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Abstract

The basic life history of the red alga Gracilaria is of the three-phase Polysiphonia type but a number of species
show deviations. Plants can bear both gametangia and tetrasporangia, either on separate parts of the thallus or on
the same. Explanations include the in situ germination of tetraspores (allowing gametophytic thalli to be epiphytic
on tetrasporophytes), the coalescence of spores or developing discs (resulting in chimaeras), mitotic recombination
during cell division in the mature diploid thallus (resulting in patches of diploid male and female cells on the
tetrasporophyte), a mutation eliminating the repression of female expression allowing haploid male plants to be
bisexual and initial failure of cell walls to form during the development of tetraspores. Polyploids can be produced
from plants with diploid gametangia. The sexes and phases are usually morphologically identical but gametophytes
or their parts may be smaller. The growth rates of the sexes may differ and diploid juveniles may survive better than
haploid. Neither polyploidy nor hybridization results in superior growth. The sex ratio is probably 1:1 but females
may appear to be more abundant. Diploid and haploid phases are usually either about equal or diploids predominate,
often depending on the type of substratum. At high latitudes reproduction peaks in late summer whereas in the
tropics it may be high all year. In temperate regions growth rate is fastest and biomass highest in late summer; in the
tropics peak biomass is mainly in the winter. Spermatia are effective for only a few h. Spores vary in size around
25 Am, diploid ones usually being larger. Cystocarps or tetrasporangia in the field may not currently be releasing
spores. In the laboratory spore release shows a diurnal rhythm, peaking during the night or day according to the
species. All the above attributes are potentially important in planning and executing Gracilaria cultivation.

Introduction

Species of Gracilaria are some of the most useful algae
in the world, combining the production of the valuable
polysaccharide agar with a fast growth rate, ease of
vegetative reproduction and other attributes favouring
their cultivation. When planning to farm these red algae
in new areas such as Europe, it is essential to be aware
of the biology of the species considered.

For optimal exploitation of a crop species, efficient
seeding, a fast growth rate and genetic improvement
are of prime importance to the farmer. Growth rate can
be affected by the life history phase and by the season
while genetic improvement and seeding from spores

can be achieved only if the methods of reproduction
are properly understood. This review aims to cover
these important aspects of the biology of the genus
which are pertinent to cultivation.

Most of the species considered here belong to
Gracilaria itself but information on the morphological-
ly similar Gracilariopsis, only recently separated from
Gracilaria (Fredericq & Hommersand, 1989), is also
included. Other free-living members of the Gracilari-
aceae (see Bird, 1995), although closer to Gracilaria
taxonomically (Bird et al, 1994) are not farmed com-
mercially.
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Fig. 1. The life history of Gracilaria. Reproduced from Kain (1991) by permission of John Wiley & Sons.

The nomenclature follows Bird and Kain (1995).
The subject has been recently reviewed by Oliviera &
Plastino (1994).

Life history

In most populations of Gracilaria the life history is
of the Polysiphonia type, i.e. having morphological-
ly identical diploid tetrasporophyte and haploid gam-
etophyte phases, the latter consisting of equal num-
bers of male and female plants (Fig. 1). The female
gamete is fertilized in situ and the zygote devel-
ops as a third phase, the diploid carposporophyte, a
spore-producing structure entirely dependent on the
female gametophyte. The resulting carpospores, the
product of a single fusion of gametes, are numer-
ous and genetically identical. Each spore can develop
into a diploid tetrasporophyte in which reproduction
involves meiosis, resulting in haploid genetically vari-
able tetraspores. This life history has been completed
in culture, taking 5-12 months, in several Gracilaria
species: G. gracilis (as G. verrucosa) (Ogata et al.,
1972; Rueness et al., 1987), G. tikvahiae (as Gracilar-
ia sp.) (N Bird et al., 1977), G. multipartita (as

G. foliifera) (McLachlan & Edelstein, 1977) G. debilis
(Oliveira & Plastino, 1984), G. chilensis (Bird et al.,
1986; Plastino & Oliveira, 1988) and a Gracilariopsis
species (as Gracilaria verrucosa) (Bird et aL, 1982).
From these in vitro demonstrations one would expect
only male and female gametophytic and tetrasporo-
phytic individuals in natural populations but in many
cases in nature this is not so, indicating variations to
this clear-cut sequence.

In some cases small gametophytic thalli develop as
epiphytes on parental tetrasporophytes of G. tikvahiae
(as Gracilaria sp.) (CJ Bird et al., 1977), G. debilis
and Gracilaria sp. in Brazil (Oliveira& Plastino, 1984)
and G. gracilis (as G. verrucosa) in northern France
(Destombe et al., 1989). In other cases male and/or
female organs occur on the same thallus with or with-
out tetrasporangia: in G. gracilis (as G. verrucosa)
in France (Cabioch, 1972; Destombe et al., 1989;
Kling, 1978; Oliveira, 1968) and India (Oza et aL,
1989; Umamaheswara Rao, 1972) and in G. blod-
gettii and G. chouae (as G. bursa-pastoris) in Japan
(Ohmi, 1958). Similar observations have been made
on G. chilensis in culture (Plastino & Oliveira, 1988;
Prieto et aL, 1991). Also in culture, tetrasporic thalli

Tetrasporophyte (2n) Z
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have apparently changed to males and females (Can-
dia, 1991).

Two groups of possible explanations for deviations
from the straightforward life history have been pro-
posed: (1) mechanical and (2) genetical or cytologi-
cal. The first mechanical explanation is that tetraspores
germinate in situ, allowing the development of male
gametangia on a diploid thallus (Cabioch, 1972) or
causing the epiphytic gametophytes mentioned above
(CJ Bird et al., 1977; Oliveira & Plastino, 1984;
Destombe et al, 1989). The second mechanical possi-
bility is that basal discs arising from spores which ger-
minate close to each other may coalesce and apparently
become one plant (a chimaera). This has been record-
ed in G. gracilis (as G. verrucosa) (Jones, 1956), a
Chinese species (Ren & Chen, 1986), G. tikvahiae and
G. chilensis (Maggs & Cheney, 1990; Mufioz & San-
telices, 1994). Sporelings of the last two species even
coalesced with each other (Maggs & Cheney, 1990).
Thirdly, during their development, cystocarps close to
each other may fuse and the resulting single cystocarp
will contain carpospores that are not genetically iden-
tical. However, this event, shown in G. chilensis, is
fairly rare (3%) (Santelices & Varela, 1993).

Three genetical explanations are all based on in vit-
ro experiments and may not be pertinent to field pop-
ulations. They do, however, show what is possible in
the genus and may be helpful in understanding and
planning crops. Firstly, in the well studied G. tik-
vahiae (as Gracilaria sp.) of the northwest Atlantic,
tetrasporophytes sometimes produce functional diploid
male (van der Meer & Todd, 1977) and female (van
der Meer, 1981) gametes which, when appropriate-
ly mated, can produce polyploids. The mechanism
for this was shown (van der Meer & Todd, 1977)
to be mitotic recombination, a switching of parts of
chromosomes during normal nuclear division, allow-
ing a heterozygous condition to become homozygous
for mating type in resulting cells and their progeny.
Sporophytes must normally have both male and female
alleles (thus being heterozygous) but when either are
doubled they become effective in determining sexu-
al reproduction. Patches of such cells resulting from
localized cell division are responsible for gamete pro-
duction on the diploid plant. This phenomenon proba-
bly explains one of the types of abnormal individuals of
G. gracilis (as G. verrucosa) of the northeast Atlantic in
which tetrasporophytes bear male and female gametes
(Destombe et aL, 1989).

Secondly, another variation in G. tikvahiae is the
result of a naturally occurring mutation, probably at a

locus where female expression is repressed in males.
This allows carpogonia to be formed on male plants
which are therefore bisexual (van der Meer, 1986; van
der Meer et aL, 1984). Self-fertilization in such plants
produces carpospores developing into diploid bisexual
individuals. This life history anomaly again allows the
production of polyploids.

Finally, in the same species, it has been observed
that in tetrasporangia, in which meiosis normally
occurs, the formation of cross-walls is not always com-
plete, resulting in spores of unequal size (van der Meer,
1977). These spores may be medium-sized and pre-
sumably binucleate, or large and presumably quadri-
nucleate, as well as small and uninucleate. There is thus
an absence of cytokinesis (separation of cytoplasm).
During sporeling development extra walls are created
so that all cells are uninucleate but the basal disc so
formed from medium or large spores is a mosaic or
chimaera, composed of patches of tissue of different
genetic and sexual makeup. From such a disc male and
female fronds usually arise separately but branches on
one frond may be mixed (van der Meer, 1977).

An aberration not easy to explain occurs in the Indi-
an Ocean. In India and Sri Lanka only cystocarpic and
vegetative plants of G. edulis could be found (Jaya-
suriya, 1993; Krishnamurthy et al., 1969) and car-
pospores gave rise to plants which again bore cysto-
carps (Krishnamurthy et aL, 1969; Jayasuriya, pers.
comm.).

There is evidence for intrinsic differences between
'strains' which might be assumed to be genotypical-
ly identical because they came from the same plant
or developed from carpospores from the same cysto-
carp (Lignell & Peders6n, 1989; Santelices & Varela,
1993). This topic is discussed in the present volume by
Santelices et al. (1995).

Considerable attention has been given to the genet-
ics of Gracilaria and to the possibility of developing
fast growing strains. These aspects have been reviewed
by Patwary & van der Meer (1992).

Sexes and phases

In most cases the two sexes of gametophyte and the
tetrasporophyte are morphologically identical and of
the same size, e.g. G. domingensis (Pinheiro-Joventino
& Bezerra, 1980). In some cases however, male plants
have been reported to be smaller, e.g. (G. gracilis) (as
G. confervoides) in South Africa (Isaac, 1956), India
(Durairatnam, 1965) and France (Destombe, 1987) or,
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in the case of G. chilensis (as G. sordida), it can be
deduced from the data presented that they were smaller
(Nelson, 1989). A more subtle difference between the
phases is shown by G. gracilis (as G. verrucosa) in
France where, although the number of upright thalli
per plant is similar, the holdfasts of female plants are
smaller than those of the other phases, resulting in their
bearing a higher density of upright thalli (Destombe,
1987).

Even when the sexes and phases look identical
it is possible that there are physiological differences
between them. An important attribute is growth rate
and some differences have been reported. In Gracilar-
iopsis lemaneiformnnis (as Gracilaria sjoestedtii) from
China, females grew much faster than the other two
free phases when grown in separate culture vessels
(Zhang & van der Meer, 1988a). This was attributed
to the fact that, because the plants were isolated from
males, carposporophytes failed to appear and growth
remained mainly vegetative, whereas in males and
tetrasporophytes reproduction was followed by senes-
cence. In a field population of G. gracilis (as G. ver-
rucosa) in France, growth in male plants decreased
less after reproduction than in females and tetrasporo-
phytes (Destombe, 1987). In two species from Hawaii,
G. parvispora (as G. bursapastoris) and G. coronopi-
folia, the relative growth rate of female plants was
lower than that of either males or tetrasporophytes
(Hoyle, 1978). Survival and development of haploid
and diploid juvenile individuals of G. gracilis (as G.
verrucosa) under different artificial conditions have
been shown to be different (Destombe et al, 1993).
Such differences could help to explain phase imbal-
ances in populations.

Polyploidy in G. tikvahiae is of no advantage in
growth which is no faster and may actually be inhib-
ited by the extra set(s) of chromosomes (Patwary &
van der Meer, 1984; Zhang & van der Meer, 1988b).
Nor has hybrid vigour (heterosis) been detected in this
species; crosses between inbred clones grew no faster
than their parents (Zhang & van der Meer, 1987). On
the other hand mutations may influence growth; sever-
al mutant clones have been shown to grow faster than
the wild type (Patwary & van der Meer, 1983) though
some colour mutants grow more slowly (van der Meer,
1979).

The chemical constituents of Gracilaria plants may
be influenced by the sex or phase. In G. chilensis
(as G. sordida) in New Zealand the gel strength of
agar in male plants was weaker than from the oth-
er two but the actual agar content was similar in the

three (Pickering et al, 1990). The mean agar content
of tetrasporophytes of wild G. gracilis (as G. verru-
cosa) in France was higher than that of gametophytes
but this situation was reversed, for females, after one
month of cultivation (Destombe, 1987). It was sug-
gested that, in G. chilensis (as G. verrucosa), the
agar yield was higher and the gel strength lower in
cystocarpic than tetrasporic plants (Kim & Henrfques,
1979). Differences in agar viscosity and gel strength
were claimed for G. pacifica (as G. verrucosa-type)
in British Columbia (Whyte et al, 1981) but in the
absence of consistency and an indication of variation
these are doubtful. No differences between females
and tetrasporophytes in any constituents, including
agar content, were found in G. tikvahiae (Penniman
& Mathieson, 1987).

The presumed method of genetic control of sex in
Gracilaria, mentioned above (van der Meer & Todd,
1977), should prescribe males and females in a 1:1
ratio. Proportions of sexes can only be determined pre-
cisely when all the plants are fertile simultaneously,
which is rarely the case. When many of the plants
are vegetative it is necessary to sample the popula-
tion all through the fertile seasons because the sexes
may be apparent at different times. The best method of
determining sex ratios is to map individuals and fol-
low them through the year (Destombe et al, 1989).
Male plants may be expected to be under-represented
because they are less obvious than spore-producing
plants, partly because they may be smaller and partly
because spermatangia are not easy to see. The rela-
tionships of the sexes in populations observed over the
seasons are represented in Table 1; only in three was
there a clear 1:1 ratio. In the vast majority of popula-
tions fewer males than females were observed but there
were non-reproductive plants which could have con-
tained enough spent or otherwise unrecognized males
to bring their number up to that of the females. This was
not the case in the Brazilian population of G. domin-
gensis and no males were observed in G. arcuata and
G. corticata in India. In G. coronopifolia in Hawaii
there were more males than females. These observa-
tions are unexplained.

Natural populations of Gracilaria may not contain
gametophytes and tetrasporophytes in equal propor-
tions. Assessing the ratio is subject to the same con-
straints as with the sexes but, in the absence of evidence
to the contrary, it will be assumed that carpospores and
tetraspores, even when seasonal, are borne for simi-
lar periods of time (Destombe et al., 1989). If haploids
and diploids are equal and the sex ratio is 1:1, the num-
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Table . The relative abundance of males in relation to females in populations of Gracilaria at various latitudes. 0, no males; F. very
few males; F. fewer males than females but the balance could be contained in the apparently vegetative plants; =, sex ratio of 1:1, M.
more males than females.

Species Country Lat O F F' = M Reference

G. domingensis Brazil 30°S + Pinheiro-Joventino & Benzerra 1980
G. edulis India 9°N + Umamaheswara Rao 1973

G. foliifera India 90 N + " " .

G. corticata India 90N + Umamaheswara Rao 1975

G. arcuata India 90N + Kaliaperumal et al. 1986

G. corticata India 90 N + Kaliaperumal et al. 1986

G. corticata India 90 N + Krishnamurthy et al. 1969

G. sp # I Panama 9N + Hay & Norris 1984

G. sp # 2 Panama 90 N + Hay & Noms 1984

G. sp # 3 Panama 9N + Hay & Norris 1984

G. domingensis Panama 90N + Hay & Norris 1984

G. cuneata Panama 90 N + Hay & Norris 1984

G. changii Thailand 120N + Chirapart et al. 1992

G. gracilis (as G. verrucosa) Philippines 15 0N + Trono & Azanza-Corrales 1981

G. coronopifolia Hawaii 210N + Hoyle 1978

G. parvispora (as G. bursapartoris) Hawaii 210 N + Hoyle 1978

G. gracilis (as G. verrucosa) India 220N + Oza et al. 1989

G. pacifica Mexico 320N + Aguilar Rosas et al. 1993

G. chilensis Chile 37°S + Candia 1988

G. chilenvis (as G. sordid) New Zealand 410S + Nelson 1989

G. gracilis (as G. verrucosa) Argentina 430 S + Boraso de Zaixso 1990

G. tikvahiae NH, USA 430 N + Penniman et al. 1986

G. chilensis (as G. sordid) New Zealand 460 S + Pickering et al. 1990

G. pacifica (as G. verrucosa-type) BC. Canada 49O N + Whyte et al. 1981

G. gracilis (as G. verrucosa) France 51 °N + Destombe ert al. 1989

ber of tetrasporangia-bearing plants (0.50) should be
double that of cystocarpic plants (0.25). If, in a popula-
tion, there is a significant departure from this ratio (2: 1)
throughout the year then the two phases are not equal.
This interpretation has been used on the data concern-
ing the populations in Table 2. In two-thirds of these
the phases are either about equal or tetrasporophytes
predominate. Variations in the frequencies of haploid
and diploid individuals in populations are due to differ-
ences in their fertility and survivorship (De Wreede &
Klinger, 1988; Santelices, 1990; Richerd et al., 1993a).
If equal numbers of spores of each generation sur-
vive then gametophytes should slightly predominate
(Destombe et al., 1989; Kain & Bates, 1993) because
in haploids only females produce spores, resulting in
what has been termed the 'cost of males' (Maynard
Smith, 1978). The predominance of tetrasporophytes
in Gracilaria seems to indicate that there is something
in this genus that makes the diploid phase fitter. This

fitness has been demonstrated at the juvenile stage in
G. gracilis (as G. verrucosa) in France where diploids
had twice the survival rate of haploids (Destombe
et al., 1989). Two extremes, however, demonstrate
the difficulty in predicting this phase balance. Firstly
G. pacifica was found with a predominance of game-
tophytes in one site and an absence of them in anoth-
er about 6 km away in Mexico. Secondly G. edulis
was composed of only gametophytes in Sri Lanka and
virtually only tetrasporophytes just across the Gulf
of Mannar in India. In both these cases the habitats
were very different; the local conditions are clearly
of greater importance than species or latitude in deter-
mining which phase survives better. One interpretation
of the effect of habitat is that the substratum is impor-
tant in determining the type of reproduction (Aguilar
Rosas et al., 1993). When plants are growing on a
soft bottom development from spores is unlikely and
reproduction is vegetative, favouring a single phase.
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Table 2. The relative abundance of haploid and diploid phases in populations of Gracilaria at various latitudes. G, all gametophytes;
g, more gametophytes than tetrasporophytes; =, no significant difference between gametophytes and tetrasporophytes; t, more
tetrasporophytes than gametophytes; T, all tetrasporophytes.

Species Country Lat G g = t T Reference

G. domingensis

G. edulis

G. edulis

G. foliifera

G. corticata

G.foliifera
G. arcuata

G. corticata

G. corticata

G. edulis

G. sp # 
G. sp#2
G. sp#3

G. domingensis

G. cuneata

G. changii

G. gracilis (as G. verrucosa)

G. coronopifolia

G. parvispora (as G. bursapastoris)

G. corticata

G. gracilis (as G. verrucosa)

G. pacifical'

G. gracilis (as G. confervoides)

G. chilenvis (as G. verrucosa)

G. chiletnvis

G. chilensis (as G. verrucosa)

G. chilensis (as G. sordida) t

G. gracilis (as G. verrucosa)

G. chilensis

G. chilensis

G. gracilis (as G. verrucosa)

G. tikvahiae

G. tikvahiae

G. chilensis (as G. sordida)

G. pacifica (as G. verrucosa-type)

G. gracilis (as G. verrucosa)

Brazil

Sri Lanka

India

India

India

India

India

India

India

India

Panama
Panama
Panama
Panama
Panama
Thailand

Philippines

Hawaii

Hawaii

India

India

Mexico

SouthAfrica

Chile

Chile

Chile

New Zealand

Japan

Chile

Chile

Argentina

NH. USA
NS, Canada

New Zealand

BC,Canada
France

30S

8°N

9°N

9°N

9°N

9°N

9° N

9° N

9°N

9°N

9°N

9°N

9°N

9° N

9° N

120 °N

150°N

21°N

21°N

21°N

22°N

320 N

330 S

370°S

370 S

40°S

410S

42°N

420 S

420S

430S

43 N
460 N

460S

490 N

510 N

+ Pinheiro-Joventino & Bezerra 1980

+

4'

+

+

+

4'

+

+

+

+'

+

+

+

+

+

Jayasuriya 1993

+ Umamaheswara Rao 1973

Umamaheswara Rao 1975

Chennubhotla et al. 1986

Kaliaperumal et al. 1986

Krishnamurthy et al. 1969
,. .. ..

Hay & Norris 1984

+ Hay & Norris 1984

+ Hay & Norris 1984

+ Hay & Norris 1984

+ Hay & Norris 1984
+ Chirapart etal. 1992

Trono & Azanza-Corrales 1981

+ Hoyle 1978

+ Hoyle 1978

Oza 1984

Oza et al. 1989

+ Aguilar Rosas et al. 1993

Isaac 1956

+ Romo & Alveal 1979

Candia 1988

+ Ramirez et al. 1981

+ + Nelson 1989

+ Yamamoto & Sasaki 1987
+ Prieto etal. 1991

+ Bird etal. 1986

+ Boraso de Zaixso 1990

+ Penniman et a. 1986
+ CJ Bird etal. 1977

+ Pickering et al. 1990

+ Whyte et al. 1981
+ Destombe et al. 1989

I Two sites

Hard substrata, however, are suitable for spore settle-
ment and the alternating life cycle can be completed,
allowing a mixture of phases in the population. Anoth-
er interpretation is that substratum affects the presence
of holdfasts: gametophytes, but not tetrasporophytes
of the temperate G. tikvahiae tend to degenerate after
reproducing in the summer and new thalli regenerate

from holdfasts but in unattached populations there are
no such holdfasts so the diploid plants have a competi-
tive advantage (CJ Bird et al., 1977). Other unattached
populations are sterile (Causey et aL, 1946; Simonetti
et al., 1970; Stokke, 1957) as are most cultivated crops
(Santelices & Doty, 1989).
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Fig. 2. An indication of the percentage of plants in various populations that were sporing (bearing carpospores or tetraspores) throughout the
year at various latitudes. Replotted from (in order of increasing latitude) Pinheiro-Joventino & Bezerra (1980), Umamaheswara Rao (1973),
Umamaheswara Rao (1975). Kaliaperumal et al. (1986), Hay & Norris (1984), Chirapart et al. (1992), Trono & Azanza-Corrales (1981), Oza
(1984), Hoyle (1978), Oza et al. (1989), Aguilar Rosas et al. (1993), Wang & Zhang (1981), Nelson (1989), Prieto et al. (1991), Boraso de
Zaixso (1990), Penniman et al. (1986) and Destombe et al. (1989). Upper month initials, northern hemisphere; lower month initials, southern
hemisphere.

Reproductive phenology

Seasonal changes in the proportions of plants with
reproductive organs have been determined for a num-
ber of species of Gracilaria from widely different
geographical areas. In order to simplify the informa-
tion sufficiently for easy comparison the percentages
of spore-bearing (tetraspores and carpospores) plants
have been added together and the interpolated time of
changing between the categories 1-25%, 26-50% and
>50% recorded. (Single months in a different category
were ignored.) Those populations for which there are
sufficient data are shown graphically with increasing
latitude in Fig. 2. In all species there were some spore-
bearing plants at every one of the sampling dates. This
is probably partly a reflection of the populations select-

ed for attention. As mentioned above, in some habitats
some species are sterile and as such would be unlikely
to be selected for a phenological study.

It might be expected, however, that there would be
increasing seasonal change with increasing latitude;
this seems partly true (Fig. 2). Outside the tropics fer-
tility was seasonal with a summer peak. Within the
tropics most plants were fertile throughout the year in
most of the populations. One exception was the pair
of unidentified species in Panama where winds during
the dry season cause water and sediment disturbance,
markedly reducing the light penetration (Hay & Norris,
1984). Another exception was G. gracilis (as G. ver-
rucosa) in the Philippines where seasonally reduced
salinity was thought to inhibit reproduction (Trono &
Azanza-Corrales, 1981).
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Fig. 3. Relative growth rates through the year in two populations
of Gracilaria at similar latitudes. Upper month initials, northern
hemisphere; lower month initials, southern hemisphere. Replotted
from Penniman metal. (1986) and Nelson (1989).

Seasonal growth

There are difficulties associated with the measurement
of the growth rate of individual plants of Gracilaria
in natural populations. Some measurements have been
made by placing weighed plants in plastic mesh con-
tainers, returning them to their habitat and weighing
them at intervals. The relative growth rates of such
plants in two widely separated populations of different
species are compared in Fig. 3. At equivalent latitudes
the phenologies are remarkably alike, with zero or neg-
ative growth in the winter and peak growth rate after
the summer solstice. The growing season is limited to
about 6 months of the year. At the lower latitude of
30 °S in Chile regrowth after cutting was apparent for
about 7 months (Santelices, 1989: p. 190).

Seasonal observations of biomass and plant length
in natural populations have been made more often.
The timing of the peak in either of these two attributes
is plotted against latitude in Fig. 4. At higher latitudes
the peak mainly occurs in late summer or autumn, after
growth in response to long days and before autumnal
storms or decay due to reproduction (Destombe et al.,
1988; Jones, 1959). At low latitudes, in the popula-
tions considered, monsoons control seasonality and the
peak occurs mainly in the 'winter' but may be bimodal
(Jayasuriya, 1993; Kaliaperumal et al, 1986; Umama-
heswara Rao, 1973). There is no evidence of species of
Gracilaria anticipating the seasons by being triggered
by a repeatable seasonal condition such as daylength
or water temperature for optimal exploitation of pre-
dictable conditions. It seems that they are responders
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Fig. 4. The month (as the angle of a circle) in which the biomass or
the mean plant length was at its seasonal peak in various populations
plotted against the latitude (as the radius). Southern hemisphere
month initials in brackets. Replotted from CJ Bird et al., (1977),
Black & Fonck (1981), Boraso de Zaixso (1990), Castro et al.
(1991), ChennubhotlaetaL (1986), Conover, 1958), Dellarossaetal.
(1980), Destombe et aL (1988), Jayasuriya (1993), Kaliaperumal
et a (1986), Nelson (1989), Oza (1984), Oza et al. (1989), Pizarro
(1986), Romo & Alveal (1979), Rueness et al. (1987), Santelices
etal. (1984), UmamaheswaraRao (1973), Wang etal. (1984), Whyte
etal. (1981).

(Kain, 1989); they grow when they can, when the
environment allows.

Spermatia, spores and sporelings

The difficulty in achieving fertilization when the male
gametes are non-motile (Searles, 1980) is exacerbated
by the fact that time is limited: spermatia of G. gra-
cilis (as G. verrucosa) are effective for less than 5 h
after release (Destombe et aL, 1990). As with most
algae, mates are likely to be close in space though
in an intertidal population of this species fertiliza-
tion was achieved over a distance of 80 m (Destombe
et al., 1990). In this species the reproductive success
of females was reported to be favoured by an increased
distance between the populations containing the parent
plants (Richerd et aL, 1993b).

The presence of fertile plants in the field does not
mean that spore shedding is taking place, e.g. at certain
times of year Indian populations of G. arcuata (Kalia-
perumal etaL, 1986) and Gracilariopsis lemaneiformis

-·-� - _ .._ _ 



277

(as Gracilaria sjoestedtii) (Chennubhotla et al., 1986)
contained both tetrasporic and cystocarpic plants but
neither shed spores in the laboratory. Thus spore shed-
ding can be more seasonally confined than apparent
fertility. In the same area G. corticata sheds both
types of spore all through the year with variable appar-
ent peaks (Kaliaperumal et al., 1986; Umamaheswara
Rao, 1976).

When fertile plants are brought into the laboratory
for observation of spore shedding the highest num-
ber seems to be shed within the first three days in
five different species (Chennubhotla et al., 1986; Oza,
1984; Oza & Krishnamurthy, 1968; Shyam Sundar
et al., 1991). In G. edulis there is thereafter a decline
in daily output, reaching nil at between 5 and 30 days
according to season (Oza, 1984; Rama Rao & Thomas,
1974). This presumably depends partly on laboratory
conditions. A single cystocarp of G. gracilis (as G.
verrucosa) emits carpospores rhythmically for about a
month (Lefebvre et a, 1987).

Interesting features of spore liberation are that there
can be marked diurnal variation and that different
species of Gracilaria show peak output at different
times. Whether there is an endogenous rhythm does
not seem to have been established. In G. cortica-
ta peak emission of both carpospores and tetraspores
is at the end of the night (Fig. 5) and a lengthened
night or continuous darkness results in a higher out-
put (Umamaheswara Rao, 1976; Umamaheswara Rao
& Subbarangaiah, 1981). The same pattern is shown
by Gracilariopsis lemaneiformis (as G. sjoestedtii)
(Fig. 5). In Gracilaria edulis the peak in carpospore
shedding is around the middle of the night (Fig. 5) and
extending the day by 5 h significantly reduces output
(Jayasuriya, 1993). In contrast, G. edulis in Australia
sheds mainly at the end of the night (Ngan & Price,
1983). In G. textorii peak shedding is at the end of
the day (Fig. 5) (Rangaiah, 1984a). The timing of
peak spore output is affected by temperature but not
by irradiance, desiccation or salinity (Umamaheswara
Rao & Subbarangaiah, 1981). Darkness increases the
carpospore output of Gracilaria sp. (as G. foliifera)
(Friedlander & Dawes, 1984).

The effect of environmental factors on the mag-
nitude of spore output can be of considerable inter-
est to cultivators. Traditionally, mild desiccation fol-
lowed by re-immersion in seawater is the recipe for
spore release and this was the recommended method
for G. chilensis (as G. verrucosa) carpospores (Infante
& Candia, 1988). However, even 15 min of exposure to
air inhibited subsequent tetraspore release by G. corti-
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Fig. 5. The number of carpospores shed in the laboratory in three
or four h periods (shown at the mid-point of each period) during the
first 24 h after collection in three species of Gracilaria and one of
Gracilariopsis. Numbers for G. edulis should be multiplied by three.
Black bars indicate the night. Replotted from Umamaheswara Rao
& Subbarangaiah (1981) and Mal & Subbaramaiah (1990).

cata, G. textorii and Gracilariopsis lemaneiformis (as
G. sjoestedtii) (Umamaheswara Rao & Subbaranga-
iah, 1981). Increasing irradiance had the same effect
on these spores in these species (Umamaheswara Rao
& Subbarangaiah, 1981) and on carpospore release by
Gracilaria sp. (as G. foliifera) (Friedlander & Dawes,
1984).

After release, spores may be dispersed and the dis-
tance travelled may depend on the spore size. Car-
pospores, even when measured without the mucilage
sheath, vary considerably in size within the genus,
from 12 to 42 m in diameter (Ngan & Price, 1979).
In Gracilariopsis lemaneiformis (as Gracilaria sjoest-
edtii) and G. gracilis (as G. verrucosa) tetraspores were
found to be smaller (Coon et al., 1972; Destombe et a.,
1992; Okuda & Neushul, 1981) but tetraspores were
reported to be larger than carpospores in G. corticata
(Trono & Azanza-Corrales, 1981) and G. cervicornis
(Oliveira & Plastino, 1984). In G. gracilis (as G. ver-
rucosa) spore size did not affect the distance travelled
in a water current which, in an experimental chamber,
was the same for haploid and diploid spores (Destombe
etal., 1992).

Both types of spores can survive for some weeks
in the dark (N Bird et al., 1977). They can also sur-
vive a few days of desiccation (Aste & Alveal, 1988).
Viability, as measured by the germination rate, may be
influenced by season and favoured at the time of peak
sporulation (Rangaiah, 1984b).
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Conclusions pertinent to cultivation

Gracilaria plants are usually males, females or
tetrasporophytes but for various reasons they may be
mixed and changes may take place during vegetative
growth.

Sexes and phases may differ in their growth rates
and other attributes; diploids are often favoured. The
phase balance and therefore the type of reproduction
depends on habitat. Reproduction may interfere with
growth. The output of spores follows a diurnal rhythm
peculiar to the species.

Plants respond directly to prevailing conditions and
therefore respond to rather than anticipate the seasons.
Peak biomass and reproduction are mainly in late sum-
mer at higher latitudes.
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