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ABSTRACT

Santelices, B. and Doty, M.S., 1989. A review of Gracilaria farming. Aquaculture, 78: 95-133.

Close to 5000 tonnes (t) of agar are processed annually from 25 000 to 30 000 t of Gracilaria,
harvested mainly from the wild in Chile, Argentina, Brazil and South Africa and from fishpond
culture in Taiwan, Hainan Island, China, and mainland China. Steady increases in market de-
mand together with lack of crop management have led to overharvesting the natural stocks, to
shortages of Gracilaria, to higher prices for the crop and, along with the increased market, to a
demand for reliable crop quantity and quality. The outcome has been great interest in Gracilaria
farming, and a diversity of farming methods has been developed.

In open waters, basically three approaches are used for planting Gracilaria crops: on the bottom,
on nets or lines, and on floating rafts. With each approach, either vegetative material or spores
can be planted. Alternatively, Gracilaria can be farmed in ponds, raceways or tanks. A comparative
review of these methods indicates that bottom planting and line farming techniques, either from
spores or from vegetative material, may provide the crops for agar and agarose production. The
species so cultured yield relatively large amounts of good quality seaweed by labor-intensive means
at low cost in the less-developed countries.

The future of fishpond cultivation of Gracilaria is difficult to predict. Perhaps the seaweed will
continue to be cultivated as feed for more economically-important organisms, such as sea urchins
and abalone. Production in tanks or mixed systems of pond cultivation, with or without air pump-
ing or CO, addition, probably will be restricted to supplying Gracilaria as a luxury-priced fresh
vegetable.

A variety of production ecology studies has been important in the development of the various
farming methods, and increased requirements for farmed Gracilaria in the near future are likely
to stimulate new approaches. Additional field population studies are required to increase the ef-
ficiency of wild crop management and bottom planting. Research on nutrient metabolism is cru-
cial for tank cultivation. Understanding the environmental effects on gel production is needed to
control the quality and quantity of gel produced under the various farming techniques. Farming
involving the outplanting of sporelings will require further knowledge of Gracilaria spore biology,
while biomass demands will probably stimulate new efforts in strain selection and Gracilaria farm-
ing methods.

0044-8486/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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INTRODUCTION

The species of the genus Gracilaria are among the most important seaweeds
of commerce. It i estimated (McLachlan and Bird, 1986; Moss and Doty, 1987)

that close to 5000 t of agar are processed annually from Graczlarla crops Wthh,
on a dry weight basis, contain 15 to 20% agar. About 50% of the 25 000 to 30 000
t of dry Gracilaria used in agar production is harvested mainly from wild crops
in the cool-temperate waters of Chile and Argentina (Mayer, 1981; Santelices
and Lopehandia, 1981; Cerezo, 1986 ). The remainder comes mainly from fish-
pond culture in Taiwan, Hainan Island, China, and mainland China (Chiang,
1981). Minor amounts are harvested in Brazil and South Africa, but the data

often are not included in the international statistics.

Market demands for Gracilaria have increased significantly over the last ten
years. For example, in Chile there was an eleven-fold increase in Gracilaria
exports between 1967 and 1983 (Santelices and Ugarte, 1987), caused mainiy
by a significant increase in FOB prices which, at present, are 7.5 times the 1972
value (about US$ 1500 per dry tonne). International prices of agar (Table 1)
have followed a similar pattern because the traditional market for microbio-
logical agars has been enriched by new horticultural, entomological and genetic
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panded. Demands for the agarose fraction of agar are expected to remain high
due to biotechnological and biochemical needs (Renn, 1984 ). In addition, Gra-
cilaria as food, particularly as a table vegetable, has become increasingly pop-
ular in the Caribbean and Hawaii. Retail prices in these local markets are as
high as US$ 6.00 to 6.50 kg=! of dry Gracilaria in St. Lucia Island (Smith et
al., 1984 ) and up to US$ 3.50 to 5.00 kg~ of wet weed in Hawaii.

Export nd FOB value s for Gracilaria and agar from Chile, as an example of the increased market
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1977 1978 1979 1980 1981 1982 1983 1984 1985 1986

Gracilaria harvested

(dry tonne) 2200 2000 2800 3000 4700 6300 15200 12900 16800 9970
Average FOB price for

Gracilaria from Chile

(USS$ per tonne) 800 700 870 1150 1300 1250 1200 1250 1300 1500
Agar produced in

Chile {tonne) 280 327 387 410 377 485 544 588 816 1009
FOB price for agar

from Chile (US$ per .
tonne) 7200 9000 9000 11000 11000 10800 11000 12850 12500 12500

Source: Estadisticas Pesqueras, Servicio Nacional de Pesca, Chile, 1987.
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Market demand and lack of crop management have led to overharvesting
the natural stands of Gracilaria (Santelices and Fonck, 1979; Santelices and
Lopehandia, 1981; Westermeier, 1981; Smith et al., 1984; Wang et al., 1984;
Westermeier et al., 1984; Santelices and Ugarte, 1987) in several geographic
areas. This has led to shortages and higher prices for Gracilaria and, along with
the increased market, to a demand for reliable quantity and quality. The out-
come has been a great interest in Gracilaria farming, and several serious efforts
are now underway to make the farmed, rather than the wild, Gracilaria crops
the more significant source.

As yet (1989) the Gracilaria farmed volume is not well known; perhaps it is
15 000 out of the 25 000 to 30 000 t of dry seaweed used annually. The principal
farming areas are in the islands of Taiwan and Hainan in China (Shang, 1976;
Chiang, 1981; Yang et al., 1981; Chueh and Chen, 1982), Chile (Pizarro, 1986;
Santelices and Ugarte, 1987) and Hawaii. Advanced pilot farming has been
completed in the U.S.A. (Hanisak and Ryther, 1986; Hanisak, 1987), St. Lucia
Island in the Caribbean (Smith et al., 1984 ) and Brazil (Camara-Netto, 1987).
Farming is being developed in Thailand (Edwards and Tam, 1984), Malaysia
(Doty and Fisher, 1987), Indonesia and The Philippines (e.g. Trono, 1981).
Wild crops are still an important source of the Gracilaria produced in Chile
(Santelices and Ugarte, 1987), Brazil (Camara-Netto, 1987) and to a lesser
degree in Argentina (Cerezo, 1986).

In this review we first discuss some general characteristics of the genus Gra-
cilaria which are especially important to its commercial production. Then we
review the management and farming practices developed for the species. Both
farming and wild-crop management require production ecology information
which is analyzed in this review in relation to the agronomic practice involved.
Previously Hoyle (1975), Mathieson (1977), Ryther et al. (1979), Hanisak
and Ryther (1984), McLachlan and Bird (1986) and Hanisak (1987) reviewed
aspects of ecological responses and the approaches to farming the different
species. We have not included in this review such farming possibilities as those
described by Lindsay and Saunders (1980) which seem remote from reality
and would result in excessively expensive crops. The present work does not
intend to duplicate or replace the taxonomic, production work or usage infor-
mation presented by Abbott and Norris (1985), McLachlan (1985), Armisen
and Galatas (1987), Hanisak (1987) or Moss and Doty (1987). Their different
approaches, largely from the capital intensive areas and the Northern Hemi-
sphere, taken together with the present text, provide good coverage of the Gra-
cilaria industry.

1. THE GENUS GRACILARIA

Gracilaria is classified as a red alga, but has different color manifestations.
It can be black, yellow or red. Green forms and other colors are found that
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appear to be the result of ordinary genetic controls. The thalli can be bushy,
somewhat rigid and with relatively short branches, or slender, with branches
that are long in respect to their diameter. Essentially all the commercial forms
are of the slender and willowy nature, with terete axes, usually less than 2 mm
in diameter and not commonly over 30 cm tall.

Gracilaria spores settle after release, divide upon attaching to the substratum
and form a spreading thick-centered disc from which the initial erect shoots
grow. The tissues of the erect fronds are pseudoparenchymatous. There is a
central tissue of large cells, and an outer surface of small cells in which the
pigment is concentrated. The tetrasporangia found on the diploid thalli are
cruciately divided. The carpospores are produced from round or hemispherical
cystocarps 1 mm or more in diameter and are the only reproductory structures
visible to the naked eye. The male structures are not always found in wild
populations, but usually they are essential for describing the taxonomy of the
species.

The genus Gracilaria is widely distributed around the world. It occupies a
variety of habitats, both in tropical and temperate latitudes, forming mono-
specific stands or multispecific vegetational assemblages. In temperate lati-
tudes, some species can reach high-standing stocks (1 to 7 kg m~2), as de-
scribed for the northern Adriatic Sea and Norway (Stokke, 1957; Simonetti et
al., 1970), the Atlantic coast of Canada (Bird et al., 1977a,b; Golstein, 1981),
the east coast of the United States (Humm, 1944; Conover, 1958; Kim and
Humm, 1965); California (Abbott, 1980; Hansen, 1984 ); Chile (Santelices and
Fonck, 1979; Westermeier, 1981), Argentina (Mayer, 1981; Cerezo, 1986); New
Zealand (Luxton, 1981) and South Africa (Isaac and Molteno, 1952). In trop-
ical latitudes, Gracilaria standing stock values do not usually exceed 2 kg m—2
(e.g., Lawson, 1954; Raju and Thomas, 1971; Hoyle, 1978; Hay and Norris,
1984), although local specific diversity is normally higher than in temperate
areas and the species often have sympatric patterns of distribution (Sotoma-
yor and Almodovar, 1982; Hay and Norris, 1984).

1.1. Taxonomic studies

The taxonomic interpretation of the genus Graciloria is currently under re-
vision. It has been approached in recent literature by Chang and Xia (1963,
1976), Yamamoto (1978, 1984), Abbott (1980, 1983), Bird and McLachlan
(1982, 1984 ), Sotomayor and Almodovar (1982), De Oliveira (1984) and co-
workers (1983, 1984), Trono et al. (1983), Zhang and Xia (1984 ), Abbott and
Norris (1985), and Fredericq and Norris (1985). The recently edited proceed-
ings from a workshop on the taxonomy of economic seaweeds (Abbott and
Norris, 1985) provides keys to the species and updates the basis for the tax-
onomy of the group, especially in regard to the Pacific species, and provides
much of the basic bibliography. Since the older literature shows little consis-
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tency in the application of names to the commercial species of Gracilaria, the
present study repeats binomial names used by the various authors, but indi-
cates little confidence in their application. The study indicates that the names
Gracilaria verrucosa, G. confervoides, G. edulis and G. foliifera may rarely be
correctly applied.

The species most sought for its agar is Gracilaria lemanaeformis, of wide-
spread distribution in the eastern Pacific, with closely related species such as
G. tenuifrons (Bird and Oliveira, 1986) in the Atlantic, and G. chilensis (Bird
et al., 1986) in the southeastern Pacific. While the form is not now of com-
mercial importance, most authors use G. tikvahice McLachlan if working in
the western North Atlantic. In the western Pacific a quite different complex
of species (Chang and Xia, 1963) is commonly identified as a separate genus,
Polycavernosa, in the southwest and as G. tenuistipitata in the northwest.

1.2 Habitat characteristics

The large commercial crops of Gracilaria are found on intertidal or shallow-
subtidal, wave-sheltered, horizontal or slightly inclined plane surfaces where
there is unconsolidated, generally non-carbonate, sandy to muddy sediment
(Fig. 1). Such fine sediments as a rule come from the breakdown of volcanic
rock and are initially borne to the sea by turbulent freshwater streams and
deposited where the current drops as the stream enters the sea. Where the
location is protected from waves or below the sea swell levels, there is little
water motion; the sediments, once deposited, remain in place and produce the
mudflats found along many coasts. These usually provide the major Gracilaria
production areas of Chile, New Zealand, Malaysia, Thailand, The Philippines,
Indonesia and China. Gracilaria often forms monogeneric stands in these hab-
itats where few, if any, other large red algal genera will survive. Furthermore,
these mudflats show great ecological variations. Gracilaria must often survive
frequent fresh-water dilutions, high fertilizer regimes, very low water motion,
as well as high temperatures and burial in sediment. Many laboratory studies
(e.g., Causey et al., 1946; Hoyle, 1978; Santelices and Fonck, 1979; Friedlander
and Dawes, 1984; McLachlan and Bird, 1984; Mufioz et al., 1984; Ren et al.,
1984; Bird and McLachlan, 1986) have experimentally measured the eury-
thermal and the euryhaline adaptability of the genus. Others (e.g. Parker, 1982,
who cites much of the earlier key literature) have explored various factors
influencing Gracilaria growth.

Major accumulations of Gracilaria frequently occur as free-floating popula-
tions or as combinations of free-floating and temporarily attached thalli (Cau-
sey et al., 1946; Santelices and Fonck, 1979; Mayer, 1981; Doty and Santos,
1983). Thalli may be attached to the tubes of annelid worms (Pillsbury, 1950)
or to the byssal fibres of mussels (Goldstein, 1981), entangled with other algae
(Bird et al., 1977a), attached to shells, small stones, pebbles or other buried
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Fig. 1. Mud flat in the vicinity of Puerto Montt, southern Chile (ca. 40°S), typical habitat for
Gracilaria lemanaeformis. (Photo by A. Larrea.)

objécts (Tseng in Pillsbury, 1950; Bird et al., 1977b; Mayer, 1981; Doty and

Qant 10R13) rtiallv h ed i oft sodi
oantos, 1983 j Of parviany buried in soft sediments d‘d" to the dynamlye of the

sandy bottoms (Santelices and Fonck, 1979; Mayer, 1981).
1.3 Life history and fertility

Laboratory studies of Gracilaria have revealed (Ogata et al., 1972; Bird et
al., 1977¢; McLachlan and Edelstein, 1977) a typical “Polysiphonia type” of
life cycle (Fig. 2) for several species Therefore, diploid carpospores and hap—
loid tetraspores are expected to be produced, but farmed populations often
remain sterile. In field populations female thalli are recognizable without the
aid of a microscope as the cystocarps, which bear the carpospores, are hemi-
spherical lumps readily visible to the naked eye. Thus, most experimental work
involving spores is done with carpospores. Field populations comprising both
free-floating and attached thalli can show gametophytic differentiation in the
attached population, while the free-floating thalli are either sterile (Causey et

al., 1946; Santelices and Fonck, 1979; Pizarro, 1986) or tetrasporophytic (Bird
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can be vegetatively propagated merely by fragmentation. This method is used
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Fig. 2. Life history diagram for Gracilaria. In general the gametophytes and tetrasporophytes are
macroscopically identical. The carpospores are embedded in macroscopic hemispherical swellings
on the female gametophytes (cystocarps).

currently to produce most of the wild and farmed crops in the West Indies,
Hawaii, Chile and China.

A sterile Gracilaria population cannot be identified as an academically rec-
ognized species, as taxonomy requires knowledge of the reproductive struc-
tures. It is not surprising then that the taxonomy of many of the commercially
important Gracilaria crops remains poorly understood. Industry often refers to
its Gracilaria resources by their areas of origin rather than by a scientific spe-
cies name (Stancioff, 1981).

Differences in productivity, both of biomass and gel quantities, are reported
from karyologically different phases of some species of Gracilaria (Edelstein,
1977; Hoyle, 1978; Kim and Henriquez, 1979; Ren and Chen, 1986). Mc-
Lachlan and Bird (1986) commented that these differences remain unclear
and are assumed to be insignificant. However, since the two phases may have
different modes of living, it is not surprising that such differences in produc-
tivity may exist.

1.4 Agar production

The principal product of Gracilaria is agar. The various national and inter-
national standards appear to recognize only one kind, but there are numerous
grades of agar, depending on a number of tabulated qualities. For example,
industrial applications are dominated by three quality grades; (a) sugar reac-
tive agar, whose gels are consistently stronger as a function of sugar concen-
tration, (b) “standard agar” having the temperature and other requisites for
microbiological purposes, and (c¢) food-grade agar which is any agar not meet-
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ing the standards for (a) or (b). The sugar gel agar of international commerce
is obtained largely from Gracilaria lemaneiformis. This is one of the few situa-
tions where the taxonomic application of the name is fairly consistent. The
microbiological grade agar is produced largely by other genera such as Gelidium
and Pterocladia, aside from the small amount of Gracilaria agar that meets the
standards for particular blends. Food-grade agar is extracted from a wide va-
riety of seaweeds but largely from Gracilaria species other than G. lemaneiformis.

The standards for agar are qualitative, non-chemical in nature and of no
interest to the large users, who are much more concerned with the physical and
chemical functioning of the agar as a raw material in a particular application.
However, from the chemist’s point of view (Yaphe, 1984), seven kinds of Gra-
cilaria agar may be recognized. They may be separated into three major cate-
gories: Group (1) high gel-strength agar due to a major fraction being non-
ionic agarose; Group (2) gel strength lower than Group 1 and with the agarose
ionic due to pyruvate and sulfate; and Group (3) low gel-strength agars that
may be more highly sulfated. The three groups differ in their adsorption on
DEAE-Sephadex A-50 and their elutability from it, as follows: Group 1, may
be eluted with water; Group 2, eluted with water plus 0.5 M sodium chloride,
and Group 3, strongly bound to the Sephadex so as to be only partially eluted
by 2.5 M sodium chloride. The amounts of pyruvate, sulfate and methoxyl
groups are associated with agar melting point, gel strength, ionic nature of the
agarose and other attributes of subgroups of these three major groups.

It has been known for some time that variations in agar vield and quality do
exist among different species, different populations and, as already mentioned,
different life history phases within a given population (Yaphe and Duckworth,
1971; Penniman, 1977; Whyte and Englar, 1978, 1979, 1981; Kim and Henri-
quez, 1979; Usov et al., 1979; Asare, 1980; Bird et al., 1981; Whyte et al., 1981;
Yang et al., 1981; Tam and Edwards, 1982; Shi et al., 1983, 1984; Craigie et al.,
1984). Genetic differences probably are of primary importance and, indeed,
some morphological mutants of Gracilaria tikvahiae have shown gel strengths
greatly surpassing their wild types (Patwary and Van der Meer, 1983c). Sea-
sonality also plays a role, as several authors (Asare, 1980; Wang and Yang,
1980; Whyte et al., 1981; Yang et al., 1981; Friedlander and Zelikovitch, 1984)

nave u)unu gel yle1u d.l'l(.l qud.uty 1nver§e1y reuu;ea IO Eﬂe bedweea aenblmeb,
which peak in spring or summer. Experimental incubations of Gracilaria show
that nitrogen content of the thallus, temperature, and tissue age are important
factors. Outdoor cultivation experiments (De Boer, 1979; Bird et al., 1981)
have indicated that agar content is highest in thalli receiving unenriched or
slightly nitrogen-enriched seawater, and decreases exponentially with further
nitrogen enrichment. This seems to be an extension of the Neish effect found
in Chondrus (Neish and Shacklock 1971). However in G. tikvahiae the nitro-
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cocolloid content coincided; agar strength improved as the nitrogen content of
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the thallus increased (Craigie et al., 1984). Elevated galactose and low anhy-
drogalactose levels are common in nitrogen-deficiéent individuals while 4-0-
methyl-L-galactose content of the agar declines as nitrogen content increases.
In these studies, Craigie et al. (1984) found that in the more nitrogen-deficient
thalli, the agar contained more sulfate, less anhydrogalactose, and had lower
gel strengths than in nitrogen-sufficient thalli.

Thallus age and growth temperature also have a role. Yield of native agars
was 9 to 11% in young parts of Gracilaria tikvahiae and 19 to 23% from the
most mature parts (Craigie and Wen, 1984). Agar with maximum gel strength
and 3,6-anhydro-L-galactose content, and minimum sulfate and 4-0-methyl-
L-galactose content was produced at low temperature by apical segments of
young lateral branches. The poorest quality agar was obtained from mature
segments of the thalli, especially when grown at high temperatures. Agars pre-
pared from mature parts of the thalli were greatly enriched in 4-0-methyl-L-
galactose, which reached 8.8% of the weight of the agar at 27°C. These results
may explain why the agar from pond-grown Gracilaria in subtropical areas such
as Taiwan and Hainan has lower gel strengths (Wang and Yang, 1980; G.-Z.
Ren, pers. commun., 1986) than that from the wild crops.

The agars of Gracilaria have received considerable attention for they have
several commercially desirable features not otherwise readily obtainable. For
example, their hysteresis is such that their melting and gelling points are often
widely separated, depending on the species. Melting points from 45 to over
110°C have been recorded. Higher gelling points are often correlated with
methylation (Guiseley, 1970). The presence of pyruvic acid or of high sulfate
content (e.g. 10 to 13%) is generally related to low gel strength. The viewpoint
that agar consists of two major fractions, agaro-pectin and agarose is an over-
simplification, but still a useful concept, for agarose has proven to be a very
desirable commercial product of agar.

1.5 Genetic improvement and breeding of new strains

The basic Mendelian genetics of Gracilaria has been studied, revealing (Van
der Meer and Bird, 1977; Van der Meer, 1977, 1978, 1979; Van der Meer and
Todd, 1977) complete and incomplete dominance patterns. Some cultivated
strains have better growth responses (Van der Meer and Patwary, 1983; Pat-
wary and Van der Meer, 1982, 1983a,b) or produce better quality agars (Pat-
wary and Van der Meer, 1983c) than their wild types, and several mutants
have been isolated and cultivated in the laboratory. Yet little genetic selection
is practised today; management of wild and farmed stocks is just beginning.
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2. WILD CROP HARVESTING AND THE TRANSITION TO FARMING
2.1 Harvesting with and without management

Harvesting practices for wild crops appear to be dictated more by the crop
prices offered than by planned productivity optimization of a site. Thus, har-
vesting of the wild crop in southeast Asia and its continentally related island
groups can best be described as opportunistic rather than managed. Asis char-
acteristic of opportunistic practices, in the absence of appropriate manage-
ment, excesses may occur. Thus, the opportunity may be lost for a stable busi-
ness or for realizing an optimal sustained yield.

With management of the wild crop or its logical successor, a farmed crop,
both stability and sustained higher yields may appear. The need is recognized
for positive management that will encourage both increased and more stable
production, use of ecological information and, ultimately, the development of
farming. Positive management must include learning and applying the pro-
duction ecology of Gracilaria. Determining the conditions that maximize wild
crop yields eventually should lead to the optimization of conditions for farming
yields.

2.2 Ecological determinants

Gracilaria monocultures are found in various geographic areas, yet in only a
few places have they been used as renewable resources. In still fewer places
have the results of production ecology studies been used to develop manage-
ment policies. The quantitative effects of ecological determinants observed in
laboratory incubations of a few thalli (reviewed by Hoyle, 1975; Mathieson,
1977; McLachlan and Bird, 1986) have not always had predictive value nor
have they led toward understanding the dynamic changes of the wild popula-
tions of Gracilaria. For example, the highly productive Gracilaria beds of Co-
quimbo, central Chile (ca. 30°S), showed a seasonal cycle of growth correlated
with seasonal changes in light intensity and surface water temperature (San-
telices and Fonck, 1979). This seasonal growth cycle is interrupted by storms.
Thus, a decrease in biomass is found at times during summer (February) and
early fall (April), months in which storm frequency is increased. In these par-
ticular localities, storm frequency is also high during winter; however, its ef-
fects on biomass removal are less evident then, due to the reduced winter
standing crops. ‘ "

Information on Gracilaria productivity at other latitudes indicates that other
patterns of response may be expected as well. In Concepcién, Chile, storms are
highly seasonal, starting early in the fall and correlated with a cycle of abrupt
biomass decline, followed by an increase in standing crop in spring and summer
(Romo et al., 1979; Westermeier, 1981). Even in the far western tropical Pa-
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cific or the southeastern Asian tropics, but especially in areas where storms
are not very frequent, the cyclic variation in standing crop has been correlated
with seasonal or monsoonal changes in light intensity, temperature or salinity.
Ryther et al. (1984) and Bird (1984) report Gracilaria as growing half as fast
in Florida during the part of the year with lower temperature.

In eastern Canada, Edelstein (1977) found production of Gracilaria to be
limited to a single period: spring and early summer. In Massachusetts, Conover
(1958) described a seasonal cycle of Gracilaria growth strongly correlated with
maximum radiation. Also, on the west coast of Canada, at 49°N where the
annual temperature varies little and there are enough nutrients in the seawater
(Lindsay and Saunders, 1980), production was closely correlated with radia-
tion in the period of May through October. Throughout the rest of the year
Lindsay and Saunders found that production was negligible because of light
limitation. It should be noted, however, that in a study performed in Great Bay
Estuary, New Hampshire, the growth of Gracilaria tikvahiae correlated neither
with seasonal light variations nor with dissolved inorganic nutrients (Penni-
man et al., 1986). This was felt to be true because seasonal variations in the
more significant factor, water temperature, lagged behind those of light. The
lack of correlation between growth and the usual water nitrogen concentration
was explained by Penniman et al. (1986) by the capacity of Gracilaria to rap-
idly assimilate and store enough nitrogen for 2 weeks’ growth.

The importance of sediment for the establishment and maintenance of Gra-
cilaria beds is often overlooked. There has been a tendency to stress Gracilaria’s
tolerance to being covered by sand (Wood, 1945) or being able to grow through
a layer of sediment. However, the relationship between Gracilaria thalli and
unconsolidated sedimentary bottoms seems to be more complex than that.

Gracilaria beds of Chile normally contain numerous Gracilaria fragments
able to survive even when buried in sediment for up to 6 months (Santelices
et al., 1984). There, the sandy or muddy bottom relief changes due to water
movement, and some of these thallus fragments become uncovered and start
growing (Fig. 3). They will grow and branch until their size and shape lead to
such increases in frictional drag that portions of the thallus are removed by
water movement. A part of the materials so removed will be washed ashore and
provide the crop fishermen gather. Another fraction of the material later sinks,
eventually becomes covered by sand and produces a further crop from the bur-
ied fraction. Therefore it is the soft, unconsolidated nature of the sediments,
together with the ability of Gracilaria to withstand burial, that promotes the
vegetative propagation and growth of the species in this region. In turn, as
Gracilaria beds become consolidated, the groups of thalli act as sediment traps,
further modifying the nature of the bottoms. When over-exploited, Gracilaria
beds may lose this uppermost layer of sediment because of the decreased thal-
lus density and size which provide the sediment trap function. In artificial
plantings, Pizarro (1986 ) has shown experimentally the effects of inter-thallus
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Fig. 3. Diagram of the natural sediment habitat of Gracilaria showing the dynamics of under-
ground and emerging thalli. As underground thalli are exposed to light, they start growing. They
will grow and branch until their size and shape lead to increases in frictional drag. Portions of
these plants are removed by water movement. A fraction of these materials will sink, eventually
becoming covered by sand and giving rise to more underground thalli.

distance on sand accumulation. Sand or mud flats appropriate to the growth
of Gracilaria are formed by deposition of fines from other sources besides fresh-
water streams. In New Zealand, as a result of the daily tertiary treatment of
about 300 000 m® of domestic sewage, some mud flats in Manukau Bay have
become intertidal due to sediment accumulation. Over 130 ha of these flats
now bear Gracilaria secundata (Luxton, 1981) with mean standing crops of
about 3.84 t ha™! having daily growth rates of 4.6% in August and 1.5 to 2.4%
in September through November. Assuming four harvests per year, with each
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harvest removing half the standing crop, these beds would yield 5.8 to 6.9 t
ha=!year~1.

In the Old World Tropics, vast areas have lost immense masses of soil to the
sea as a result of mining, deforestation and poor management of farm soil. As
a result, mud flats are rapidly extending on many of the shores of the dozen or
so countries involved. Hence there are vast areas, for example off the west
coasts of Taiwan and peninsular Malaysia, suitable for fishpond and mud-flat
Gracilaria farming. In southern Chile, land sinking after earthquakes is thought
(Santelices and Ugarte, 1987) to have increased the area of productive mud
flats.

Disregarding the presence of soft sediment, the association of Gracilaria with
estuarine areas probably can be explained as due to the micronutrient input
brought by the associated fresh-water streams.

Lowered salinity is commonly associated with the occurrence and growth of
wild Gracilaria often as monocrops. This is quite often seen as Gracilaria ap-
pears to tolerate low or variable salinity (Causey et al., 1946; Santelices and
Fonck, 1979; Bird and McLachlan, 1986; Zablackis, 1986). Many species are
euryhaline, often with tolerance ranges from 10-15%0 to 55-60%o salt, the
maximum growth rates being obtained between 15%0 and 40%e.. It is interest-
ing to note that in some species of Gracilaria there is an inverse correlation
between salinity and number of branches (Zablackis, 1986), a growth pattern
that might be important from the point of view of biomass production.

In some cases, competition appears to be a controlling factor among sea-
weeds, and the removal of the competing seaweeds can result in a large increase
in the Gracilaria crops (Kim, 1970). In the deeper ends of Chilean beds, Gra-
cilaria populations are replaced by populations of Neoagardhiella gaudichaudii.
This seems to be an example of competitive displacement under low light in-
tensities. In some Chilean areas (ca. 35°S), the brown alga Desmarestia her-
bacea grows intermixed with Gracilaria during the summer. This is deleterious
not only because of its competitive interference but also because it is cast ashore
together with the Gracilaric (Romo et al., 1979) and appears to induce decom-
position of the drift within 24 h. In Manila Bay, Acanthophora is abundant
from August through October, when the annual increase in the Gracilaria crop
begins; thus, since the two algae occupy about the same habitat (Trono, 1981),
the removal of Acanthophora might increase the Gracilaria crop.

2.3 Management of wild crops

Several practices have been used to harvest wild crops. Passive or active
catching of drift materials with nets has been used in various places (Santel-
ices and Fonck, 1979; Luxton, 1981). Raking in 1 to 12 m depths from boats
has been used to make experimental quantitative harvests on mud flats. How-
ever, raking may alter the bottom and reduce productivity. The underground
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thallus system of Gracilaria must be preserved if future harvesting of the site
is expected.

Management programs in Chile (Santelices et al., 1984; Poblete, 1986; Wes-
termeier, 1986) have addressed the questions of how, when, and with what
frequency to harvest, as well as what amounts of materials should be left in a
Gracilaria sandy mud bed for regrowth (Fig. 4). Where winter production is
low, winter is recommended to be a closed season. The low seasonal values are
recommended as the minimum crop allowed to remain in a bed after harvest-
ing. In central Chile, harvesting is restricted to spring and summer months,
with either monthly or bimonthly frequency.

In practice, a harvesting strategy is adopted after an initial study of the bed.
The strategy recommended is different for essentially each commercial bed in
Chile (Poblete, 1986; Westermeier, 1986) and appropriate management mea-
sures have been enforced in several of them. Time-related restrictions on har-
vesting have changed the seasonal pattern of wild crop production in southern
Chile to one that is still seasonal; but with harvesting allowed every other month,
the yield is more regular (Santelices and Ugarte, 1987). In one bed where all
the management recommendations have been enforced (Poblete, 1986), bed
area and production are gradually increasing. In other beds, however, and es-

SEASONAL VARIATION: ASS

bl

| o0 @ MINIMUM AMOUNT OF NON HARVESTABLE
s | MATERIALS ABLE TO CAUSE — 1§ B|OMASS ( SEED )
g ; N REGROWTH OF THE BED
S| ¥ o e ] o
a LT |
@ ,/ i r\H TIME OF MAXIMUM
STANDING STOCK
Time
TEMPQRA| CONTENTS HARVESTABLE

’ SEASON

sl ! TIME OF MAXIMUM
3 T © AGAR CONTENTS =
L) | | | <
NN AT o
| [ 1 8
Time o
EXPERIMENTAL HARVESTING a
bimonthly

@ MAXIMUM PRODUCTION HARVESTING __ g
/T /T/‘ (MONTHLY / BIMONTHLY ) — P FREQUENCY £
2 L 2 7 n
@ X w
15 >
H o monthly @ ALGAL CHARACTERS: ———————————— <
Z/Z/I/ J\/I/ I/ 1%78%) PLACE OF THE MERISTEMS HARVESTING T

Time HARVESTABLE THALLUS SIZE L METHOD

TESTING SHEARING VERSUS PLUCKING

@ ECOLOGICAL IMPACTS
—_ OF TOOLS

> HARVESTING J
TOOLS

@ HARVESTING EFFICIENCY

Fig. 4. General management diagram for harvesting the Gracilaria beds in Chile.
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pecially in the most accessible beds of central Chile, the enforcement of regu-
lations was undertaken too late and failed because of lack of personnel or be-
cause of socio-economic pressures. Under these circumstances, the Gracilaria
beds have gradually lost their productivity where harvesting is opportunistic
and occurs at all seasons. As productivity drops, fishermen start raking the
bottom to increase their harvests. However, this practice removes the under-
ground thallus system and ultimately results in the destruction of the entire
bed. Much of the current management practices in these beds consists in en-
couraging the re-establishment of the underground thallus systems to support
growth of the normal harvest.

As the Gracilaria market and the sophistication of use increase, the pressure
for farming increases. Farming produces a crop that is more reliable in volume
and quality, and the volume can be expanded as the market increases. Several

methods of ‘Fn'rmiha‘ have heen devised for Gracilaria. In some cases Fﬂrmxng

consists merely in growing the species after branches have been pushed into
an unconsolidated bottom. In more advanced farming the Gracilaria is grown,
attached or unattached, on unconfined shallow bottoms or in ponds, raceways
or tanks.

Undertaking the production of Gracilaria for its hydrocolloids means pro-
ducing thousands of dry tonnes per year economically so as to be cost compet-
itive in the raw materials world market. Hence, Gracilaria farming is particu-
larl 1y attractive in low-labor-cost areas where socio-economic benefits }mgely
match or exceed the capital-returns benefits. In the descriptions of these meth-
ods, below, more detail is provided for those that are being used or are apt to
be used most widely. For example “lines” seem sure to replace the more expen-
sive and inconvenient “nets”, or the Laminaria type of farm construction used
by Ren et al. (1984) in relatively deep water.

3.1 Farming open waters

Basically, three approaches are used for planting Gracilaria crops: (a) on
bottoms; (b) on nets or lines; and {¢) on floating rafts. In each of these three
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approaches, either vegetative matenals or spores can be used as planting
material.

3.1.1 Bottom planting

Two completely different ways have been developed for planting bottom
habitats with Gracilaria; one starts from vegetative thalli and the other from
spores.
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3.1.1.1 Bottom planting of vegetative material. The simplest form is to transfer
rocks bearing the thalli to places where an increase in density is wanted. If the
species is already growing on a site, this labor-intensive method is often suc-
cessful. A more complex procedure is to remove thalli or major branches and
put them in places where they are wanted. Two further common approaches
are to tie the thalli to rocks, or to secure them to rocks by means of rubber
bands. Another method used on non-consolidated bottoms is to push the prox-
imal ends of whole thalli or major branches into the planting site bottom. This
is feasible and is used in Chile with some promise (Fig. 5A). It is especially
useful for intertidal mud flats where farmers can easily push bundles of thalli
into the sand or mud during low tides.

These simple planting methods have three major problems. Gracilaria sur-
vival is usually poor when the source site is not identical to the planting site.
Required conditions could involve water quality or sediment/mud ratios, and
that may not be evident at the time of planting. Secondly, materials planted
in substrate may tear loose during harvesting or during periods of much water
movement. This latter problem has been common in the shallow intertidal
flats of southern Chile. Thirdly, planting and harvesting are high labor-con-
suming activities which can be economic only in areas with low labor costs.

A more elaborate system has been designed (Fig. 56B) for subtidal beds on
sandy bottoms. Gracilaria is anchored using soft polyethylene tubes 1 m long,
0.1 mm thick and about 4 cm in diameter, which are completely filled with dry
sand (ca. 2.5 kg) and knotted at both ends. Keeping them wet and cool, apical

B

Fig. 5. Planting of Gracilaria in sediment bottoms with a forked planting tool (left) and with
sand-filled polyethylene tubes (right). Polyethylene tubes are dropped to the bottom from a boat
and arranged in rows.
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and middle portions of thalli about 4.5 cm long, collected from natural beds,
are secured to the sand-filled polyethylene tubes with rubber bands. Five to six
strands of the Gracilaria (about 90 g) are tied along one side of each anchoring
unit. These units are then placed on a boat, transported to the planting area,
dropped from the boat and arranged underwater by divers. Normally they are
set in parallel rows, about 1 m apart and positioned perpendicular to the coast-
line. When setting up the rows, precautions are taken to rest the centers of the
bundles directly on the substratum, where they are held in place by the weight
of the sand in the tubes.

The above method was developed in the late 1970s after two major biological
findings. One was the description of the already-discussed underground thallus
system. The other was the experimental demonstration of a significant corre-
lation between higher growth and smaller inter-thallus distance (Santelices
and Fonck, 1979). From the farming point of view, this means that patches of
Gracilaria rather than isolated, individual thalli should be planted. The method
has gained popularity among the Gracilaria farmers because it is economic, the
planting units can be effectively handled under water, and as the polyethylene
tubes disintegrate, they leave the Gracilaria thalli immersed in the sand, cre-
ating an underground thallus system. Furthermore, even though it is labor
consuming, the method allows the mechanization of some stages.

Experimental evaluation of the polyethylene tube method has suggested
(Pizarro and Barrales, 1986) potential yields of about 21 t (dry) per ha for a
6-month growing period which included late winter, spring and early summer.
Several commercial companies in Chile are reputed to have sustained profit-
able production using the method over a recent 2-year period. According to
official statistics (Lopehandia, 1986) as much as 10% of the Gracilaria cur-
rently produced in Chile comes from cultivation with this method.

3.1.1.2 Setting spores or small cuttings onto the bottom. The necessity for ini-
tiating crops by the use of spores or cuttings is becoming recognized for, in
mass, Gracilaria is a small seaweed and thus planting of vegetative thalli man-
ually on the bottom can be prohibitively expensive. Along with spore manip-
ulation, genetic engineering promises to play a role.

The materials to which cuttings are attached are most frequently gravel
crushed from reef rocks, or bivalve shells such as clams.. If the reef rock and
shells are from a local site, one is not putting foreign material into the sea, and
they are often free to the farmer. The idea of bivalve shells was first suggested
by Wood (1945) and successfully used by Doty and Fisher (1987).

Spore germination and growth of Gracilaria have been repeatedly described
(Killian, 1914; Oza and Krishnamurthy, 1967; Rao and Thomas, 1974; Oza,
1975; Bird et al., 1977a) and no ecological difference has been found either in
the pattern of growth or in the ecology of tetraspores or carpospores, except
perhaps temporal differences in their seasonal formation and discharge. Com-
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pared to the adults, juvenile plants are more opportunistic in habitat selection,
atleastin G. foliifera, and are more broadly adapted to environmental extremes
than mature thalli (Friedlander and Dawes, 1984).

The spore method, in short, consists of spores from selected fertile adult
thalli attaching themselves to materials which after a time are outplanted.
This method requires the most apparatus but also provides farmers with better
control in starting or enhancing Gracilaria productivity at a favorable site. Wood
(1945) noted that the spores of Gracilaria settle and grow on suitable cultch
(usually oyster shells), and he suggested this might be a way of expanding the
natural beds. Lin et al. (1979) attempted to develop Gracilaria farming from
spores grown on bamboo blocks in fishponds but without economic success.

The Gracilaria spore-setting method, as developed in Malaysia and Hawaii,
requires a nursery unit (Fig. 6) for setting the spores and for germling growth.
Also it requires preparation of the outplanting site previous to outplanting.

Features that might be combined in a seedling nursery unit are illustrated
in Fig. 6; however, in practice much less sophistication is usually seen. The
tank can be a discarded bathtub or other container large enough that the water
does not vary widely in temperature during the period of its use. In it, perhaps
one-third to one-half meter from the bottom, a net is suspended horizontally
and the bottom of the unit is covered with the cultch or lines. Then the nursery
unit is filled with seawater. The level of the seawater can be adjusted by chang-
ing the angle of a pipe placed at one end of the unit.

To obtain a source of spores, fertile Gracilaria is harvested from a wild crop.
Fertile thalli are brought to the nursery in buckets or bags, with care given to
preserve the vitality of the seaweed so that it does not lose the ability to shed
viable spores. The care is generally keeping it cool, moist if not submerged in
aerated seawater, clean and not crowded so as not to put a strain on the thalli.
The seaweed is then spread on the horizontal net. The level of the seawater is
kept deep enough to prevent the fertile Gracilaria on the horizontal net from
ever being in the air. Usually spores are shed within the following 36 h. If 0.5
m of water is maintained between the spores and the substratum, the spores
will spread, settle and attach within 24 h of their release.

At this important stage any maltreatment usually means failure, and failure
to get viable spores can be frequent. In sophisticated circumstances, micro-
scope slides may be included in the cultch and their examination used to detect
success at this, otherwise invisible, stage in the farming. Maltreatments that
may cause failure include such procedures as heating, drying, exposure to pe-
troleum fumes, rough handling, and delay in transporting the fertile Gracilaria
to the nursery in an abundant supply of clean aerated water.

While outplanting can be done immediately after attachment, it is perhaps
wiser to let growth proceed for 1-3 days before outplanting. During growth in
the nursery unit, the farm site should receive preparation. The whole operation
should be appropriately timed if tidal control of water depth would otherwise
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FRAME WITH
MONOFILAMENT NETTING

SRR B
(A) CORAL GRAVEL
{B) CLAM SHELLS
(C) TWINE OR MONOFILAMENT LINE

Fig. 6. Diagram of a nursery tank constructed for field use so that water can be exchanged during
appropriate tides by manipulation of the drain pipe. Coral gravel, clam shells and plastic line
wound on a frame as cultch are shown as alternatives A, B and C, respectively. The horizontal net
to hold the fertile Gracilaria above the cultch during spore shedding, normally under water, is
shown raised out of the tank.

be a problem. In Malaysia, some of the best growth of Gracilaria has been ob-
tained (Doty, 1986) in water where the Secchi disc depth was about 2 inches
(5 cm). If the bottom is of waist-deep, very soft mud, close approach by boat
or raft may be desirable for carrying heavy buckets of sporeling-bearing gravel
or anything else to the planting site.

Any weeds or pests should be removed before outplanting time. Actually,
this and other problems are usually taken care of by the farmer in preparing
his farm site. If Gracilaria does not grow naturally at a site, planting there may
not result in success. It is advisable to conduct test planting before investing
in planting a whole farm.

Shells and gravel can be handled roughly before and when the seeds are of
outplanting size. Carried into the field in buckets or trays, they can be broad-
cast by hand, shovel or other means. Those that land upside down will most
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likely be unproductive, but they are so inexpensive that this is not an impor-
tant cost factor. As mentioned, clam shells (valves) when cast on the water
usually settle on the bottom of the nursery unit (e.g. Fig. 6) and, during the
later final broadcasting, on the substratum at the farm site. Clam shells may
have to be treated, e.g. with acid or abrasive, so that spores or cuttings attach
and grow on them favorably.

Seed-bearing gravel (Fig. 7) or shells of Anadara with attached Gracilaria
fragments should be broadcast so that one Gracilaria tuft will be produced on
the average for each 100 cm® This is only a suggested initial spacing that should
be further modified by experience for any particular site.

In general, once a farm is started and has stabilized in a relatively non-
seasonal area, fertile Gracilaria thalli will appear. Should new clean shells or
gravel devoid of any growth be added to the bottom, when the fertile thalli shed
spores, the spores can be expected to attach to the new materials, and these
may be used to improve or expand the bed. Getting spores to attach in a farm
setting may replace the use of remote nursery units. However, since the spores
of the macroalgae in the water at a farm are random mixeés of the genera and
species present in the area, natural seeding does not ensure that a new crop of
Gracilaria will appear on the chosen substratum, whereas the planting involv-
ing a nursery unit and clean cultch does.

Fig. 7. Gracilaria juveniles on gravel outplanted on a sediment bottom for grow-out in the field.
The ruler indicates this lot was mostly over 1 cm tall at the time. (Photo 32280.16 taken by Earl
Zablackis in Kaneohe Bay, Hawaii.)
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Finally, altering the bottom itself has been done experimentally to enhance
wild crop production. However, there is little control of what, besides Graci-
laria, may grow due to such bottom changes. Sometimes areas with little growth
of Gracilaria are merely devoid of the stones or shell materials to which the
spores might attach naturally. Such sites often have small bottom depressions
filled with mud or sand; this can easily be improved by adding bottom material
with stones or mollusk-shell particles. Indeed, Trono (1981) found that adding
suitable substratum in an otherwise desirable habitat did lead to higher stand-
ing crops.

3.1.2 Line farming

As with the case of bottom planting, two different kinds of line farming have
been developed: one from vegetative thalli and the other from spores settled
on lines and ropes. (See also under 3.1.1.1.)

3.1.2.1 Securing vegetative materials to lines or nets. Large cuttings, or even
whole thalli, may be planted by inserting them in ropes or by tying them to
ropeb, IIlUIl()Illd.IIlEIlL or Ubﬂel' llIleb DULH Hldbel'ldlb are bu:apenueu bbreu,neu
between stakes driven into the bottom.

This approach has been used in such widely diverse places as Burma (Dr. U.
Min Thein, pers. commun., 1985), India (Raju and Thomas, 1971; Thomas
and Krishnamurthy, 1976), West Indies (Smith et al., 1984; Smith, 1986) and
Brazil (Camara-Netto, 1987). It was first used on the Atlantic coast of the
United States (Kim and Humm, 1965). Vegetative cuttings are inserted be-
tween the strands of coir or 5- to 8-mm polypropylene rope or nets suspended
between stakes in sites such as mud bottoms along shores lined by mangroves.
The materials used are often posts and coir rope of local origin plus foreign
imports of the man-made lines used by the local fishermen. Nylon line (stranded
and twisted) or polyethylene rafia (an irregularly folded membrane) largely
have been used (Smith et al., 1984; Camara-Netto, 1987) to tie Gracilaria to
the farm lines or nets. Both Smith and Camara-Netto inserted vegetative por-
tions of Gracilaria between the strands of rope. In time, the use of nets is always
abandoned in favor of lines In the farming of other seaweeds (unpublished)
monofilament “150-1b test’ nylon lines have been found to last more than 10
years in seawater if kept submerged. Stakes of Avicennia nitida, the black man-
grove tree, last more than 1 year in the Caribbean (Smith et al., 1984) but
those from Laguncularia racemosa, the white mangrove (Smith, 1986), are also
suitable.

Preliminary Gracilaria rope farming trials in Ceylon indicated that fresh
weights of 3.5 kg m~*! could be obtained per crop. In two other cases, nets
planted with 0.35 g of seed- stock per m? yielded 4.4 g fresh weight in 80 days.
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to-dry weight ratio was 6.15. In India, percent yield of agar in similar experi-
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mental trials ranged between 30 to 40% while gel strength increased from the
first to the third month after planting {(Thomas and Krishnamurthy, 1576).
Commercial production in Saint Lucia (West Indies) has included both the
coarse Gracilaria debilis and the long, finely branched G. dominguensis (Smith
et al., 1984). For the production of Gracilaria as a table vegetable or as a food
supplement, with prices well over US$ 6.00 kg=' (Smith et al., 1984), the
method seems adequate. However, the large amount of hand labor needed for
planting may prevent its extensive use in the production of commercial agar.

Problems encountered in this type of farming include grazing by parrot fish
and surgeon fish (Smith et al., 1984 ), and sediment accumuiation on Gracilaria
debilis thalli. This sediment had to be washed off by hand for reasons of thallus
health during growth or to assure marketability after harvesting. However, by
interspacing the thalli with G. dominguensis, a species with long branches, it
was found that the movements of this second species induced by water motion
on the farm swept the sediment off the G. debilis. In addition, it was found that
the delicate G. dominguensis tends to break where inserted in braided polypro-
pylene ropes, which are rather stiff and harsh, though unusually enduring and
inexpensive. Coir rope is softer and less damaging, but it is weak and endures
only in calm water. Harvesting by cutting the thalli off a few centimeters above
their bases led to regeneration from the cut ends and the potential of as many
as ten harvests per year.

ralities f
variation of Gracz,larLa farming have been outlined above, in 3.1.1.2. As in h
case of spores settling on cultch, setting spores on lines or nets also requires
nursery units appropriate to the particular substratum to be used, preparation
of the outplanting site and transferring of the seed-bearing line to the planting
area. Therefore the following discussion concerns specific aspects of farming
of Gracilaria on lines or nets starting from spores.

If lines are to be used, rectilinear frames will be needed, sunk on the bottom
of the nursery unit, so that the lines can be wound around them. Such frames
may be made of wood, non-metal pipe, bamboo or reasonably straight tree
limbs. While the spores are attaching and growing on the lines in the nursery
units, stakes to hold the lines should be driven into place {Fig. 8) on the out-
planting site. During planting, lines with seeds growing on them are taken from
the nursery unit into the field for planting, still wrapped around the frames.
To prevent drying, each frame is placed while very wet in a large plastic bag so
that neither interrupted respiration nor exposure to air will damage the seed
stock. When the farmer removes a planting frame from its bag to put the line
in place, he ties the free end of the line around an end post on the farm at a
suitable height so as to keep the lines off the bottom. The farmer then walks,
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opposite the first, and ties the other end (the “bltter end) of the line to it at

3.1.2.2 Setting spores on lines or nets. The rationale and gen
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Fig. 8. OQutplanting of Gracilaria juveniles grown on plastic line wound on a frame in a nursery.
Note the rows of pegs to which the ends of the lines are attached such that they are parallel to one
another. (Photo 32816.2 taken by Jack R. Fisher on Middle Bank, Penang, Malaysia. )

the same chosen elevation. The line must be tied tight enough to keep it taut,

+ avant 1+ hhino n
to prevent its rubbing on the bottom or becoming buried in the bottom sedi-

ments, or becoming burdened with loose objects drifting along the bottom.

The lines should run parallel to the principal tidal currents (Fig. 9). This is
thought to provide freer and more uniform access to water exchange, to impose
less strain on the lines, to reduce the hang-up of flotsam and to reduce lateral
entanglement of the lines.

As in the case of spores settling on shells and gravel, it is recommended that
after the Gracilaria crop has become stabilized, new lines devoid of sporelings
should be tied parallel to, and between, the old crop-bearing lines. When the
old crop sheds spores, the spores can be expected to attach to the new lines (as
well as the old ones) and provide planting material to expand the farm or
replace old, damaged, or lost lines.

Spore attachment on new lines placed in dense wild crops was successful
(Smith et al., 1984) and seemed practical in the West Indies. In Malaysia
(unpublished) the Gracilaria species originally obtained from spores on lines
under nursery control was replaced (Doty, 1988) on the lines by another Gra-



Fig. 9. The same outplanting as in Fig. 8, showing the resulting Gracilaria growth in 8-9 months,
A half-harvest would seem feasible at bimonthly intervals. (Photo 32816.11A taken by Jack R.
Fisher on Middle Bank, Penang, Malaysia.)

cilaria species in the field in about 6 months. At the pilot farm the two Graci-
laria species were the only ones to be found between the farm’s tide levels. In
any case, the crop on such lines reached 1 wet kg m ! of line (Doty, 1986) and
it seemed that four or five lines could cross each square meter of farm, with
several harvests per year. '

A stress symptom called ice-ice appears under such conditions as low light,
low water motion or low inorganic micronutrients. It is not a disease. The
thallus segments, usually deep within the thallus, become discolored, and then
as the tissues die they become white, soft, and finally dissolve away. The por-
tions of a thallus isolated by ice-ice can be expected to fall off and become lost;
thus they might as well be harvested and either replanted or dried for sale.

Ice-ice indicating stress may appear seasonally at a particular site, e.g., if
water motion becomes intolerably low in relation to micronutrient content. If
this seems likely, when the ice-ice appears, it may be advisable to alter the
farm or to move the planting to an area of greater water motion. Depending on
tidal or wind-driven currents, changing the direction of the lines may effec-
tively change the water motion and provide relief from the problem. Adding
fertilizer has also proven helpful.
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Detecting the presence of adverse seasonality at a site is one of the reasons
for pilot farming, and it should be done for at least a year preliminary to any
major investment. Where ice-ice is bad, it may be best to discontinue farming
at the site until favorable conditions return. Having to restart farms every year
or provide fertilizer may not be economical.

3.1.3 Raft farming

In Qingdao, People’s Republic of China, methods are being developed to
cultivate Gracilaria in low fixed rafts. Ropes, each about 70 cm long, with 15 g
of Gracilaria fragments on them are hung horizontally on these low fixed rafts,
or vertically, on long-tethered floating rafts (Ren et al., 1984; Ren and Wang,
1987). In April-May, the amount of sunlight reaching the thalli suspended
from the floating raft was higher than on the fixed raft. However, as temper-
ature increased, the transparency in the area became greater and the growth
of Gracilaria in both systems became similar, with a maximum of 7 to 7.5%
daily. During June—July, the strong sunlight and high temperature produced
detrimental effects on the algae, but the maximum growth rates in these ex-
periments, were then up to 10 to 12% daily. When temperature was below
15°C, epiphytes, mainly Ectocarpus, Ulva and Polysiphonia, were a serious
problem with this method. Yet production is (J.S. Liu, pers. commun., 1986)
about 2 dry t ha~?! of Gracilaria with good agar quality. Epiphytes such as dia-
toms are removed using low concentrations of formaldehyde (1 part per 50 000),
while larger marcroalgal pests are removed by hand.

3.2 Pond farming

Pond farming is characterized by the absence of enough water motion to
significantly move the thalli, though wind-driven currents in a pond do move
the materials downwind. The cultivation of Gracilaria in ponds is successful
because Gracilaria is perhaps the largest red alga and one of the largest of the
seaweeds that grow well both in low salinity and low water-motion pond en-
vironments. However, it seems to grow well only when other water qualities
are favorable. The pH should be near the 8.1 of seawater.

Indeed, ponds do not usually have natural populations of Gracilaria in them;
it usually has to be planted there. However, what appeared to be naturally
occurring sterile populations of G. arcuata have been observed in Philippine
salt ponds in both Cavite and Navotas. Normally Gracilaria does not become
fertile under pond circumstances. Thus, when environmental extremes elimi-
nate the macroscopic vegetative crop, Gracilaria must be reintroduced to be
maintained as a pond crop.

In Hainan, Taiwan and Hawaii where commercial farming follows this
method, the process is extremely simple. Farmers with a pond to plant obtain
their planting materials from the wild or from nearby planted ponds. The ma-
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terial is often chopped into hand-length pieces, put on a raft and then scattered
so as to sink onto the bottom where wanted (Shang, 1976; Chiang, 1981; Yang
et al., 1981; Chueh and Chen, 1982; Wang et al., 1984).

Gracilaria ponds are basically marine to brackish-water ponds located in
places where no strong wind prevails and where both seawater and freshwater
can be obtained easily. Small ponds are preferable to larger ones because the
thalli in large ponds tend to aggregate at the pond corners due to wind action
(Chiang, 1981). Water in such ponds in Taiwan is usually kept about 50 to 80
cm deep, and water exchange is controlled by the use of one or two inlet-out-
lets. The bottom is flat and formed of clay loam or sand-and-silt loam mixtures.
In the central portion of a pond larger than 1 ha, there are one or two rows of
windbreaks made of bamboo pieces installed perpendicular to the direction of
the wind to protect the seaweed from being moved to the downwind shore.

Young ponds usually do not support Gracilaria growth: the pH of the water
must be near 8, the salinity should be relatively stable and the temperature
between 20 and 30°C. In tropical mangrove areas where ponds are often built,
the organic content of the mud used or exposed in the construction is initially
high, and the pH is low. In time, the pH rises and the water quality may sta-
bilize; only then does Gracilaria thrive.

The depth of the pond water is usually kept at 30 to 40 cm. From June to
August, however, air temperature in southern Taiwan very often reaches 32°C
or more. Therefore, during summer, the pond water depth is usually increased
to 50 to 60 c¢m, to prevent damage from increased water temperature. On the
other hand, when the air temperature is below 10°C, the depth of the pond is
reduced to 20 to 30 cm.

One water exchange every 2 to 3 days is the usual practice to maintain a
proper range of salinity and provide mineral nutrients for algal growth. Some-
times additional fertilization of the pond is needed, and usually this can be
done by adding 3 kg ha—! of urea or 120 to 180 kg ha~! of fermented manure
from pigs or chickens.

About 5 to 6 t ha—?! of fresh thalli are seeded initially. Harvesting is then
carried out every 30 to 35 days in summer and every 45 days in winter. Gen-
erally about one-third to one-half of the seaweed is harvested by gathering it
with scoop nets or raking it into nets. After harvesting, the thalli remaining in
the pond are torn into pieces and are rebroadcast. The harvested thalli are
brought ashore, spread out and dried.

Pond farming of Gracilaria in Taiwan started (Chiang, 1981) as an offshoot
of rope cultures in ditches associated with fishponds; this ditch habitat seems
to have been its origin in Shantou (Swatow) on mainland China (Wang et al.,
1984) and in Hawaii (unpublished). Positive culture became significant in
associated fishponds in about 1966 in Taiwan (Chiang, 1981; Chueh and Chen,
1982). The Taiwanese government planned that in 1967, Taiwan would pro-
duce 1000 t of Gracilaria by polyculture in fishponds to meet the local shortage
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of agar. A nearly seven-fold increase was obtained up to 1977, when 6804 t was
produced. In 1979 approximately 12 000 t (fresh weight) was produced from
some 300 ha of farm ponds (Chiang, 1981). Shang (1976) reported that the
average productivity of dry Gracilaria in Taiwan ponds was 7to 12t ha—'year—'.
A few years later Chiang (1981, p. 573) felt 16 to 43 t ha—*' year—* could be
expected. In reporting raw-material shortages in the Shantou area at ca. 23°N,
Wang et al. (1984 ) give no overall production figures for the area or for main-
land China. They do note that there are thousands of hectares of suitable fish-
ponds available, and Gracilaria potential growth of 2 to 3% per day. Thus, it
would seem feasible to produce enough Gracilaria in that area to keep the cur-
rent seasonally operating agar-extraction factories open all the year around.

The recent discovery of terrestrial sources of salt in mainland China has led
(Tseng Fen, pers. commun., 1985) to the farming of Gracilaria in several of the
otherwise abandoned salt pond systems on Hainan Island. The cultivation
method was later extended to Guandong where 1500 ha of ponds are said (S.d.
Liu, pers. commun., 1986) to be producing about 2000 t year —* of dry Gracilaria
for agar purposes. Ponds here are 0.7 to 1.0 ha in size, 60 to 70 cm deep, with
sandy or muddy bottoms; the temperature range is 15 to 30°C and salinity
range is 10 to 20%o. The species under cultivation is Gracilaria tenuistipitata
forma liui which, although able to withstand infrequent water exchange, re-
quires a pH between 7.0 and 8.0 to grow. These ponds are dried in winter to
kill spores and propagules of epiphytes, then some 50 kg of CaO, per 0.15 ha
of pond are added to the bottom to stabilize the pH. Water is exchanged every
6 to 15 days and about 1 g/1 of urea or ammonium sulfate is added as fertilizer
after each water exchange. Planting starts by introducing cuttings at densities
of 0.4 kg m—2, Harvesting is done every 30 days, and epiphytes and pests are
removed by hand at irregular intervals. Agar yield and strength are low; there-
fore dry algal prices are also low (US$ 0.25-0.35 kg~'). For this reason, the
ponds are now preferentially being used to cultivate shrimp.

In Hawaii, the pond and tank grown Gracilaria is sold only to the fresh veg-
etable market. It was originally grown to purify the effluent from the growth
of oysters, but the oyster effort has been abandoned. Currently, Gracilaria is
being grown on the effluent from shrimp and tilapia production, resulting in
the sale of about 1 t wet weight of the seaweed per week.

The water from nearby animal aquaculture systems flows through a variety
of channels into a 1-ha pond and from there percolates into the brackish
groundwater system. The Gracilaria appears to be maintained in a steady mas-
sive bloom stage in these waterways. The present harvesting rate seems to
make little impression on the standing stock. In association with this is the
report (Tookwinas et al., 1986) that in southernmost Thailand a farmer has
obtained a production rate of 6442 kg ha~! year~' from a 12X 17 m pond 1 m
deep.

Problems with this rather undisciplined pond production method for the
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table food market at present include the fact that the thalli are relatively highly
branched, the branches are too small, and the thalli are too dark in color to
provide a product of attractive appearance. Also there is often a wealth of small
green algae and diatoms, largely Cocconeis, attached to the surface of the Gra-
cilaria. Most of the diatoms can be removed by post-harvest washing.

Several different problems have been identified in the more advanced farm-
ing of Gracilaria in Taiwan (Shang, 1976; Chiang, 1981; Yang et al., 1981).
Epiphytes characteristically develop on the thalli under these conditions of
reduced water movement. They may be species of diatoms, but often they are
macrophyte species: Chaetomorpha, Enteromorpha or Ectocarpus, and they de-
velop to such densities that they become serious pests. Control with tilapia and
Chanos chanos (milkfish) seems very satisfactory but the sizes and densities
of these fish must be kept under control because they both begin to consume
Gracilaria as the epiphyte population is reduced and/or the fish grow larger.
Thus, to maintain the desired balance, the larger fish must be removed and
smaller fish reintroduced. In Hawaii another fish, a small Poecilia species which,
like tilapia, breeds in the ponds but remains small (perhaps less than 7 cm
long), has not become a pest.

Tilapia ( Oreochromis mossambicus) often gets into tropical Gracilaria ponds
during the water exchange. The fish grow rapidly, damaging the Gracilaria
thalli and the ponds. Unless removed, they will consume Gracilaria as well as
clear nest holes of various sizes through it to the pond bottom.

Perhaps the most important limitation of this cultivation system is that only
food-grade agar is produced with gel strength values of 150 to 400 g cm~2 and
little sugar reactivity. Several explanations have been adduced for this reduced
gel quality. Since gel strengths of alkali-modified agars showed a strong inverse
relationship with growth at increasing temperatures (Craigie and Wen, 1984 ),
the increased summer temperature of these ponds might be responsible for the
low gel strengths. Since the price of the algae so produced is about US$ 275 per
dry ton in Taiwan (Shang, 1976 ), polyculture of Gracilaria with the grass shrimp
(Penaeus monodon) and a crab (Scylla serrata) has been developed to provide
additional income. At present (Chang, pers. commun., 1987) Gracilaria is more
prized as food for the abalone, Haliotis, than for its agar.

3.3 Tank farming

Growing Gracilaria in tanks permits control over the whole production pro-
cess. Also the method has the promise of achieving more sophisticated ends,
e.g., the processing of polluted water to obtain some specific material (e.g.
agarose) in addition to clean water. This method is particularly attractive in
high-labor-cost areas, where capital returns are the principal benefits.

The methods used, principal achievements and perspectives of this type of
cultivation have been recently summarized by Hanisak and Ryther (1986).
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Gracilaria tikvahiae was considered a prime candidate for this type of maricul-
ture due to its fast growth and widespread distribution along the eastern coast
of the United States (Bird et al., 1977b). The final goal of this type of farming
(Ryther et al., 1979; Hanisak, 1981a,b) was the simultaneous production of
agar, biogass conversion, fertilizer production and sewage treatment. Mean
production rates in the system of Hanisak and Ryther et al.(1981) have been
34.8 g dry weight m~? day~! (equivalent to 127 t ha—' year—!) with maximum
growth of 46 g m~2 day~! and minimal of 12 g m~? day~'. Maximal yields
occurred at relatively low nutrient enrichments (10 to 100 uM nitrogen and 1
to 10 uM phosphorus) and at a stocking density of 2 to 3 kg (wet) m~2, when
plants were harvested back to that density at approximately weekly intervals.

For several reasons not completely understood, tank yields have been found
to be directly proportional to seawater exchange rates of between 1 and 30
culture volumes/day. De Busk and Ryther (1984) have demonstrated that car-
bon dioxide addition and pH adjustments can substitute for up to ten water
exchanges per day. The highest growth rates of G. tikvahiae were obtained
(Lapointe and Ryther, 1978) by growing it in small tanks (55 1) supplied with
vigorous aeration and rapid (20 to 30 times a day) exchange of enriched sea-
water. The cultivation system of Ryther et al. (1979) was successfully scaled
up to larger tanks (i.e., 2.4 to 29 m? in surface area and 2400 to 24 000 1 in
volume). Over the last 5 years, the mean productivity of Gracilaria in such
tanks was 22 to 25 g dry weight m =2 day~—! (80 to 91 dry t ha~! year~') and
involved particular clones of G. tikvahiae able to propagate themselves
vegetatively.

Through a number of experiments, the effects of several variables in the
system have become better understood. Under low water flow, Gracilaria growth
may be limited not only by mineral nutrient availability (Parker, 1982) but
also by CO, limitations (Lapointe and Ryther, 1979; De Busk and Ryther,
1984). Accepting this, high production of Gracilaria in a land-based pond or
raceway culture system would be carbon limited; the solution would be to add
large volumes of water or large amounts of CO, gas to the culture. In addition,
there must be sufficient aeration to maintain the seaweed in suspension and
to rotate it. Periodic aeration (15 min per hour, for a total of 6 h a day) proved
to be as efficient as continuous aeration. Guerin and Bird (1987) found in-
creases in duration of aeration up to 24 h per day were accompanied by in-
creases in productivity but at such cost that little economic gain occurred after
about 12 h; 11 h daily appeared to be the most economical. Hanisak and Ryther
(1986) have suggested that aeration requirements could perhaps be fulfilled
through other methods of providing circulation in such seaweed culture tanks.

Contrary to common expectations, continuous mineral nutrient additions
to the tanks resulted in a reduction in the growth of Gracilaria due to enhanced
growth of epiphytes. However, two biclogical findings suggested an optimum

nutrient management program for Gracilaria. First, Harlin et al. (1979) found
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that epiphytes such as Enteromorpha take up nitrogen mainly in response to
light, while Gracilaria takes up nitrogen at night as well as by day (Hanisak
and Ryther, 1984 ). Secondly, seaweeds have the capacity (Chapman and Crai-
gie, 1977; Hanisak, 1979) to store mineral nutrients when external supplies
are available and then draw upon these reserves when external concentrations
are low. Therefore, if fertilizing is done only at night, and at 3- to 6-day inter-
vals, such green algae as Enteromorpha may not become a pest. Nutrient sup-
ply to cultures has been successfully provided by pulse feeding of various con-
centrations at suitable frequencies (Lapointe, 1985).

An inverse correlation between Gracilaria nitrogen and carbon content (or
between protein and polysaccharide fractions; Bird et al., 1982) is also found
in nutritional studies. A wide range of C:N ratios is common because different
factors determine the uptake of the two elements (Lapointe et al., 1984; La-
pointe and Duke, 1984). For G. tikvahiae a C:N ratio greater than 10 has been
suggested (Lapointe and Ryther, 1979; Lapointe, 1981) to represent nitrogen
deficiency, hence reduced growth. Extremely low C:N ratios probably reflect
carbon limitations and also may result in limited growth. These findings might
be applied to other farming techniques as well as seasonal variations in the
protein/carbohydrate ratio. In wild populations of G. verrucosa such variations
have been suggested (Bird, 1984) to be indicative of the nutritional status of
the population.

Experiments leading to methane production from the biomass of G. tikva-
hice (Hanisak and Ryther, 1986) showed about 47% conversion efficiencies
(i.e., the proportion of energy recovered as methane in relation to the total
energy content of the Gracilarialoaded in the digester) However, the agar from
Uﬂese Endlll was UI'UKBII QUWH lnLU more- le.['IIleIlLd.Ule Ldruonyurde \leu eb
al., 1981) and so was lost as agar. When attempts were made to obtain both
methane and agar from the same batch of Gracilaria, only one of these products
could be obtained at a time, as agar appeared to be the principal substrate for
methane production. The residues in the digester, after the fermentation pro-
cess is complete, could be used as fertilizer. They could be recycled within the
farm to produce additional seaweed biomass. Experiments performed using
such residues, both liquids and solids (Hanisak, 1981b; Habig et al., 1984a b)

uluu,abcu blld.b UI ubbbul l/u qulU gLUW on l/hﬂ IUbldUUb as WC}} dad Ol 111U15auu,
fertilizers.

Although the sustained yield of Gracilaria tikvahiae in tanks was among the
highest for any seaweed tested, Hanisak and Ryther (1986) feel the production
system for biomass will not be economic on a commercial level, at least in the
near future. The method of cultivation employed is very energy intensive be-
cause it requires large amounts of flowing seawater and aeration. In addition,
in the U.S.A., the requirement of large acreages of coastal land for land-based

tank or racewav systems seems to he economically prnhﬂ’nfﬂrn Qh]] fhn 1!‘]09
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has not been abandoned, but current research tends toward evaluatmg (Han-
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isak and Ryther, 1986) in situ cultivation in the ocean, or cultivation in desert
saline waters on low-cost desert land.

4, CONCLUSIONS

Farming activities with Gracilaria, more than with any other seaweed, have
encouraged the development of a diversity of approaches and farming methods.
As populations and markets continue their growth, these methods probably
will be in large-scale use in the future to supply consumer needs. It is likely
that bottom planting and line farming techniques for Gracilaria, either from
spores or from vegetative fragments, may provide the raw material for agar and
agarose; the species so cultured yield relatively large amounts of good quality
seaweed by labor-intensive means but at low cost in the less-developed coun-
tries. It is difficult to predict the future of the fishpond and tank culture of
Gracilaria, as alternative fishpond uses include shrimp cultivation with much
higher economic returns to the fishermen. Perhaps farmers will continue to
cultivate Gracilaria as a component in a polyculture system or as feed for eco-
nomically more important organisms such as larval shrimp or adult sea urchins
or abalone. Tank cultivation or mixed systems of pond cultivation, with or
without air pumping or CO, additions, probably will become restricted to sup-
plying Gracilaria for the most competitive and highly demanding fresh vege-
table market in geographic areas where high prices are accepted. Such markets
normally require products likely to be obtained only under conditions of cul-
tivation where the farmer can control the quality, as in tank farming.

A variety of production ecology studies has been important in the develop-
ment of these various farming methods. Field population studies provide the
basis for management of wild crops and bottom planting of vegetative thalli;
ecophysiological studies, and especially research on Gracilaria nutrient metab-
olism, are crucial for tank cultivation systems. Studies of environmental ef-
fects on gel production are beginning to provide understanding of the quali-
tative and quantitative differences in growth and gel obtained under different
cultivation practices and in natural beds at different times and latitudes. In-
creased requirements for farmed Gracilaria in the near future are likely to re-
quire support for further research and, as well, stimulate new approaches.
Farming involving the outplanting of spores indicates a need for applied Gra-
cilaria spore biology and an opportunity to benefit from the application of gene
manipulation, while biomass demands and water quality maintenance will
probably stimulate new efforts in strain selection and Gracilaria biomass farm-
ing methods.

ACKNOWLEDGEMENTS

This study was supported by IDRC-Canada Grant # PH-II1-3-P-85-0069 to
the first author and by grants from the U.S. Sea Grant College Program of the



126

University of Hawaii and the Aquaculture Development Program of the Ha-
waii State Department of Land and Natural Resources given in support of the
second author. Both authors appreciate the invitation by FAO and Academia
Sinica to lecture in the International Workshop on Seaweed Production and
Utilization (Qingdao, People’s Republic of China), which stimulated the writ-
ing of this review from their respective southern hemispheric and tropical points
of view.

REFERENCES

Abbott, I.A., 1980. Some field and laboratory studies on colloid producing red algae in central
California. Aquat. Bot., 8: 255-2686.

Abbott, I.A., 1983. Some species of Gracilaria Rhodophyta from California, U.S.A. Taxon, 32(4):
561-564.

Abbott, L. and Norris, J.N. (Editors), 1985. Taxonomy of Economic Seaweeds. California Sea
Grant College Program, Rep. T-CSGCP-011, 167 pp.

Armisen, R. and Galatas, F., 1987. Production, properties and uses of agar. In: D.J. McHugh
(Editor), Production and Utilization of Products from Commercial Seaweeds. FAO Fish. Tech.
Pap. No. 288, pp. 1-57.

Asare, S.0., 1980. Seasonal changes in sulphate and 3,6-anhydrogalactose content of phycocolloids
from two red algae. Bot. Mar., 23: 595-598.

Bird, C.J. and McLachlan, J., 1982. Some under utilized taxonomic criteria in Gracilaria, Rho-
dophyta, Gigartinales. Bot. Mar., 25(12): 557-562.

Bird, C.J. and McLachlan, J., 1984. Taxonomy of Gracilaria. Evaluation of some aspects of repro-
ductive structure. 11th International Seaweed Symposium, 19-25 June, at Qingdao, China.
Hydrobiologia, 116-117: 41-46.

Bird, C.J. and McLachlan, J., 1986. The effect of salinity on distribution of species of Gracilaria
Grev. (Rhodophyta, Gigartinales): an experimental assessment. Bot. Mar., 29: 231-238.

Bird, C.J. and Oliveira, E.C., 1986. Gracilaria tenuifrons sp. nov. (Gigartinales, Rhodophyta), a
species from the tropical Western Atlantic with superficial spermatangia. Phycologia, 25: 313-
320.

Bird, C.J., Edelstein, T. and McLachlan, J., 1977a. Studies on Gracilaria. Experimental obser-
vations on growth and reproduction in Pomquet Harbour, Nova Scotia. Nat. Can., 104: 245~
255.

Bird, C.J., Edelstein, T. and McLachlan, J., 1977b. Studies on Gracilaria. Occurrence in Atlantic
Canada, with particular reference to Pomquet Harbour, Nova Scotia. Nat. Can., 104: 257-266.

Bird, C.J., McLachlan, J. and Grund, D., 1977¢c. Studies on Gracilaria sp. from the Maritime
Provinces. Can. J. Bot., 55: 1282-1290.

Bird, C.J., McLachlan, J. and Oliveira, E.C., 1986. Gracilaria chilensis sp. nov. (Rhodophyta,
Gigartinales ), from Pacific South America. Can. J. Bot., 64: 2928-2934.

Bird, K.T., 1984. Seasonal variation in protein-carbohydrate ratios in a sub-tropical estuarine
alga, Gracilaria verrucosa, and the determination of nitrogen limitation status using these
ratios. Bot. Mar., 27: 111-115.

Bird, K.T., Hanisak, M.D. and Ryther, J., 1981, Chemical quality and production of agars ex-
tracted from Gracilaria tikvahiae grown in different nitrogen enrichment conditions. Bot. Mar.,
24(8): 441-444.

Bird, K.T., Habig, C. and Debusk, T'., 1982. Nitrogen allocation and storage patterns in Gracilaria
tikvahiae Rhodophyta. J. Phycol., 18(3): 344-348.



127

Camara-Netto, C., 1987. Seaweed culture in Rio Grande do Norte, Brazil. Int. Seaweed Symp.,
12: 363-367.

Causey, N.B., Prytherch, J.P., McCaskill, J., Humm, H. and Wolf, F., 1946. Influence of environ-
mental factors upon the growth of Gracilaria confervoides. Duke Univ. Mar. Stn Bull., 3: 19-
24.

Cerezo, A., 1986. Perspectivas en la utilizacion de ficocoloides de Rodofitas Argentinas. Monogra-
fias Bioldgicas, 4: 111-127.

Chang, C.F. and Xia, B.M., 1963. Polycavernosa, a new genus of the Gracilariaceae. Stud. Mar.
Sin., 3: 119-126. '
Chang, C.F. and Xia, B.M., 1976. Studies on Chinese species of Gracilaria. Stud. Mar. Sin., 11:

91-163.

Chapman, A.R.O. and Craigie, J.S., 1977. Seasonal growth by Laminaria longicruris: relations
with dissolved inorganic nutrients and internal reserves of nitrogen. Mar. Biol., 40: 197-205.

Chiang, Y.M., 1981. Cultivation of Gracilaria (Rhodophycophyta, Gigartinales) in Taiwan. Proc.
Int. Seaweed Symp., 10: 569-574.

Chueh, C.-T. and Chen, C.-C., 1982. Seaweed economics. In: R.T. Tsuda and Y.-M. Chiang (Ed-
itors), Proceedings of Republic of China-United States Cooperative Science Seminar on Cul-
tivation and Utilization of Economic Algae. Univ. of Guam Marine Laboratory, Mangilao,
Guam, pp. 9-16.

Conover, J.T., 1958. Seasonal growth of benthic marine plants as related to environmental factors
in an estuary. Publ. Inst. Mar. Sci., 5: 97-147.

Craigie, J.S. and Wen, Z.C., 1984. Effects of temperature and tissue age on gel strength and com-
position of agar from Gracilaria ttkvahiae Rhodophyceae. Can. J. Bot., 62(8): 1665-1670.
Craigie, J.S., Wen, Z.C. and Van der Meer, J.P., 1984. Interspecific, intraspecific and nutritionally-

determined variations in the composition of agars from Gracilaria spp. Bot. Mar., 27: 55-61.

De Boer, J., 1979. Effects of nitrogen enrichment on growth rate and phycocolloid content in
Gracilaria folitfera and Neoagardhiella baileyi (Florideophyceae). Proc. Int. Seaweed Symp.
9: 263-271.

De Busk, T.A. and Ryther, J.H., 1984. Effects of seawater exchange, pH and carbon supply on the
growth of Gracilaria tikvahiae (Rhodophyceae) in large-scale cultures. Bot. Mar., 27: 357-362.

De Oliveira, E.C., 1984. Taxonomic criteria in the genus Gracilaria, Rhodophyta, an experience
with the Western Atlantic species. Hydrobiologia, 116-117: 55-58.

De Oliveira, E.C. and Plastino, E.M., 1984. The life history of some species of Gracilaria, Rho-
dophyta, in Brazil. Jpn. J. Phycol., 33: 203-208.

De Oliveira, E.C., McLachlan, J. and Bird, C.J., 1983. The genus Gracilaria, Rhodophyta, Gigar-
tinales, in the Western Atlantic: Gracilaria dominguensis, Gracilaria cervicornis and Graci-
laria ferox. Can. J. Bot., 61: 2999-3008.

Doty, M.S., 1986. Estimating farmer returns from producing Gracilaria and Eucheuma on line
farms. Monografias Bioldgicas, 4: 45-62.

Doty, M.S. and Fisher, J.R., 1987. Experimental Culture of Seaweeds (Gracilaria sp.) in Penang,
Malaysia. FAO Bay of Bengal Programme BOB/WP/52 (Development of Small Scale Fish-
eries GCP/RAS/040/SWE), iii+ 37 pp.

Doty, M.S. and Santos, G.A., 1983. Agar from Gracilaria cylindrica. Aquat. Bot., 15: 299-306.

Edelstein, T., 1977. Studies on Gracilaria sp.: experiments on inocula incubated under greenhouse
conditions. J. Exp. Mar. Biol. Ecol., 30: 249-259.

Edwards, P. and Tam, D.M., 1984. The potential for Gracilaria farming in Thailand. Hydrobio-
logia, 116-117: 246-248.

Fredericq, S. and Norris, J., 1985. Morphological studies in some tropical species of Gracilaria
Grev. (Gracilariaceae, Rhodophyta): taxonomic concepts based on reproductive morphology.
In: LA. Abbott and J.N. Norris (Editors), Taxonomy of Economic Seaweeds with Reference



bt
o
w

to some Pacific and Caribbean species. California Sea Grant College Program, Rep. T-CSGCP-
011, pp. 137-156.

Friedlander, M. and Dawes, C.J., 1984. Studies on spore release and sporeling growth from car-
pospores of Gracilaria foliifera (Forsskal) Borgesen var. augustissima (Harvey) Taylor. 2.
Photosynthetic and respiratory responses. Aquat. Bot., 19: 233-242.

Friedlander, M. and Zelikovitch, N., 1984. Growth rates, phycocolloid yield and quality of the red
seaweeds Gracilaria sp., Pterocladia capillacea, Hypnea musciformis and Hypnea cornuta in
field studies in Israel. Aquaculture, 40: 57-66.

Goldstein, M.E., 1981. Field and laboratory studies on Gracilaria from Prince Edward Island,
Canada. Proc. Int. Seaweed Symp., 8: 331-335.

Guerin, J.M. and Bird, K. T., 1987. Effects of aeration period on the productivity and agar quality
of Gracilaria sp. Aquaculture, 64: 105-110.

Guiseley, K.B., 1970. The relationship between methoxyl content and gelling temperature of aga-
rose. Carbohydr. Res.,-13: 247-256.

Habig, C., Andrews, D.A. and Ryther, J.H., 1684a. Nitrogen recycling and methane production
using Gracilaria tikvahiae, a closed system approach. Resour. Conserv., 10: 303-314.

Habig, C., De Busk, T.A. and Ryther, J.H., 1984b. The effect of nitrogen content on methane

production by the marine algae Gracilaria tikvahiae and Ulva sp. Biomass, 4: 239-251,

Hanisak, M.D., 1979. Nitrogen limitation of Codium fragile ssp. tomentosoides as determined by
tissue analysis. Mar. Biol., 50: 333-337.

Hanisak, M.D., 1981a. Methane production from the red seaweed Gracilaria tikvahiae. Proc. Int.
Seaweed Symp., 10: 681-686.

Hanisak, M.D., 1981b. Recycling the residues from anaerobic digesters as a nutrient source for
seaweed growth. Bot. Mar., 24: 57-61.

Hanisak, M.D., 1987. Cultivation of Gracilaria and other macroalgae in Florida for energy pro-
duction. In: K.T. Bird and P.H. Benson (Editors), Seaweed Cultivation for Renewable Re-
sources. Developments in Aquaculture and Fisheries Science, 16. Elsevier, Amsterdam, pp.
191-218.

Hanisak, M.D. and Ryther, J.H., 1984. Cultivation biology of Gracilaria tikvahiae in the USA.
Hydrobiologia, 116-117: 295-298.

Hanisak, M.D. and Ryther, J.H., 1986. The experimental cultivation of the red seaweed Gracilaria
tikvahiae as an “energy crop™: an overview. In: W.R. Barclay and R.P. McIntosh (Editors),
Algal Biomass Technologies. Nova Hedwigia Beih. 83. J. Cramer, Berlin, pp. 212-217.

Mo T 10804 4+ f il ons 11 1o

Hansen, J.E., 1984, Strain selection and physiology in the development of Gracilaric mariculture.
Hydrobiologia, 116-117: 89-94.

Harlin, M., Thursby, M. and Thursby, G.B., 1979. Ammonium uptake by Gracilaria sp. (Flori-
deophyceae) and Ulva lactuca (Chlorophyceae) in closed system fish culture. Proc. Int. Sea-
weed Symp., 9: 205-292.

Hay, M.E. and Norris, J.N., 1984. Seasonal reproduction and abundance of 6 sympatric species
of Gracilaria, Gracilariaceae, Rhodophyta on a Caribbean subtidal sand plain. Hydrobiologia,
116-117:63-72.

Hoyle, M.D., 1975. The literature pertinent to the red algal genus Gracilaria in Hawaii. U.S. Sea
Grant Program, Hawaii, Tech. Rep. 3, pp. 1-340.

Hoyle, M.D., 1978. Reproductive phenology and growth rates in two species of Gracilaria from
Hawaii. J. Exp. Mar. Biol. Ecol., 35: 273-283.

Humm, H.J., 1944. Agar resources of the South Atlantic and east Gulf coasts. Science, 100: 209-
212.

Isaac, W.E. and Molteno, C.J., 1952. Seaweed resources of South Africa. Proc. Int. Seaweed Symp.,

1: 101-102.
Killian, K., 1914.

Uber die Entwicklung einig: deen. Z.



129

Kim, C.-S., and Humm, H.J., 1965. The red alga, Gracilaria foliifera, with special reference to the
cell wall polysaccharides. Bull. Mar. Sci., 15: 1036-1050.

Kim, D.H., 1970. Economically important seaweeds in Chile. I. Gracilaria. Bot. Mar., 13: 140-
162. '

Kim, D.H. and Henriquez, N.P., 1979. Yields and gel strengths of agar from cystocarpic and te-
trasporic plants of Gracilaria verrucosa (Florideophyceae). Proc. Int. Seaweed Symp., 9: 257~
262.

Lapointe, B.E., 1981. Effects of light and nitrogen on growth, pigment content and biochemical
composition of Gracilaria folitfera var. angustissima, Gigartinales, Rhodophyta. J. Phycol., 17:
90-95.

Lapointe, B.E., 1985. Strategies for pulsed nutrient supply to Gracilaria cultures in the Florida
Keys, USA: interactions between concentration and frequency of nutrient pulses. J. Exp. Mar.
Biol. Ecol., 93: 211-222.

Lapointe, B.E. and Duke, C.S., 1984. Biochemical strategies for growth of Gracilaria tikvahiae,
Rhodophyta, in relation to light intensity and nitrogen availability. J. Phycol., 20: 488-495.

Lapointe, B.E. and Ryther, J.H., 1978. Some aspects of the growth and yield of Gracilaria tikva-
hiae in culture. Aquaculture, 15; 185-193.

Lapointe, B.E. and Ryther, J.H., 1979. The effects of nitrogen and seawater flow rate on the
growth and biochemical composition of Gracilaria foliifera var. angustissima in mass outdoor
culture. Bot. Mar., 22:; 529-537.

Lapointe, B.E., Dawes, C.J. and Tenore, K.R., 1984. Interactions between light and temperature
on the physiological ecology of Gracilaria tikvahiae, Gigartinales, Rhodophyta. 2. Nitrate up-
take and levels of pigments and chemical constituents. Mar. Biol., 80;: 171-178.

Lawson, G.M., 1954. Agar from Gracilaria henriquesiana. Am. J. Bot., 41: 212-214.

Lin, M.N,, Lin, G.Y. and Huang, T.L., 1979. Preliminary report on the improvement of Gracilaria
farming. Aquaculture, 2: 22-31.

Lindsay, J.G. and Saunders, R.G., 1980. Enclosed floating culture of marine plants. In: L.A. Ab-
bott, M.S. Foster and L.F. Eklund (Editors), Pacific Seaweed Aquaculture. Univ. of California
Sea Grant College Program, pp. 106-114.

Lopehandia, J., 1986. Problemas y perspectivas en la utilizacién de las algas chilenas. Monografias
Bioldgicas, 4: 29-43.

Luxton, D.M., 1981. Experimental harvesting of Gracilaria in New Zealand. Proc. Int. Seaweed
Symp., 10: 693-698.

Mathieson, A.C., 1977. Seaweed cultivation: a review. In: C.J. Sindermann (Editor), Proc. Sixth
U.S.-Japan Meeting on Aquaculture, Santa Barbara, CA. U.S. Dept. Commerce, Rep. NMFS
Circ. 42, pp. 25-66.

Mayer, A.M.S., 1981, Studies on Gracilaria sp. in Bahia Arredondo, Chubut Province, Argentina.
Proc. Int. Seaweed Symp., 10: 705-710.

McLachlan, J., 1985. Macroalgae (seaweeds): industrial resources and their utilization. Plant
Soil, 89: 137-157.

McLachlan, J. and Bird, C.J., 1984. Geographical and experimental assessment of the distribution
of Gracilaria species (Rhodophyta, Gigartinales) in relation to temperature. Helgol. Meeres-
unters., 38: 319-334. .

McLachlan, J. and Bird, C.J., 1986. Gracilaria (Gigartinales, Rhodophyta ) and productivity. Aquat.
Bot., 26(1-2): 27-49.

McLachlan, J. and Edelstein, T., 1977. Life history and culture of Gracilaria foliifera (Rhodo-
phyta) from South Devon. J. Mar. Biol. Assoc. UK., 57: 577-586.

Moss, J. and Doty, M.S., 1987. Establishing a seaweed industry in Hawaii: an initial assessment.
A study produced for the Aquaculture Development Program of the Hawaii State Department
of Land and Natural Resources, Honolulu, HI, x+73 pp.



130

Muiioz, M.A., Romo, H. and Alveal, K., 1984. Effect of salinity on growth of tetrasporelings of
Gracilaria verrucosa Rhodophyta Gigartinales. Gayana Bot., 41: 119-126.

Neish, A.C. and Shacklock, P.F., 1971. Greenhouse experiments (1971) on the propagation of
strain T4 of Irish moss. Tech. Rep. 14, Atlantic Regional Laboratory, National Research Coun-
cil of Canada, Halifax, N.S. NRCC No., 12253.

Ogata, E., Matsui, T. and Nakamura, H., 1972. The life cycle of Gracilaria verrucosa (Rhodophy-
ceae, Gigartinales) in vitro. Phycologia, 11: 75-80.

Oza, R.M., 1975. Studies on Indian Gracilaria I. Carpospores and tetraspore germination and early
stages of development in Gracilaria corticata J. Ag. Bot. Mar., 18: 199-201.

Oza, R.M. and Krishnamurthy, V., 1967. Carpospore germination and early stages of development
in Gracilaria verrucosa (Hudson) Papenf. Phykos, 6: 84-86.

Parker, H.S., 1982, Effects of simulated current on the growth rate and nitrogen metabolism of
Gracilaria tikvahioge Rhodophyta. Mar. Biol., 69: 137-146.

Patwary, M.U. and Van der Meer, J.P., 1982. Genetics of Gracilaria tikvahiae Rhodophyceae. 8.
Phenotypic and genetic characterization of some selected morphological mutants. Can. J. Bot.,
60: 2556-2564.

Patwary, M.U. and Van der Meer, J.P., 1983a. Improvement of Gracilaria tikvahiae (Rhodophy-
ceae) by genetic modification of thallus morphology. Aquaculture, 33: 207-214.

Patwary, M.U. and Van der Meer, J.P., 1983b. Growth experiments on morphological mutants of
Gracilaria tikvahiae Rhodophyceae. Can. J. Bot., 61: 1654-1659.

Patwary, M.U. and Van der Meer, J.P., 1983c¢. Genetics of Gracilaria tikvahiae Rhodophyceae. 9.
Some properties of agars extracted from morphological mutants. Bot. Mar., 26: 295-300.

Penniman, C.A., 1977. Seasonal chemical and reproductive changes in Gracilaria foliifera (Forssk.)
Borg. from Great Bay, New Hampshire (USA). J. Phycol., 13 (suppl.): 53.

Penniman, C.A., Mathieson, A.C. and Penniman, C.E., 1986. Reproductive phenology and growth
of Gracilaria tikvahiae McLachlan (Gigartinales, Rhodophyta ) in the Great Bay Estuary, New
Hampshire. Bot. Mar., 29: 147-154.

Pillsbury, R.W., 1950. Natural anchoring of the red alga, Gracilaria confervoides (R.) Grev., on
unstable bottom by association with an annelid worm. Can. J. Res., 28: 471-476.

Pizarro, A., 1986. Conocimiento actual y avances recientes sobre el manejo y cultivo de Gracilaria
en Chile. Monografias Bioldgicas, 4: 63-96.

Pizarro, A. and Barrales, H., 1986. Field assessment of two methods for planting the agar-con-
taining seaweed, Gracilaria, in Northern Chile. Aquaculture, 59: 31-43.

Poblete, A., 1986. Situacidn del recurso Gracilaria en Lenga, VII Regién. In: K. Alveal, A. Candia,
I. Inostrosa, A. Pizarro, A. Poblete and H. Romo (Editors), Memorias del Seminario Taller
Manejo y Cultivo de Gracilaria en Chile, Concepcidn, Chile, pp. 154-165.

Raju, P.V. and Thomas, P.C., 1971. Experimental field cultivation on Gracilaria edulis (Gmelin)
Silva. Bot. Mar., 14: 71-75.

Rao, K.R. and Thomas, P.C., 1974. Shedding of carpospores in Gracilaria edulis (Gmel.) Silva.
Phykos, 13: 54-59.

Ren, G.-Z. and Chen, M.-Q., 1986. The effect of temperature on the growth and development of
Gracilaria asiatica. Oceanol. Limnol. Sin., 17: 283-293 (in Chinese with English abstract).
Ren, G.-Z. and Wang, J.-C., 1987. Overwinter cultivation of Gracilaria asiatica fragments on ar-

tificial raft. Oceanol. Limnol. Sin., 18: 111-117 (in Chinese with English abstract).

Ren, G.-Z., Wang, J.-C. and Chen, M.-Q., 1984. Cultivation of Gracilaria by means of low rafts.
Hydrobiologia, 116-117: 72-76.

Renn, D.W., 1984. Agar and agarose: indispensable partners in biotechnology. Industrial and En-
gineer Chemical Product Research and Development, 23: 17-21.

Romo, H., Alveal, K. and Delarrosa, V., 1979. Biologia de Gracilaria verrucosa (Hudson) Papen-
fuss en Chile Central. In: B. Santelices (Editor), Actas I Simp. Algas Marinas Chilenas. Sub-



131

secretaria de Pesca, Ministerio de Economia Fomento y Reconstruccién, Santiago, Chile, pp.
155-163.

Ryther, J.H., De Boer, J.A. and Lapointe, B.E., 1979. Cultivation of seaweed for hydrocolloids,
waste treatment and biomass for energy conversion. Proc. Int. Seaweed Symp., 9: 1-16.

Ryther, J.H., Corwin, N., De Busk, T.A. and Williams, L.D., 1981. Nitrogen uptake and storage
by the red alga Gracilaria tikvahiae. Aquaculture, 26: 107-118.

Ryther, J.H., DeBusk, T.A. and Blakeslee, M., 1984. Cultivation and conversion of macroalgae.
In: Solar Research Institute Report SERI/STR-231-2360. Solar Energy Research Institute,
Golden, CO, pp. 1-80.

Santelices, B. and Fonck, E., 1979. Ecologia y cultivo de Gracilaria lemaneiformis en Chile central.
In: B. Santelices (Editor), Actas del Primer Simposium sobre Algas Marinas Chilenas. Sub-
secretaria de Pesca, Ministerio de Economia, Fomento y Reconstruccién, Santiago, Chile, pp.
165-200.

Santelices, B. and Lopehandia, J., 1981. Chilean seaweed resources: a quantitative review of po-
tential and present utilization. Proc. Int. Seaweed Symp., 10: 725-730.

Santelices, B. and Ugarte, R., 1987. Production of Chilean Gracilaria: problems and perspectives.
Proc. Int. Seaweed Symp. 12: 295-299.

Santelices, B., Vasquez, J., Ohme, U. and Fonck, E., 1984. Managing wild crops of Gracilaria in
Central Chile. Hydrobiologia, 116-117: 77-89.

Shang, Y.C., 1976. Economic aspects of Gracilaria culture in Taiwan. Aquaculture, 8: 1-7.

Shi, S.-Y., Zhang, Y.-X,, Liu, W. and Li, Z., 1983. The seasonal variation in yield, physical prop-
erties and chemical composition of agar from Gracilaria verrucosa. Oceanol. Limnol. Sin., 14:
272-278.

Shi, S.-Y., Zhang, Y.-X,, Li, Z.E. and Liu, W.Q., 1984. The yield and properties of agar extracted
from different life stages of Gracilaria verrucosa. Hydrobiologia, 116-117: 551-553.

Simonetti, G., Giaccone, G. and Pignatti, S., 1970. The seaweed Gracilaria confervoides, an im-
portant object for autoecologic and cultivation research in the northern Adriatic Sea. Helgol.
Wiss. Meeresunters., 20: 89-96.

Smith, A.H., 1986. A guide to seamoss cultivation in the West Indies. Caribbean Conservation
Association, St. Michael, Barbados, 20 pp.

Smith, A.H., Nichols, K. and McLachlan, J., 1984. Cultivation of seamoss Gracilaria in St. Lucia,
West Indies. Hydrobiologia, 116-117: 249-251.

Sotomayor, A.O. and Almodovar, L.R., 1982. The genus Gracilaria (Gigartinales, Rhodophyco-
phyta) in Puerto Rico and its possible potential as an industrial scale agarophyte. Caribb. J.
Sei., 18: 49-60.

Stancioff, D.J., 1981. Reflections on the interrelationships between red seaweed sources, chem-
istry and uses. Proc. Int. Seaweed Symp., 10: 113-121.

Stokke, K., 1957. The red alga Gracilaria verrucosa in Norway. Nytt. Mag. Bot., 5: 101-111.

Tam, D.M. and Edwards, P., 1982. Seaweeds of economic importance in Thailand. 2. Analysis of
agar from Gracilaria. Bot. Mar., 25: 459-466.

Thomas, P.C. and Krishnamurthy, V., 1976. Agar from cultured Gracilaria edulis (Gmel.) Silva.
Bot. Mar., 19: 115-117.

Tookwinas, S., Techanarawong, S. and Jaesoe, S., 1986. Traditional Gracilaria culture at Pattani
Bay. Thai Fish. Gaz., 39(2): 145-150.

Trono, G.C., 1981. Field culture of Gracilaria and other species. In: G.C. Trono and E.T. Ganzon-
Fortes (Editors), Report on the training course on Gracilaria algae, 1-30 April 1980. South
China Sea Fisheries Development and Coordinating Programme (of the United Nations) SCS/
Gen/8/29, pp. 51-56.

Trono, G.C., Azanaz-Corrales, R. and Manuel, D., 1983. The genus Gracilaria (Gigartinales, Rho-
dophyta) in the Philippines. Kalikasan, Philipp. J. Biol., 12: 1-41.

Usov, AL, Ivanova, E.G. and Makienko, V.F., 1979. Polysaccharides of algae. 29. Comparison of



132

samples of agar from different generations of Gracilaria verrucosa. Sov. J. Bioorgan. Chem.
(English translation) Bioorganicheskaya Khimiya, 5: 1219-1224.

Van der Meer, J.P., 1977. Genetics of Gracilaria sp. (Rhodophyceae, Gigartinales). I1. The life
history and genetic implications of cytokinetic failure during tetraspore formation. Phycologia,
16: 367-371.

Van der Meer, J.P., 1978. Genetics of Gracilaria sp. (Rhodophyceae, Gigartinales). III. Non-
Mendelian gene transmission. Phycologia, 17: 314-318.

Van der Meer, J.P., 1979. Genetics of Gracilaria sp. (Rhodophyceae, Gigartinales). IV. Isolation
and characterization of mutant strains. Phycologia, 18: 47-54.

Van der Meer, J.P. and Bird, N.L., 1977. Genetics of Gracilaria sp. (Rhodophyceae, Gigartinales).
I. Mendelian inheritance of two spontaneous green variants. Phycologia, 16: 159-161.

Van der Meer, J.P. and Patwary, M.U., 1983. Genetic modification of Gracilaria tikvahiae Rho-
dophyceae. The production and evaluation of polyploids. Aquaculture, 33: 311-316.

Van der Meer, J.P. and Todd, E.R., 1977. Genetics of Gracilaria sp. (Rhodophyceae, Gigartin-
ales). IV. Meiotic recombination and its relationship to mixed phases in the life history. Can.
J. Bot., 55: 2810-2817.

Wang, C.-Y. and Yang, S.S., 1980. Seasonal variation of the quality of Gracilaria cultivated in
Taiwan. Proc. Nat. Sci. Counc. Repub. China, 4: 78-86.

Wang, Y.C., Pan, G.Y. and Chen, L.C.M., 1984. Studies on agarophytes. 2. Field observations and
growth of Gracilaria cf. verrucosa (Rhodophyta) in Shantou district, Guangdong, PRC. Bot.
Mar., 27: 265-268.

Westermeier, R., 1981. Explotacién de Gracilaria verrucosa (Hudson ) Papenfuss, en los estuarios
de los rios Maullin y Quenuir, X Regi6n y antecedentes para un manejo racional. Medio Am-
biente, 4: 90-94.

Westermeier, R., 1986. Historia, estado actual y perspectivas de Gracilaria spp. en la Décima
Region de Chile. Un caso: Gracilaria en los estuarios de Maullin y Quenuir. In: K. Alveal, A.
Candia, I. Inostroza, A. Pizarro, A. Poblete and H. Romo (Editors), Memorias Seminario-
Taller Manejo y Cultivo de Gracilaria en Chile, Concepcidn, Chile, pp. 194-222.

Westermeier, R., Steubing, L., Rivera, P.J. and Wenzel, H., 1984. Gracilaria verrucosa (Hudson)
Papenfuss en la Xa. Regién (Maullin y Quenuir - Prov. de Llanquihue) Chile. Mem. Asoc.
Latinoam. Acuicult., 5: 419-430.

Whyte, J.N.C. and Englar, J.R., 1978. Chemical composition of natural and cultured Gracilaria
sp. (Florideophyceae). Proc. Int. Seaweed Symp., 9: 437-443.

Whyte, J.N.C. and Englar, J.R., 1979. Agar elaborated by Gracilaria sp. from the coast of British
Columbia. II. Variation in agar quality with season and reproductive condition of the alga from
Haines Island. Tech. Rep. Fish. Mar. Serv. (Canada), 864, 55 pp.

Whyte, J.N.C. and Englar, J.R., 1981. Agar from an intertidal population of Gracilaria sp. Proc.
Int. Seaweed Symp., 10: 537-542.

Whyte, J.N.C., Englar, J.R., Saunders, R.G. and Lindsay, J.C., 1981. Seasonal variations in the
biomass quantity and quality of agar from the reproductive and vegetative stages of Gracilaria
verrucosa type. Bot. Mar., 24: 493-502.

Wood, E.J.F., 1945. The sources of agar in Australia. J. Counc. Sci. Ind. Res., Australia, 18: 263
PpP.

Yamamoto, H., 1978, Systematic and anatomical study of the genus Gracilaria in Japan. Mem.
Fac. Fish. Hokkaido Univ., 25: 97-152.

Yamamoto, H., 1984. An evaluation of some vegetative features and some interesting problems in
Japanese populations of Gracilaria. Hydrobiologia, 116-117: 51-54.

Yang, S.-S., Wang, C.-Y. and Wang, H.-H., 1981. Seasonal variation of agar produced in Taiwan
area. Proc. Int. Seaweed Symp., 10: 737-742.

Yaphe, W., 1984. Properties of Gracilaria agars. Hydrobiologia, 116-117: 171-174.



133

Yaphe, W. and Duckworth, M., 1971. The relationship between structures and biological proper-
ties of agar. Proc. Int. Seaweed Symp., 7: 15-22.

Zablackis, E., 1986. Responses to salinity in the red algae Gracilaria and Grateloupia. Master’s
thesis, submitted to the University of Hawaii, x+63 pp.

Zhang, J. and Xia, B.M., 1984. Some problems in the taxonomy of Chinese species of Gracilaria
Rhodophyta. Hydrobiologia, 116-117: 59-62.



