succulence of
intertidal seaweeds were also considersd to be
potentially important features relating to the ability of
the plant to withstand wave forcoes and abrasion, as well
as to recover after exposure to the atmosphere, ie
desiccation. Water loss or desiccation is commonly
experienced by intertidal algae (Dromgoole, 1980). The
ability to withstand desiccation ﬂuring exposure to the
air, and to rehydrate following the return of the water,
is thus also vital to the survivul of intertidal algae.

A number of structural aspects of D. longifolia were
investigated with wview to survival in the wave-swept
intexrtidal zone.

2.4.7.1 Tensile Strength

The breaking strain or tensile strength of D. longifglia
was measured using a method described (and defined as the
force in ounces required to break a single leai per unit
width of leaf at the broken edge) by Martens and de V.
Booysen (1968) for grass studies. This method involved a
"tensilimeter" (Pl. 2, I) which consisted of two clanps
{¢), the lowar of which was fixed. The upper clamp (Pl.
2, J) was attached to a 2kg spring balance (b) which, in
turn, was attached to an arm which could be screwed up or
down. A section of 5cm {or the nearest available length)
of fresh, undamaged lamina was fixed between the clanps
(PL. 2, J) and the upper clamp screwed up until the
lamina broke. The force required to break the lamina, was
measured on the spring balance and was taken as the
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9
reading on the balance just prior to breakage (PL. 2, 'ﬁ.
The width at the point of the tear was also measured. 3;9
force (from the balance) required to break the thallus,
and the width at the point of the tear were used to
determine the tensile strength in the formula:

ce dynes X_gravityl = dynes /mn
unnit length (mm) at broken edge

At least 20 replicates of tensile strength measurements
of D. 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 largs degree. When possible, tensile
strength measurements were taken 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 Btrength

The attachment strengtl of D. longifoalia at Palm Beach
was measured using a method described by Carter (1986)
who used the technigue to establish the attachment
strength of Gelidium pristoides (Turner) XKitkzing (a
commercially important agarophyte). The technigue is
illustrated in Plate 3, A and involved a structure which
was used to exert a force on the holdfast of the plart,
to determine the force nedessary to tear or remove the
plant from the substratum. It consisted of a ¥bull-dog"
clamp (¢), through which elastic bands (e) of the same
length were threaded (PL. 3, C). The number of elastic
bands used was determined by the size and strength of the
holdfast. The end of a 30cm ruler (r) was placed onto the
substratum and held vertically. The clamp was attached 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
hacane Gatached 6r broke, was recorded (PlL. 3, B & C).
The lengths were converted into force by attaching the
clamp to a stationery object and pulling the elastic
bands to the length measured in the field, using a 2kg .
spring balance. The force 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 in 2.7.

This method of measuring attachment strength worked well
on D. longifolia individuals which were growing on a less
stable substrata or had small holdfasts. However, when
the plants were wmore firmly attached to rock, the clamp
opened slightly and slipped off the lamina&. In the
latter cases, a cable tie was tightened around the
laminae and through the elastic bands and used in a
similar way to the clamp method (Pl. 3, A). This
modification proved more efficiehi than the previous
method because the cable tle could not slip off the
laminae. Unfortunately, howevexr, the tie appeared *o
damage the laminae more and, in some cases, to cause the
tearing of the thallus. Neither method was thus entirely
satiasfactory. An improvement would be to somehow clamp
the holdfast securely and 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 ferrestrial plant (mainly
grass)} studies, including studies comparing similar
species growing under diffevent conditions (Blackmore,
1992). D. longifeiia was studied in sites differing in
both the degree of wave exposure and degree of
desgiceation experienced. It was thus considered as a good
opportunity to determine whether' .clerophylly and .
succulence were parameters which could be used in studies
performed on intertidal seaw. .k, and whether there wes
any difference in these parameters in material collected
from areas differing in wave exposure.

Sclerophylly can be defined as the amount of dry matter

per leaf bifacial area and is related to ¥toughness% . It
is calculated using the formu? -

dry mass (g)/unit area {(m?) = sclerophylly

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

\ wet mass(g)/unit area (m?) = succulence

(Cowling & 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 reads -rea using a light beam. The
laminae were fed through the planimeter and the holdfast
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area was traced onto paper, cut out and then the paper
was fed through the machine. The mass of the laminae and
holdfast for each plant, was measured separately after
having been blotted dry (wet weight), and then again
atter being oven dried overniyht (dry weight), at 60°C
for 12 hours. The number of individuals used, which was
dependant on the size and abundance of the plants in the
field, was never less than three plants from each site.

2.4.7.4 Desiceastion Rate and Percentage Rehydration

Thalll of intertidal algae are exposed to the air for
periods of time either between waves or at low tide. In
this time period, water iz lost f£from the thallus and
desicuation is experienced. The degree of desiceation may
affect the metabolism and morphological condition of
‘algae {due to loss of badly desiccated laminae). Wave
activity is reported to effect the degreea of desiccation
due to splashk which keeps plants moist between waves at
low tide.

The rate of desiccation (Dromgocle, 1980) or water loss
was medsured by determining the mass of deying D.
longifolia at different time intervals. An individual
plant, preserved in 4% formaldehyde was used from each
study site. The thaliil were blotted dry and weighed
before being placed in front of an oscillating fan. Each
ple. st was hurg from a pre~welghed stand consisting of
three disposable glass pipettes strapped onto a plastic
petridish with masking tape (Pl. 3, & & I). Individunals
that were too large for the stand, were suupendad from a
shelf above the experimental setup (PL. 3, H). Each plant
was welghed every 5 minutes for the first hour, every 10
minutes for the second hour, every 30 minutes for the
subsequent three hours, every hour for the following
three hours, and finalliy weighed again after being oven
dried at 60°C overnight. The relative humidity of the air
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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 cbservation period, using the formula
suggested by (Dromgoole, 1980: Oates & Murray, 1983},

et weight-desiccated weight = % desiccation
wet welght~oven dried weight

The mean desiccation cnrﬂu‘“{ff the three replicates)
were drawn for each of the sites.

After being oven dried and weighed, the Dictvopteris
plants were returned to seawater and left overnight. They
vwere then blotted dry and re-weighed to determina the
percentage of the original weight that had been regained,
ie % rehydration. This was neasured 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, howeveyr, 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 D. longifolis were studied with a
view to obtaining a better understanding of the
mechanisms employed by this speoies to survive harsh
environmental conditions.
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2.5.1 Light Microscope Anatomical Studies

Sections for the licht microscopic investigation of
anatomical features of D. longifolia were made from the
various parts of the thallus, including (¥lg. 7):

a) the apical pit

b) the wing and midrib of the apical region

¢) the wing and midrib of the middle region of the lamina

d) the dichotomising region '

e) the wirg and midrib near the base of the lamina where
the initial stages of rhizoid formation could bhe
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, oogonla and antheridia producing
laminae

i) thé regionse of regeneration

Special attention was pald to the midrib region in order
to determine the possible bresenoe and nature of any
conducting tissue {(as reported for Dictyopteris
nembranagea; «atsaros § Galatis, 1988). The material used
for the light microscope sectlioning was prepared as
described in 2.6.4.1.

2.5.2 Scanning Electron Microscope Anatomical Studies
The thallus structure of p. longifolia was also
invaestigated using the 5canning RElectron Microscope

(SEM). Sections across various areas of the lamina were
prepared using the methods described in 2.6.4.2.
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Figure 7: Diagram indicating the different regions of a

Dictyvopteris longifolia plant where sections were
taken for the anatomical study.
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2.5.3 Transmission Electron Kicroscoﬁe Anatomical
Studies

3
Transmission Electron Mlcroscopy (TEM) was performed on
the cells of the different areas of fresh material. in
this case, attention was paid to the detail of the cell
walls, and especially the presence of any cannéctiongf
between the cells of the midrib. The material was

prepared using the method described in 2.6.4.3,
2.5.4  Regeneration Studles

D. longifolia was obgerved to regenerate ﬁeﬁ laminae
prolifically in the fleld. Regeneration of thalli from
sections of a parent plant not only allows damaged
individuils to recover, but also allows for propagation
of new individuals (ie vegetative propagation) when
sections are removed from the parent plant and then
become rgrttached. Regeneration potential is obviously an
important feature in the survival of D. lopdifalia living
in highly wave exposed shores.

The regeneration potential of D. longifolis was studied
by placing selected sections of the thallusg into culture,
to investigate the ease and process with whioh
regeneration occurred. The material used for reger. ration
gtudies was collected in March, April and September 1989.
A minimum of three, and maximum of six replicates of each
type of section were 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 D. longfolia used for this study are shown
in Pigure 8.
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Figure &: Diagram indicating the different sestions of a

Pictyvopteris longifelia plant used “)r the
regeneration study.
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2.5.4.1 Sections of the Lamina o

Different sections of the lamina of D. longifolia were
studied. These included (Fig. 8, A-D): '

A) strips across the lamina, 4mm in length and the width
of the lamina ' _

B) sactiong ewnzluding the margin but inecluding about 3mm
on either side of the nmidrib and up to lcm in length

C) a section acrossg the lamina, lcm in length and as wide
as the lamina (1-2c¢m) in width

D) the apical tip, the length of which was measured at
weekly intervals (the dichotomised tip was viewed as
wall).

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

2.5.4.2 Whole Laminae and Large Sections of Lamina

Individual laminae and large sections (between 5 and l0cm
in length) were cultured in pre-sterilised, 250ml
Erlemeyer flasks (Pl. 3, L) containing fresh sea water
and sealed with tin foil caps. Three replicate sections
(of each type of cut) from laminae of D. longifolia were
placed into each flask and kept in the walk-in growth
chamker under the conditions described in 2.6.3. Several
different types of sections were cut from the laminae
inecluding sectiong having (Fig. 8, E~d):

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 Whole Plant Regeneration

Whole planté were kept in small glass tanks (t) and 21
plastic bottles in the walk-in growth chamber (Pl. 3, L &
J). Each lsmina of the three individuals used in this
test, had a v-shaped cut removing the apical cells (as in
Fig. 8, ¢). After a month the regenerated laminae were
recut with v-shaped cuts and 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, D. longifolia grows in clumps. One of the
pogsible reasons for this was considered to be the
ability of the bases of o0ld laminae {which remain in the
holdfast), as well as individual rhizoids of the
holdfast, to vegetatively regenerate the thallus of the
plant. Initial attempts to get the holdfast and its
component rhizoids to regenerate in different
concentrations of Provasoli’s Enriched Seawater failed,
due to excessive contamination. Eventually thase studies
ware 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 remaining
nidrib sectioi.. removed. Six replicate holdfast were
placed into 250ml beakers of natural seawater and
were Kept in the Labex growth chamber undaer the light
conditions specified in 2.6.3.

2.5.4.5 Reganaration from Rhizoid Sections
Regeneration from rhizoids and sections of the holdfast

has been reported in Dictyopteris divaricata (Tokida et
al., 1953) and other brown algal species. Regenexration
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from various sectionsg of rhizoid from D. longifolia were
studied (Fig. 8, I~J).

I) Small tufts of rhizoids (12 replicates, le two dishes)
were excised from the holdfast and placed into Bml of
natural seawater in 4cm replidishes and kept in a
Labex growth chamber under the conditions described
in 2.6.3.

J) Individual sections of rhizoid (about lcm in length)
and excludlng‘branches were dissected out of the
holdfagt 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 ¥, 50 ASa,
35mm film was used,

2.5.5 Sexual Reproduction Studies

Sexual reproduction is not believed to be a® successiul
in areas of high wave éxposure, as tetrasporogenesis and
vegetative propagation. This is due to the necessity for
fusion of the twe gametes, which may not occur in areas
of high wave exposure. Sexual reproduction in

D. longifolia was, however, observed infreguently in the
field.

Materlal displaying sexual reproduction was collected in
the field at different times throughout the year,
prepared, sectioned and viewed on the light mic¢roscope
using the methoas described in 2.6.4.1.
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2.5.6 Tetrasporogenesis Studies

The formation of tetraspores is considered to be an
important form of reproduction for D. longifolia living
in highly wave exposed shores. No meeting of motile cells
is necessary (as is needed in sexual reproduction), and
as thiz may not occur easily iunder conditions of high
wave expcsure, 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 across the lamina and lom in 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 Labex growth chamber under the
conditions described in 2.6.3. Three dishes of sections
(6 compartments per dish) were used. After 28 days,

tet~ spores were observed on the surface of the lamina
sections.

The spores were collected with a Pasteur pipette and
planed into culture in natural seawater, in 50ml
Erlemeyer flasks. The flasks were kept in the walk~in
growth chamber under the conditions <escribed in 2.6.3. A
flask of spores was kept in each of six thermostatically
controlled water baths at 10, 15, 20, 25, 30 and 359
(£20%). Tetraspore growth was measured using a Wild
Tnverted Microscope with a callbrated, graduated
eyepiece. The mean of 30 measurements of the thallus and
longest rhizoid were calculated on every second day for
20 days. The mean growth rates were graphed for sach
tazaperature, over the 20 days of growth and were
statisticelly investigated using the methods described in
2.7.1.
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The yrocess of elongation of the spores was alsc observed
using flcerescence. Germinating spores were placed into
0.1% calcofluor for 29 minutes. Calcofluor has been used
as a fluorescent merker in a number of studies (Hughes &
McCully, 1975; Waaland & Waaland, 1975). It stains cell
walls by binding with cellulose, polysaccharides and
callose and has been used in studies of'higher plants,
fungi and algae. Most of the aytoplasmic contents yemssi
unstained. It is an important stain because it can be
added to living cells allowing the pronesses of
elongation and the insertion of new wall material to be
observed. Only those walls present at the time of
staining, show florescance when exposed to light
(ultraviclet and visible light; Hughes & MoCully, 1975;
Waaland & Waaland, 1%75)).

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; Appendix 1)
were attempted for the growth studies performed to
investigate tetrasporogenesis and reyeneration of D.
longifolia. It was discovered that all the concentvations
of PES *that were tested, caused a high degree of
associated algal, fungal and bacterial contamination
which inhibited the growth of the Dictyopteris sections.
However, contamination was kept at a minimum and growth
occurred readily in natural seawater (unfiltered and
unsterilised). All the oultures had the seawater c¢nanged
at weekly intervals.
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2.6.2 Isolation of Sections of D. ig%gi;g;ig Laminae

Externally visible epiphytes were cemoved with forceps
from the surface of Dictyopteris thallus 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
recovering, The application of alcohol did not appear to
adversely atfect the growth of the material. The sections
were then dipped into germanium dioxide (GeO,; Appendix
2) which inhibits the growth of dliatoms (Lewin, 1966).
The material was not cultured in GeQ, because it has been
reported that GeO, detrimentnlly affects the growth of
members of the Phaeophyceas (Fletcher & Fletcher, 1975).
Bacterial contamination of cultures were treated with the
addition of a few grains of Penicillin 3 (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 "sterilin"
replidishes, 4 crm in diameter, in 5ml of natural seawater
(P1. 3, K). The dishes were ssaled with masking tape to
stop evaporation of water and the resulting changes in
salinity in the wells. The cultures were kept at 21°C (+
2°9C) in a Labex (model L.T.G.2.) growkth chamber with a
light intensity of 22uE m~2s™1 and a light:dark cycle of
14:10.

Material cultured in the walk-in growth chamber was kept
at 219 (% 29} at an irradiance of 70uR n2g=1 supplied
by "cool" white fluorescent tubes under a light:dark
cycle of 14:10.
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2.6.4 Microscopy

Light microscopic, and Scanning and Transmission Electron
microscopic techniques were used to view the external
features and growth, as well as Lo obgerve the anatomy of
sections of the thalius. Whilst the methods used for the
preparation of material for light and Scanning Electron
nicroscopic studies were standard and similar to those
used for the preparation of other slgae and higher plants
(described 4n 2.6.4.1 gad 2.6.4.2), the preparation for
Transwission Electron microscopy was more difficult.
Brown algae are reporﬁkd to be exceptionally difficult to
prepare due to the preaance of mucopelysaccharide and
alginate extracellular Mucllage, as well as polyphenolic
physodes (Hallum & Luffiilgaaj. Physodes have beén
reported to lemk tanrins and diziupt the organisation of
the organelles in the cell. The cells also have thick
walls and small vacuoles which increase the difficulty of
goaod fixation and infiltration. This means that
alternative methods would have to be attempted for the
preparation of sections of D. longifolia for Transmission
Electron microscopy, if further studies were to be
carried out.

2.6.4.1 Light Microscopy Preparation

Living and fixed whole mounts of plieces of the plant were
viewed with a Wild Dissecting Microscope and a 2Zeiss
Photomioroscope, to observe external features.
Photographic records were made usiig the cameras attached
to these microscopes and black and white Pan F, 35mm, 50
ASA film.

Spore material stained with calcofluor was photographéd
every seven days, using the fluorescent attachment of the
Zeiss Photomicroscope and black and white Pan ¥, 35mm, 50
ASA film with exposures lasting up to 5 minutes.
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Sections of different parts of the lamine and holdfast of
D. longifolia were made on a freezi.g microtome in a
supporting medium of Tissue~Tek (Miles Laboratory, USA).
Sections of material were also fixed in glutaraldehyde
and osmium tetroxide, and embedded in Spurr’s resin as
described for Transmlesion Electron microscopy (2.6.4.3),
Thick sections were cut on a L.K.B. ultramicrotome with a
giass knife. All these secticpns were stained with
Toluidine Biue and mounted on glass slides in glycerol.
Sketches were made and photographic records were kept,
using a Wild Dissecting Microscope and a Zeiss
Photomicroscope._'

2.6,4.2 Scanning Blectron Microscopy (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% glutaraldehyde and then dehydrated
in 10, 20, 50, 70, 80 and 90% ethanol for 10 minutes each
and then twice, for half an hour each, in 100% athanol.
The segments were then critical point dried in a Hitachi
Critical Point Drier for 1-2 hours. The sections were
wmounted on lcm diameter aluminium stubs with an adhesive
of colloidal graphite. They were then coated with gold in
4 Polaron Sputter Coating Unit and viewed on Canmbridge S4
and JSM 840 Scanning Electron microscopes. Photographic
records were taken of all the cbservations.

2.6.4.3 Transmission Electron ¥icroscopy (TEM)
Preparation

The preparation of material for Transmission Electron
microscopy is very difficult in brown algae (Hallam &
Laff, 1988). The extracellular mucilage prevents
infiltration of the fixatives and resin. The physodes
leak tanmins into the oytoplasm and disrupt the €ixation.
The recommended method is a slow fixation and
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infiltration (Hallam & Luff, 1988). The method used in
this study was a slightly modified version of the method
used by Galatis et al. (1977) for the brown alga '
Sphacelaris, however, it was not very successful and
alternative methods need to be attempted for further
studies of this species.

1) The material was cut into small sections and placed
into glass vials in 2.5% glutaraldehyde in 0.1M Na
cacodylate buffer (Appendix 3). The solution
contained 0.25M sucrose at pH 7.2 and the material
was kept at room temperature for 5 hours.

2) after fization, the material was rinsed in solutions
of cold 0.1M Na cacodylate buffer with decreasing
sucrose concentrations (0.25, 0.2, 0.15, 0.1, 0.05
and 0.0M) for 20 minutes at sacn concentration.

3) The material was then post-~fixed in 1% osmium
tetroxide (0s04) in 0.1M Na cacodylate bufier and
kept in the fridge for 12 hours (pH 7.2).

A} After post~fixation the material was rinsed twice in
0.1M Na cacodylate buffer (20 minutes each rinsej.

5) Dehydration was carried out by scaking the material in
increasing concentrations of ethanol in 0.1M Na
cacodylate buffer (10, 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 (L, 2, 4, 8, 15, 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. PDue to the long infiltration periods, the
Spurxr’s with the longur pot~life was used. This was
followed by two changes of fresh 160% resin.

7) The uaterial was then polymerised in an oven at 709C
for 12 hours.
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8) The material was sectioned on a L.K,B. ultramicrotome
using a glass knife. Thick gections were used for
light microscopy and ultrathin gold and silver
sections (40-70nm) were picked up on 200 hexagonal
mesh, copper grids for TEM.

9) The sactions were stained with uranyl acetate and lead
citrate to enhance the contrast (Reynolds, 1963;
Apperidix 5). |

2,7 STATISTICAL ANALYSES
2.7.1 Means

The mean values of the measurements for each attribute
{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
included in brackets after the mean values in the text.
The mean, standard deviation values and the sample sizes
for all the measurements gre given in Appendix 6.

2.7.2 Tests of Significance
significarce of differences between the mean values for

different sites for selected parameters, was tested using
the Student T-test and tables from Garvin (1986),

SD is the standard deviation
n is the number of samples
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2.7.3 Principle Component Analysis (PCA)

Principle Corponent Analyses have been used in various
terrestrial and marine ecological studies (Rice &
Chapman, 1985) and were used in this study to enable any
correlations between

a) some of the environmental measurements and

b) aspects of the algal morphologv and physical
'charactersr

to Be detected. An abridged interpretation of the pPCa
ordination biplot is as fo)lows (consult Jongman et al.,
1987; Ter Braak, 1988 for detalled explanations'(s

The inteérsection of the nxes represents the sample mean
or nodal point. The lines represent the approximate
:,direction of maximun variation of the variable, whereas,
the length of the line equals the rate of change in that
dirdetion, The angle between respedtive lines provides an
estimate of correlation. Lines that point in the:same
direstion indicate positively correlated variables,
perpendicular lines indicate lack of correlation and
lines pointing .it opposite directions indicate negatively
correlated variables. The principle components (axes) Way
be quantified by dropping a perpendicular from each
variable to the respective axes. The propértional
contribution of the variables to each priheiple component
is the length of the segment from the nodal point to the
intersect./'on of the variables’ perpendicular axis.
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3  RESULTS

3.1 EXPERIMENTAL ORGANISM

3.1.1 External Morphology of Dictyopteris longifolia
fyom Palm Beach.

Dictyopteris longifolia is a brown alga composed of

numerous flat, strap-like laminae attached to a basal
rhizoidal clump (Pl. 4, A; Figf 1). The rhizoidal clump
or holdfast can grow to a few centimetres in diameter and
is perennial (while the laminae die back every year). The
holdfast gives rise to many (see Section 3.7.2.6) new
leminae after the old laminae die back due to natural
senescence, abrasion or herbivory (Pl. 4, B-D). The
holdfast is comprised of entangled, multicellular,
branched rhizoids (Pl. 4, E-G) which appear to be
trichothallic (32 divide from the base)., The terminal
ends of the rhizoids are rounded and have a high
concentration of cell contents in the tips (Pl. 4, H).
Rhizoids were also observed to grow from the midrib at
the base of the lamira, 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, L).

The strap-like laminae of D. longifolis are dark, golden
brown in colour, flat and dichotomously branched. The
apical tips are bluntly to acutely rounded and there is
an apical pit confaining the meristematic cells (Pi. 5, A
& B, T & J; Pig. 50). The laminae are 0.5-1.5¢cm wide (see
Section 3.7.2.2) with the number of dichotomies per
lamina varying conaiderably, however, the maximum number
observed was 8 (see Section 3.7.2.5). Immat' 2 laminae do
not have dichotomies. The meah 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, a lamina is defined as & single outgrowth
from the holdfast. It includes everything from the point
of attachment at the holdfast to the tip of the longest
branch (Fig. 6).

There is a prominent, centrally arranged midrib which is
flat in the apical regions of the lamina (PL1. 5, C}, but
thicker (approximately lmm thick) and often giving rise
#o rhizoids in the more meture Tregions nearer the base of
the lamina (Pl. 5, D). At the bage of the lamina, the
wings may be removed igaving the midrib which is known as
the stipe in some spe.ias and which may ba covered in
Fairly long rhizoids (¥FL. 8, BE & F; Fig. 51, E; Fig. 52,
t#) . The undamaged margins of the wings pf the laminae are
swollen in the mature ragions (Pl. 5, ¢ & H; Fig. 51, B;
Fig. 52, ¥), but not in the immature wigions (Fig. 51,
A). The laminal wings were observed o give rise to the
scattered tetrasporan-ia (Pl. 5, K), antheridia (Pl. 5,
L) and oogonia, both in the field and under the
laboratory conditions dezcribed in*Section 2.6. In some
individuals of D. longifclia observed in the field, and
on sectirv. in culture (Section 2.6), the laminae were
alsc obgerved to give rise to multicellular surface hairs
(Pl. B, M-0; Fig. 53).

3.2 DISTRIBUTION

Specimens from the herbaria listed in Section 2.3,
included individuals of D. longifolia from as far north
as Kosi Bay (26 32, CD), and as far south as Arniston (34
20, CaA). D. jloumgifolia is, however also mentioned in

It nac (1956), indicating a distribution which extends
along the Mozambique coast northwards to at least Inhaca
Island (26 32, AD). The species isg also listed in
"Seaweeds of the de Hoop Nature Reserve' (34 20, CQ;
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Figure 9: Map of South Africa indicating the distribution
of Diaotyopteris longifolia as compiled from herbarium
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Bolton & Stegenga, 1990). Personal communication with
researchers on the west coast of southern Africa (J.
Rolton & F. Melloy), indicates that D. longifolia is a
warm water species and is limited to regions east of Cape
Agulhas (Fig. 9). ’

Specimens of D. longifolia preserved in the herbaria of
South Africa have been collected over many years, in
different seasons, and at different points along the
South and East coasts of southeérn Africa (Fig. 9). There
is great variation in the size as well as the
reproductive and morphological condition of the
specimens. Unfortunately, due to the lack of sufficient
examples from a single area or season, no conclusions
about trends in the seasonality of morphological
variation can be drawn from these specimens. To deternine
any seasonal changes in morphology, a continuous
neasurement of individuals throughcout at least one whole
season would have to be completed.

3.3 WATER MOVEMENT

- D. longifolia 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 shoxe (Pl.
1, A; Plg. 3, F & G) to hishly wave swept rocky reafs
(Pl. i, B; Fig. 3, A). In some areas the plants werae even
exposed to the sun and air for long periods of time
during low tides (one to two hours during calm, low
spring tides; PL. 1, C).

It must be noted that the values in all graphs mentioned
in the rest of this study are arvanged in the order of
subjective ranking of the sites, ie the two low wave
exposure sites (L1 and L2), the higher, low wave exposure
site (IL+), 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 high wave
exposure site (H+) (see Section 2.2; Fig. 3, A-G).

3.3.1 Wave Action
3.3.1.1 Wave Strength

The method of measuring wave strength (in Newtons/m2)
uging a modified dynamometer (Palumbi, 1984; see Section
2.4.1.1; Fig. 4), has a serious 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 gites must be measured at the
same time. This means that only those sites éxperiencing
wave activity throughout the tidal cycle (eg H ana H+),
could be measured using th dynamometer. The usatulness
of this method to test a large range of sites |
axperiencing different degrees of wave activity, is
limited. Howaver, comparing the two sites which wete
measured (H and H+), it appears that the extreirely high
wave exposed site (H') experiences a significantly high »
(p<0.001) degree of wave exposure, with a nean value of
539.49 (x281.04) 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 (%£209.58) N/m? (Fig. 10).

3.3.1.2 Wave Number

A similar problem was experienced with tounting the
number of waves passing over the site per time pericd
(see Sectlon 2.4.1.2). Measurements could only be taken
whnen waves were breaking over the area at low tide. This
only occurred in the two sites mentioned above (H and H+)
and the higher, intermediate wave eprsure pool (i+),
which occaslonally had small waves breaking into it.
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Mean Wave Strength (N/m*)

Sife

Figure 10: Mean wave strength (¥/m2) for the two highest
wave exposure sites, le the /wxtremely high wave
exposure site (H+, n=57) and: %We high wave exposure
{H, n=30)}, from measurements Using the modified
dynamometer. ’

123



2

J i
E

212

gio-

W 7
g 8

£

-

Z 6-

c

g .

S 4-

R

| Site

Figure 11: Mean wave nuwber per twe minute periods for
the extremely high wave cxpodure site (H+, n=l1), the
high wave exposure site (H, n+=12} and the high,
intermediate wave exposure site: (I+, n=3).
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This method did not distinguish any differences in wave
force in the other siter (ie L1, L2, L+ and I). It was
found that the most convenient counting period was two
minutes. From the graph of the mean number of waves in
two minute periods, it appears that there may be a trend
in the number of waves experienced by the sites. The
trend in wave number of the sites measured, match¢s the
subjective ranking of the sites (ie H+ has a mean of 16.7
(£0.989) waves/2 minutes, followed by H with 7.08
(£1.296) waves/2 minutes and then I+ with 5 (+0.817)
waves/2 minutes). The highest wave exposure site (H+) has
a significantly larger (p<0.001) number of waves than the
other two sites (H, I+) with H being higher (p<0.05) than
I+, ?”$ nethod does indicate that not only do the

streh, .hs of the waves differ between sites, but so do
the waeve numbers (due to the position on the shore and
the shore topography).

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
method involves the use of dissolution rates, which are
assumed to Increase with water motion (Martell, pers.
comm. ). There were various drawbacks to the use of this
method. Firstly, it was not determined to what degree the
flavour of the pweet affected tha dissolution rate and,
although the flavours were randomly distributed amongst
the sites, this may have affected the mean weight loss

vi ues significantly (due to the small replicate number
vwhich was used). A second problem was that the continued
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disgsolution of the wet sweets after removal from the
water, was not initially accounted for. In later
experiments, individual sweets were immediately packed
into pre~weighed bottles. However, in the latter case,
the amount of water included in the weight was not
considered. Tais would vary considerably depending on the
#izge ol the remaining piece of sweet. Another problem
that was experienced, is similar to that discussed for
the previcus two methods, ie to get to the - sve wave
exposed sites, the study had to be performéd at low tide
and at this time the calmer sites (ie 11, L2, 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 differwrce (p>0.05) between the
wa%er movement of sites experiuncing no water movement at
loﬁxtide, ie L1, L2, L+, I, and I+ had mean dissoiution
values of 0.1271 (+ 0.043) g/min, 0.15672 (& 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 B+) showed a
significantly higher dissolution rates (p<0.00l), with H+
having a mean dissolution rate of 0.4189 (% 0.088) g/min
which is significantly higher (p<0.05) than H (0.3494

(+x 0.027) g/min).

3.3.2,.2 Plaster Block Dissolution Method

The final method used to measure wateér movement in this
study, was similar to the previous method in that
dissolution rates were measured. In this case, the
dissolution rates of pre-weighed plaster of paris blocks.
The blocks were fastened to clumps of firmly attached
plants such as gelidipm, by means of cable~ties (see
Section 2.4.2.2). The blodks were set out at one low tide
and removed, to be weighed, at the next low tide. The
advantage of this method 'ag that the blocks remained in
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the water over a full tidal cyecle, thus experiencing
water movement at high tide. This was not possible with
the other methods. It must be taxen intq.cohsideration
that those sites hiqp up on the shore experience only one
short period of high water movement (ie at high tide),
whilet those sites nearer the bhottom of the intertidal
region experience longer periods of water motion. The
 results may have been different, had it been possible to
put the blocks in at low tide and remove them at high
tide (either after one tidal cycle, or after Ltwo).
Unfortunately, this experiment was only performed once,
and for some of the sites (I and H+), only a single block
was retrieved. No significance can thus be attached to
the results received, however, the trends can be
observed. Looking at Figure 13 it is apparent that, once
again, the two gites with the highest wave exposure (H
and H+} show the greatest degree of weight loss {(mean
‘‘percentage weight lost arxe 61.87 (+11.04)% and 68.94
(20)%, respectively). However, the difference between
these two and the low wave activity site (Ll1l), whick has
a mean waight loss of 58.09 (%6.20)%, does not geem to be
remarkable. The other sites all have a similar degree of
weight loss (L2, L+, and I+ have mean values of 42,44
(£3.82)%, 46.14 (+11.66)% and 46.47 (#14.41)%,
respaectively), except for the sandy, intermediate wave
activity gully (I) which experienced a mean weiqght loss
of 22,49 (#0)%. Blocks placed at the latter site racorded -
a much lower weight loss, however, this was probably due
to the fact that the blocks hecame inundated with sand
and had to be dug out after one tide, thus preventing the
block from being washed by the waves.

The PCA diagram {see Bection 2.7.3), Pigure 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 degres of water movement. The former aspect (le sand)
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Figure 14: PCA showing correlation between the
measurements of sand and wave exposure.
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will be discussed under Sections 3.4 and 3.5. ther
nmovement. iz represnnted on the PCA, by the fourumethods
of measurement used in this study. The three methods
which were only used at low tide, (ie the dynamometer,
wave counts and the "Lifesaver" technigue) are all very
closely correlated on the PCA (PCA angles between the
dynamometer and number of waves = 49, dynamometer and
litééavers = 39, number of waves and lifesavexrs = 79),
while the plaster block method which covered the full
tidal cycle, is fairly closely 'correlated to the other
three, but not as closely correlated as they are teo each
other. (PCA angle betwaen plaster blocks and dynamometer =
359),

3.4 SAND CONTEWT OF WATER

The mean sand content of the water samples, taken
throughout the year from each site (see sectlon 2.4.3}),
is given in Figure 15. 'The water of the hlghest wave
exposure site (H+) and the intermediate Elt% (I} have
significantly higher (p<0.001)} sand content[values than
the other sites (0.10L (£0.044) g/LOO0mL and 0.088
(£0.033) g/100m1l), raespactively), but are not
significan%ly different from each other (p>0.05). The
water of the second highest (H} and high, intermediate
wave exposure (I+) sites both have the lowest (p<0.001)
sand content values (0.047 (+0.029) g/100ml and 0.044
(£0.004) g/100ml, respectively) but are not significantly
different from each other (p>0.05). The other sites (L1,
L2 and L+; 0.057 (#0.022) g/100ml, 0.062 (£0.002)
g/r00ml) and 0.072 (£0.006) g/i00ml, respectively) all
have similar (p>0.05) and intermediate sand content
neasurements. It was initially suspected that the sana
content of the water would be found to be correlated with
the degree of water motion.
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Tooking at a PCA (Fig. 14) which indicates the
relationship between the results from the four different
methods of water movement measurement, sand content and
gand deposition; the correlation between sand content and
deposition, and the degree of water movement (with the
methods that were used in this study), is slight (PCA
angle between the dynamcmeter and sand movement = 509).
There does, however, seem to be some correlation between
the sand content of the water and the amount of sand
deposited (PCA angle = 20.59), 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, P-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 shape
due to different degrees of sand inundation, which varied
considerably over the observation period. The
photographic sequences are not the stages of a single
inundation, but r#ther the degree of sand cover at
different times or the year, arranged in a seguence of
increasing cover. The degree of sand inundation was also
chgerved 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 experiment due to the
welyght of the concrete blocks, the distance of some of
the asites and the number of blocks lost or buried.’The

~ data presented in Figure 16 can thus not bhe statistically
analyzed. However, it appears as if the low wave expaosure
gite {L1) site has the smallest amount of san.: depositiovn
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(300.88 {+10.86) g) and the highest wave exposure site
{(i+), the largest amount (354.66 (£22.84) g. The sand
inundated, intermediate wave exposure site (1) showed a
similar and high volume of sand to H+ (347.03 (8.87) g),
while the second highest wave exposure site (H), has a
s8lightly lower volume of sand trapped (326.22 (149.92)
g). These observations serve meraly to suggest a trend in
the pattern of the volume of sand movement in the
differsnt sites.

The PCA (Fig. 14) indicates some correlation between the
sand captured and the sand content of the water (PCA
angle = 20.5%9), but this does not appear to be correlated
with water movement (as measured in this study).

3.6 MEAN MAXIMUM LAMINAL LENGYH OF THE POPULATION

The mean population size or maximum laminal length of

D. longifolis at Palm Beach was determined by measuring
the length of the longest lamina of mapped individuals
from each site, on each trip (see Section 2.4.5). For
this section the individuals remained in gitu and were
repeatedly measured. Only the populations in the sites
experiencing the highest wave exposure (H+ and H), as
well as the lowest wave exposure site (L1}, ware measured
throughout the stndy periced. All three of these showed a
sharp decrease in the mean laminal length Mowards the
middle of the study pericd {when abrasion was ohserved to
increase), followed by a slight increase towards the end
of the study period (when lamina regeneration was
prevalent; Fig. 17, L1, H & H+). Those sites only
measured towards the end of the study (L+ and I+) showed
a gradual increase in mean population size (Pig. 17, L+ &
I+). The intermedlate wave exposure site (1), which was
inundated by sand for long periods of time during the
study period, showed an increase in the mean size of the
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Figure 17: Mean monthly population size (taken az the
maximum length of the longest lamina) for L1, 14+, I,
I+, H, and H+. The other low wave activity site (L2)
was not included bescause only the last two month'’s
measurementy were taken. .
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population when the individuals of the other populations
were decraasing in size. The plants in this site began to
decrease in size towards the jend of the study period when
the individuals of the otherfsites were increasing in
size (Fig. 17, I). The ore low wave exposure site (L2)
was only measured on the last two trips and was thus not
included in these graphs. There was, however, little
difference between the Ssptember and October measurements
in tais site. |

il

3.7 MORPHOMETRY

Various aspects of the structure of Dictyopteris
longifolia were measured, statistically analyzed and
represented ir. bar and scatter graphs. For the purpose of
this study, the holdfast is the entire matted, rhizoidal
region and the lamina is the region from the'point of
attachment to the holdfast, to the tip of the longest
lamina (Fig. 1).

3.7.1 Features of the Holdfast
3.7.1.1 Diameter

The diameter of the holdfast is one of the morphometric
measurenments taken on the plant. The mean of this
measurement, from data collected throughout the mtudy
period, is displayed in Figure 1L. The one low wave
exposure site (L+) has a significantly lower (p<0.001)
mean holdfast diameter (12.95 (£2.75)mm) than tha other
sites. The other two low wave exposure sites (L) and L2)
are similar to each other (p>0.05) but significantly
higher (p<0.001) than the L+ site with mean diamotor
values of 15.8 (%4.42)mm and 15.7 (%12.8)% .. The other
sites (¥, I+, H and H+) have higher mean holdfast
diameters (18.75 (#0.75)mm, 22.23 (#1.00)mm, 23.23
(£5.2¢)mm 203 21.85 (£7.77)mm, respectively. They are
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'significahtly different (p<0.001) .rcom each other (except
I+ and H+).

Figure 19 is a scatter diagram of the holdfast diameter
of D. longifolia plotted against the maximumllaminal
length of the individuals, of samples (throughout the
study period) from the low wave exposure site (Ll) and
the highest wave exposure site (H+). From this graph, it
appears that there may be five groups of plants present,
ie small plants which remain small or may grow and retain
small holdfasts (L1l and H+; holdfast diameter 5-38.5mm,
lamina length 4~132mm), lawrger plants which have small
holdfasts (H+ only; holdfast dlameter 6-19mm, lamina
length 170-230mm}, short plants with large holdfasts (H+
only; holdfast diameter 28.5-32.5mm, lamina length 39-
102mm), medium plants with medium holdfasts (H+ only;
holdfast diameter 19-36mm, lamina length 305-375mm) and
large plants which have larga holdfasts (H+ only;
holdfast dlameter 52.5-65.5mm, lamina length 477-535mm).
Whether these groups are due to different stages of
development or to reactions to the different Adegreas of
wave exposure, was not investigated. The third group
(large holdfast and short laminae) consists of 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 holdfast area values, from measurements taken
throughout the study period, are displayed in Figure 20
which shows the three low wave exposure sites (L1, L2 and
1+) as having the lowest mean holdfast area (0.000219 (%9
x 10°5ym?, 0.000223 (+3.78 % 10~5)m2 and 0.00013 (%4.78 x
105)m2, respectively), with L+ having the lowest
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of the three {(p<0.001). The other two low wave exposure
sites (Ll and L2) are not significantly different from
each other (p>0.05). The three lhighest wave exposure
sites do net show significantly different holdfast areas
(p>0.05) but are higher (I+ has a value of 0.000442 (+6.9
x 10~5)m?, H a value of 0.000418 (4.5 x 10~5)n? and H+ a
value of 0,000516 (3.6 x 10"4)m?) than the intermediate
gite (I) which has a mean value of 0.000302 (#4.5 %
10~%)m? (p<n.001).

3.7.1.3 Holdfast Mass

. The mean mass values of the wel End dryv 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 holdfast mass
{0.372 (10.206)g wet and 0.209 (£0.120)g dry; p<0.001),
with the other two low wave exposure sites (L1 and L2)
being higher (p<0.001) but not significantly different
from each other (p>0.05). The mean holdfast mass values
for L1 and L2 are 0.848 (*0.47)g wet and 0.447 (20.29)g
dry for L1, and 0.866 (+0.292)g wet and 0.473 (+0.161l)g
dry for L2. The two highest wave exposure sites (H and
H+) have the highest mean holdfast mass (3.843 (*1.68)g
wet and 2.553 (10.97)g dry, and 5.547 (+6.29}g wet and
3.6759 (t4.27)4 dry, respectively; p<0.001) but are not
different from each other (p>0.05). The two intermediate
sites (I and I+) are significantly different (p<0.001)
from each other and increase with an increase in wave
exposure. The mean holdfast ﬂ?ss for these two sites are
1.192 (+0.08)g wet and 0.793 /(£0.11)g dry, and 2.726
(+0.71)g wet and 1.738 (+#0.52)g dry, respectively,
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3.7.2 Featurez of the Lamina
3.7.2.1 Laminal Length

The mean laminal length (taken from the mean length of
the three limngest laminae), f£rom measurenents taken
throughout the study period, is displayed in Figure 23.
The three lowest wave exposure sites (L1, L2 and L+) have
nthe lowest mean laminal lengths (46.19 (19.49)mm, 86.83
“{+21.68)mm and 83.75 (£6.10)mm cespectively) with L1
having the lowest of the three (p<0.001). The other two
low wave exposure sites are liigher than Ll (p<0.001) but
not significantly different from each other (p>0.05). The
other four sites (L. I+, H and H+) have higher mean
lamina length values (p<0.00.1) but, although H+ appears
to be alightly higher, the latter four sites do not have
significantly different mean laminal I..gths (p>0.05).
The mean laminal length wvalues for the latter four sites
are 112.68 (+Y.56)mm, 113.96 (1+15.44)mm, 113.68
(£58.57)mm and 118.29 (£79.22)mm, respectively.

3.7.2.2 Laminal Width

The mean laminal width measurements are displayed in
Figur 24. The laminal width value for the lowest wave
exposure site (L1) is significantly lower (8.21
($+1.25)mm; p<0.001) than that of the other sites (L2, L#,
I, I+, H and H+; 12.75 (+1.05)mm, 12.5 \}0.7)mm, 13.15
(£0.05)mm, 13.7 ($2.18)mm, 12.03 (+0.81)mm and 12.53
(£1.64)mm respectively). The latter sites all have
similar nmean laminal width values (p>0.05).

]
Flgure 25 is a scatter diagram of the individual laminal
lengthe versus the corresponding lamitil widths for the
lowest wave exposure site (L1) and the highest wave
exposure sita (H+), taken throughout the study period.
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There appear to be three groups on this graph. The first
is comprised of short, narrow individuals from both
sites, and is assumed to be the entive population of the
Ll site and the juvenile plants of the H+ site (lamina
width 2<14mu, lamina length 4-170mm). There are then two
groups comprised of H+ plants only. The first of these is
intermediate plants {lamina width 14-21.33mm, lamina
length 38~-235mm) and the second long, wide plants (lamina
width 15.6-19.6mm, lamina length 351~535mm). The latter
two groups are thought to he composed of the older
juvenileé and the adult plante, respectively. It must be
noted that these ¢groups probably denote different times
of the study period and stages of development, as the
neasuraments were taken over the entire siudy period. If
the same two sites (L1 and H+) are compared with only the
March readings (PFig. 26), it can be seen that at this
poip® ~f the growing season there are also three groups.
Thesé iUclude a group of narrow, short plants (L1;lamina
width 3.3-12.3mm, lamina length 29-132mm), a group of
narrow, long plants (H+; lamina width 14-19.&66mm, laminz
length 52-351imm) and a group of longer, wide plants {H+;
lamina width 16.6~19.6mm, 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 L1 and H+) which are shorter than
later in the growing season (lamina width 2-17mm, lamina
length 4=-102mm).

3.7.2.3 Surface Area of the Thallus

Flgure 28 shows the mean total area of all the laminae
from individual plants, ie & sum total of the area of the
laminae of a plant, from measurements taken throughout
the study period. The higher, intermediate (I+) and high
(H) wave exposure sites are similar (p>0.05) with mean
values of 0.007341 (:0.002)m? and 0.007301 (x0.005)m2
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respectively, whilst all the rest are significantly
different from each other (p<0.001). Two of the low wave
exposure sites (L1l and L+; 0.002345 (+0.001)m? and
0.003653 (+0.0007)m?) have the lowest mean total laminal
surface area, whilst the highest wave exposure site (H+)
has the by far the highest (P<0.001) mean area which 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, ave combined in Figure 29. In the
graph, the plants of the Ll and the I+ sites have the
lowest laminal mass (0.583 (%0.285)g wet and (.0864
(+0.04)g dry; and 1.457 (+0.182)g wet and 0.19) (10.033)g
dry, respectively). These mass values are significantly
different from each other and the re-%: of the sites
(p<0.001)l The values for L2 and I are higher {with wet
mass values of 1.890 (*0.85)g and 2,034 (+0.545)g and dry
valuas of 0.277 (£0.154)g and 0.29 (1C.083)g,
vaspectively: p<0.001l) but not different from each other
(p>0.05). The mean masses then get progressively higher
(p<0.001) with an increase in wave exposure (p<0.001)
except I+ and H which where similar (p>»0.05). For both
wet and dry masses, the highest wave exposure site (H+)
has the highest laminal mass (p<0.001). The wet mass
values for I4, H and H+ are 2.590 (+0.85)g, 2.947
(+1.785)¢ and 9.133 (+12.81)g, and the dry mass values
are 0.355 (£0.117)g, 0.508 (40.337)g and 1.639 (%2.401)g
respectively.

3.7.2.5 Number of Dichotomies per Lamina
The mean total number of dichotomies per lamina length
were calculated. Figure 30 indicates the mean dichotomy

number per lamina over the whole study period. The low
wave exposure site (Li) has a2 significantly lower
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(p<0.001) dichotomy nimber (0.267 (£0.12) dichotomies)
than the othar sites. The remaining sites have different
dichotomy numbers (p<0.001) except L2 and I which are
similar {(p»0.0%). 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 I+ has a nmean of 1.094 (10.495). The
two highest wave exposure sites (H and H+) have the
highest (p<0.001) dichotomy number per lamina length
(1.738 (%1.22) and 1.672 (11.24) respectively) but are
gimilar to each other (p>0.05). A similar plot of the
dichotomy numbers of those plants measured in March (Fig.
31'. indicates that Iﬁ”ﬁas by far the lowest number of
dichotomies (0.176 (:%0.512); p<0.001), followed by H and
then H+ with mean dichotomy numbers of 3.461 (+2.134) and
3.652 (£1.15), respectively (p<0.00l1). In Figure 32 the
mean number of dichotomies from the October measurements
are displayed. The lowest wave exposure site (L1l) once
again has the lowest number of dichotomies (0.186
(£0.385); p<0.001). The highest wave exposure site (H+)
has the next highest dichotomy number (0.535 (t0.677)) at
this time of the year (p<0.001). Sites L+ and H are
higher and similar to each other (p>0.05) but different
from the other sites (p<0.001). The mean dichoiomy
nunmbers of L+ and H are 1.02% (£1.14) and 0.8068 (*0.12),
respectively. The remaining three sites (L2, I and I+)
are all higher (p<0.001; 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>0.08}).

Figure 33 shows a plot of the length of the longest
lamina versus the number of dichotomies in that lamina,
for individuals from the two extremes in wave activity,
ie H+ and Ll. From this graph it can be observed that the
individuals from L1l have both a low laminal length and a
low number of dichotomies. There are individuals from the
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Figure 31: Mean dichotomy number per lamina for the
measurements taken for the month of March (L1, n=17;
H, n=13 and H+t, nﬁ23).

Figure 32: Mean dichotomy number per lamina for thé
neasurements taken for the month of October (LI,
n=25; L2, n=30; L+, n=28; I, n=324; I"I, n--iﬁr H; 11“*11
and H+, n=53).
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higher wave exposure site (H+) which have low dichotomy
numbers and low laminal lengths, as well as individuals
with higher laminal iengths and djchotomy numbers. Theres
seemz to be a gradual increase in the number of
dichotomies with an increase in the laminal length in
individuals of the latter site (H+).

Figure 34 indicates the percentage of laminae totally
lacking dichotomies. There does not seem to be any
particulaf trend in these results, other than the lowest
wave exposure site (L1) haviﬁg by far the greatest
percentage of laminae 1ackin§ dichotomies (57.97
(£30.61}%; p<0.001). The L2, I and H sites have similar,
low percentages of laminae lacking dichotomies (19.17
(£7.30)%, 18.23 (£15.1)% and 16.20 (*10.72)%,
respectively; p>0.05) whilst all the other sites have
different percentages (p<0.00l1). Thé percentage laminae
lacking dichotomies in L+, I+, and H+ ave 37.09 (+1.8)3%,
33,76 (¥15.81)% and 29.87 (£21.25)%, respectively.

3.7.2.6 Number of Laminae per Individual

Tha number of laminae per plant were divided into 2
groups, ie the number of laminae less than 5mm in length,
and the number greater than Smm in length. The results
are shown in Figures 35 and 36, respectively. In Figure
35, the two low wave exposure sites (L2 and L+) have
different (p<0.001)) and significantly lower (p<0.00L1)
number of small laminae (3.88 (%0.07) and 5.005 (+0.805))
than the other sites which all have higher and similax
nupbers of laminaa less than 5mm in length (p>0.05). The
wean nuwber of laminhae smaller than Bmm (per plant) for
Ll, I, I+, H and H+ are 6.4 (*2.86), 6.28 (%1.12), 7.04
(t2.28), 5.04 (*2.02) and 5.4 (+1.78), respectively. In
the graph of the number of laminae bigger than Smm (Fig.
36), the intermediate site (I+) has the highest number of
longer laminae (23.23 (£4.97); p<0.001). The low wave
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exposure site I+ and the highest wave exposure site (H+),
have similar {(p>0.005) and the lowest number of large
laminae (12.4 (+2.8) and 12.68 (8.59), respectively;
p<0.001). The other sites (L1, L2, I and H) all have an
intermediate and similar (p>0.05) number of larger
laminae (16.84 (+9.23), 18.55 (+4.75), 16.6 (£3.4) and
'14.83 (45.07), respectively).

3.8 MECHANICAL PROPERTIES
3.8.1 Tenzile Strength of the Laminae

Various problems were experienced with the method used to
measure tensile strength (see Secticn 2.4.7.1), FPigure 37
shows thé mean tensile strength over the entire study
pericd, for as many individvals as possible from each
site. There is no obvious trend in the tensile strength
measurements on this graph. The highest wave exposure
gite (H+) does, however, have a slidhtly higher (p>0.05)
measurement than the rest of the sites (524.87 (186.13)
dynes/mm), and the lowest wave exposure site (L1l) has a
significantly (p<0.001) lower mean (349.95 (X14.22)
dynes/mm} than all the other sites, except H which has a
mean tensile strength of 272.21 (147.34) dynes/mm
(p<0.001). The four sites L2, L+, T and I+ (477.83
(£92.43) dynes/mm, 500.62 (£13.86) Gynes/mm, 497.85
(+£44.22) dynes/mm and 413.89 (£27.61) dynes/mm, .
respectively) are significantly higher (p<0.001) than the
other zites but not significantly different from each
other (p>0.05). The mean tensile strength of the sites
measured in March are shown in Figure 38. Once again

the highest wave exposure site (H+) had the highest

mean tensile strength (509.78 (+224.47) dynes/mm).

The low wave exposure site (L1) and the high wave
exposure site (H) had lower tensile strength (334.80
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‘Figure 38: Mean tensileé strength measurements (dynes/mm)
for those sites measure® in March (L1, n=13; H, n=12;

Figure 39: Mean tensile strength measurements (dynes/mm)
for those sited measured in October (L1, n=6€; L2,
n=27; L+, n=31; I, n=48; I+, h=25; H, n=21; H+,
nmla)n
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(£99.32) dynes/mm and 317.02 (*188.15) dynes/mm,
raspectively). Similarly, means of tensile strength for
October (Fig. 39) show a lack of any particular trend,
but with H+ having the highest (669.69 (%234.26)
dynes/mm) and Ll the lowest (346.06 (£72.77) dynes/mm)
mean tensile strength.

The correlation between the tensile strength measurements
and other aspects of the lamina meas .fed in this study,
was confirmed by a PCA ordination (see Section 3.8.2;
Pig. 43).

3.8.2 Attachment Strength of the Holdfast

The mean attachment strength for populations of

D. longifolia from the various sites at Palm Beach, was
determined and presénted in Figur 9. It appears from
this graph that the more intermes.  wave exposure sites
(ie L2, T+, I and X+) all have gimilar and higher
attachment strengths (13.58 (fz.14) Wewtons, 12.87
(+2.31) Newtons, 14.50 (%7.97) Newtons and 14.61 (#1.28)
Newtons, respectively)} than the extreme sites, ie the low
wave exposure site (L1l; 7.072 (£2.14) Newtons) and the
high wave exposure sites (B4 and H; 10.63 (+1.95) Newtons
and 9.82 (#4.14) Newtons, respectively). The lowest wave
exprsure site (L1) is significantly lower (p<0.001) than
the other .sites, In all but the calmer pools (LI and i+},
the October (when the plants were older) attachment
strength measurements (Fig. 42) appear to be greater than
the September measurewents (Fig. 41) when there are many
young plants.

The PCA (see Section 2.7.3) of various structural and
morphoiogical features of the plant (Fig. 43}, indicatws
any corvelation exist?ig i waen the featurds measured.
It must be noted that, by definition, the attachment
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strength (using this method of measurement; Carter, 1986;
Carter & Simons, 1987) is the force needed to remove the
plant from tho substratum or to break the lamina to which
the force is being applied (whichever occurs first). This
means that the attachment strengtnh 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, aclerophylly and
sucoulence are very closely correlated (all within 4° of
each other). The laminal features are not highly
correlated with the holdfast features (PCA angle between
holdfast sclerophylly and laminal length = 639), however,
the laminal features are within 65° of each other.
Laminal width, succulence, tensile strength and
attachment strength are closely correlated (within 27° of
eacl other). Surprisingly, attachment strength is very
slightly correlated with holdfast diameter (114° between
them) but c¢losely correlated with aspects of the lamina.

3.8.3 Sclerophylly and Succulence

Mean lamina and holdfast sclerophylly and succulence were
neasured for individuals of p. longlifolia from all the
sites (Section 2.4.7.3). Figure 44 shouws the mean values
of the laminal sclerophylly. It appears that no trend
exists in sclerophylly, with respect to the degree of
wave expnsure. The lowest wave exposure site (L1) has
significantly lower (p<0.00l1) sclerophylly measurements
(33.81 (+4.34) g/m?), with the second highest (H) and one
of the lower (I+) wave exposure sites having gimilar
(p>0.05) but significantly higher (p<0.001)

sclerophylly measurements (74.72 (+10.99) g/m? and

67.99 ($5.40) g/m?, respectively). The other sites have
intermediate but diéferent (P<0.001) sclerophylly
measurements with only the nmeasurements of I+ and

L2 being similar (p»>0.05). L2, I, I+ and H+ have

mean measurements of 43.72 (44.35) g/m2, 55.84
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Figure 41: Mean attachment strength measurements
(Newtons) for those sites measured in September (LI,
n=3; L2, n=11; L+, n=5; I+, n=5; H, n=11; H+, n=10).

Figure 42: Mean attachment strength measurémunts
(Newtons) for those sites measured in October (il,
n=15; L2, n=20; I+, n=22} I, n=20; I+, n=21; H, n=21;
H+, n=20V,
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(£11.10) g/m2, 46.14 ($9.64) g/n°and 58.88 (+1l1.29) g/m?,
respectively.

Figure 45 shows the mean holdfast sclerophvlly 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 exposurée
gites (L1 and I+) are similar (p>0.05) but significuntly
lower (p<0.001) than the rest of the sites (1344.99
(+432.35) g/m2 and 1230.21 (1377.47) g/m?, respectively)
which are all differunt (P<0.001) except sites L2 and I
(p>0.05). L2, I, I+, H and H+ have mean holdfast
sclerophylly messurements of 1868.92 (4432.35) g/n?,
2004.78 (1334,20) g/m2, 3046.87 (+846.84) g/m?, 3919.78
(+£349.72) g/m? and 5085.762 (+3291.85) g/m?,
respectively.

The mean laminal succulence values do not to show a trend
with relation to the degree of wave movement experienced
(Fig. 46). Figure 46 displays I+ and T as having
significantly higher laminal succulence values (p<0.001)
than the other sites (520.83 (+77.8) g4/m2 and 570.69
(+100.67) g/m?, respectively) but not different from each
other (p»0.05). L1 has a significantly lower (P<0.001)
mean succulence measurement than the other sites (231.82
(£15.26) g/m2). The remaining sites are all intermediat:
(H and H+ (423.14 (+37.32) g/m? and 422.28 (%98.83)
g/m2); and L2 and I+ (316.98 (%15.26) g/m? and 343.86
(£77.17) g/m2) and similar to each other (p>0.05).

Figure 47 1s a graph of the mean holdfast succulence from
measurements takzn nver the entire study period. The
trends of this graph are similar to those in Figure 45 in
that there is an increase in holdfast succulence with an
increase in wave activity. All the sites have
significantly different neasurements of holdfast
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succulence (p<0.00%). L2, L2, I+, I, I+, H, and H+ have
mean holdfast succulence values of 2779.84 (+583.30)
g/m?, 3488.63 (4583.30) g/m?, 2253.64 (+538.50) g/m?,
3109.02 (+20.38) g/m2, 4489.07 (+456.95) g/m2, 5674.92
(+456.99) g/m? and 7974.56 (#4693,25) g/me, respectively.

For both sclerophylly and succulence of the holdfast, it
nust be noted that the rhizoidal mat of the holdfast
retains a large swount of sand, the grains of which were
attached to the rhizoids and which were thus not removed
before the measurements were laken.

From the PCA (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 closely correlated; while the
holdfast measurements are not correlated with the lamina
facto. ., but are very closely correlated with each other.
The only factor which was expected to show some
correlation with the holdfast measurements, and did not,
is the measurement of attachment strength (see Section
3.8.2).

3.8.4 Desiccation and RehYdration

The plants in the field were regularly obmerved to be
exposed to the elements for long pericds of time (a few
hours over low spring tide) and to thus undergo |
desiccation, and the subsequent rehydration with the
incoming tide. Particularly noticeable was the amount of
time thur the plants in the more wave exposed sites (such
as H and H+) spent exposed to the air, eéspecially at the
very low spring tides. Those individuals in the pools (eg
L1, L2 and L+)} remained submerged for the entire tidal
cycle. The plants which did become heavily desiccated
appeared o L2 alive and to recover when the tide turned,
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.a]though the heavily desiccated laminas may have been
lost. Unfortunately, tlie lethal desiccation could not he
calculated because preserved specimens were used (Section
2-4-7.4)!

The mean rate of desiccation was similar in planta frem:
all the sites. Figures 48, A and B, indicate the
desiccation curves (as percentage desiccation over time)
for all the sites. It appears that the more regularly
exposed sites (ie I, I+, H and H+) have a greater
percentage desiccaticn after the allotted time periocd of
300 minutes (28.08 (£0.271)%, 920.69 (%0.785)%, 97.12
(£1.733)% and 99.94 (+4,173)%, respectively), than the
lese exposed sites in which the plants are continually
submerged (L1, L2 and L+ have mean percentage desiccation
values of 93.11 (+8.974)%, 96.76 (+0.524)% and 96.02
(£1.52)%, respectiﬁely). It appears that the desiccation
curves of all the sites are similar (Fig. 48, A & B)
except for the low (L2} and hlgheat {H+) wave exposure
gites, both of which have lower desiccation rates than
the other sites.

The mean percentage rehydration or percentage of the
original mass that was regained after resubmerging the
plants (see Section 2.4.7.4) for all the sites, is shown
in Figure 49. The lowest wave activity site Ll has the
lowest percentage rehydration and only recovered 49,92
(+8.8)% of the original mass. The highest percentage
rehydration value was that of the intermediate site I
(77.82 (£4.88)%) and the other sites were all similar and
between these two values (L2, L+, I+, H and H+ have mean
percentage rehydration values of 64.58 (*4.63}%, €7.48
(£1.92)%, 64.09 (+4.2)%, 68.58 (+2.4%8)% and 63.9%4
(£5.15)%, respectively). These differences are not,
however, significant (p>0.08).

176



100

Meon Rercantage Desicontlon
&

0 56 100 150 . 200 250" 300
Kinate

o ] ]2 e L

Maan Percantage Desiccalion

0 50 100 150 200 250 300
- Minle

w1 el W~y U

Figure 48: Dgsiccation curves of percentage desiceation
¥g§su5 time in L1, L2 and I+ (A) and I, I+, H and H+

177



S
|

_I— 3

L1’L2'L+

i+

|

Site



- 3.9 ANATOMICAL STUDIES OF D, LONGIFOLIA
3.9.1 Apical Tip

The apié%l tip of each lamina consists of a sunken pit
(Pl. 7, & & B; Pig. 50). In younyg laminae {Pl., 7, C) or
newly dichotomised branch tips, the pit may not be
evident but meristematic cells {n the apical region are
present (P1. 7, D & E). These cells becone elongated and
"sausage shaped" and begin characteristic, longitudinal
division (P1. 7, F & G) which initiates the formation cf
the apical piit, containing the long4tudinally dividing
meristematic cells (Pl. 7, H-K). During dichotomising of
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Figure 50: petall of the structure of the meristematic,
apical tip of Dictyopteris longifolia where MC are
the meristematic cells, IL is the inner layer of
material and OL is the outer layer (Redrawn from Pl.
7, I & J; Pl. 8, D; Scale lcm = 85um).
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the lamina, two apical meristewatic cells appear to
initiate the division (Pl. 7, L). Once two apical pits
have formed {Pl. 7, M), the growth of ithe two branches
continues. '

The apical pit is lined by two layers. The inner layer
appears to be fibrous and is narrower (30um at the widest
point) than the outer layer. The former layer is ‘thickest
in the centre of the pit and tapers towards the outer
edge. The outer layer is wider <(up to 100~ in width) and
appears to be mucilaginous in natuve (P1. 8, A-D; Fig.
50).

3.9.2 Wing Structure

The wing section of the iamina of D. igngiiglig
terninates in a characteristic marginal bulge (Pl. 9, A-
F;: Fig.J51, B; Fig. 52, A). In young laminae, the
thickened "bulge" region is not as prominent and is
conposed of only a few cells (PL. 9, Dy Fig. 51, A). In
more mature laminae, however, the thickened region is
composed of many layers of cells (PlL., 92, B & F; Fig. 52,
A). The exterior layer of the wing region is composed of
a single layer of epifiermal cells. There is a layer of
small cells beneath the epidermis in the most marginal
reglion of the bulge (Pl. 9, F). The rest of the thickened
area is composed of the normal wing cells. The remaindex
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 {Pl. 9, G; PFPig. 52, B)}. In the older laminae there
may be many layers of wing cells (Pl, 9, H~J & K; Fig.
52, ).
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¥igure 51: Complete specimen of Dictycpteris longifolia
with diagrams to show the cross-—sectional appearance
of different regions of the plant.
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Figure 52: Cell detull from the ¢ross-sections of

gifferent portions of the Dictyopteris longifolia
thallus (Redrawn from Pl. 9, B, G & H; PL. 10, B, E,
G, K & Ny Scale icm = 150um).
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The wing cells are lardge {approximately 75um},
irregularly shaped and divide in all directions (Pl. 9, L
& M). The walls of the cells are extremely thin
(approximately 1.5um thick; 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
meristematic cells 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 thick
{(approximately 400um thick) 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
wails. 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 bhase of the lamina as growth occurs from the
meristematic tip. In the basal regions, prior to the
rhizold producing regionsg, the midrib is thicker
(approximately lmm thick) with larger, thick-walled cells
and a more prominent epidermal layer (Pi. 10, D & E}. The
midrib cells are similar throughout the mature region
(holdfast, laminal bhase and lamina). In 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 multicellular rhizoids from the
meristoderm (rhizoids develop from the epidermis; Fig 51,
C; Fig. 52, F). The nidrib has a similar thickness in
this region to that in the region lacking riizoids (1lmm;
Pl. 10, F-J; Fig. 51, C & D; Fig. 52, E & F). At the base
of mature laminae, ir the region which may be known as
the stipe, the wing of the lamina degenerates, vresumably
due to abrasion and herbivory. The midrib may ... left
without any surrounding. tissu=, Tite rhizoids in this
region may reach considerable lerngth in mature laminae,
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and the central core of midrib cells appears to decrease
in thickness (200um). The ramains of the wing tissue may
be observed surrounding the midrib (Pl. 10, K-M; Fig. 51,
D; Fig. 52; @). The base of the lanina becomes
incorpurated into the holdfast. The latter attaches the
~ plant to the substratus and is composed of a mass of
long, intertwined rhizeids and a central core of nidrib
kissue (200pm; Pl. 10, N & O; Fig. 51, F: Fig. 52, H).

The cells of the midrib have a distinctive shape. In
cross-section they are squarish or brick shaped and
smaller than those of the wing (approximately 0um wide;
Pl. 11, A~J). The walls of the midrib cells dre very
thick (approximately 4um thick) and appear to be composed
of different layers of waterial (Pl. 11, K & L). In
longitudinal seotion, the cells of the midrib are
elongated and approximately 65um long (Pl. 12, A-E).
Interestingly, these cells have pores in the longitudinal
walls (Pl. 12, F & G), which may be compared to the pores
in the longitudinal walls of conducting cells in higher
plants.

3.9.4 Epitwmis

The epidermis is composed of a single layer of cells on
elther 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
rectangular in shape and smaller than the cells of the
rast of the lamina (approximately 18um wide and 30um
long). In the lower regions of the lamina, the epidermis
may develop iuto a meristoderm which gives rise to the
rhizoids. The rhiroids protrude from the epidermal cells
{Pl. 13, A} Fig. %2, P=-H) and then the cells at the base
of the rhizoid undergo repeated divisions to give rise to
the multicellular rhizoids, ie trichothallic growth (»l.
13, B-C). The exterior walls of the epidermal cells

164



appear to be covered by a thick layer of material (Pl.
13, H). This layer was observed to extend over the cs&ils
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 (Pl. 13, J-L). The layer
appeared to be composed of small cells or large grains.

3.5:5 BSurface Appearance of Epidermal Cells

The surface appearance of the epidermal cells of the
midrib and those of the wing are markedly different. Even
in the young laminae (Pl., 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 igs a distinctive midrib region,
the difference between the epidermal cells can clearly be
@een (Pl. 14, D & E). In the surface view, the epidermal
nelle of the midrib appear to be much longer and narrower
than those of the wing. The characteristic longitudinal
divigion of these cells can be cobserved on the surface
(Pl. 14, F~H). The cells of the wing are much more
irregularly shaped and may have different concentrations
of cell contents in different regions of the lamina (Pl.
14, I~L). For example, the contents were dispersed (Pl.
14, J), aggregated arcund the nucleug (rl. 14, K) or
peripherally adpressed to the wall (Pl. 14, L) in the
various regions ©f the lamina that were observed.

3.9.6 Holdfast Structure

The holdfast or attachment organ of D. Jlongifolia is a
structure which may develop to a few centimetres in
diameter. The structure is composed of a mat of entangled
rhizolds giving rise to numerousg laminae (Pl. 15, A & B).
fhere is a central core of cells similar to those of the
midrib (P1. 15, C; Fig. 51, F; Fig. 52, H). The
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development of rhizolids similar to those of the holdfast,
was observed to occur on the midrid nearer to the base of
the laminae (Pl. 15, D). The length of rhizoids produced
from the midrib was observed to increase.closer to the
laminal base (P1. 15, E-G). Rhizoids are produced from
the epidermal meristoderm (Pl. 15, H-J), may be branched
and are multicellular (Pl. 15, X & L). The majority of
the rhizoid tips are pointed, with a high concentration
of cell contents in the terminal regions (Pl. 15, M & N).
Occasionally rhizoids with spherical‘structures at the
terminal tips were observed (Pl. 15, O & P). It is
believed that these rhizoids were attached to the
substratum prior to being removed from culture for
microscopy.

3.9.7 Surface Hairs

Tufts of hairs were observed to grow on the dorsal and
ventral surfaces of the lamina, both in the field and in
elture, on sectionsg kept under the conditions discussed
in 2.6.3 (Pl. 16, A & B). The multicelinlar hairs
appeared to developed in sunken pits on the surface of
the lamina (PL. 16, C & D). 0ld 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 the pit on the laminal surface
(P1. 18, G). It appeared as if the epidermis around the
pit was pushed aside to enable the hairs to grow throuch
(Pl. 16, H & I), and thesze then enlarged until a fully
developed clump was prasent (Pl. 16, K). The hairs are
multicellular with various gell 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 halirs are blunt (Pl. 16, J & O; 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 52: Cell detail of a surface hair showing the
different cells from the small basal cells (B) to the
larger cells at the apical tip {a) (redrewn from Pl.
16, O & P; Scale lom = 33um).

wontents, whilst towards the apex (A) of the hair the
cells are larger and more sparsely packed, indicating
trichothallic growth of the hairs {(Pl. 16, P; Fig. 53).

3.9.8 Other 3tructural Observations and Associatioﬂh
of D. longifolia-

3.5.8.1 Other Halr-Like Structures

Fairly regularly spaced clumps of hairelike structures
were observed on the laminal surface of certain plants.
Tha hairs 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
obgserved. These went through a few lavers of cells and
are believed, due to the hazy areas observed in the
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 .

n’f’

The plants of D. longifolia were often observed to be
contaninatel by epiphytes. These included fllamentous red
algae found ¢rowing on the holdfast (Pl. 17, ﬁ), tufts of
filamentous brown algae (Pl. 17, I & J), red crustose and
other types of red algal epiphytes on the laminae (Pl.
17, X~M). The immature apical regions. of the laminae
appeared to be relatively clear of epiphytes.

3.9.8.4 Epidermal Sloughing

The epidermis of the laminae wag observed to slough off
occasionally in culture, and this is believed to be a
mechanism to rid the plant of damaging epiphytes (Pl. 17,
N-F). '

3.9.8.5 Animal Associates and Herbivores

Although few anipals were obhserved to graze on plants of
D. longifolia in the field, a polychaete worm
Pseudonerels variegata was observed to cause some damage
to the plant by rolling the laminae up to form a nest
(PL. 17, Q-R). There wag also some dajiage caused to the
laminae by what is believed to be, dup to the patterns of
renmoved areas, grazing fish (Pl. 17, & Fiag. 54, D),

3,10 REGENERATION

Regeneration was observed to ocour frequently in the
field. Figure 54 is a composite of silhoueties of
specimens collected towards the middle of the study
period, They show various patterns of degradation. Plate
18 also shows various aspects of degeneration and
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Figure 54: Compowsite of silhouetted specimens from the
field showing different stages of laminal

degeneration in Dictyopteris Jlongifolia (Scale iom =
0.5em). N
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regeneration of plants collected in the field. There is
natural seasonal degeneration of the wing tissue at the
base of the lamina (Pl. 18, A; Fig. 54, A~C), as well as
laninal degeneration due to sand abrasion and grazing by
fish and invertebrates (Pl. 18, B; Fig. 54, D). At the
end of the winter, just prior to the increased growth.and
regeneration (although some degree of regeneration occours
throughout the study pericd), the lawminae are reduced to
a small amount of terminal material and midrib remains
(P1. 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 year’s
laminae remains are still attached (Pl. 18, K), or from
the holdfas  ¥hich is perennial) without there being any
remaining laminae (Pl. 18, L).

As regeneration is obviously an important part of the
survival strategy of D. longifolia, especially in the
heavily wave exposed areas, a study of various aspects of
and the processes involved in laminal regeneration, was
performed.

3.10.1 Regeneration from Small Sections of Lamina

Various small sections of the laminae were used for the
regencration 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 lom in length, excluding the margins but
including 3mm on either side of the midrib (Pl. 1%, B
& C; Fig, 8, B) did exhibit some regeneration. Those
kept in enriched seawater became overgrown with
epiphytic browh and red algal species and did not
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regenerate (Pl. 19, B), whilst those cultured in
natural seawater developed rhizoid~like oukgrowthe
(Pl. 19, D-F) with some multicellular, thallus-like
structures developing (Pl. 19, E}. This regencration
ocdeurred mainly from the wmidrib region but no proper
laninae developed.

C) Sections lcm in length and the width of the lamina
including both margins (Pl. 21, A; Fig. 8, C), showed
the highest degree of regeneration with laminae
developing along the cut edge (Pl. 19, G-K).
Regeneration did not only occur along the midrib but
on the wing as well. Regenerated laminae daveloped to
an advanced stage with a meristematic apical region,
midrib and rhizoids (Pl. 19, K). In some cases small,
tubular outgrowths developed instead of laminae and
these developed no further (Pl. 19, L).

D) Apical sections of the lamina (approximately lom in
length), removed with a V-shaped cut (Fig. 8, D} and
cultured in natural seawater, were also cultured in
the regeneération study. Different responses wera
observed to occur in the culture of these sections.

In gome cases the sections continued to elongate as if
they were still attached to the parent plant (P1l. 20, A~
C). These sections remained healthy and did not show any
signe of regenerating new laminae from the cut edge.
Surface hairs developed on the sections. These halrs were
observad in a number of the cultures, as well as in the
field on specimens collected from (in particular) small
pools. The increase in length of these sections was
weasured and graphed in Figure 55, which shows the
gradual increase in lenyth 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 a similar way {apical sections
removed by a v-shaped cut), did exhibit_regeneration of
new laminae (Pl. 20, D~H)., In some of these sections,
there was regeneration of new laminae Ffrom the cut edge
only, le 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 (Pl. 20, E), while some
regenerated new laminae from both the cut surfaq;-hnd the
apical region (Pl. 20, ¥). Dichotomising tips showed
similar regeneration from the cut surface and some growth
of the apical regions (Fig. 8, D).

3.10.2 Regeneration from Jarge Seittions or Whole
Laminae

Various large sections and similar sized whole laminae
(approxinately Scm in length) were alss damaged and
cultured to observe regeneration patterns (Fig. 8). These
segments are shown in Plate 21. The different types of
experimental injury used in this 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 ig 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 tarminal region
{(not a new lamina). This was not, however observed in any
of the similarly damaged laminae in culture.

E) Complete laminae with horizontal, V-shaped cuts
severing the midribs (Fig. 8, E) were cultured and
continued to grow from the tips. No regeneration
occurred from the cut surfaces (Pl. 21, B & F).
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Figure 55: Graph indicating the increase in length (mm)
of five excised apical tips.
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* Pigure 56: Silhouette of &4 specimen of Digtvopteris
longifolia from the field showing peculiar
regeneration of the tip region (Scale lcm = 0.5cm).

¥) Large sections of dichotomising laminae, having both
ends removed with a straight cut, were also cultured
and these exhibited regeneration from the apical cut
edge only (Pl. 21, ¢ & D} Fig. 8, F). The laminae
regenerated were similar to those from other sections
and the process was similar to that described in
3.10.3. No regeneration ocourred from the basal cut
edgea.

G) Complete laminae having the apical tips removed with a
v-shaped cut digplayed similar regeneration from the
eut surface (P1. 20, I-Ky Pl. 2%, E; Fig. 8, @&).



: Kf,éheration occurred along the entire cut surface
and not only from the midrib region.

H) Complete plaq#s were also képt in culture and each
lamina had tie apical tip removed with a v~shaped
cut. Once new laminae had regenéerated, these were
once again cut and again regenerated new laminae.
Flgure 57 is a drawing showirig one of these plants
with regenerated laminae.

b

X

Pigure 57: Drawing of Dictvopterisg longifolia showing
regeneration of new laminae from the damaged laminal
tips of the parent plant (Scale lcm = 2om).
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3.10.3 Process of Regeneration from 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 on a cut surface (Pl 22, A & B; PL. 23, A-D;
Pl. 24, a~n, ¥ig. 58, B). The surrounding damaged cells
remained as cell walle only (PL. 24, A-C; Fig. 58, B &
C). The protruding cell then divided into a multicellular
thallus (Pi. 22, C¢~J; Pl. 23, E~-8; Pl. 24, E-L; Fig, 58 B
& ¢). The uewly regenerated 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
(Pl. 22, G-J: Pl. 23, J=M, 0). Longitudinal division of
the apical meristematic cells can clearly be seen in -
Plate 23, J. The midrib region also hecomes visible (Pl.
22, I & J) and in the more advanced stages of
developnent, the laminae develops basal rhizoidal
outgrowths at the point of attachment to the parent
material (Pl. 23, M, N, P-8; Pl. 24, L; Fig. 58, Lj.
These outgrowths grow into a fully developed system of
rhizoids. 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 srved to occur from the
uncut surfaces of laminae. This was observed rarely in
the field, where the regenerated laminae developed from
the base of the parent lamina near the midrib. There did
not sepm to be any damage at the point of attachment of
the new lamina although, there was occasionally some
small holes in the region. Laminal regeneration of this
type was observed to occur in culture on sporelings
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Flgure 58: Cross-sections through stages of regeneration

of Dictyopteris longifolia (Redrawn from Pl. 24, B,
C, E, G & I,; Scale lom = 140um, except L where loam =
350um) .
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(Pl. 25, 3), on regenerated laminae which had been
removed from the parent material (Pl. 25, B) and from the
apical tips of lamina sections damaged in culture (P1.
25, Q). The regenerated laminae reached an advanced stage
of development, with the growth of rhizoids ovcurring
(Pl. 25, D). The process of regeneration was similar to
that from a cut surface, with a single cell protruding
initially (Pl1. 25, E~-H). This protrusion then divided
into a multicellular structure (Pl. 25, I-L) which
developed further into a new lamina. The regenerated
laninae did not grow -very large but, in some cases,
developed further thalli and rhizoidal outgrowths Lrom
their surfaces (Pl. 25, M~P).

3.10.5 Regeneration from the Holdfast

The holdfast of D. lgngi;glig ig perennial and it was
observed that when all the laminae are removed by
herbivory and/or abrasion, new laminae are produced from
the old holdfast (PL. 26, A). In culture (see Section
2.5.4.4; Fig. 8, H), small holdfast clumps with all the
laminae and stipe regions removed, regenerated new
laminae (PL. 26, B-F) after approximately 3 weeks. The
new laminae were normal &hd developad from the holdfast
region (PlL. 26, G) in a similar manner to those observed
to develop in other regions.

3.10.6 Régeneration from Rhizoid Sections

it Las been reported in the literature (Tokida et al.,
1953) that membexrs of the Dictyotales, and cther brown
algae, have been observed to regenerate new laminae from
rhizoid sections. after many attempts, swmall sections of
the rhlzoids of D. longifolia regenerated new laminae in
culture (see Section 2.5.4.5). The attempts using sho:t,
unbranched segments (Fig. 8, J) all failed, however,
slightly larger clumps including branches were successful
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Figure 59: Regenaration of new laminae from sections of

rhizoid from Dictyopteris longifolin (Redrawn f£rom
Pi. 27, B, ¢, E, G, J & L; Scale lcm = 340pum).
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(PL. 27, A;”Fig. 8, I). Initially a cell in the rhizoid
enlarged and hecame dense (PL. 27, B Fig. 59, B). This
cell then divided into a multicelinlar lamina (Pl. 27, C~-
P; Fig. 59, C¢-K) which produced more rhizoids from its
basal region. The apical cellg developed into a
meristematic region (Pl. 27, X-N) and eventually an
apical pit formed (Pl. 27, L; Fig. 59, L). There was also
some growth of surface hairs inm the more advanced laminae
(Pl. 27, L; Fig. 59, L). There was no further growth of
the laminae although they stayed alive for approximately
two months.

The regeneration patterns observed on experimentally
damaged sections of D. longifolia are summarised in
Figure 67.

3.11 SEXUAL REPRODUCTION

Although the study of sexual reproduction in D.
longifelia was not part of the original study design, it
was observed to occur in the field and in culture and was
thus recorded. The sexual structures observed in this
species appear to be similar to those recorded for other
members of the Dictyotales. A diagram (Fig. 60) of the
structures reported for Dictyota diemensisg (Phillips et
al., 1991b) has been included to clarify the structure of
the oogonia and antheridia observed in D. longifolia.

3.11.1 Antheridia
The presence of antheridia was fairly commonly observed
in the field, on herbarium specimens and on sections in

culture (see Section 2.5.5), especially in the summer
monthe. The structures are characteriszed Ry a
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Figure 60: Aantheridia and oogonia (Redrawn from Phillips
et al., 1991ib; Dictvota diemensis); P1. 28, H & L).
Barly (A) and late (B) stages of antheridial
formation in D. diemensirs and (¢) the stage of
formation obgerved in D. longifolia (redrawm from Pl.
28, H). Early (D) and late (E) stages of oogonial
development in D. diemensis and tha stage of
formation observed in DB. longifolia (¥} redrawn from
Pl, 28, L; Scale lom = 90um for C and 40um for F).
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"pock-marked" lamina appearance. The surface on either
side of the midrib was observed to be ¢overed by an
irreguiar arrangement of lighter areas (Pl. 28, A-C). The
early stages of antheridial formation, were most
frequently seen (PLl. 28, D & E). A pit lined by dividing
cells was observed on the surface of the lamina. A later
stage of development was also observed. The pits becane
shallower with the division of cells into antheridia (Pi.
28, F & G). The mosp developed stage observed, was Jjust
prior to sperm relgase. The 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 (PlL. 28, H & I; Fig. 60, C). The
antheridia were observed on both surfaces of the lamina.

3.11.2 Oogonia

The oogonia were lesge frequently observed. The structures
could be identifigd by circular, darkened areas spaced
randomly and fairly far apart on the lamina (P1. 28, J).
The sitructures wers only cbserved on the dorsal side of
the lamina (Pl. 28, K). Only a very early stage of
development was observed. This was characterised by a
raired area in which longitudinal divisions could be
observed (PL. 28, L; Fig. 60, F). |

3.12 TETRASPOROGENESIS AND MORPHOGENESIS

A study of tetrasporogenesis and morphogenesis of
raeleased tetraspores, was not included in the original
study design. However, tetrasporangia in different stages
of development were observed to occur abundantly on
plants in the field, as well as on segments of the
thallus in cultuie (segments were the width of the lamina
and about lcm long; Section 2.5.6). Devalopwent 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

Tetrasporogenesis occurred after 28 days (beginning in
mid-June} in culture (Section 2.5.6). Tetrasporangia
developed wit..in sori on the surface of the laminal
sections. Sori were scattered over both sides of the
laminal wings (Pl. 29, A~E; Pl. 30, A & B) but not on the
nidrib (Pl. 29, B - midrib is on the right hand side). A
single spore mother cell was cbserved to begin
development bhelow the surface of the lamina (Pl. 31, A;
Fig. 62, A), Development wag first observed to occur with
a concentratlon of cell contents in the spore mother cell
and a gradual bulging towards the exterior of the lamina
(PL. 29, F; Pl. 30, ¢ & D; P1. 31, B; Fig. 61, F). The
protiuding tetrasporangium was observed to have a thick
cuticle (approximately 30 um thick) covering the exterior
surface (Pl. 3%, C; Fig. 62, C). Once the tetrasporangium
{site of meiosis) had completed protrusion, it was
observed to underdo division into four tetrahedrally
arranged tetraspores (PL. 29, G¢-J; Fl. 30, E-H; Fig. 61,
H-J). A single stalk cell was produced at the base of
each sporanrgium (Pl. 31, D-H; Fig. 62, G) and the
tetraspores were released from the sporangia, leaving the
enpty sporangial casings on the laminal surface (Pl. 30,
I-K: Pl. 31, L-0; Fig. 62, N}. In some cases, the four
released spores began germination without separating (Pl.
29, K & L; PL. 31, X; Fig. 61, K & L). In other
instances, the spores began germination whilst still
attached to the sporangia (PLl. 30, L-8; Pl. 31, I & IJ).
Lack of water movement under experimental conditions may
account for the in situ development 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: Barly stages of spore development and

germination in Dictvopteris longifolia (Redrawn from
- Pl. 29, F, H-L; Scale lom = 105um).
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Figure 62: Detail of sections through different‘stages of
tetraspore development in Dictyopteris longifolla

{Redrawn from Plate 31, A, C, G & N; Scale lcm =
110pm) .

However this phenomenon may explain the clumped
appearance observed in the field.

3.12.2 Morphogenesis

Morphogenesis of individual tetraspores was observed
(Section 2.5.6) to begin with an initial elongation of
one side of the spore (Pl. 32, b-¥: Pig. 63, D-F), before
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Figure 63: Detail of germinating spores in Dictyopteris
lengifolia (Redrawn from Pl. 32, D-G, I~K & M-0;
Scale lcm = 120um).
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the First divi .i:n occurred and polarity was established
(PL. 32, G; Pig. 63, ¢). Protrusion 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 labellad after three
days of growih due to the synthesis of new wall material
in the region (Pl1. 32, B & C). Unce 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 (Pl. 32,
I-N; Fig. 63, ¢~N). In some spores, a segond rhizoid was
obsexrved to develop prior to (Pl. 32, 0~P; 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
divigion to become multicellular (®l. 33, D & E) and
eventually became well established with apical,
meristematic cells (Pl. 33, F & H). Development of the
sporeling continued until the lamina was large and well
developed with an apical pit, a midrib and many basal
rhizoids (PL. 33, H-K; Fig. 64, J & K). None of the
sporelings maintained in cullure were observed to davelop
any further than a single lamina with rhizoids (PL. 33,
K).

Some pecullarities of sporeling development were
observed, especially in the culture kept at 20°C (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, aseptate, "jigsaw puzzle" shaped rhizoid tip
(PL. 34, B-F & H & I; Fig. 70, C), which developed
instead of the normal rounded, growing tip (Pl. 34, @).
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Figure 64: Detail of advanced stages of spore germination
and sporeling development in tyopteris lonaifolig:
(Redrawn from Pl. 33, A, B, J & K; Scale lom = 180um

except for K where lom = 600um).
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This phenomenon was rare in cultures at temperatures
other than 20°C (ie at 109, 159, 30° and 35°C).

3,12.3 Growth Rates under Different Temparatures.

Growth and development of tetraspores was cbserved to
differ under different temperatures (10°9c, 159, 20°,
259C, 30°C and 35°C were tested). The optimum temperature
for the development of both the rhizoids and the thalli,
was observed to be from 20°C to 25°C, at 70pEm~2s™1,
Figures 65 and 66 are graphs of the mean growth rates of
the thalli and rhizoids (respectively) of 30 individuals
at each temperature The graphs show that there was an
initial rapid'elonqation of the primary rhizoid (in
particular in the 20°9C and 25°C culctures) 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°, 159, 309
and 35°C), The thalli elongated at a much slower rate
than the rhizoids, but the individuals at 20°C and 25°%
gtill had the greatest growth. There was either very
slight, or no growth at all, of the thalli at the other
temperatures (ie at 10°9, 15°, 30° and 359C). There was no
development of either rhizoids or thalli at 35%C.
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Figure 65: Sporeling thallus elongation rates with
respect to temperature.
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Fignre 66: Sporeling rhizoid slengation rates with
respect to temperature.

210



4 DISCUSSION

4.l EYXPERIMELTAL ORGANISM
4.1.1 External Morphology

The alga used in this study is commonly known as
Dictyvopteris longifolia and was observed to grow in a
range of habitats from calm rock pools to highly wave
axpoéed areas at Palm Beach, Natal. It is composed of a
number of f£lat, strap-shaped laminae with up to 8
dichotomies per lamina (although many short laminae
lacked dichotomies ¢oupletely). The laminae are golden
hrown, becoming greenish when removed from ‘the water and
black when dried. D. longifolia laminae were observed to
measure from a few centimetres to over 60cm in length,
and 0.5-1.5cm in width (the width is similar for the
entire lenygth of the lamina). The plant is an erect tuft
with the laminae attached to the substratum by means of a
mat of entangled rhizoids (Pl. 4, A; Pig. 1) which are
produced from the base of the lamina, “stipe" and
holdfast region (Pl. 4, I-L). 'The rhizoids are
multicellular, trichothallic and branched, with rounded
tips (Pl. 4, E-H). The bagal wing tissue was frequently
observed to degenerate (particularly towards winter)
leaving only the midriff. There is a prominent (0.5-lmm
thick), unveined midriff, down the centre of the lamina.
The midriff decreases in prominence near the apex (Pl. 5,
¢} of the lamina and becomes more cylindrical in the
basal region, where the wings are abraded away and
rhizoids are produced (Pl. 5, E & ¥; Figs 51 & 52). The
apex of the lamina is rounded. However, during the latter
part of the study period, a greater number of more
acutely rounded tips, were observed. The latter shaped
laminal tips were also observed on regenerated laminae in
culture (Pl. 21, F)}. The temporal differences in

211



abundance of the different shaped apical tips, in some
populations, could be due to a difference in response of
the gametophyte and sporophyte to environmental
conditions, aithough L. longifolis is reported to be
isomorphic (as Are all Dictyotales; Lobban & Wynne,
1981). There are, however, repoits of temporal and
spatial differences in gametophyte and sporophyte
dominance in the Dictyotales (Fritsch, 1945; Phillips,
1988}, and the possibllity that there could be
morphologigal differences in the response of the phases
to envirommental conditions, should not be ruled out,
Katsaros and Zalatis (1988) report that the merishtoderm
cells in the basal portions of the lamina of Dictyopteris
menmbranagea develop outwards, elther as rhizoids or as
adventitious branches. Although these branches were not
observed in D. longifolia, it is interesting to note that
the apical tips of adventitious branches in D.
menbranacea appear to be more acute, whilst those of the
rest of the plant are smoothly convex with the apical
initials in a small depressgion. The possible reason for
the difference in shape in this species, is reported to
be a higher rate of asymmetrical divisions in the first
stages of develcopment, leading to an acutely shaped tip
(Katsaros & Galatis, 1988). There is a pit containing the
merictematic initials in the apex of the lamina of D.
longifolia (PlL. 7, A-~M; Fig. 50). The margins of the
lamina are entire and the surface is swooth, except for
the occasional tuft of cclourless, trichothallic hairs
(Pl. 16, A~P; Fig. 53}.

The midrib of the lamina of D. longlfeila is composed of
approximately fourteen layers of cells covered by a
single layer of epldermal cells (on both surfaces; Pl.
10, A~D). The wing is comprised of approximately five
layers of cells in mature laminae (Pl. 9, H-I) and two in
immature laminae (PlL. 9, G; covered by epidermis). The
mature wings have marginal bulges composed of
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approximately ten layers of cells with smaller c¢ells in
the exterior region of the bulge (Pl. 9, A-F; Fig. 52).

The antheridial sori are lrregularly shaped, light
coloured patches scattered over both surfaces of the
wings of the laminae (Pl. 28, A-C). In cross section, the
sori appear as ralsed regions (Pl. 28, H & I). The
detailed structure of the antheridia was not, however,
studied. The oogonia appeared as darkened, raised areas
gimilar in appearance to the tetrasporangla, However,
only very early stages of development were observaed (Pl.
28, J-L).

The tetrasporangia were observed to occur in sori which
appeared as small, dark spots =zcattered over both
surfaces of the wing, but not oﬁ the midrib (PL. 29, A~
c). ™ gporangia covered a large percentage of the
laminal surface. The approximate diameter of the mature
tetrasporangium is 60um. The sporangia are initially
spherical in shape and become more ovoid when mature.
There is a single, rectangular stalk cell at the base of
the sporangium and this cell becomes flatter as 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, ).

4.1.2 HNomenclature

The identification and description of the species whicn

is commonly weferred to as Dictvopteris longifolia
{Simons, 1976; Branch & Branch, 1981; Suagrief, 1984),

has been under some debate. Isaac (1956) reports a
species from the Mozambique Coast which resembles

Haliseris dichotoma (Suhr) Kittz., as described by Kitzing
in Tabulae Phycologicae IX Tab 57(i). Levring changed the

name Haliseris dichotoma (Suhr) KGtz. to Dictyopteris
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dichotoma (Suhr) Levring in 1938, Material identified as
Dictvopteris dichotoma (Suhr) Levring, was alsc reported
to resemble the material collected from Mozambigue
{Isaac, 1956). Stephenson (1947) however, reported that
Papenfuss was convinced that the material collected on
the southern African coast was not Suhr’s species D.
dichotoms and was describing it as a new species to be
known as Dictyopteris longifolia. Unfortunately,
Professor Papenfuss died before formally publishing this
name. The description was never completed and, although
the species is commonly known as D. longifolia, it is in
fact Dictvopteris longifolia Papenfuss {in ed.).

After examining material of D. liomlata (Suhx) 0.C.
Schmidt, Papenfuss suggested that itlils specles waw
conspecific with his new species, D. lungifolia. iIn 1963,
Chihara (under Professor Papenfuss’ supervision) '
initiated a comparison of D. ligulata and the pctuoncislly
new species. Chihara (1963) appears to be convinced that
the new spscies is not D. ligulata. Although the:
sporangial distribution of the two are gimilar, tnere are
a number of other differences which led Chihara to
believe that the material was indeed a new species which
he suggested should be named Dictvopteris longifelia
Papenfuss (et Chihara). He does, however, suggest that
the material figured by Kiitzlng was similar to the
material being studied, except that the former had
veinlets and the latter not. As only a single specimen of
D. ligulata was obtained by Sulr, it has been suggested
that the species is rare whereas D. longifiglia, which was
frequently collected, 1s a nore comon species.

The comparison of D. ligulata and the new material being
described, clearly indicates that these are two different
species. It is alsv clear from Chihara’s notes (1963)
that the material ke described is similar to the material
used in this study, and commonly known as D. longifolia.
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Table 3: Comparison of D. ligulata
described by Chihara {both from Chihara’s notes) and
the alga used in this study.

D. ligulata

laterally

issued branches

sharply acute
apey

spindle shaped
laminae

unknown
thallus
structura

tetrasporangia
scattered over
lamina

antheridial
distribution
unknown

diche“omously
branc.ed (1-5)
on 1 plane

'
obtase or retume
apex

strap-shaped, "
tapering to base
and briefly to tip

4-5 layers
medulilary cells
surrounded by
epidermis (mature)

tetraspdrangia
scattered over
lamina

antheridia
in patches

(microscopically)

{Suhr), the alga

dichotomously
branched
(1~5, 8 rave)
in 1 plane

rounded or slightly
acute apex

strap-shaped
tapering Lo base
and briefly to tip

4-6 layers

wing cells
surrounded by
epidernis (mature)

tetrasporangia
scattered over
lamina

antheridia
in patches

There is still a possibility however, that the new
species is similar te D. dichobtoma (Suhr) Levring.
Unfortunately samples of the latter species could hot be
obtained to compare it to the species in this study,
however, Papenfuss seemed convinced that his new material
was not D. dichotoma.
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4.2 DISTRIBUTION

The map indicating the collection and observation points
of Dictyopteris longifolia, which was compiled from !
literature studies, herbarium specimens, personal ‘
observation and personal communication (Fig. 9),
indicates that the species appears to be restricted 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. longifolia does not coccur 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 Bast africa, however, the exact locatiion was not
specified. ¥rom the reports on the herbarium specimens
and personal observation, it appears that the species ls
able to éﬁrviva conditions varying from calm pools to
wave exposed areas in the intertidal zone. Clayton (1981)
reports that members of the Dictyotales are common in
both hemispheres, in warmer temperate to tropical waters.
This suggests that the order is ancient and was
widegpread before the splitting of the continents. Other
species of Dictyopteris are reported in, amongst others,
southern Australia (D. acrostichoides (J. Agardh)
Boergesen and D. nuelleri; Phillips, 1988), Japan (D.
divaricata: Tokida et al., 1953), California (D. undulats
Holmes; Benson, 1986) and Greece {D. membranacea;
Katsaros & Galatis, 1988).

4.3 WATER MOVEMENY

The intertidal region is defined as the region regulariy
covered and uncovered by the tides (Dawes, 1981). Water
movement is probably the single wost important factor
influencing adaptation to intertidal life. The movement
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of water results in a number of different stresses which
act on the intertidal organism. For exampls, the
hydrodynamic force of the water, ie drag can be extremely
strong and the intertidal organism has to be able to
withstand this force to survive (Carringkton, 1990).
Charters et al. (1969) report that the forces experienced
by intertidal plants (due to water) are greater than
those experienced hy terrestrial plants (due to wind).
Despite the stresses that are experienced in the
intertidal zone, the biota in this region is extremely
diverse (Denny, 1988). Water motion also affects growth
in plants by constantly renewing the supply of nutrients,
allowing greater growth to occur (Meushul, 19727 Kain,
1977). Nutrient supply is increased by reduction of the
thickness of the boundary laver due to increased water
movenent, and the resulting reduction in resistance to
nutrient diffusion (Pring, 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
sediment (Neushul, 1972; Denny, 1988 Gerard & Mann,
1978) and competition and herbivory to be limited (Gerard
& Mann, 1979). Water motion causes severe abrasion of
laminae (by sand abrasion and whipping), makes
establishment of new seawesds difficult (Dring, 1982) and
reduces the light penetration (due to increased turbidity
and reflection off thne surface). There are many
conflicting reports on the different effects of water
motion on the growth of plants. Burrows (1955) and Norton
et al. (1981) suggest that growth decreases with an
increase in wave action, due to the decrease in light
penatration (increase in reflection off turbulence).
Gerard & Mann (1979) report an increase in the
productivity of "Kombu" (ILaminaria 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
inhibited. Plants in highly wave exposed égeas have to
make a compromise between the conflicting d&m@ndn of
increasing thallus surface area to receive enough
sunlight, gas and nutrients, and being able to withstand
the mechanical forces of drag (Jones, 1959; Charters et
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 reduce drag on the holdfast, ie
going in the direction of flow and becoming streamlined)
during increased wave motion {Charters et al., 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 lLaminaria
longioruris, for exawple, the laminae become narrow and
thick to redv..2 drag, and thus experience a reduction in
photosynthetic area and the area available for the
production of reproductive structures (Gérard & Mann,
1979).

The degree of wave exposure is also reported to afifect
aspacts of population dynamics such as the distribution
of a species. For example, the abundance of the holdfasts
of Turbinaria ornata (Turner) J. Agardh increases with an
increase it water movement (Payri, 1984). Dring (1982)
reports that the breaking waves experienced during storms
cause a great deal of dislodgement in macroalgae and may
be a significant source of mortality. The size and age
structure of the population may thus differ considerably
following periods of exceptionally high wave exposure
(Carrington, ..30). Wave action affects 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}. The 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 areas and others show a decrease (Druehl, 1981b).
Water motion is obviously an important factor influencing
the form and function of individuals and the dynamlcs 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 subjectively ranked as the
highest wave action site (H+) and the slightly lower high
vwe action site (S}, were correctly ranked in ‘this
order. The other sites were either not meagured, 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). aAlthough Pring (1982) reports
that dynamometer readings correlate well with subjective
ranking, Palumbi (1984) points out that the measurement
of wave strength using the dynamometer has a possible
flaw in that the strength of the strongest wave in the
observation period is measured. This might 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 e&low regponse time and has to
travel 180° from the backwash of one, to the forward flow
of the next wave {Denny, 1988). There is also the
possibility that there may be some etfect from the
attachment structure, and the drag coefficient of the
drogue is not taken into arcount.

4.3.2 Water Motion

The techniqueowhich involves the use of attached plaster
blocks (Munnik, 13987), is believed i0 ke the most useful
of the methods used in this study. Unfertunately it was
not repeated, and could thus not be statistically tested,
as in some of the sites only a singla block was recovered
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after a period of about 12 hours exposure to water .,
motion. The problem with this method, as discussed fm the
results section (Section 3.3.2) is that, in order toXQet
a true representation of the differences in water motion
betwean 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
sites this would be highly dangerous. There is the added
problem that the blocks are worn down by abrasion (due to
gand and the laminae of other plants) as well as water
movement, thus a reduction in weight is not solely a
nmeasurement of water movement.

The graph of the weight loss from the plaster blocks
(Fig. 13) indicates that the highest wave action site
(H+) and the slightly lower high wave action site (H) had
the highest degree of waight loss (68.94 (+0)% and 61.87
(+11.04)%, respectively). The lowest wave action site
(L1) 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 out due to a fault in the structure of the
block and would have caused a misleadingly high
percentage welght loss. The one intermediate site (I) had
the lowest duyree of welgh* loss (22.49 (20)%). This 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 ths 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 (Flg. 17). The
lack of degeneration could have been due to the periodic
inundation which reduced sand ubrasion of the laminae and
decreased the effects of desiccation and wave

exposure. The burial and subsequent lack of water
movement over the blocks is thought to have been the
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// canse of the low degres of weight loss. The other sites

" (L2, L+ and T+) all appear to have had an intermediate
and similar degree of weight loss (42.44 (%3.82)%, 46.14
(+11.66)% and 46.47 (t14.41)%, respectively), indicating
a gimilar and lower (than H and H+) degree of water
movement over the blocks. The high, intermediate wave
exposure site (I+) showed a surprisingly low degree of
wolght loss. This is believed to be due to the pool being
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 low (Section 3.4), leading to a low loss
in mass due to sand abrasion.

The PCA (Fig. 14) shows that the plaster block method is
nok correlated with the rest of the wave action
measurement techniques. This is thought to be due to the
fact that the former method measured water motion over a
tidal cycle and the other three methods did not, ie the
plaster blouks measured wave exposure over high and low
tides, whilst the other methods only measured over the
low tide.

The structure and size of the block is believed to be
important, as the shape of the block may affect 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 determine the effect
of shape (and other factors) on weight loss. The effect
of temperate on dissolution rate has been reported by a
number of researchers (Muus, 1968; Gorard & Mann, 1879;
Denny, 1988). A calibration would thus have t¢ e .
performed to allow future studiey to use tros wmathod ﬁﬁ-
different seasons, (ie differant tempsratures). |

221



From the methods (excluding the plaster block method);
that were used, it would appear that the H+ site, does
indeed have the highest dagree of wave expasure, with the
H site having the sec¢ond highest degiree. The correct wave
exposure ranking of all the sites used in this study
cannct: be quantified because the measurements (except the
plaster biocks) could not be taken when all the sites
were'experiencing wave exposure. It must also be
remembered that the dissolufion methods were measuring
abragion as well as water mbvement.

The study and measurement of wave exposure and strength
has been perforised using a number ¢f methods, each
differing in the aspect of wave action that is measured
(Norton et al., 198%; Dring, 1982). It is thus difficult
to compare similar studies, ie ecological studies, which
are based on wave exposure but which measure it in
different ways. Despite the large variety of methods
which have been suggested in various intertidal studies,
it is diffioult 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 descoribed
in this thesis (Lobban et al., 1985). Some of the
punerous methods of wave exposure measurement are
discussed below.

Subjective expression of the degree of exposure 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 with the observer, tide and weather (Lewis,
1964; Field, 1968; Norton gt al., 1981), although there
are 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 peopls {(Dring, 1982). However, the
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.majority of studies continue tc'use.subjecfive ranking as
a basis for ecological comparisons.

Lewis {1&64) suggests a biclogical eyposure scale because
no single method can measuye all the different aspects of .,
wave action at once (Dring, 1982).'This uses the presence
or absence of certain species, eg Fucug distichus (L.)”
Enend. Powell and Alaria in areas of extreme exposure,
and long Ascophbyllum plants in areas of shelter; as well
as the extent or width of the zones and their position
relative to the tidal levels. This method can he refined
by the addition of numerical abundances of different
species. Features of a single species may also bs used,
ag width of the iLaminae of Laminaria 1cg§£§eg Bory
{Palmisano & Shenyg, 1977). The problem with this method
is that wave exposure may not be the only factoxr which
affects species distribution, eg differences in slope and
shading may also influence it. Other problems include the
possibility that a species may be more tolerant at the
limits of its distribution, the scale can only be used in
the range inhabited by the species used for that
particular 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 biclogical character of the shore
to determine the degree c. exposure. He lists five
degrees of exposure and the relevant species composition
for each, for the British ccastline. The advantage of a
biological method is that all the different aspects of
eéxposure are included, ie impact of the waves, dvag
caused by the waves, wetting effects of the spray,
sediment and loose sand transport, and nutrient
availability (Lobban et al., 1985). Other biclogical
exposure indices include the structural wave exposure
scale which uses features such as the tenacity of a
limpet, or the strength or rate of coral breakage (both
nf which increase with an increase in exposure).
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Disadvantages of using features such 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 are also used by differ.:t researchers.
Baaydseth (1970; in Lobban et al., 1985) and Dring (1982)
use the number of 9% compass sectors of unimpeded fetch,
at a distance of at least 7.5 km from the shore. This
method shows a reasonable correlstion with the
dynamometexr (Dring, 1982). Dring (1982) reports the
formation an exposure index using the percentage of days
on which the wind blows directly onto the shore. This
method relies on the relakion of wave action to fetch and
does not take other factors involved in the modification
or generation of waves, into account. McEachreon and
Thonas {1987) developed an exposure index which used the
local weather data and included it into the formula
suggested by Thomas (1986) with the final product being:

Exposure indek=loglon[1+log10(F/[CS+.1FS]

{McEachreon & Thomas, 1987)

W = wind enexrgy
F = fetch (km) over opeh water
C8 = ¢lose shore distance or extent of proximal watex

(k) less than 6m deep, and within the secbtor
= far shore water or extent of water (km} less than ém
deep ard within the sector, but separated from the
shore by points ¢ reater than ém deep

The main disadvantage of this method is that both the
megsnrements and the caloculations are difficult to
obtain. Weather data and hydrographic charts are needed
for each site, and if the sites are close together (such
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as in this study), these factors would not differ to a
great degree. The advantages are that it includes wind
velocity, arc of exposure for the shore, and the
distribution of shallow water both near and off shore.
The method could be improved by adding the slope of the
shore to the farmula.

The relative wave action of an area, as water motion or
net flow, has been measured in a number of ways. These
methods use the relative rates ‘of dissolutioh of moulded
objects to determine differences in watpr motion (Dring,
1982). The objects are weighed before and after exposure.
Plaster of paris balls were used by Gerard and Mann
(1979; Munnik, 1987) and "clod cards" made of the same
substance were used by Doty (1971). Concrele blocks were
uswd in a similar test performed by Craik (1980; in
Lobban et al., 1985). Martell (1989, pers. COmMM.)
suggests the use of hoiled swaets known as "Lifesavers",
Druehl (1981b) uses cylinders because "clod cards" and
balls cause turbulence 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 f£low
alone. Gerard and Mann (1979) added lL..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-ternm studies. These researchers
report no correlation with wave exposure when the latex
was added but, in the structures lacking the latex there
was an inorease in dissolution rate with an increase in
walter movement. The variability however, was great.
Martell (pers. comm.) 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 dilssolution
differs disproportionately with a difference in
tomperature. 'This means that care must be taken to ensure
that the temperature of calibration is similar to the
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temperature most freguently experienced in the field.
Another disadvantage is that dissolution is not only due
to the effects of wave action, but also the effects of
abrasion due to suspended solids and neighbouring plants
(Koehl & Walnwright, 1981). Similar plaster devices have
been used to measure the abrasion caused by kelp plants
which sweep the substratum (Koehl & Wainwright, 1981).

Dawes (1981) uses a method following that of Jones and
Demetropoulos (1968), which involves the construction of
a mechanical dynamometer consisting of a spring, gauge,
and drogue. The latter part of the construction may be a
fishing float (Paiumbi, 1984), wooden disc (Druehl,
198la) or a toilet float (this study). Although this

- method way give varying results, it is used in the
commercial Kombu farms in Japan (Druehl, 1981b). The
waves place a drag on tha drogue and this force is
transferred to the gauge. The strength of the individual
waves {(impact), as kg per om? {cross-sectional area of
the drogue), in the tidal qnﬂ subtidal areas can be
meagured. The dynamometer is?reported to correlate well
with the results of the subjective ranking, eg forces of
2~20N have been measured (Dring, 1582, Palumbi, 1984).
Palumbi (1984) uses a similar structure which is smaller,
inexpensive and can easily be transported. Tha structure
consists of a drogue (fishing f£loat) which 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 elastics is egual to the strength of the wave
(Fig. 4). The force is measured with a spring balance and
equals the maximum wave strength (over the cross—
sectional area of the drogue) that the device has
experienced in the allotted time period. The
disadvantages of this method are that measurements cannot
bs made in areas where the water movement is very slight,
and the current and the backwash are also measured. The
longer that: the device remailns in the water, the more ths
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chance of it experiencing an unusually large wave and
thus having an misleadingly high reading. Different size
drogues and eilastics may be used in different wave action
areag, however, inter-gite measurements should be made
with the same equipment to reduce variation due to
differences in the drag coefficient. Both dynamometer
methods experience the disadvantages that the structures
are only accessible at low tide in high wave exposure
areas, and respond slowly. The latter problem depends on
the length of the string attached to the drogue. If the
string is 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 backwash (Denny, 1488). There are
also the problems of the drag coefficiesnt and wake which
are not considered (Vogel, 1981).

Charters et al. (1969) developed a method to measure
current velocity called a “fish-pole tensimeter® which
consists of a spring, scale and pointer attached to the
end of an aluminium pele which has a double roller at the
tip. A hollow plastic ball filled with seawater (to give
it a neutral buoyancy) is attached to the pointer and
spring with a 1line. The rod is erected perpendicular to
the main direction of surge on a frame attached to the
substratum. The ball is dragged back and forth by the
waves and backwash, and the strength of the movement is
measured off the scale. The readings are uvalibrated by
taking the readings off the scale under known loads, and
determining the drag forcve 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 and minimum extension of the spring, the sphere
causes drag which should be taken into acsount, and the
congtruction is cumbersome and difficult to move. The
structure also measures backwash and current. Current

227



movement can also be measured using the "Lagrangian
method" which involves a drogue or marked orange (has a
neutral density). This measures the course of water
novement over time by recording the movement of the
floating object. It is useful when measuring the movement
of drift material, but has the disadvantage of being
useless when there is turbulent wave action (Koehl &
Wainwright, 1985).

oOther methods of measuring aspects of wave axposure are
less commonly used. These include measurements of surge
intensity, which was deterxrmined by an ocbserver floating
at a specific point and observing the maximum lateral
digplacement caused by single swell in a 1 minute period.
This measursment was found to gorrelate well with wind
speed (Foster, 1987). Some researchers even use the
percentage of experimental equipment that is lost during
the period of the experiment, as a measure of the
relative differences in wave exposure between different
sites (Palumbi, 1984)! Anothey nethod is to count the
number of waves which break over a site in a certain tinme
period. This is also unreliable as it does not give an
indication of the relative strength of the waves and
cannot be used high up the shore at low tide. The
position of the tide when the waves are counted, also
affects the measurement., Koehl & Wainwright (1985) report
the use of the deflection of a tethered sphere which was
attached over a large plastic protractor. The problem
with this is that the turbulence arcund the ball causes
it to sink and move around, thus decreasing the accuracy
of measurements.

The various methods which are described above, are all
fairly 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 more accurate but also prohibitively expensive
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for a small scale study. Dryehl and Green (1970; ia
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 the devipe functions on
the basis of electrical conductivity. This is therefore a
measurenent of wave number and gives no indication of
wave strength or direction. 2n electromagnetic flowmeter
was used by Koehl and Wainwright (1977) to measure the
water velocity in kelp beds. The advantages of this
method are that the responge 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, 1981). The major problems with this method
are the high price of the eguipment and the fact that it
cannot be left unattended at +.e study site. Denny (1982;
in Palumbi, 1984), uses an Incértidal wave telemetry
system to continuously monitor the waves using radio
transnigsion. Denny (1983) then went on to develop a
mecianical version of this device that measures the
naximum wave force andi direction over a tidal cycle. The
disadvantage of this is that the sites require
substantial preparation and thus is it is not appropriate
for measuring a number of sites at the same tinme.
However, the method does measure the direction of the
waves, which is a factor lacking in other wethods.

A "turbulometer" was designed by Field (1968) and gives
the average reading of the amount of water that f£lows
over a surface during the period of measurement. The
method can be used to compare different sites. The device
is a "Savonious~type current meter' composed of a rotor
which is ‘turned by the water movement, and is attached to
a counter which reads the number of rotations. The device
is however, 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 & 5 minute interval. The
readings had to be repeated at the other sites in as
short a time as possible to cut down on variation due to
differences in the tide or weather. The problem with this
is that to compare the measurements of different sites at
a particular time may not give typical results for those
gites and it would thus be better to lea:: the device to
record over an entire cycle. This method is also
expensive. Pressure-sensing devices & .- alsc be used.
These determine orbital velocities of wne water using
data of wave height and period., They may be obtained
commercially but the disadvantage is the high price of
the equipment (Koehl & Wainwright, 19285). Another
instrument that may be used is the "wave rider" which is
a buoy atitached to a mooring. This flosts on the surface
and sends a radio signal to a static’. -~ the shore. It is
also a prohibitively expensive piece .. equipment (Xoehl
& Wainwright, 1985). The v.2tor-measuring current meter
is commercially available and expensive plece of
equipment. It measures only the current water motion and
filters ocut the motion due to wave action (Koehl &
Wainwright, 1985). The "Eulerian" method measures the net
movement past a stationary point using an electromagnetic
flow meter or a propeller devite. This is applicable to
the moveément of watex past a plant, but the eguipment is
expensive {Koehl & Wailnwright, 1985).

There are thus many methods of measuring water movement,
all of which have both advantuges and disadvantages. A
researcher must take care, when choosing a method, that
the necessary information is avallable or easily
obtainable. A important factor that must be considered is
which aspect of water movement is reguired, ie general
water movement, strength of intividuul waves or back
wash, movement due to currents or the tides.

230



4.4 BSAND CONTENT

The sand and pariiculate matter content of the water is
another important feature of the intertidal enviromment,
which affects organisms in the zZone uvonsiderably. It not
only causes abrasion and regulates the epiphyte and
seseile herbivore populations, but alsc alters the amount
of light reaching the plants (Neushul, 1972; Denny,
1988).

It was initially presumed that the sand and partioculate
matter content of the water would he correlatadfwith the
degree of water motion eyperienced, however, from a PCA
(Fig. 14) of the different water motlon measurements and
the features of sand that were measured, it appears that
there ig 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
surrounding areas. The highest wave action site (H+;
0.101 (+0.044) g/100ml) and the intermediate gqully (I;
0.088 (+0.033) g/i100ml) had the highest send and
particulate matter content. The former is composed of a
rocky reef backed on the seaward side by a shallow sandy
basin {(Pl. 3, A). At low tide (when the samples were
taken) the waves were breaking over the basin or on the
back of the reef. The sand from the basin was thus put
into suspension in the breakers, and thrown over the
site. The .atter gite (I) is composed of a sandy gully
bordered by steep rocky sides and running perpendicular
to the breakers (Pl. 3, C). Incoming waves wash over u
fairly wide strateh of sand before entering the gully.
The water entering the gully became turbulent and not
only prought sand from the beach behind the gully, but
giso from the bottom as it washed through. The

higher intermediate wave exposure site (X+; 0.044
{£0.004) g/100ml) and the lower of the two high wave
action sites (H; 0.047 (%0.029) g/100ml), had the
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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 sidea by vexy 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. Tihe
H site, is a shallow site but it is backed on the seaward
gide by a large rock outcrop (Pl. 3, B). The waves hreak
fairly far back and then wash over a large area before
reaching the site, thus must of the suspended sand is
deposited before reaching the study site. The remaining
three sites (Ll; 0.057 (40.022) g/100ml, L2: 0.062
(10.003) g/100ml and L+; 0.072 (40.006) g/looml) are the
lowest wave exposu .@ sites and have a similar but
slightly higher sand content than the latter two sites
(I+ and H). The low wave exposure sitas are all fairly
large and undisturbed pcools. They are far back on the
shore and raised above the beach (PlL. 3, G~E). The
slightly higher measurements may be due to the fact that
waves breaking into the pools at high tide wash over a
large stretch of sand and thus contain large quantities
of suspended sand. This may take a long time to settle
(through fairly deep water) and would thus explain the
high levels of sand in the water. An alternative reason
may be that no distinction was made between sand and
other particulate matter. In these calm pools, there was
regularly a high degree of organic debris in suspension.
Although thim 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 the trips. On some occasions, the water in
all the sites was more turbid than at other times, There
would thus be a blas against those sites not measured
during exrremely turbid periods.
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Intertidal speéies which experience high degrees of gand
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 D. longifolia was abraded less than other
species (Savage, in prep.). Tough species which are able
to withstand scouring provide epiphytic algae with hosts
which remain attached (Oates, 1989). D. 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 organisme 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
competition, the amount of light, the gemination of
spores, the amount of gas and nutrierts, the temperature
of the microenvironments (Foote & K&ﬂlec, 1988) and the
epiphytic and herbivore composition experienced by an
intertidal organism {Mathieson, 1982a; Littler st al.,
1983; D’Antonio, 1986). There are various reports on the
seasonality of sand deposition with Littler et al. (1%23)
reporting an increase in sand deposition during winter
due to increased wave activity, and Mathieson (1982z)
reporting a decrease due to winter storms (washes sand
away). There are other studies that report seasonal
fluctuations in the level of sedimentation, due to the
seasonal changes in water movement (Littler et al., 1983;
Williams st al., 1985).

The movement of sand into, and out of, the study areas at

Palm Beach was observed to be considerable (Pl. 6, A-L).
It appears that the degree of sand inundation at Palm
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Beéch varies over a short period of time (from one tide
to the next a site ¢an become completely inundated),
although there may also be seasonal variation as well
{this was mot investigated in this gtudy). Sites very
¢lose 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 example of this was the intermediate site (I) which
was very close geographically to the low wave exposure
site (L2}, however, the former'site was regularly heavily
inundated with sand while the latter rarely f£illed up.
Due to the congiderable 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 teclmigque used in this study
was potentially useful, however, when the bricks were put
into place numerous problems were encountered. Firstly,
the bricks were extremely heavy and unmanageable and the
sites were relatively far apart and inaccosgible. This,
and the number of bricks lost, made repetition of the
experiment impracticzl. A number of the bricks were
washed away completely (four out of 'even bricks wers
lost on the first;ﬁr second attempt), moved a
considerably distance from the original site or
irretrievably buried hensath a large amount of sand.
Unfortunately, the number of measurements cbtained 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 action site (L.1) has the lowest amount of sand
deposition (300.88 (110.859)g, while the intermediate
gully site (I; 347.03 (48.869)g and the highest wave
action site (H+; 354.86 (£22.84)}g) had the highaest amount
of sand deposition. These results correlace with the
results cbtained 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 more successful. Firstly, the blocks could be
attached to the substratum in some way, heavier blocks
could be used or permanent cement traps could be
installed. The effects of the pipes and any addy
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 uge a method suggested by Daly and Mathieson
(1977) which entalls measuring the fluctuations of the
substratum height between two known points.

Clayton (pers. comm.) reports that wmwany of the
Dictyotales found in southern Australia, 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, inhtermedliate gully (I) in this etudy, B.
longifplia also appears to thrive and was far healthier
when frequently inundated with sand. Thig may be due to
protection from herbiveres, sand scouring, sun bleaching
or wave damage provided by complete sand cover.
Intertidal organisms which are subject to severe sand
abrasion and frequent burial, are reported to have
powerful recovery and regeneration abilities (Daly &
Mathiason, 1977). There are reports that the brown alya
Phagostrophion irrequlare iz only found in areas of high
sand finctuations and may be covered for periods of four
to six months. This plant grows and reproduces when the
sand subsides (Mathieson, 1982a). Spores of the species
remain viable for long periods of time. The respiration
rate of P. irregulars, when inundated, is reported to be
very low, and thus the photosynthetic surplus allows
survival of the individual (Mathieson, 1982b). However, .
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not all spacies of algae thrive when inundated. In a
study performed on the green alga Caulerpa, it was found
‘that daily burial resulted in a reduction in elongation
and growth and an increase in plant death =nd
decomposition {Williams et al., 1985). Increased
sedimentation is also sald to reduce plant growth rates
and the density of plants in some species. '

Sand inundation is obviocusly a very important feature of
intertidal life and something that should be studied
further with referenve to the degree of epiphytism,
herbivory and abrasion dizplayed. It would be interesting
to determine if the most violent storms and periods of
wave action correlate with the major decrease in laminal
length that was measured in plants from wmost of the
sites. This would indicz.a a seascnal increass in
degradation rather than a change iln rate of : ~generation
{Santelices, 1977). |

4.6 MEAN MAXIMUM LAMINAY, LENGYH OF THE POPULATION

The graphs displayed in Figure 17 indicate that the mean
size of the plants in a single population, fliuctuates
seagonally. There gre reports that the chance of death
due to removal is increased in areas of high wave
exposire {Santelices &t al., 1981), and this may lead to
variation in mean population size during seasonal
increases in wave exposure. An attempt to tag individual
plants with cable ties, as describeu for Laminaria
(Klinger & DeWreede, 198s), failed and was thought to
increase the chances of removal by waves by obstructing
the natural movement of the plants., Armstrony (1987} also
reports that there are nore surface flaws on Hedophyllum
segsile (C. Agardh) Setchall. laminae from higﬁ-wave_
exposure areas and that this results in large lamin. =
removal due to stregs concentration, especial? during
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periods of particularly high wave exposure. The removal:
of large laminae, under extreme wave exposure would
reduce the drag and stop the entire plant from being
dislodged. This may be the reason for the removal of
laminae from D. longifolia plants in the high wave
activity sites (H+ and H). As far as possible, individual
plants of D, longifolia were remeasured for this study,
over the time poriod however, pome were lost during the
vear. The holdi’asts of D. longifolia appear to be
peretinial with annual foliage, although Benson (1986)
reports that the holdfasts of Dictvophteris undulata are
fraguently detached and are thus considered to be annual.
The length of the longest laminae of mapped individuals
of D. longifolia were measured to give the mean maximum
population size. A gimilar study was performed by Benson
{1986) on D. undulata, in which the mean maximum height
of the population was determined 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 D.
longifolia, eg X+ was distinguished from the other sites
in that it was a fairly deep pool. The iuminae of D.
longifolia in this study reached a maximum size in
approximately March and then underwent a sharp decrease
during the early winter months. The decrease was due to
abrasion ard herbivorous effects on the long laminae. It
could alzo have been caused by an ircrease in mortality
due to storms, as the removal of large individuals during
a storm would severely affeact the size distribution of
the population (Carrington, 1990). Longer laminae are
also thrashed against the rocks nore during storms than
short plants, and are therefore abraded more (Dring,
1982). Kilar and Hanigak (1989) report that different
patterns In development and senescence cause seasgonal
changes in the ratios of laminal measurements. The mean
laminal length of D. longifolia in this study appearasd to
remain congtant over the winter months and it is believed
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that this is due to the lack of growth or further
abrasion ¢f 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.
IInfortunately, 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 Figure 17 show the mean size of the population of
plants found in the sandy, intermediate wave action gully
(I). This graph appears to have a reverse curve to those
raesults from the other sites. Measurements in this site
only began in April and frem here there was an increase
in size until September whea the plants began to die back
and decrease in length. It is hslieved 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
raported for Phaeostrophion lrregulare (Mathieson,
1982b). The plants in I alsc appeared to be relatively
free of epiphytic organisms, Possibly the decrease in
size from September was due to natural senescence of old
laminae, or due to a prolonged period of a low degrze of
sand inundation, and the subsequent abrasion of the
laminae. There were numerous new laminae growing from the
base of the holdfasts of individuals in the intermediate
site (I), at the same time as growth was observed ia the
plants from the other sites. 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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seaweeds (buggins & Dethier, 1985; Druehl & Wheeler,
1986}, These authors report that Hedophyllum plants reach
a peak size in summer and are then reduced to tatters in
winter due to the winter storms. There are similar
reports of seasonal degeneration in Laminaria longives
(Palmisano & Sheng, 1977). It has also been reported that
there is a seasonal change in the length of the laminae
of members of the Dictyctales and other brown algae, with
the long laminae being abraded back (Norton et al., 1981;
King & Farrant, 1987). These authors repori that the
length of members of Dictyopteris acrogtichoides from
Australia varies seasonally and new growth occurs in
Autumn when the water is the warmest. A similar report of
seasonal growth and die back has bsen reported for
another member of the Dictyotales, Glossophors kunthii
(C." Agardh) &. Agacdh (Malbran & Hoffmann, 1990).
Seasonal changes in the mean size of Laminuria
populations have been correlated with seasonal changes in
the chemical composition of seawater (Black & Dewar,
1949), This seasonal differentiation in length indicates
the danger of measuring a parameter such as this at a
single time of year, eg if the lengths of individuals of
D. longifolia populations were measured only once durjirg
the study period, highlw conflicting conclusions would
have been drawn. There are reports that the growth rates
of Ascophylium nodosum are greatest in intermediate wave
exposure areas (Cousens, 1982; Cheshire & Hallam, 1988)
and Durvillaea potatorun is reported to have a maximum
internodal length at intermediate wave exposure, possibly
due to the gradients of factors which influence growth
reaching an overall optimum in the intermediaie areas, ie
no extreme conditions present {Cheshire & Hallam, 1988).
D. longifolia individuals in the intermediate wave
exposure site (I) are longest at certain times of the
year however, a -ludy involving amother season would have
to be completed to determine whether this pattern occours
yegularly.
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4.7 MORPHOMETRY

Marine macroalgae 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 populations of the same species,
living under different environmental conditions. The
studies which have been performed on this subject include
aspects of the holdfast (de Paula, 1982; in Cheshire &
Hallam, 19%88), 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 mixing (Denny, 1988). Although the
differences in morphology are usually related to
differences in wave activity, they may also be affected
by changes in light psnetration and temperature (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 othars
{(such as D. longifolia) become thick and leathery with
thick cell walls and can thus grow to a large size
(Littler et al., 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 envirommental features, and
that this causes taxonomic problems (Mann, 1971). The
morphumetric study included in this thesis involved a
comparison of morphological features of D. longifolia
plants from different wave exposure sites. It must be
noted, however, that not all the measurements were
performed in all the sites throughout the year, and thus
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mean, #alues include plants at different stages of
development. This may have led to mis)eading results.

4.,7.1 Features of the Holdfast

- An increase in wave exposure places a greater stress on

the heldfasts of intertidal algae which have to remain in
place to allow the plant to complete its life cycuss,
There are reports of a greater biomass, abundance and
density of holdfasts in higher ‘wave action areas (Paywi,
1984}. In the case of fiexible plants, the laminae spread
out t» reduce the stress on the holdfast in calm water,
and then clump together and surge in one direction to
reduce drag when experiencing the force of wave action
{Cheshire & Hallam, 1988). This results in the holdfast
experiencing a sudden -jerk in oré direction. Different
.aspects of the morphology of the holdfast of D.
longifolia were measured.

4.7.1.1 Diameter of Holdfast

It has been reported that the holdfagts of Sargagsum
oymosum increase in size with an increasz in wave
exposure (de Paula & de Oliveira, 1982). Denny (1288)
also discusses the necessity for increased adhesion and
the resulting increase in holdfast size of plants ¢growing
in highly wave exposed areas. It has also been reported
that the diameter of the holdfast increases with am
increase in wave action.

The results from the present study largely support the
reports that there is an increase in holdfast size with
an increase in wave exposure. The lowest wave exposure
sites (L1, L2 and L+; 15.8 (*4.42)mm, 15.7 (£2.8)mm and
12.95 (12.75)mm, respectively) have the smallest holdfast
diameter and the highest wave expdsure.aitea {2 and H+}
23.23 (£5.29m) and 21.85 (%7.77)mm} have the
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largest holdfasts (Fig. 18). It would bé~expected (based
on the subjective site ranking) that H+ wauld have the
largest mean holdfast diameter due 1o the ‘higher wave
exposure, however, the slightly lower wave exposure site
(H) has a significantly (p<0.001) larger mean holdfast
diameter. This 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
number of juvenile plants in this site, 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 wae
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 easil, have been
caught amongst the other plants. The large clumps of
plants that were observed in this site did make
identification of single holdfasts difficult, and there
couid have thus been § bias to cloose the more easily
identifiable and smaller holdfasts.

The scatter diagram (Fig. 19} of the holdfast diameter
versus the lamina length for ILl1 and H+ over the entire
gtudy period, indicates that there are five groups of
plants. There is a group composed of small plants with
small holdfasts (from 11 and H+; holdfast diameter 5-
28.5mm, lamina length 4-132mm) whicn are believed to be
all the plants from L1 and the juvenile plants of H+. The
group consistiné of plants with longer laminae and small
holdfasts (H+ only; holdfast diameter 6-~19mm, lamina
length 170~230mm) are thought to be older juvenile
plants, the medium sized plants with medium holafasts (H+
only; holdfast diameter 19-36mwm, lamina length 305~375mm)
are beliieved to be older plants and the plants with long
laminae and large holdfasts (H+ only; holdfast diameter
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52,5~65.5mm, lamina length 477-335mm) are believed to be
mature plants at the peak of the growipg 'season (of the-
study period). The group of plants having large holdfasts
and short laminae (H+; holdfast diameté& 28.5-32.5mn,
lamina length 39-102mm) are pla=is which had lost their
long laminae and were ;agené;ating new laminae (at the
end of the season). It must be remembered that plants in
all stages of deVe;opment, from the entire study period,
are included in this diagram. Tovey and Moss (1978)
report that there is enlargement of the holdfast area
with an incrsase in laminal number and size in ng@gg;ig,
it is clear, however, that there are seasonal changes in
laminal length of D. longifolia (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
experienving a high degree of wave action is greater than
those in calmer areas. Moss (1950) reports that members
of Fucus ¥esiculosus populations living in sheltered
arcus have less holdfast area in contact with the
substratum than individuals from more wave exposed sites.
This is due to the presenca of proliferations growing
undser the holdfast and reducing the area of attachment.
Members of the some species are reported to lack
holdfasgts in salt marshes which do not experience water
motion (Mvss, 1950). There are reports that Macrocvstis
pyrifera (L.) €. Agardh from sheltered areas has no basal
neristem or holdfast (Gerard & Kirkman, 1984) indicating
the reduced necessity for attachment in calm areas.

The results of the measurement of . longifolia holdfast
area, in relation to the degree of wave exposure,
indicates that there is a direct relsztionship between the
holdfast area and the degree of wave exposure, ie
holdfast area increases significantly (p<0.001) between
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low and high wave exposure (as ranked subjectively; Fig.
20; L+, 0.00013 (4.78 x 10~5m2); e 0.000516 (3.6 x 10~
“4m2)). This indicates that an increase in holdfast area

in contact with the substratum is necessary to allow D.

lgagiﬁgiig to survive in high wave exposure areas.

4.7.1.3 Holdfast Mass

Holdfast bliomags of populatiors of Sargassum gymosum and
Turbinaria ornata is reported to increase with an
increase in wave action:tde Paula & de Oliveira, 1982;
Payri, 1984). Thare is a problem in determining the mags
of holdfasts, in that those attaclh#aent organs consisting
of rhizoids retain a large amount of sand due to the
a‘therance of the rhizoids to the sand particles (Tovey &
Moss, 1978). The sand is thus included in the mass
measurements as removal of the sand particles is
impossible.

'The holdfast mass measurements (Fig. 21 & Fig., 22; of wet
and dry wass, respectively) also show cotrrelation with
exposure, with the low wave exposure sites (L+, 0.372
(£0.206)g wet) having the lightest holdfasts and the high
wave exposure sites the heaviest (H 3.843 (t1.68 )g wet;
H+, B5.547 (46.29)g wet). This is due to the greater area
of holdfast (Section 4.7.1.2) having a greater mass {ie a
greater amount of structural tissue) but also containing
a greater volume of gand. Although living Arift material
of D. longifolia was regularly chserved, it was not
determined whether this wae ripped up or whether it came
from floating material in sheltered dreas. The holdfast
size of the drift material was also not measured. It was
determined, however, that mature plants do not need
attachment for survival in sheltered areas as; detached
plants survived and grew in tanks for many months without
reattaching (Section 4.10.2). These plants did, however,
remain upright.
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4.7.2 Features of the Lamina

There are many conflicting reports on the effect of wave
exposure ois macroalgal laminal morpholody. Some
researchers peport that, to overcome the harsh
enviroriment 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 availability. Russell (1978) reports that tihe
changes in aspects such as lawinal length, width and
shape are commonly found to be associated with
environmental changes in brown algae, and this has led to
a qreat'deal of confusion in the taxonocmy 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 laminse such as those in D.
nggigglig are thought to be optimal in highly wave
exposed areas as they are able to move in the direction
of flow rapidly (Norton et al., 1981). Bending over also
takes the laminae cloger to the substratum and into areas
of lower watet velocity {(Charters et al., 1969).

4.7.2.1 Laminal Length

There are conflicting reports about whether plants living
in more wave exposed enviromments are longer or shorter.
Ascophyllum nodosum and Turbinaria ornata (Russell, 1978;
McEacheron & Thomas, 1987; Payri, 1984) are reported to
be shorter in more wave exposed areas. Durxvillaea
potatorum is reported to be short, stunted and highly
branched (due te continuous regenerative recovery from
damage to the tips) in high wave exposure areas, but to
have a maximum internodal length at intermediate wave
axposure (Cheshiie & Hallam, 1988). The latter
obsaervation is thought to be due to this region being
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intermediate of all the gradients affecting growth
{advantageous and disadvantageous), ie no extreme
conditions exist in this region (Noxrton et al., 1981).
Neushul (1972) reported long, thin individuals in

sheltered areas where the plants respond to the decrease

in nutrierts by increasing the absorptive surface. Schiel
and Choat (1981) report that individuals of dense,
monoapecifﬁc algal stands found in areas of higher
exposﬂre "tehd to be larger in size. A similar report
suggests that individuals of lamiparia setchelli in wmore
wave exposed areas are taller and thicker than
individuals. of a similar age in less wave exposed areas,
presunably due to the increase in nutrient availability
{Klinger & DeWreede, 1988). De Paula & de Oliveira {1982)
report that Sargassum cymosum populations in sheltered
areas are longer bui of a lower density than those in
wave exposed areas. Many members of the Dictyotales have
seasonal changes in laminal length with the longest
length not occurring at the peak of biomass production
rate, due to the long laminae being degraded badly {King
& Farrant, 1987). Long laminae are exposed to different
degrees of water motion, light and nutrients at thé tip
and the base (Dawes, 1981) which wmay cause differences in
grow rates of different regions. It appears that the wave
exposure nas different effects on different species,
indicating the importance of intensive growth studies to
determine optimal conditions for the growth of commercial
ceaweed.

From the graph of the mean values of laminal length for
0. longifnlia over the entire year (Fig. 23), it appe.rs
that there is an increase in laminal length with an
increasz in wave exposure (according to the subjecti?e
ranking; L1, 46.19 (#9.49)mm (p<0.001); H+, 118.29
(+79.22)mm) probably due to the increase in nutrient and
gas availability. It must be remembered that the
measurements of D. longifolia were taken over the entire
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'year and that H+ was abraded the most and thus the
laminal length was reduced more than the other sites. To
get a mean maximum laminal length, measurements would
have to be faken throughout the year and the measurements
at peak growth compared. However, as the study was not
performed over a complete year, the period when the
greatest length was attaiqed, could riot be determined.
This is a constraint of the study and the data should be
interpreted accordingly. The seasonal changes in laminal
lehigth in the different sites arw shown in Figure 17.

There are reports of various other aspects of laminal
morphology changing with variation in the degreé of wave
exposure experienced, eg laminal width and thickness. The
laminal width of Agcophyllum rodosum in areas of higher
wave exposure is reported to be less than that in
'~ sheltered areas (McEacheron & Thomas, 1587), Laminaria
hyparborea shows an increase in thickness due an increase
in nutrient supply (Kain, 1977) and Laminaria longipes
experiences a decrease in width (XKain, 1977) with an
incresse in water movement (Palmisano & Sheng, 1977). The
latter authors report that this decrease in width is so
pronounced that they used L. lopgipes as an exposure .
indicator 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 Fucus vesiculosus from areas of different
wave exposure.

{
Although the mean laminal width of D. lonagifolia from all
the sites in this study, are not significantly (p>0.05)
different {except L1 which has a significantly lower mean
laninal width; 8,21 (#1.25)mm (p<0.001})), there does seen
to be a trend in laminal width in relation to wave
exposure, ie there is an inorease in laminal width with
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an increase in wave exposure. Once again, it must be
remambered that the mean laminal widths from the whole
year are plotted on a graph {Fig. 24}, but that the
nunber of plants from each season included in the mean,
differed for each site. The width of .he three longest
lamina of each individual were measured and thus plants
experiencing high degrees of abrasion and growth of new
lamina, ey H+ would have a lower mean laminal width than
. plants where the mature laminae were still intact. The
ideal situation would be to measure the mean width when
the laminae were at their longest, ie peak of the growing
season. However, to do this the seasonal patterns of
agrowth would need to be determined.

The scatter diagram of laminal length versus laminal
widthk for plants from L1 and H+ over the whole year (Fiy.
25), indicates three groups of plants. There is a group

- of short, narrow plants from both sites (lamina width 2-
l4mm, lamina lenyth 4-170mm), which appears to be the
entire population of 1Ll and what is assumed to be young
juveniles of H+., There is a group of intermediate plantas
with fairly long, wide plants from H+ which are assumed
to be older juvenile plants (lamina width 14-21.33mm,
lamina length 38-235mm). The last group of plants are
long and wide and are from H+ only (lamina width 15.6~
19.6mm, lamina length 351-535mm). This group is assumed
to be composed of adult plants. The latter two groups
could possibly be the sporophyte and the gametophyte
which, although p. longifolis is reported to be
isomorphic, may respond differently to the different
conditions. A genetic study would have to be performed to
deterning this. It is important to note that the
measurenents were taken over the entire year and thus
different stages were included together. There is a
Bimilar grouping if the March results are st -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 width of the three longest laminae were
measured, this indicates the presence of long laminae on
all the mature plants from the Ht site, ie the group with
long, wide laminae (H+; lamina width 16.6~19.6mm, lamina
leigth 425-535mm) are mature plants from H+. The group of
~ plants made up of shorter, 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 length 52-351mm)}. If we look at the
October readings only (Fig. 27), all the plants are much
shorter as they have f»een abraded and have only bequn to
regenerate (lamina width 2-17mm, lamina sength 4-102mm),
ie the new laminae are in the process of uLeing produced.
.
4.7.2.3 Laminal Suyface Area

Klinger and DeWreede {1988) report that the area of
Laminaria laminae, increases with an increase in wave
exposure and they attribﬁte these differaences to the
increase in nutrient supply in wave exposed areas. The
drag experienced by an drganism is reported to be
proportiop~l to the laminal area of the object which
moves in tne direction of flow (Vogel, 1981: Denny,
1988), thne plants in more wave exposed sites should,
theoretically, have smaller laminae so as to decrease the
drag. However, the total laminal area of individuals of
R. longifolia appears to increase with an increase in
wave exposure (Fig. 28), with H+ having a significantly
higher (P<0.001; 0.020989 {%0.029)m?) mean laminal
surface area than the other sites (Ll and L+ have the
lowest area values of 0.002345 (i0.001)m?® and 0.003653
(+0.0007)m?, respectively). This may be due to the fact
that there wera.a greater number of laminae on the plants
in H+ (Section 4.7.2.6). The mean laminal length (Section
4.7.2.1) and width (Section 4.7.2.2) of D. longifolia
from H+ are also greater than thosa of the
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other sites. Presumably the increased area is 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 individual is another
feature of algal morphology which is reported to change
with a‘éhange in the degree of wave exposure. Payri
(1984) reports that there is a&-decrease in mass of
Tarbinaria ornata with an increase in wave sxposure.
Creshire and Hallam (1988) report chatiges in the
morphology, but not in biomass, of Durvillaea potatorum
in differing areas of wave activity. It has also been
repoxrted that dry mass of laminae of Fucus plants growing
in sheltered areas is greater than that in wave exposed
areas (where plants are abraded by sand), whilst there is
no significant difference in the wet mass of laminae from
different areas (Schonbeck & Norton, 1979). The
difference between the wet anl dry mass results is
attributed teo differsnces in the relative amounts of
strengthening and photosynthetic tissue (Schonbeck -&
Noxton, 1979). Mabeau and Kloareg (1987) studied a range
of brown ulgae and reported that 35~45% of the dry
thallus mass is composed of cell wall materizl and that
this percentage is related to zonation and deslccation
resistance.

The study of laminal mass in D. longifolia seems to
indicate that mass is directly related to wave exposure
and that there is a significant (p<0.001 between most of
the values) increase in laminal mass {wet and dry) with
an increase in wave exposure (Fig. 29; Ll 0.583
(10.285)g wet; H+, 9.133 (%12.81)g wet). This is
probably due to an increase in laminal area in the
higher exjosure areas (due to the increase in nutrient
and gas supply), but may also be due to an increase in

250



strengthening tissue. A further study would have to be
performad to determine the percentage of wet laminal maas
composed of structural tissue.

4.7.2.5 Nunmber of Dichotomies per Lamina ,
Laminae dichotomy numbexr is another factor of morphology
which may change with a change in wave exposure. There is
reported to be an increase in digitation of Sacchorhiza,
Duryillaes potatorum and Ascophylivm podosum living ‘in
more wave exposed areas (Noiton, 1969; Cheshire & Hallam,
1988; McPBacheron & Thomas,,19873. However, there are also
reports of a decrease in the number of branches in
Pelvetia (Russell, 1978) and Turbinaria ornata (Payri,
1984}, whilst Cheshire and Hallam (1988) report that
there is an decrease in digitation but an increase in
laminal namber in Durvillaea pgggtgggm from more exposed
areas. Kilar and MclLachlan (1986) report that
Acanthophora spicifera (Vvahl) Borg. has small plants with

fewer branches in wave exposed areas.

It appears from Figure 30, that the number of dichotomies
per lamina in D. longifolis increases with an increase in
wave exposure (as ranked subjectively). The number of
dichotomies may be related to the laminal length and
possibly there is a minimum laminal length at which
dichotomles are formed. If this was the case, it may
explain why the dichotomy numbers in the sheltered pools
(Il and L+) were so low (0.267 {$0.12) and 0.556
(£0.073); respectively), ie the laminae did not. reaﬁh the
minimum length for dichotomy production while in the
highest wave exposure sites (H and H+y 1.738 (£i.22) and
1.672 (21.24)) the dichotomy number was significantly
higher (p<0.0013). The mean measurements frowm March (Fig.
31) indicate that the highest wave action site B+ had the
greatest number of dichotomies (3.652 (#1.15)). It also
had the greatest mean laminal length (Sectioh 4.6). In
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Octobsr, when the plants of H+ were abraded back (more
£han 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 nuilher (Fig. 32; 0.535
(+0.677)). In hoth these months %he low wave exposure
site (L1) had the lowest dichotomy number (March and
October; 0.176 (+0.512) and 0.i86 (%0.389) respectively).
The suggesition that the number of dichotomies present is
related to the lasinal leagth, is supported by the
scatter diagram (Pig. 33) of the laminal length versus
the number of dichotomies for Li and K+ for the entire
year, which shows that there is an increase in dQichotomy
number with an increase in laminal length in both the L1
and H+ sites.

The site having low laminal length (L1) has the gveatest
percentage (57.97 (t30.61)%; p<0.001) of lamifae without
dichotomies, while the other sites have lower percéntagas
of laminae without dichotomies (Fig. 17). The site with
the lowest percentage of laminae lacking +Jichotomies is H
16.20 (#10.72)%) which may be explained by the higher
number of long laminae at certain times of the year. Iy
the dichotomy number is directly related to the laminal
length, then the dichotomy number 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 »er plant (greater and less than
Emm) was another aspect of morphology that was msasured
for D. longifolia. The low wave action sites L2 and I+
had the greatest number of small {less than 5mm) laminae
per plant (Fig. 35), whilst the rest of the sites had
similar numbers 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 sngltered pools had a large
proportion of laminae that whre iess than Smm-.ln lengthl
B
The mean number of lahinae greater than 5mm, show a
surprising trend. It appears that the L+ and H+ gites
have the lowest number of longer 1aminae {12.4 (+2 8) and
12.68 {+8,59)). This can be explained, in the case of the
L+ site, gy the low wave exposure and reduced plant size
(although L1 and 12 show significantly highexr values than
14} 16.84 (£9.23) and 18.55 (+4.75), respectively).
‘the case of H+, it wust be remembered that the plants of

this site were highly abraded (more than any of the other

sites) and for a large proportion of the study period
were composed of new lamina or short abraded sections of
lamina. The mear laminal number per plant is another
norphological measurement which would probably be most.
meaningful if it was performed at the peak of the growing
season. The unexpectedly high number of laminae longer
than Smm from the intermediate wave exposure site (I+;
23.23 (+4.97)), could possibly be explained by the deptﬁ
of the water in this site. There was also comparatively
little sand in suspension in the water of this site
(Seckion 4.4}, and thus the abrasion was less than in the
other sites. The plants in this site were also only
measured near the end of the stydy period when
regeneration had begun. Even dui’ing the initial part of
the study of the plants of this . te, very little
abrasion or degradation of the lamina was observed.

The results of the morphometric and structural studies
are sumnarised and compared in Section 4.13. W,
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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 currénts
and waves. These organisws 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 be

fl: :ible and withstand the forces by reducing the area in
contact with the waves and “flowing® in the sanme
direction as the water movement. In the latter case, the
organisms reguire less strengthening tissue {Denny,
1988). Flexible algae must also be able to extend and
stretch without breaking under stress (Denviy, 1988).
There are two phases of extension under a strain such as
the_drag'caused by water. The first is within the elastic
limits, ie the stretch before breakage, and the second is
greater than the first and leads to breakage (Delf,
1932). The breaking stress is reported to be the stress
which "just exceedc the greatest longitudinal stress
which can be borne per unit area without rupture" (Delf,
19832). The period of recovery between stresses, ia waves
or storms is also of importance. Delf (1932) tested the
extensione and breaking strains pf the stipes of various
brown algae such as Ascophyllum, Fucus and Laminaria.
Therz are howaver, other factors besides plant structure,
which may affect the tensile strength or breaking strain
of algal thalli. Kraemer (1990) reports in the red alga
Iridaea, there is a significant increase in the tensile
gtrength of the laminae with a water loss of up to 50%;
thereafter the tensile strength decreased. Thus tha
tensile strength may be altered by the environmental
conditions experienced by the alga

254

sy rr———

e



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 wae initially believed that the tensile
strength of D. longifolia laminae would be related to the
vave exposure experienced by the plant. The method that
was used in this study involved the constructlon of a
tensilimeter (Section 2.4.7.1) which was effective but
could only be uséd when the laminae being measured were
of a reasonable léngth (5cm or 'more): To standardise the
neasurenents, the length of lamina put into the machine
was kept at 5cm but, for a majeority of the plants, the
laming~ were less than this for most of the year. This
resui_"d in a low nmumber of measurements for some of the
gites. The sectiong of lamina also needed to be free of
any damage, epiphytes or parasites. The clamps did cause
some damage to the plant. In some cases the lamina broke
at the clamp however, these resultsg were digscarded. The
measurement of the tensile strength indicaked that there
was a high degree of elasticity in the laminae which
elongated a great deal before breaking. Possibly the
neasurement of the degree that the lamina can stretch
before breaking (ie elasticity), would be a useful
indication of how much drag the plant can be exposed to
before the laminae are broken. tUnfortunately,
nmeasurenents of tensile strength were only taken when
sufficient material was available. This resulted in the
mean tensile strength for the study being cbtained from
different numbers of measurements for each site (from
different times of the year). 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 more useful comparison would have been the
tensile strength of laminae measured at the peak of the
growing season when all the laminae were at a maximum
size.
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Delf (1932) had a similar problem and reﬁorts that young
lamirnae of Laminaria have a much lower breaking stress
than older laminae. From the graph of the mean tensile
strength for the year (Fig. 37), it appears that there is
no relationship batween the degree of wave action and the
tensile strength, other thawn that the highest wave
exposure site (H+) has the highest tensile strength
(524.87 (86.13) dynes/mm) and the lowest wave exposure
site (L1l) the lowest tensile strength (349.95 (114.22)
dynes/mm). 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 (1234.47) dynes/mm).
Unfortunately, only the L1, H and 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 gite measurements). The October
neasurements also lacked a trend, although the highest
wave action site (H+; (669.69 (£234.26) dynes/mm) had the
highest mean tensile strength (Fig. 39). This would seem
to indicate that even when the lamina are small (newly
regenerated from the holdfist), extremely high wave
exposure may induce an increased tensile strength. At the
same time, the low wave exposure site (Li; 334.80
(£99.32) dynes/mm) has the lowest tensile strength. The
apparent lack of relationship between tensile strength
and wave exposura in D. longifolia is surprising
considering the studiés which conclude that there is a
relationship between the two. This couls however, be due
to the uneven spread of measurements over the year. Delf
(1932) reported that there are no differerces in the
breaking strain of two species of Fucus from sheltered
and wave exposed sites, however, Armstrong (1987) reports
stronger tissue resulting in a higher tensile strength of
Hadophyllum sessile from areas of higher wave activity.
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Similar tests of elasticity and tensile strength have
been reported for Nereocvetie luestkeana (Mertens) Postels
and Ruprecht (Koehl & Wainwright, 1985). There is also a
report that there is an increase in breaking strength
with an increase in wave exposure in Ascophylium nodosum
(McEacheron & Thomas, 1987). The latter study described
similar problems to those axperignéed in_this study, ie
desicoation of the plant materiaf'prior-*q»hreakage and
damage by the equipment.. Koehl and Walnwrag b {1877)
report that H. luetkeana survives wave exposure by having
high elasticity rather than tensile strength. It is
ﬂossible that D. longifolia has a similar method of
;Hoplng with drag and other stresses of water movement.
The latter authors report that tb@ stretch is due to the
cellulose fibrils in the walls of the central cortical
cells.

From the PCA (Fig. 43) of the morphological and

structural aspects of the lamina and holdfast, it appears J
that tensile strength is fairly closely correlated with ]
aspects of the lamina such as laminal width. It is J
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 i
of laminal sclerophylly and succulence (Section 4.8.3) j
which may have caused micleading results.

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

4.8.2 Attachment Strength
The attachment stwength of the holdfast to the substratum
is obviously an important feature of thé ability of

intertidal algae to survive under harsh conditions. It
was Initially presumed that the mean attachment strength
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would be directly related to the degree of wave actionk

- being experienced. There were a few problems éxparienced
~with the technique used to measure the attachment

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
neided to remove the plant from the rock or to break the
lgainae (whichever came first; Carter, 1986), the
measurements obtained in many of the cases could have .
been lower than the true forces ‘reguired to ramove tha .
alga from the rock. another problem was that some of the
plants were so firmly attached that the clamps slipped
off and thus a cable tie was used. The cable tia also
caused damage to the plant and may have affected the
results. There are other reports that the device used to
hold a holdfast during attachment strength measurements,
weakens the plant and leads to misleading results (Lobban
et al., 1985). Very small plants could not be fastened
into the clamp and this caused a size bias. A similar
problem with small sized plants was described by
McBacheron and Thomas (1987). A further problem with the
method used in this study, was that different numnbers of
laminae and different combinations of lamina size were
included into the clamp. This may bave affected the

results (when attachment strength equals the breakage of -

the laminae). For example, if a greater number of laminae
or if more lairye, mature laminae were included in the
clamp, the attachment strength measurement would be
greater than if there only immature or few laminae
included.

As mentioned in Section 3.8.2, the attachment strengths
wera only measured in September and October (Fig. 40)}.
The H+ and H sites had by far the largest populations of
D. longifolia and at this time of the year, a large
nunber of the plants in the populations were juvenile
individuals and were thus not firmly attached. This may
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acocount for the low attachment strengths measurements in

these gites (H+ and H; 10.63 (£1.95} Newtons and 9.82

{*4.14) Newtons, respeétivaly). This sugrestion is B

supportad Ly the fact that the September attachment

strengths (Fig. 41) were lower than those for Qctober
42) whén juvenile plants were larger and more

firgly attached. The area of the holdfast should also be

included in the measurement and this would, perhaps
account for the removal cof ‘juvenile plants from some of
the sites. The intermediate wave exposure sites (I and
I+) had the highest attachment 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 inundation (in I), and reduced
sand suspanded content (in I+). The attachment strength
of the individuals from the low wave exposure site (Ll)
is by far the lowest of the sites (7.07 (+2.07) Newtons),
and this may be due to the small holdfast size throughout
the year (Section 4.7.1.1, and also due to the fact that
the plants were often attached to soft sandstone with a
high degree of sand inclusion in the holdfast material.
Lobban et al. (1985) report that the substratum does
influence the attachment strength. Tovey and Moss (1978)
report that the rhizoids of -the holdfast of Laminaria
digitata (Huds.) Lamour. attach by growing into all the
irregqularities on the substratum and thus fitting the
substratum perfectly. Grains of loose sand are also

picked up the adhesive rhizoids. There are alsoc reports

of the gaps between the rhizoids and the substratum being
filled with mmcilage which is thought to be sone form of
adhesive compound (Tovey & Moss, 1978; Cheshire & Hallam,
1e85). A smooth substratum is thus 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 rnd this may be due to a
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lac’. of trend, or to the results being affected by the
problems discussed above. A

Attachment strength NEasuraments performed on A&gggngllgm
nodosun Weru measured by attaching a grommet to the stipe
below the first internode. The forcoe needed to break the
stipe at or above the holdfast was measured using a
spring balance (McEacheron & Thomas, 1987). However, this
nethod was a measurement of the tenzslle strength of the
stlpe rather than the attaahment strength of the plunt
(similar ta the method used in this study. Despite this,
the latter authors report an increase in strength of
attachment organs from highly wave exposed shores when
compared to sheltered shores.

The PCA of the wvarious aspects of structural and
morphometric measurements (Fig. 43} indicates,
surprisingly, that there is some correlation between the
attachment strength and laminar measurements, but dittle
correlation between the attachment strength and the
holdfast measurements. As mentioned 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.
Considering this, it is not surprising that the
attachment strength is correlated to the tensile strength
and the features 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 some aspect of holdfast area
would perhaps have given a more accurate measurement.

The attachment strength measurements are included in the
structural and morphological summary (Section 4.13),
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4.8.3 Scierophylly and Succulence

Wilzon (1965) showed that leaf strength in the rve grass
Lolium was an indicator of cellulose content. Although
brown seaweeds do contain cellulose in the cell walls,
alginic acid is;also g major component in the walls.
Varigtions in the type of alginic acld can be related to
thp>mnrphology and envirommental factors. For exampie,
the stipe and laminae of Durvillaesa potatorum 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’ specles for

1ight and space (by the whiplash effect; Daytﬁ“ 5}15. in.

Littler gt al., 1983; Littler et al., 1983).
Surprisingly, the tissue strength of desiccated Iridaea
{Rhodophyta) is reported to not be out of the range
hydrated tissue strength (Kraemer, 1990).

4.8.3.1%1 Lamina Sclea¥ophylly

There appears to be no trend in the lamina sclerophylly
(amvunt dry matter per area) with respect to wave action
(Fig. 44). This result is surprising considering that

. laminae in wave expused areas could only survive if they
ware. wble to withstand abrasion and drag, and were
"tough". However, laminae of D. longifoliz may survive
wave forces by having high elastic properties or rapid
regeneration rates, rather tuan expending energy on
strengthening tissue. The lowest wave exposure site (L1)
did have the lowest sclerophylly values (p<0.001; 33.Fr1
(+4.34) g/m?) indicating that these plants had less
strengthening tissue than the plants from the other sites
and are thus "flimsy". The sclerophylly 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 are included in the summary of
morphological and structural features (Section 4.13).

4.8.3.2 Holdfast Sclerophylly

The holdfast sclerophylly valueg sh i a definite
relationship with the degree of wave exposure. There
appears to be an increase in holdfast sclerophylly of D.
longifolin, with an increase in wave exposure (as

subjectively ranked; Fig. 45). 'These resulty support the o

suggestion that holdfasts in more wave exposed sites must
have greater strength and adherence to allow the plants
to remain attached to the substratum (L1, 1344.99

(t432.38) g/m?; H+, 5085.762 (£3291.85) g/m2). It must be

remenbered however, that the holdfasts retained a great
dral of sand and, as mass is part of the sclerophylly
caloulations, this retention must have affected the
sclerophylly measurements.

4.8.3.3 Lamina Succulence
1

Mean water content per laina area (succulence values)
also lacks any real trend in relation to wave exposure
(Fig. 46). These results can be explained, to sond
degree, as the rate of desiccation is reported to be
related t¢ the water content: of the plant (Dromgoole,
1981). The plants in the low wave exposure sites (L1 and
L2; 231.82 (+1%.86) g/m? and 316.98 (+15.86) g/m2) and
the intermediate wave exposure site (I+; 343.86
(£77.17) g/mz) may have 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) g/m?
and 422.28 (+98.83) g/m?) were frequently observed
to experierice exposure to the air for long periods
of time (a8 few hours at low tide). The plants in
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these sites would reguire a greater lamina water coatont
o overcome desiccation. The intermediate site (I; 570.69
(#100.67) g/m?) has the highest laminra succulence values
(p<0.00%) which could be explained by the fact that the
plants in this site were frequently left out on the sand
with no water or splash to kaep them moist (as plants in
the H and H+ sites had). The plants in this sité (1) were
also inundated by sand more regqularly than those in the
other sites. The reason for the high succulence values of
the low wave exposure site (L+7 520.83 (177.8) g/ma) are
not known, as this is a fairly deep pool i .at was never
observed to dry up. "

4.8.3.4 Holdfast Succulence

The holdfast succulence in D. longifoiia appears to be

fairly closely related to the wave exposure (Fig. 47). 3
The low wave exposure sites (L+ and Li; 2253.64 (:538.5)
g/m? and 2779.84 (+538.5) g/n?) have the lowest mean a
succulence values which could be expected considering 3
that plants in these sites were never observed to be
exposed to air. The two highest wave exposure sites (H

and H+; 5674.93 1%486.99) g/m? and 7574.56 (£4693.25)

g/mzj had the higﬁeat holdfast succulence values, which
could he explained by the fact that the holdfasts in

these sites are frequently uncovered and are thus

reguized to retain water to survive. It is interesting to
note that the holdfast succulence values for the
intermediate wave exposure site (1) are fairly low
(3109.02 (+20.38) g/m2), whilst the lamina succulence
values are high. The reason for this is not knowd,
however, it must be remembered once again, that again the
sand retention of the holdfagts may have affected the
results obtained.

From the Principle Component Analysis (Fig. 43) of
various features of the lamina and holdfast of D.
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longifolia, it appears that ‘e features of lamina
strength, sclerophylly, succulencs and size are closely
correlated with each other. The features of the holdfast
(including sclerophylly and sucoulence) are not related
tc the lamina traits but are correlated with cach other.
Attachment strength was presumed to be related to the
features of the holdfast beceuse a larger holdfast are¢a
should mean better attachment. However, due to the
definition of +the method, the attachment strength was
neasured as the breaking force of the lamina in many of
the firmly attached plants.

From the results obtalned, and considering the problems
in holdfast measurement (due to the inclusion of sand),
in the measurement of sclercphylly and succulence in D.
longifolia, it 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 studles. However, there is a possibility that
the attributes may provide useful intar~species
comparisons, and further investigation should he i
performed 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). §

4.8.4 Desiccation and Rehydration

Intertidal organisms may b¢ transferred from an aguatic
to a terrestrial envirommenht during the tidal oycle.
Emersion changes the temperature (and thus metabolism),
water ccatent and exposures to light of these organisns
(Dring, 1982). The degree of deslocation is therefore,
another factor which affects the growth and distribution
of iIntertidal algaa. Zonation om rocky shores is 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
the atmosphere at low spring tide, whereas in the pools
(Li, L2, I+ and I+) the planbts were never exposed to the
atmosphere, and would thus be expected to have different
tolerances. The rate of desiccation is related to the

ratio between the evaporating surface and the volume and,

to a lesser extent, the water content of the plant
{Dromgoole, 1981). lLarger plants have sgmaller surfaca
area to volume ratios which means that less water is
lost. It also means, however, that there 1s more drag in
wave exposed areas and that the plants may be removed
before reaching reproductive maturity (Denny, 1988). It
has been reported that the thickness of the cell walls
and the presence of mu¢ ‘age is not of great importance
(Dromgoole, 1981), although Chapman and Chapman (1973)
report that thicker cell walls ave frequently found in
algae experiencing higher degrees of desiccation. The
presence of alginic acid in the walls is also reported to
reduce desiccation in fucoids {Berard Therriault &
Cardinal, 1973; in Dromgoole, 1981). An increase in aic
temperature is r worted to decvease desicceation
reslstance in Padina japonica (Allender, 197%),
indicating that desiccation wmay vary seasonally. This is
supported by the report that resistance to desiccation in
Fucus gpiralis Linnaeus and Pelvetia sp. reaches a
maximum in summer and a minimum in winter, and that the
percentage dry matter content of the tissue is correlated
with both the changes in resistance and the season
{8chonbeck & Norton, 1979). Plants are reported to either
tolerate or avoid desiccation. Examples of tolerance
include reports that Pelvetia canaliculata is able to
recover after being exposed to the air for a few days
during neap tide, and Fucus distichug has greater
photosynthetic activity when initially emerged than whan
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submerged (Dring, 1982). However, continted emergence
reduces the photosynthesis of this species. There are
suiggestions that the position on the shore determines
whether photosynthesis is greater whan emexced or
submergad (Quadir et al., 1979; Oates & Murray, 1983).
Desiccation for four hours during the day, causes death
of Asgophvllum nodosum, whilst exposure during the night
has no effect (Rheault & Ryther, 1983). This indicates
the importance of the time of day (and temperature) at
which the emersion occurs, ie ewersion at midday does
more harm than at night, dusk or dawn (Chapman & Chapman,
1973). The morphology anG growth phrse -* the plant is
also reported to affect the desicr ¥ __—istance
(Zanevald, 1937; im Allendur, 190 bk - ptophyte of
Padina japonica is reported %o La. 4 higher smersion
tolerance than the spo- phyte /Allender, 1977). It was -
observed thnat many of the intertidal algae . .ncluding D.
longifolla) having plants with a number of lamina, are
not as badly desiccated as planté #ith less laminae. This
is due, in part, to the protection of some laminae by
those lylng above them. Similarly very dense populations
are more resistant to desiccation due to the potential
protection from neighbours, ie aggregation of laminae,
whilst single plants have lass protection unless they are
surrounded by plants of another species. Palmisano and
%heng (1977) report that large clumps of seaweed and kelp
protact each other froa desliccation and alsc slow down
waves, thus reducing the efifect of wave actlon. Plants
lying on sand are also ablé to retain water longer due to
the watar retention potential of the sand (Isaac, 1933),
and thera are reports that plants burled under locm of
sand experience the same temperature as that in the
subtidal region (Johnson, 1963). Cheshire and Hallam
(1988} report that there is physical eromion of the tips
of Durvillaea potatornm plants which have been exposed to
desiccation, and Norton et al. (1%8l) 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 ohe of the major factors
leading to the degeneration of the plants in the H+ and H
sites, which were the only plants that were exposed to
the air for any period of time (except I which was
covered by sand for long periods of time). 'The much
denser populations in these two sites, and the larger
plants (over 60cm for large pericds of the year) may,
however, have led to desiccation resistance. :
Unfortuna&ély, 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 of
D. longifolia from the different sites (Fig. 48, A & B),
it appears that the pattern of desiccation is similar for
plants from all the sites howeveyr, the plants from the
more frequently wave exposed sites (I, H and 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. Another
study performed on intertidal algae from Palm Beach,
showed that although D. longifolis rapidly lost water in :
the initial stages of desiccation experiments, it i
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 (L1, L2, L+ and I), and others that were
regularly exposed to desiccation (I+, H and H+}.

The percentage rehydration after oven drying (Fig. 49),
andicates that only the intermediate site {I; 77.82
(£4.88)% had = gignificantly higher percentage
rehydration (p<0.001), whilst all the other sites had
similar valras (H+:; 63.94 (£5.15)%. The lowest wave
activity site L1 did however, have the lowest percentage
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i : :
rehydration and only recovered 49.92 (18.82)% of e
original mass. This could be explained by the fact that
"the former site (I) was freguently inundated by sand or
completely dried out. The plants in this region would
thus need to be able to rehydrate completely after
desiceation. Although the high wave exposure sites (H and
H+) did suffer emergence, there was the occasional wave
or splash which kept the plants moist. The intermediate
site (I) however, was observed to suffer periods of up to
few hours, without any water movement 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 affected by desiccation, eg lamina strength may be
affected (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 are numerous studies involving different aspects of
cell anatomy in members of the Dictyotales and other
brown algae. Few of theseé report any anatomical
difference between plants growing in wave exposed sites
and those from more sheltered areas. Kristensen (1968; in
Cheshire & Hallam, 1988) does however, report that the
cell walls of fucolds from areas of high wave activity
are thicker than walls of plants from more sheltered
sites. A detailed anatomical comparison of D. longifolia
from different wave activity areas was originally pianned
for this study howaver, due to the -difficulty experienced
in the preparation of material for TEM, the detailed
anatomical section of the study was terminated. Piwation
and infiltration problems are commonly experienced during
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the preparation of brown algae for "IM (Hallam & Luff,
1988). This lis reported to ba due to the presence of
thick walls, physodes and phenols which disrupt the
infiltration process. The anatomical study which was
performed on D. longifolia is a general description of
the cell types &nd arrangement using information from
light, Scanning and occasional Transmission Election
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
interezsting study.

4.9.1 Apical tip

Members of the Dictyotales are characterised by an apical
meristenatic 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 Dictyopteris (Katsaros & Galatis, 1988).
These authors report that the longitudinally dividing
cells become the central, apical cells and are fully
meristematic, whilst the transversely dividing cells
undergo further division before playing a reole in the
expansion of the wings. The organelles in the apical
cells of p. membranacea are reported to be highly
polarised (Katsaros & Galatis, 1988). Dictvopteris 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; Fritesch, 1965;
Allender & Kraft, 1983). The sunken apical tip containing
the elongated meristematic cells, such as that observed
in D. longifolia (Pl. 7, A-M), is reported for other
species of Dictvopteris. However, the pit in D.
nenbranaces does not appear to be as deep as that in D.
longifolia (Katsaros & Galatis, 1988). The tips of the
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newly dichotomised brancheg oxr the tips of new laminae of
B. lopuifolia 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, 1988). A

There appear to be two layers lining the plt (a thin,
fibrous, inner layer and a thicker, outer layer}. Th
outer layer appears to be maciluginous in nature and is
thickest (up to 100um) at the base of the pit and tapers
outwards, whilst the inner layer is much thinner (30pm at
the widest point) and tapers only slightly (Pl. 8, A-D;
Fig. 50). It i= thought that these two layers form a
protective coat or layer over the sensitive meristematic _
cells. An extensive literature search was performed, but ;
no similar report was found. The composition of the :
‘layers wag not investigated however, if a larger range of
 staining techniques had been used, the composition may
~have been determined.

4.9.2 Wing Structure

The mature wing of D. longifolia has characteristic
bulges at the margins (Pl. 9, A-F; Fig. 51, B; Fig. 52,
A)., Thilis thickened margin with a cluster of small cells
at the outer edge, has also been described for
blotyopterig nigricans Womersley (Womersley, 1987) and D.
delicatula (Allender & Kraft, 1983), but not for all the
species of Dictyopteris. The thickened area increases
with maturity and young laminae may have only slight
thickening (Pl. 9, D; Fig. 51, A}, whilst in older
laminae the bulye may consist of a number of layers of
cells (Pl. 9, E & F: Fig. 52, A). In the basal regions of
the laminae of D. longifolia, the wing bulges and (in the
most hasal regions) the entire wing may be removed.
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Katsarog and Galatis (1988) report @z similar reduction of
the wings at the base of the laminae of D. membranaces.
However, these authors suggest that this reducticn is not
due to tissue degradation and abrasion, hut rather due to
an increase in the rate of asymmetrical divisions during
the initial stages of thallus development.‘The celle in
the marginal bulge are dissimilar to thuse in other areas
of the wing in that they are much smaller {(25um) 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 iz composed of a
nunmber of parallel layers of large (50-75um), irreqularly
shaped, thin walled (1.5um) cells which divide in
different directions. In young laminae there may be only
two layers of wing cells (Pl. 9, G; Fig. $2, B} whilst in
nore mature laminae there are a few layers (PL. 9, H~J &
K; Fig. 52, C). 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 apieal initials, the
derivative cells start dividing and result in a two
layered wing such as that observed in D. lonaifolia (Pl.
9, G).

4.9.3 Midrib

The midrib is the thickened region (0.5-lmm thick)
running down the centre of the lamina of D. longifolia,
and is characteristic of the genuzs. It appeaws ta be
initiated by the meristematic cells 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 (500um thick) are
smaller and have thinner walls than those In the more
mature regions (Pli. 10, E). The epidermal cells are also
smaller and less prominent in the immature midrib. The
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mor-.. nature regions (approximately lmm thick) of the
nidrib are found nearer to the base of the lamina as
growth cecurs from the apical tip. Although the apical
cells may be responsible for longitudinal growth, there
mast be some meristematic acktivity that accounts for the
thickening of the midrib towards the more mature regions.
There does seem to ba some division in the epidermal
cells of the midrib, and in more mature regions the
epidermis becomes the meristoderm and produces the - -
rhizoids (Pl. 10, P-J; Fig. 51; C; Fig. 52, F). Howevér,
this is not very clear 'from the photographs taken in tuis
study. There is a report of a superficial meristem which
is involved in inoreasing the thickness of the midrib (in i
D. membranaces; Katsaros & Galatis, 1988), In the more

mature regions of D. longifolia, the cellsg are large

(30pm) with thick walls (4um; P1l. 11, A-J). Katsaros and

Galatis (1988) alszo report that the walls of the midrib |
cells of D. membranacea are very thick. The walls of the

cells in D. jongifolia appear to be composed of layers of

material (Pl. i1, X & L). A similar report of thick walls
- composed of what appears to be fibrillar material, has

been reported for Fucus and other brown algae (McCully, :
1965). The cell walis of another Dictyotalean alga ]
Dictyota dichotoma is also reported to be multilayered ;
(Evans & Holligan, 1972). ' |

There are approximately 14 layers of cells across the
midrib., It is believed that the cells of the midrib are
thick walled (4um thick; 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 & Chapman, 1973). The structure and thickness of
the nidrib is similar from the mature region to the
holdfast. In the basal region of the lamina there may be
sone production of rhizoids from the epldermal meristem
(meristoderm) of the midrib (Pl. 10, F-M). The wings of
1he basal region of the lamina may degenerate leaving
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little tissue surrounding the midrib. The wmidrik appears
to get narrower (6 cells across; 200um thick) nearer the
base of the lamina and inte the holdfast. This mey be due
to prolific division of the ouvter 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, le at certain tim)s

¢f the yvear the entire lamina was reduced to midrib and
would have thus, by other definitiohs, have been ralled
the stipe. The remains of the midrib at the lamira base
was thus not consgidered as a stipe, but was included as
part of the lamina. At the base of the lamina, jusc
before the midrib enters the holdfast, the midrib wan.
observed to become cylindrical in cross-section (from
being fairly flattened). A similar obsexvation was
reported for D. membraunacesa and it has been suygested
that this change is due to the activity of the
meristoderm in this region (Katsaros & Galatis, 1988).
There appears to be a vore of midrib cells {approximately
200um wide) in the centre of the holdfast (Pl. 10, N & O;
Pig. 51, F; Fig. 52, H).

The cells of the midrib throughout the lamina. of D.
longifolia appear to be sqguare or bripk-shaped in cross
section and smaller (3uum wide) thwh '» of the wing,
with thick walls (4um). The compositﬂ&n-bf-th@ dlfferent
wall layers in D. longifolia was not determined. The
calls are elongated in longitudinal section
(approximately 65um long; Pi. 12, A~E) with pores in the
longitudinal walls (Pl. 12, ¥ & G).

Large, more complex seaweeds, such as some members of the

Phaeophyceae which may grow up to a size of 30m (ag
Macrocystis; 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, 1983). The conductihyg systems of the brown
alyae are believed to be a parallel evolution to those in
graen plants, without there being any connection between
the two groups (Schinitz & Lobban, 1976). The process, and
aspects of the anatomical features of substance transport
in brown algae, has been the subject of numerous studies
entailing observations of dye and radioisotope transpori
at speeds exceeding those ppssible by diffusion alone
(Parker, 1965; Bugyeln, 1983). The transport of both
organic and inorganic material over long distances, in
big and fast growing brown specles, eg Nereocvstis (grows
6-13cm per day), is highly efficient. It is also believed
that some type of transport occurs in smaller, less
advanced species, but 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,
1982). Translocation (long distance transport) of
absorbed substances, eg phosphorus {(Floc’h & Penot,
1978), nitrogen (Davison & Stewart, 1983) and C-labelled
materials (Liming et al., 1972)7 as well as
plictosynthates, have been reported.

The theory that material is transferred from areas of
high (source), to areas of low availability (sink) .
seaweeds, is supported by the observation that there may
be a greater dry mass in the growing tip, meristematic
rugions, and unfurled laminae of the plants than can be
explainei by the photosynthetic capabilities of these
ragions: alone. In more mature parts of the thallus, the
opposite is true, ie there is a greater carbon figation
than what is needed for growth. Thus, it has bean
suggested that there is transpert from the areas of
excess which are usually mature, to areas of deficiency
which are usually growing (Schmitz & Lobban, 1976}
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'Bqueln, 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 areas where there is
reduced illumination (Schmitz, 1981). The direction of
the movement may also change if the sink is reémoved, eg
the growing tip is destroyed. Material applied in the
middle may move bidirectionally (Buggeln, 1963) and there
is also reported to be lateral movement in the wings
(Diouris & Ploc’h, 1984). Schmitz ang Kiihn (1982)
;\suggested that prior to long distance transport in the
madulla, there mast be tranéport across the parenchyma
colls of the cortex in what is believed to be a
smmplastic process. Photosynthesis occurs mainly in the
outer layer of the cortex cells, and then the
photosynthates are cransferred across the cortex to the
meduila in the centre of the plant for transport (Schmitz
& Kihn, 1982). There may also be a charge in direction
during different seasons, ie if the gfbﬁing 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 non~growinrg
season, the transport from the mature fronds is believed
tc be to the holdfast for storage (Schmitz & ILobban,
1976; Lobban, 1978). The midrib has betn identified as
the pathway for movement in some Fucalean speciss, as its
removal prevents transport (Diouris & Floc’h, 1984),

Translocation occurs in both light and dark conditions,
but light and temperature affect the velocity and
possibly also directisn, of the movement (Parker, 1965;
Buggeln, 1983). There is difficulty in measuring
translocation wvelowcity due to the fact that the velocity
may vary with species, plant, thallus region and
environmental condition (Schmitz, 198i: Buggeln, 1983).
The diameter of the pores in the sieve plate also affects
the velocity. The translocation rare is a more frequently
used aspect of movement. It is defined as the movement of
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dry material per unit time, divided by the cross
sectional area of the Lransporting channel (Schmitz,
1981).

In the large, more complex members of the brown algae, ey
Laminariales there may be a highly specialised cell
organisation with different cells having different
funections (Schmitz, 1981). Studies on the anatomy of
various advanced menmbers of the brown algae, eg Laminaria
(Schmitz & Srivastava, 1974) and Macrocystis (Parker,
1965), l.ave related the presence of "hyphae" or sieve
elements in the medulla to the transport of substances in
thallus of the seaweed (Sideman & Scheirer, 1977;
Buggeln, 1983). The transporting cells found in the
nedullary region are not organised into bundles such as
in higher plants, but rather form a reticular system
(Schmitz § Lobban, 1976); although Buggeln (1983)
reported a fairly regular system of tubes. The sieve
tubes of algae differ from those of higher plants in that
there are ho companion cells and no central vacuoles
(Lee, 1980). The tubes may become trumpet shaped due to
passive stretching caused by growth. The names "sieve
tube* or "sieve element", relate to the presence of a
sleve plate with pores traversed by protoplasmic strands,
which separate the cells across their transverse walls
(Fritsch, 1945; Bisulputra, 1966; Lee, 1980). The pores
of the wcortical cells are only found in thin regions of
the wall, whereas, in the sieve elements, the pores are
found evenly all over the sieve plate (Sideman &
Scheirer, 1977). Transport is reportad 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 reported to be 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 cytoplasmic continuity between the
cells, eg Dawes gt al. (1961; in Bisalputra, 1966} report
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