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Abstract

Studies were continued during 1977-78 on the growth and yields
in culture of the red seaweed Gracilaria tikvahiae. Partial control
of epiphytes was achieved by nutrient removal, shading, and/or
biological agents. For the first time, a single clone of the alga
was -grown continuously throughout the year without replacement.
Yields in large (2600 1) aluminum tanks averaged 21.4 g dry weight/
m2. day, equivalent to 31 tons/acre.year (15.5 ash-free dry wt tons/acre.year).

Growth of Gracilaria and other seaweeds in Vexar-mesh.baskets
in natural habitats and in the oceanic waters of a power plant cool-
ing water intake canal were unsuccessful. Further studies were also
conducted to determine the cause of the positive relationship between
water exchange rate and growth of the seaweed, but results were
inconclusive.

. Productivity of the freshwater macrophytes Lemna minor (common
duckweed), Eichhornia crassipes (water hyacinth), and Hydrilla
verticillata have now been measured throughout the year with mean
yields of 3.7, 24.2 and 4.2 g dry weight/m .day (5.4, 35.3, and 6.1
dry tons/acre.year) respectively. Yields of duckweed and water
hyacinths in the Harbor Branch Foundation culture units have averaged
roughly three times those of the same species growing in highly-
eutrophic natural environments. ' ,

The yields of several other species of freshwater plants were
investigated. Only the pennywort (Hydrocotyle umbellata) appears to
approach the productivity of water hyacinth on the basis of pre-
liminary measurements. Studies on the growth and water loss of duck-
weed, water hyacinth and szrilla in stagnant cultures have been
initiated

Chopped water hyacinths and unprocessed Gracilaria have both been
successfully fermented to methane in anaerobic digesters and the
liquid digester residues recycled to produce more of the same plants.
A preliminary budget for recycled nitrogen has been determined for
water hyacinths.

Productivity of both water hyacinths and Gracilaria has been
calculated from nitrate-nitrogen 3831m11ation and good agreement with.
measured yields was obtained.

' Commercial Gracilaria culture in Taiwan and kelp culture in
the People's Republic of China was observed by the Principal Investi-
gator and yield data for both industries were obtained.
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I. Summary

The present report waS;prepafed mid-way through the third year
of resgarch under D.0.E. Contract EY-76-S-02-2948, céonducted at the
, H#rbor Branch Foundafion, Ft. Pierce, Florida, on thg;growth and
biomass yields-oflmacroscopic marine algae and ffeshWater weeds.

Over 40 species of ﬁarine algae (seaweeds) indigenous to Florida
coastal waters were tested and eValuéted for theif grqwthipbtehtial
in a;tificiai culture sysﬁems. Of these, the most successful and

suitable species to date has beén Gracilaria tikvahiae (formerly’g.

foliifera), a macroscopic red alga.

_ Growth of G. tikvahiae in small (50 1), iptensively-opera;ed
cqlture systems; wifh‘strong aeration and ovér 26 culturé;volﬁﬁe
exchanges per day of enriched seéwater, resulted %n biomass yields
thrqughqut the’year.that avergged 34.8 grams dry wt/mz.day (equivalent'
to 127 dry metric tons/héctare.year, about half of which is organic).
Yields were found to be directly proportional to éeawétér exchange
rate, bétweén one and 30 culture volumes/day, for reasons that are
still not clear, but that are apparentlyAnot related to nutrient or

CO2 limitation at the slower exchange rates. Maximum yields occur

3
or NH, and 1-10 umoles/1 POZ-P together with essential trace metals,

at relatively.IOW'nutrient concéntrations, 10-100 pmoles N/1 as NO

4
and a starting seaweed density of 2-4'kg wet_wéight/mZAéulture surface



area, harvested back to that density every one to two weeks. Growth

of Gracilaria occurred throughout the year "at Ft. Pieréé,_Florida,
with a maximum mean weekly yield df;46 g dry wt/mz.day at the end
-ofIJuly and a minimum of 12 g/mz.day.iﬁ late Jahuary, in a year
when the water temperature in the culture fell to 12°C.

During the first two years, epiphytizgtion, the §Vefgrowth of
.the cultured seaweed with undesirable species of filamentdus'mafine
algae, was the major problem in the cultivation of seaweeds. Tﬁat
problem necessitated the periodic discard of the cultures when they
became seriouély infested, and theif replacement with qewlyecollected
méterial - an egpedient that was clearly not feasible in anyilarge-
scale éultuperpération. | o |

Various chgmical Qontrpl methods,'including‘eqzymés ﬁo prevént
the éttachmept.of the epiphyfes énd algicides tﬁat might prove
selectively toxic to the épiphytes,lwere tried with limited or no
success. The economic cost-benefits of suéh treétment, even if
successful were judged to be unacceptable in any event.

ﬁqwever, limited but adequate epiphyte control was achieved
du;ing the past year (1977-78) with a combination of physical-bio-
logical control methéds consisting of: (1) témporary (5-10 days)
shading of the infested séaweed, (2) ﬁemporafy (5-10 days) cessation
of nutrient enrichment, and (3) introduction of the herbiyorous

snail Costoanachis avara, which feeds éelectiVely on the epiphytes.

It has also become. apparent that healthy, rapidly-growing



seaweeds do nof normaliy become epiphytized,’éarticﬁlgrly when fhe
' seawgeds themselves assimilate a11,o;'most of the disgolved hutri-
ents from the waﬁér. Whenvgrowth and ﬁutrient assimilgtion stoés;
:eQen tempérarily, and the nﬁtrients accumulate in the culture,lthe
growth of epiphytes is encouraged. |

It is clear from the observed gréwth‘pattérns of the seaweeds,
i as'ohmryed_over the paét 2 1/2.yeéfs, that growth is'not_cﬁntiﬂuoué.
in tﬁese plaﬁt;,'ﬁut rather proceeds irregulérly, with st&ps énd
starts of undetermined freﬁuency.. This.phenomenoq will be investi- -
gated further with the objective of understanding and defining the‘
~ growth periodicity, because nutrient enrichment, water circulétion,
aeration and otﬁer'costly operational faétors may nqtionly be waste-~
ful during*quiescént periods, but they may also encour;ge growth‘of
epiphytes at such times. | |

In December, 1977, a sﬁecimen‘of G. tikvahiae was collected
from the Indian River near the Harbér’Branch Foundation which has
subsequently been designated "6810 Road Clone A" or-”ORCA". That
clone has since been grown continuously in culture for‘ope complete
year, using the épiphyte control methods described abovei‘

In a larger, less.energy-intensive cuiture system'phan use& to
obtain the yields described earlier (an aluminum tank of 2.4 mz.
surface area and 2600-liter volume excﬁangédAfour timés‘per day);

a mean yield over the 12-month growth period of 21 g dry wt/mz.day (76

dry tons/ha.year or 38 ash-free dry tons/ha.year) was.obtained. This



4_has been the first time that a single clone of sea&eedbhas beén'main-
tained and gréﬁn continuously over an entire4year;‘and fbis-
acﬁievement is considered to represent a gignificapf lgﬁdmark in
the seaweed culture efforts of this.proje;t.

. Attempts have beeﬁ made, beginning in the summer of 1978, to
grow Gracilaria and sevefal‘other species of seaweéds; including
thfee species ofAthe floating brown alga Safgassumi in floating
Vexaereéh trays suspended in several locations iﬁ the Indian River, in
the Fort Pierce Inlep which conneéts the Indian Riﬁer with the
Atlantic Ocean, and'in the iﬁtake canal:of the Flofida Light and
Power Company's'Hutchinson Island puclearﬂpower'ﬁlant. The latter
feceivgs its.water from an intake line located 250 feet'offshoré at
a depth of 35 feet in the Atlantic Ocean, énd'thé seawater has a
much higher, more constant saiinity and more oceanic properties
and better water quality in general than the more'brackiéh énd rel-
afively polluted Irdian River. Furthermore, seawater'is pumped
through the intake canal at a rate that provideé water exchange
through the seaweed cultures in the trays of the order of 10,000
times per day. Nutrient concentrations were, howevef, lower in the
intake canal than in the Indian River‘or in the experimental systems
at Harbor Brancﬁ Foundation, averaging about 1.0‘umole N/i and abaut
0.3 pmole P/1.

Most of the new species inoculated in the trays failed to érow

at all. G. tikvahiae and one species of Sargassum (S. filipendula,




an estuarine form), grew initially at moderate to high rétes.(10-25
_ g/mz.daQ) in thé Inlet and in the intake canal, but after two to
three weeks, growth declined and eventually stopped entirely and.
the plants became heavily epiphitized aﬁd necrotic. Océén cage |
culture of these seaveeds without additional nutrient enrichment,
‘even at very rapid water exchange rates, therefore does not appear

to be feasible.

The freShwater'macrophytes Eichhornia crassipes (water hyacinth),

Lemna minor (commoﬁ,duckweed), and*Hydrilla verticillata have now

been grown for roughly 18 months at Harbor Branch Foundation.

These piaﬁts are grown in 25,000-1iter (30 mz) PVC-lined earthen

ponds and/or in 2.2 x 0.8 x 6.2 ﬁ concrete burial vaults_through which
enriched well wafer is passed at exchange rates ;ﬁat h;ve‘rénged'
4f%om.0;06 to 2.0 culture volpmes per day. Water exchange is appar-
ently much less imﬁortant with the freshyater plants than with tﬁe
seaweeds. Not only will. they tolerate much slo&er circulation rates
in general, but increasing ghe exéhange rate does not improve yields,
except for some slight enhancement with the more rapidly-growing

water hyacinths.

Initially, only nitrogen and phosphorus were added, at concen-

. trations that véried inversely with the water e#changg rates from

100 to 1500 pmoles N/1 and‘from 10 to 150 pmoles P/1. After approxi- .
mately six montﬁs it was found that the most rapidly_growing plant

cultures (i.e., water hyacinths) became flaccid and chlorotic in




appearance, followed byAreductiou and eventual cessation of growth.
Subéequent experiments revealed that these blants required enrich-
ment with nufrients other than N and P, and the cﬁlture medium was
subsequently supplemented with a commercial trace metal mixl.

The latter is now péed routinely in all freshwater and marine plant
cultu;e experiments. Although the addition of trace metals did not
affect the growth'of the other freshwater plants, that of the water
'hyécinths significantly increased,. so earlier &ield data fbr that
speqies were therefore disregardéd and monitoring of the annuai
growth cycle of water hyacinth was re-started. in December, 1977.

Culture experiments with the freshwater plants were.similar in
most respectsAto ;hose with the seaweeds except that ﬁuch less
energy-intensive culture methods were used. The éultures were not
aerated and, AS mentioned above, wéter.was circuiatédAthrough them
much more slowly!

Optimal densities for maximal yiglds were founduto vary from
species to species, from about 0.2 kg wet wt/m2 for dﬁﬁkweéd to
20-kg/m2 for water hyacinth, presumably because the former is essen-
tially a two-dimensional plant which has nowhere to go once it covers

the water surface (i.e., at 0.2 kg/mz), while the hyacinth is three-

1Sunniland Nutri-Spray (Chase and Co., Sanford, Florida 32771) con-

taining 2% Fe, 0.1% Cu, 0.75% Zn, 0.75% Mn, 0.02% B, 0.01% Mo,

1.5% S.




dimensional, growing upwafd,out of the water to a height of as much

as one meter above the surface.

As with the segweeds, the water hyaciﬁth and duckweed cultures
twere weighed eﬁéry one-two weeks, dgpendiné uponAééasoq and growfhu
rate, and the increméntal biomaés harvested, retufniﬁg the cultﬁrés'l
to the same initial starting densities eaéh time. Both:-of these
_ plants have been'grown in 1érge Vexar-pesh baskets:thétvare 1mmer§ed
in the ponds or vaults. .In weighing, the entire bésket is hauled
out of the pond by means of a vertical hoist to which tbé spring
balance 1is a£tached, thereby providing as little physicalidisturbance
as possible to the plants.

Meanvdhnuai production of duckweed was 3.7 g dry‘wt/mz.dgy
(rénge 0.1-7.0 g/mz.day). A few combaratiye growth‘étqaiés of nggg

minor and the giant duckweed (Spirodela polyrhiza) indicéted that

yields of the two species were almost identical, so further work

with the 1atter'waé not pursued. Problems witﬁ duckweed, in addition
to its relatively low growth rate, were the difficulty inlmaintain-
ing an even coverage of the small plapts in the ponds during'heavy
winds, at which times they would pile up at the doﬁnwind‘side or

be actually blown out of the water (a problem that would be exacer-
4bated in large culture systems), and a tendency for the duckweed
cultures to become heavily.OQergrown with filamentoué}élgge such as

Hydrodictyon sp., Rhizoclonium sp., and Qedogonium sp. .

Mean anhﬁal growth of water hyacinth (over the 11 months since

the éomplete enrichment. medium has been used) was 24.2 g dry wt/mz.day,.




equivalent-to 88 dry tons/ha.year. This plant contains about 17%
gsh, (iﬁ‘contrast to 50% ash in Graéilaria), so}thgt‘thé‘ash-free
dry weﬁéht yield of hyacinfhs'is equivalent to 73 tons/haiyear,
somewhat 'better than that of Gracilaria (63.5 tons/héﬂyeaf for small,.
intgnsive-culture systems) .

Both duckweed and water hyacinth have their photosyﬁthetic and
gas exchange mechanisms exposed-fo the air and are not dependgnt 

upon the CO

Z'dissolved in freshwater, a factor that may limit photo-

synthesis and‘gfowth in many submerged freéhwatef plants including
szrillg. In addition, Hydrilla is a rootgd plant that growé

from meristematic tissue a?: the p].at1£ fi.p. While
it was found that the plant would grow equally weli if-fhe root end
were simpiy attached té Vexar screeqing, it would not grow if
compietely unattached. The only way to harvest the population, then,
was to cut off the growing end some distance below the water sﬁr-
face, a‘procedure that was found to arrest growth for one to two
weeks until new meristeﬁatic tissue was regénerated. vIn'practice,
this‘means that a harvested crop of ﬁxdrilla must spend.roughly half
its time regenerating its growing tips Without_growing. In the
présent experiments, szrillé was not harvested at all between
weighings but ‘merely allowed to accumulate -its biomass fof‘the whoie
season, a practice that may and probably did carry theupqpulation

well beyond its optimal density for best yield.



The other major problem w1th Hidrilla grown at the latitude of

central Florida is that plants flower in the fall begin to store
organic matter in root tubers and virtually cease vegetatlve
'growth throughout the winter. Our experiments demonstrated that
some growth would occur in winter if water temperatures were main—
tained at an elevated temperature of 25°-30°C, but for practica}
purposes szrille‘must be considered as a seasonal crop;rn most if
not all of matnland United States.

The mean annual yield of Hydrilla was 4.2 g drjfwt[mz.day,
slightly better than duckweed but far from that of water hyacinths
The low yields and attendant related problems of gruwing the
duckweeds and ﬂygrgllg_would appear to eliminate them_as'yiable

candidates for a biomass-based energy plantation.

The only other freshwater macrophyte tested to date that would:

"appear to approach water hyacinth as a biomass sourceAis the penny-

wort (Hydrocotyle umbellata), a floatin g' species

that resembles water<hyacinth in its growth habit and appearance.
Pennywort- grown only over the past five months (July November) has
averaged 15.9 g dry wt/m .day during that time. WOrk;wlll be con-
tinued with that‘species, which may have the advantage of better

cold tolerance and'better yields in winter than water~h§acinths,

possibly 1ead1ng to’ better year-round productiv1ty A_disadvantage

of pennywort is that as new plants bud off the parent stock, their

root systems become inextricably inter-twined and must be :cut apart

ESPN
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for harvesting, in contrast to waiér hyacinths.whiéhlbhd'off,entire1y  ‘
sepafafe new plants.

To dete;mine whether growth of fhe freshwater élants in the-
arfificial culture systems at Harbdr_Branch Foundation was at
least comparable to that attained by the same speties in natufe,
comparative growth studies were_undeftaken in fhe spring of 1978
of populationé of wéter hyacinths and'duckweed in weil;enriched
nearby natﬁral habitats with spécimens from the éame<nétpra1 popula-
tions‘transplgnte& to the Harbor Branch Foundatidn.cﬁltufe systems.
Initially, grqwth.of the two'(natUral énd labbratOry) pqpulation;
were roughly the same fdr each species, but during summer and
fall yields of the na;urél pepulations of both duckweed.and
hyacihtbg’fell,tb'about th-thiyd thét oBservgd,at thé'labofatory
bonds,‘présumably due to fﬁe lack of controlled enrichment and water
exchange in the field. These studies will.be continued so as to
obtain data for an entire year, but the results‘obtained to date
suggest that prodqction of the freshwater'macrothCes,observed
at the Harbor Branch Foundatioﬁ cultufe facility méy ciosely appfoaéhz
fhe maximum poteﬁtial for the species. N

Good progress‘has been made during.the current year'in using
nitréte thaké as an index of aquatic plant production{-‘A home-l
made, continuously recording autoanalyzer measuriné niif;te con-

centrations in the effluent from water hyacinfh and Gracilaria

cultures, together with known input concentrations, flow rates and
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. elemental éomposition.of the pianés, hés pér@ittedA;élcﬁlﬁtion'of
ashvfrée dry weight yields ovef pefiodS'ﬁp to one week. These ére
coﬁpared with measured weight increases over the same period éf
time. Agreement between estimated and measured yields has averaged
88%. Such an indirect ﬁft)dtxc tion index ‘'is con-

" sidered to be‘indispensable in any largé-scale aquatic biomass farm
system, where it will bé cleariy'impractical to weigﬁ entire popula-
tions or even fepresentative samples théreof.'

With the assistance of an agricultural engineering éonsultant.
from the University of Floridav(Gainesville), five 125-1iter exﬁerimental
diéestersvﬁave-been constructed and have been in operafipn since early
spring, 1978, %or anaerobic fermentation of water hyacinths and
Gracilaria. After initial difficulties with the ééawgeds:(whiCh
eventually required anaerobic sediment from a natural seawéed bed
as a stérter culture), biomass of both specieé grown at the facility
are currently undergoing anaerobic digestion with methane production.

Gas production from thé fermenters is being monitored, both |
‘qualitatively énd quantitatively. HoweQer, the main purpose of this
work is to investigate the possibility of reéycling the digester
résidues as a nutrient source for growing more of the saﬁe species
. of plants that produced them. Growth of the water hy#ciﬁths td date
in water enriched with diiuted digester‘residue haé been as good as
or better than ﬁhat in the usual enrichment meaium.~ Similér experi-

ments with Gracilaria are still in the preliminary stége. To date,
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it appears that about 21% of the original nutfient cbntentbof hyacinths,
followiné their digestion, is assimilated by new cﬁltures of the same
species.

Finally, studies are now in progress to determine the water
balance of water hyacinths, duckweed and Hydrilla grown in stagnantl
cultures in large plastic tubs. Water lossés from the three plant
‘cultures are éompared with evaporative losses from a'control'container
with no plants; Wéfer'losses of all three plant cuitq:es are gre&ter
than that of tﬁe control, due to»evapo-transpiratian inlfhe emergent
duckwegd and watér hyacinths. Greater water 1os§ in the Hydrilla
culture is probably the result of the plant bidmass preventing or
retarding convéctive circulation in that container with the result .
that the water surface becomes more'heated and undergoes more evapora-
tion than does thé control.

Growth of éll three species in fhe stégnaﬁt tub‘éultureS'was
initially poor, due probably to inadequate nutrient enrichment, and
they were therefore an inadequate test of water loss in healthy
growing populations of the plants. That problem has now been corrected
and growth rates for the three species appropriate for'the time of
year are now being attained.( The wa:ér losses for all threé speéieé
at their normal growth rates were 1.5 to 2.5 times as great-as the
controls, losses that are'significantly less than those reéorted iﬁ
thé li;erqture>for'aome of fhe same Species. However;,thése measure-

ments were made in the fall of 1978 at which time growth was only about
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half of its summer .maximum. These studies will now be continued

for an entire year, during which time appropriate meteorological data

]
During September-October, 1978, the Principal Investigator had

will be fecorded.

the opportunity to visit the People's Republic of China as a member
ofla U.S. Delegation of Oceanographers. During that visit, kelp

(Laminaria japonica) culture was 6bserved in the coastal.Waters and -

harbors of the northern Chinese cities of Tsingtao and Dalien. Kelp-
spard.ings (3-5 cmllong), reared in hatchery-greenﬁouses on shore

duringvthe summer are set out onto buoyed ropes in the fall, when

the water temperature falls below 20°C. The young sporophyte plants,‘.

suspended just Below the water surface, are hand-brﬁshed to remove
epiphytes, transplanted to larger fopes;'fertilized daily by broad-
casting liquid fertilizer.over the kelb beds, and'are,haryested the
follqwing spring, when they reach maturit?. Yields in the Tsingtao
area are about 30 dry tons/ha.year and in the colder Dalien region,
where theigrqwing season is 1ongef, about SO dry tons/hé.year.

En route té the People's Répuﬂlic, a stop-over was made in
Taiwaﬁ, where COmmércial Gracilaria culture was observed ét the
southern end of the'island, near fainan. The Gréciiaria,_feported
to be G. verrucosa,;is grown in‘5-15 héctare,_shallow (0.5-1.0 meter)
mud-bottom ponds oréinally constructed for milkfish cultﬁre (tow
lessdprofuable than_séaweed culture). The Gracilaria is'grown loosely

on the bottom and is harvested by raking and netting, every 10-40
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days depending upon the season, eight to tén‘times:a year,.eadhjtime
" leaving a seed population for the new growth. Theihérbivorous milk-

fish is introduced as needed to control epiphytes, p;imafily:

. Enteromorpha, but must then be rembved before‘they éohsume the
Gracilaria. Crabs are sometimes gran in the same pdnds”aAa secon-
dary crop- Water_is added froﬁ the adj;ceﬁt estuary as qeéded to -
control salinify andltempérature and to provide nutriehtsjfor the
Grécilaria and oxygen for the animals. No other fertilization of the
‘ponds is normally done. |
At the Gracilaria‘farms visited, the same_populgtion»of seaweed
had been grown continuously since  the practige was:started some
5-10 years_agd.' Yield froﬁ one 15 hecﬁareifarm‘is curréﬁ;iy sdme
16 dry:tqné7h§ﬂygaﬁ. That'fréﬁ the more than 135 héét#rés of sea-
weed bqnds in Pingfung:County was reporeed td.be.14.8 dry:tons/ha.

year.
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II. Seaweed culture
The major'problem in seawee& culture up to the present has been
that of ephphyteé - undesirable spécies of filamentous ﬁarine a1gae:
that ovérgfow.the qultivated plants, ultimately killing fhem; Pen-
>nate.di§toms may also grow so heavily on the.seaweedé as to smother
‘them, and occagiénally fouling animals (epizoans) sucﬁxas bryophytes )
may also createvsefious problems.' Several methods hﬁve'been tried
to eliminate or ameliorate this problem with Qarious degrees of
success. |
Proteolytic enzymes (protease, trypsin, chymotrypsin) used with vérying

i

effectiveness in Great Britain to prevent the settling of ;oosporeé

of the green alga Enteromorpﬁa spp.- (oﬁe of the more commbn and
troublesome ebiphytes iﬁ ;eawéed culture) were ﬁotAsqcceésfulg
Gracilaria plants; soaked for 16 hours in 0.1, 1.0 andAIO.O_g/liter
solutions of thé enzymes and then‘returned to a running seawater

culture system were no less prone to attachment of'Entéromorpha than

were untreated controls.

Experimgnts were then-initiated with various commercial algi-
cides in an attempt to find such a substance that migthbé ;eiectively
toxic to the fouling o;ganism but relativeiy ineffective and harm-
less to the qultureq séaweed. Various cpnée#tratiﬁns of chlorine,
in the form of sodium ﬁypochlorite, coppef sulfaté (3-15 ppm), 2-4-D

(10-50 ppm), and the commercially available herbicide Aquathol Plus

(3-15 ppm), Simazine (3-15 ppm), and Swimtrine (3-15 ppm) were tested.
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The procedure was to immerse the scaweeds overnight (ca. 16 hours) in
solutions of the algicides, wash them off, and return them to run-

nig seawater trays.

of those tested, only Swimtrine,'the active ingredierit of which

is chelated copper, proved to be selectively toxic to Enteromorpha,

a 15 npm concentration killing it completely and elimina;ing it
from cultured Gracilaria. Growth of the -latter was aléo'net béck
by about 367% for two weeks after exposure to the algiéide, follow-
ing which it appeared. to recover completely. Because of its limited -
but significant”toxipity,to éraéilaria and ité high cost (ca. $25/gal),
Swimtrine was not considered to be an adequate solutinn to the epi-
phyte problém, and other approaches were pufsued;n

wﬁi1e no final cure to epiphytization has yet been found, several
" reasonably effective deterrents have been discovered. One.is to
~simply stop the addition of nutrients to the seawater when the épié
phytes first begin to appear. Interéstingly, this doe$~not affect
the growth of the cultivated seaweed for one to two weéks, since
Gracilaria has the anility to draw upon stored nntrients‘énd continue

normal growth for at least that 1ength ofitime with little or no

dissolved nitrogen or phosphorus in the ambient seawater. Enteromorpha,
however, and other, similar opportunistic speqies that are ébie to -
resnond quickly to an enriched environment with rapid énd4prolific
growth, ére appérently quickly affected by nutrienf depletion

and may completely diéappear if maintained in unenriched seawater

. /
for as long as two weeks.
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Similarly, Gracilaria is much more resistent to low light inten- -

sity and even complete darkness than is Enteromorpha and other foul-
ing algal species. A more drastic measure that arrests the growth

of the Gracilaria completely and could incur a considerable capital

-and labor cost if done on a large scale, dark treatment for one to

two weeks does ha§e.the advantage of being even more effective than
nutrient depletibn in coﬁtrolling'epiphytic growth.

fhird, Biological control methods, used alone oflin combination
with nutrient depletion and/or darkness; are surprisingiy effective

in keeping Gracilaria clean of epiphytic algae. Moderate numbers

of the small omnivorous snail (Costoanachis avara), of the order of
10-20 animals per kg wet weight of seaweed, keep the latter remark-

ably clean and free from Enteromorpha, Giffordia (a filamentous brown .

alga), pennate diatoms and apparently small fouling animals as well,
while the Gracilaria itself apparently remains unaffected by the~énti—,
fouling browsérs.‘

The sméll»snails unfortunately have no commefciallvalue, but
larger invertebrates of considerable market value such as copéh,
penaeid shrimp, and even juvenile spiny lobsters, may proVe equélly
effective as biological antifouling agents and will be asseséed in
future experiments. In'that‘conneétion, it may be pointed out that

in the highly successful commercial pond culture of Gracilaria in "

Taiwan, the herbivorous milkfish is used to control Enteromorpha and

other epiphytes that grow there on the cuitured seaweed.



Finally, with respect to the epiphyte problem, it has gradually

become apparent in the course.of the past thfee years of research,
that the fouling of the cultured éeaweeds is'ofteﬁ,'pérhaps always_
a secondary affliction that seriously affects seaweeds only when
they have already slowed or stopped‘the;r growth for some other rea-
son, environmental or internal. Several possible reasbns for such
‘a correlation may bé conceived. The healthy plants may:simpiy grow
too fast to permit the epiphytes to smother tﬁem, or they-may excrete
or coat themselves with a substance that is inhibitory to the growth,
attacﬁment, or development of the fouling organisms. Certainly,
the slowing or cessation pf growth will result in the'reduced
assimilation of.nutrients by the cultured species which? as noted .-
above; encodrages.the growth of the epiphytes. 'Again;'maintaining
ambient ﬁutrient levels to the lowest concentragion possible that is
consistent with optimal growthof the cultured species appears to be
essential to epiphyte control.

A few other simple measures have proven to be effective deter-
rents to epiphytes. Culture tanks or containers of whatever designA
should be‘constructed with a 1lip sgveral inches wide arouﬁd the'top

to prevent the growth of Enteromorpha at the air-surface interface,

a favorite area of initial iqvasion and establishment of the green
alga. Pennate diatoms and other loésely-attached eﬁiphytes méy be
'easily removed by draining the water and hosing the seawéed for a
few minutes with a strong stream of freshwater, another treatment

that has no harmful effect on Gracilaria.
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Prior to 1978, neither Gracilaria nor any other species of sea-

weed had been grown continuously for more than two-three months with-

out becoming so heavily infested with epiphytes thatvthe cultures
had to be discardéd and started anew with freshly collected material.
‘Such restocking was.recognized as impracticallfor énf lérge-scale,
commercial seaweed farming operation. In Deqember, 1977, a new
collection of Gracilaria was made in the Indian River, a short
distance from the Harbor Branch Foundation. A single Specimen ffomv‘
that collection has sipce produced a vegetative clone, designated
Oslo Road Clone A (ORCA), that has ﬁow been maintained inbculture
for one complete year, using the epiphyte-control methods described
above. ‘That acéomplishment islconsidered to be a sigpificant land-
mark‘in the seaweed culture efforts of this'project.

"ORCA" élone of Gracilaria has now been grown continuously
since J;nuary, 1978, in four 2600-liter (2.4 mz) aluminum tanks,
each provided with.four exchanges éf enriched seawater per day
(Figure 1). The:cultures are maintained in suspensioh by vigorous
aeration from a‘air manifold extending across the bottom of the
tank. All of the seaweed is weighed biweekly and h;rvested back to a
| starting density that has ranged from 0.83 to 8.04 and a&efaged 3.53
kg wet weight)mz.' Average yield during thelone year périod has
been.21.4 g drv wt/mz.day, equivalén; to 78 dry tons/ha.yéar_(31
tons/acre .year). Mean weekly yieids are shown graphically in

Figure 2. Rather close correlation between. yield and solar radiation



1. 2600 liter (2.4 m2) aluminum tanks used grow Gracilaria
tikvahiae ORCA clone.
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could be seen, perticularly with}reSpect to'seaeonél effecte end
.mgjor peaks and‘depressions, but there is also variability in the
growth'of'seaweed that could not'be attributed to solar radiation
or any other known environmental factor. Such growth irregulerity
creates difficulty with yield prediction as well as operational
procedure. As discussed above, excessive enrichment appears to,
favor the growth of epiphytes a problem that is execerbeted dur-
ing the unpredictable periods of slower growth o | -
'Nutrients were initially added at concentrationS'of'SO'umolesll
-N, 5 pmoiesll PO,-P, and 0.1 ml/1 trace element mixturel. The"

3 4

nitrogen and phosphorus levels were doubled during the period

NO

.June September to provide for the antic1pated higher summer growth '
rates. In October it was found that a-significant fraction of the
nitrogen and phosphorus were not being used. At the same time,

it was also noted; in looking at ambient nutrient_coneentrations-
of the incoming seawater, that nitrogen and phosphorue ievels.hadp
gradually increased over the time since the project sterted to
concentration ranging from 6 to 13 moles/1 NO5-N and l-d‘umoles/i
PO, -P. Beginning in October, thereforez no nutrients_were added

4

to the seawater passing through the Gracilaria culture, an omission

1Sunniland Nutri-Spray (Chase and -Co., Sanford, Florida 32771) con-

taining 2% Fe, 0.1% Cu, 0.75% Zn, 0.75% Mn, 0.02% B, 0.01% Mo,

1.5% S
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that pfoduced no obvious effect on subsequent yields of Ehe seaQeed
and has reduced the incidence ofAepiphytization.

‘_ It had been found earlier that the grdwth and yield sf Gracilaria
"is directly proportional to the rate at which seawatér is circulated
through the culture between one and 30 volume exchanges per day.

That is presuﬁably why the mean seawéed'yieid in the large aluminum
tank cultures described above, at four éxchanges per dayl(21.4 g/mz.-
day) was lower Ehan that obtained earlier in the small'(SO 1).troughl
cultures flushed at 22 exchanges per day (34.8 g/mz.day), |

The correlaticn between growth rate and wate;>§xchange was
not related to the supply ér concentration of either nitrogen or‘
phosphofus. In éeparatéiexperiments'in which voluhe exchange was
varied from one to 30 per day but in which first the coﬁcentration
and then the déily loading of ﬁ and P were held coﬁstaﬁt, the same
linear relationship between growth and water exchange was observed.
A possible explanation wés that some other essential nutrient was
growth lim;ting and was supplied in the seawater in amounts pro-
portional to the water flow. The same experiments described above
were therefére repeated but using the trace element mi;ture described
above (Sunniland Nutri-Spray) in addition to N ;nd P enrichment.

Tﬁe éxperiment was carried out in the SOjliter cﬁlture units
constructed from sectioned 0.4 m diameter PVC pipe (see:19%7-78 |
Progress Report). Gracilaria was stocked at a starting density of

1.21 kg wet wt/m2 and grown in suspension by aeration. Seawater was



circulated thfough duplicate cultures at exchange rates of 1, 7.5,

15, and 30 volumes/day,_but N, P and trace élemeﬁt mix were added-
separatély at the same rate in all the cultures giving concentra-
tions that ranged from 300 umoles/1 N, 30 uﬁoles P and 0.1 ml/1
‘trace eleﬁent»ﬁix“at one exchange/day to 10 umoles/ltN, i uﬁole/
1 P and 0.003 ml/1 trace elements at 30 exchaﬁges per day. Gracilaria
- was weighed at one-week intervals and harvested back to its iﬁitial
starting density, the experiment iasting for four'weéks. Mean |
daily yields for the four-week growth period are shown in Table 1.
As in the earlier experiments, the more rapid the water ‘exchange,
the higher the yield of seaweed.-Lim;tation of trace eleménts, at
least those qonfained in commercial mix, was therefofe éppareﬁtly
ﬁot the explaﬁationl |

Another possible reason for the enhénced growth Qith more fapid
water exchange Was’thought to be CO2 limitation, §h¢ more rapidl

2

exchange of seawater bringing more dissolved CO, to the cultures.

Even at one exchange per day, there is sufficient CO, normally

2
present in the seawater to provide for a yield of over 20 g dry wt/
niz.day, but at high pH, much oflthat CO, may be unavailable in the
form of carbonate. The same expéfiment as described abo&e was there-
fore repeated at one and 30 exchanges per day in duplicaté cultures

with and without aeration with pure, compressed CO, at a rate sufficient

2

to decredse the seawater pH in the cultures from the normal daytime

range of 8.0 to 9.5 to a level of 6.5-7.5. The added CO2

provided




Table 1. .Effect of culture ekchange rate on the yleld of Gracilaria
tikvahiae with daily input of nitrogen, phosphorus, and trace element

mix held constant, and with aeration with pure CO

)
Water exchange rate E Gracilaria yield.
(volumes/day) (g dry wt/mz.day)
1 5.6
7.5 17.5
15 o e 19.8
50 : 28.7

With CO2 addition -

30
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no enhanéement of growtﬁ;»dépressing thé yield at one exchange/day
an& not significantly affeétingthat at 30 exchanges/da& during the
course of a 10-week experiment.

The reaéon that‘yieldé'increase with watér f10w thus remains
unsolved. Future experiments will invgstigéte further tﬁe possibility
that some essenﬁial micro-nutrient, 1imiting in seawatér and not
present in the commerciai trace element mixture, is thg answer.'

Thg other reméining possibility,‘of those conceived to déte, is
that the seaweeds excrete a growtﬁ auto-inhibitor thét rapid water
'exéhange helps to dissipate. That poSsibility, too, will»be'
investigated by recirculating the water in a static éqlturg ;hrough
charcoal and/or‘ofhe; absorbent material to see if that removes |
the hypqtheti§a1 gfowth~inhibitor.

During the firsf two years of the contract, atteﬁptsAwefe made
to gro& Gracilaria and other seaweeds in floating'Vexar;mesﬁ baskefs
suspended in the 25,000 liter (30 mZ) PVC-lined bonds at the Harbor :
Branch Founda;ion and at»various locations in ;he Indién River. In
all of those experiments there was initial fair to-good éfowth of
the seaweeds for the first fe& weeks, followed By a gradual decline
and ulgimate death éf the plants, usually accompanied by severe
epiphytization-

In 1978, the opportunity developed to attempt seaweed culture
"in the intake canal of'the nearby Florida Power and Light Co.

Hutchinson Island nuclear power plant. The intake waté? is drawn
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 'from approximétéiy 250 feet offshore iﬂ the Atianﬁic chan,'at_a
méan depth of about‘35 feet. It is of higher salinity aﬁd of gen;
rally much more o6ceanic and more constant composi;ioﬁ than fhe

more brackish and highly variable Indian River éeawatér. It was
felt, éhefefore; that specieé'of,seaweeds could be grown in the
intake water that could not be grown in Indian River seawater.
Although nutrient concentratioﬁs were low (1-3 pmoles yOB-N/I;
0.1-0.5 umolég POA-P/I) the water flows through the éanal rapidly
providing a water exchange in the baskets equivalent to some

10,000 times per day or more,’ Such a flow would appear from earlier

experimental results td favor good growth of seaweeds.

Nine speéiésvincluding the ORCA clone of Gracilaria’;ikvahiaé
and three species of Sargassum were experimentally grown in‘PVC-framé, '
Vexar-mesh basket (Figure 3). Most of the nine species‘did not grow |
or survive. Gracilaria'grew wéll (mean 33.5 g/mz.dayj for one | -
month (8/10-9/3) and then died. A second stocking grew’at a mean
rate of 30.3 g/mz.day for three weeks (9/22-10/11) and has rem#ined

senescent ‘and ‘heavily epiphytized with no significant growth since

that time. One species of Sargassum (S. fluitans) grew ffom 8/245
10/20 at a mean daily rate of 8.9 g/mz.day. By late October, with
the onset of heavy fall winds and much turbulence in'the coastal
water at the location of the intake.pipe, the waters éf the intake
canal became heavily loaded with suspended sediment and very turbid,

a condition that has persited up to the time of this writing. No



Figure 3. Vexar-mesh taskets used for growing seaweeds in the FPL Hutchinson Island Power Plant intake caral.
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bsignificant s;aweea growth has occurred in the intake-canal sinée
the turbid condition became established. However, even before
the turbidity problem became severe, yields,ofhthe féw_speciés that
did grow in the intake canal were erratic and undependable, for rea-
sons that are not understood, and essentually no better than the
results of tray cuitﬁre in the Indian Rivgr or at the Harbor:Brgnch
Foundation. | |

-Saﬁples of all of the seaweed grown at Harbor'Brénch Foundation
and in the field are routinely analyzed for fheir percent compo-
sition of ash, volatile solids, carbon and nitrogen. Table 2 shows
some of these analyses of Gracilaria grown in trays at ﬁarbor Branch
Foundation (in ﬁonds),’in.the Indian River adjacent to the Harbor
Branch Fouﬁdation,_at Fort Pierce Inlet (connectiﬁg the Indian
River to the Atlantic chanjgpprqximétely‘six miles soﬁth pf Harbor
Branch Foundation), and in the Florida Light and Power Company's
Hutchinson>Island nuclear power plant seawater intaké éanal, which
takes its water from the open coastal Atlantic Ocean. The data
show remarkable consistency in the composition of the seéweed grown
in the same way from all loéations. There ié, for example, no indi-
cation of nifrdgen starvation in the seaweed grown in the nutrient-
poor and unenriched FPL intaké canal water.

There is, however, an interesting trend in all of the cultured

seaweed, which tend to increase both their ash and nitrogen content

in culture following their colléction from wild stocks. This is




Table 2. Mean éOmposition~of Gracilaria fikvaﬁiéeVgrown'in different areas.

(% of dry weight).

Ash  Volatile solids Carbon Nitrogen C:N

Harbor Branch Foundation

5/78-7/78 415 58.5 26.9 1.7 . 16

8/78-11/78 . 43.9 - se.l . 269 2.7 9
FPL Intake Canal 52.5 47.s © - 18.8 1.8 . 10
Fort Pierce Inlet 47.4 52.6 23.2 1.8 13

Indian River (near HBF) 46.8 ' 53.1 23.8° . 1.7 16
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illustrated'in-Table‘S, showing_an’increase in ash and a corre-
Sponding decrease in organic content of about 137 while nitrogen
increased by abont 25% after three months in culture.

| Studies ha&e been underway for the past year to relete quanti-
tatively the uptake of nutrients; specirically nitrate, to the
growth'of equatic plants. From the change in concentration of nitrate
Iin the water passing through the cultures,'the.daily flow of water,
and the" chemical composition of the plant in question (i. -e., % N of
total dry weight), it should be possible to calculate total daily
dry weight production of plants, if there is no other source or
sink of nitrogen in the system. The purpose‘of making such growth
estimates is thet routine and autonated nutrient-analysesewould
represent a much simpler and more practical method of monitoring
growth in a large aquatic plant energy farm than would weighing
representative samples of the plants or any other direct method

of measuring growth. | | | |

| More progrese,has been madeiin the past'year in hsing the above

approech for eStimating the‘growth of water hyacinths than'that of
seaweeds. A separete chapter of this report is-devoted to the Water
hyacinth growth estimates from‘nutrient uptake. The techniques

and calculations used in the method are described there and will,
therefore, not be repeated here.

Nevertheleés, some promising progress has also been made in

estimating the yield of Gracilaria from nitrate uptake from its medium.



‘Table 3. Changes in the composition of Gracilaria tikvahiae grown in culture

at Harbor Branch Foundation (% dry weight).

26°

‘Days in culture Ash Volatile solids C N
o. 37 63 28 2.3
-8 o 63 28 . 2.5
14 38 62 27 2.0
20 39 61 27 2.4
28 43 57 26 2.8
A 43 57 25 2.7
43 45. 55 24 2.8
48 4t 56 23 2.9
57 44 56 23 2.8
62 48 52 22 2.7
71 48 52 24 3.2
77 49 51 20 2.9
85 51 49 23 2.9
92 49 51 3.0




Table 4 showé growth estimated from nitréte uptake and measured by

weight increase for six one-day periods. The problem is complicated
by the bresehce of nitrogen in the seawater in the forﬁ of ammonium
that is not considered in these és;imates. Utilization of that
nitrogen source should resuit in an undefestimation éf growth from
ni;rate uptake alone. In fact the reverse happens and gstimates
from nitrate ﬁpﬁake were, in ali,ﬁﬁt one'CASe, highér fhan measured
growth. With the exception of the first value, however, agreement

is quite good, averaging better than 80%.



Table 4. Growth of Gracilaria tikvahiae estimated from nitrate uptake

and measured by wéight increase (g dry.wt/mz.déy).

', Time . _ Estimatéd Measured v o M/E (%)
9/14-9/15/78 | : 49.15 2005 | 41.
9/26-9/27 25.21 . 20.05 s
9/27-9/28 o 23.42 . 0.0 . 85
11/7-11/8 16.94 18.80 . 111

11/21-11/22  ©  18.25 16.17 , 89

11/30-12/1 . 23.78 - 16.17 69
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IIT. Freshwater macrophyte culture

Studies were gdntinued throughﬁ1978 on the grpwth and yields of
‘freshwater macrophytes grown'in culture at the Harbor Bfanch
Foundation'and of natural stands of several of the same. species in

: néarby_habitats. Primary emphasis has-been‘devoted to the water

hyacinth (Eichhornia crassipes), the common duckweed (Lémha minor)

and the suﬁmérged aquétic weed ﬂydrilia verticillata.  Some'addi-_

tional studies were carried out with the giant duckweed (Spirodella .

polyrhiza), the pennywort (Hydrocotyle umbellata), the water ferns

.(Azolla caroliniana and Salvinia rotundifolia) and the filamentous

algae (Rhizoclonium sp., Hydiodictyon sp., Sgirozxralsp., Pithoghdra |

kewenéis, and Oedogonium sp.

~The planfs at the Harbor ﬁranéh quﬁdation were'gfown in 2
types of culture systems: (15. PVC-lined earthen pondé (15,000-
20;000 1 in volume, rdughly-lZ x 2.4.x 1.2 ﬁ and‘30 mzAiﬁ water
area), and (2) céncrete bufiél vaqlts (700j900 i iﬁ yoluﬁe, 2.2 x
.8 x .45 m and 1.7 m2 in water areé). |

In the initial experiments, secondérily treatéd sewage effluéﬁt'
enriched with NaNO .

~and NaHPO, was passed through the ‘culture units

3 4
at varying residence times (0.5 to 16.5 days) and varying concentra-
tions of N (50-150 pum) and-P (5-15 um). However, in the fall of

1977, the water hyacinths became fléccid and chlorotic and it was

apparent that the N and P enrichment of’the‘extremely dilﬁte'Harbor_
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Brénch Foundatidn sewage was an insufficient growth medium. Thereafter,
the watér was also'enriched with a commercial trace metal mikl.

Growth of the duckweeds, Hydrilla and wafer hyacinths was mea-
sured by weighing. the wet plants and noting the inérease in biomass.
Consiétent wet-weight values were obtained by draining thé plants
for specific time intervals. For each weighing, a plant sample
was removed, .weighed, dried and then reweighed,'providing a ratio
of dry matte; in the<p1gﬁf to wet or‘fresh’weight. All pfodﬁctivity
measurements wére calculated as the product of these ragios and the
increase in fresh weight per unit time and area.

Vexar cages ranging in siée from 1-2.3 m2 were filled with water
hyacinths and blaced in ponds and vaults. Approximatelonnce a

. week, these cages wereAweighed‘by lifting theﬁ f;om thé watefL using

a winch and rope.suspeﬁdeaoner the cultu:e.to which a spring scale
was attached. The plants-in each cage.ﬁere allowed to-dr#in'fOr 4
minutes, weighed, and returned to the water (Figure i).

The duckweeds grew in poﬁds_and vaﬁlts with the plants cover-
ing the entire surfacé area. Each week, the plants were nettgd

from the water, placed in a bucket, and then transferred a handful

1Sunniland Nutri-Spray (Chase and Co,,lsanford, Florida 32771) con-
taining 2% Fe, 0.1% Cu, 0.75% Zn, 0.75% Mn, 0.02% B, 0.01% Mo,

1.5% S.
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Figure 1. Vexar-mesh basket culture of water hyacinth (Eichhornia crassipes)
being weighed to determine growth.
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at a time into another bucket, allowing the excess water to drain
off. The duckweed was then weighed on a balance or spring scale and
restocked in the water. Hydrilla in natural stands is found rooted
to the bottom, so it initially appeared impossible to weigh the
plants without destroying the culture. After unsuccessful attempts
at growing Hydrilla in a free-floating fashion, it was discovered
that apical sections of the plants would grow when woven through a
Vexar-mesh screen, suspended 25 cm above the bottom of the pond
(Figure 2). The Vexar screens and attached plants were then period-
ically removed frcm the pond and weighed, allowing 10 minutes for
the plants to drair.

In the cultures of water hyacinth and duckweeds, it was neces-
sary to determine the densities at which maximum growth and yield
occur. At lower densities, all of the incident sunlight is not
absorbed by the plants. At excessively high densities, however,
self-shading of the plants and other adverse effects of overcrowd-
ing occur.

Table 1 contains the results of a series of experiments in which

yield of Eichhornia crassipes was measured as a function of start-

ing density of the culture. The data points for October 1977 repre-
sent the mean daily productivity obtained from five one-week growth
periods, and those for June and July 1978 represent the mean pro-
ductivity from three one-week growth periods. Yields for October

1977 were significantly lower than those recorded in summer, 1978,



Figure 2. Hydrilla verticillata grown with root ends woven in Vexar mesh screers




Table 1. Effect of culture density on the yield of Eichhofnia crassipes

harvested weekly and maintained at the indicated stérting density.

Culture density Yield (g dry wt/ﬁz.day)
kg;wet wtymg ' ~ Oct. 1977* June 1978** 'July.1978**
2 8.0 o 15.5
5 | 9.0 L 25.7
7 , - . 28.4
8 9.7 |
10 " o - ' 32.2
n 9.0 |
12.5 - o . o 30.7 .
14 4.1 32 |
7 4.0 37 o321
19.5 | | S 304
20 o | : 23.34
22.5 R 27.9

* ' .
"Each data point represents the mean of 5 replicates.

s , .
Each data point represents the mean of 3 replicates.

L=
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iﬁ part due to tbe ihsufficient growth medium the plants were receiv-
ing at that time as well as seasonal effects. The summer densitf :
experiments reveal that optimum yields under these conditions were

at starting densities of around 14-17 kg/mzm Most of the yearly
'productivity experiments weré started priorAto this time, however,
and thus were conducted at the October thimuﬁ of 10 kg/mz.

Table 2 shows a similar ekperiment with both the common duckweed

(Lemna minor) and the giant duckweed (Spirodela polyrhiza), with
-each data poing fepresenting the mean of fivelone-weék growth.perkﬂs.
The best yields for both of these species were obtained at the
stockingidensity of 0.24 kg wet wt/mz, a density roughly 60 times
lower than the hyacinth optimum. | '

The possibility tbaf gréafer yields of Lemna could Bg achieved
if the plants were maintaiﬂed at a higher starting density and then
harvested back moré frequently was investigated,‘as seen in Part
I, Table 3. The optimum stécking density for the duckwéed when
harvested every 3 or 4 days was foﬁnd to be between 0.25 and 0.5
kg/mz; Gro&th at these optimum densities, harvesting botﬁ at 3 and
4 day intervals aﬁd 7 day intervals, was not significantiy different
(Part 1II, Table 3).

Pond cultures of Lemna minor and Eichhornia crassipes have

been maintained at Harbor Branch Foundation since May 1977, and
Hydrilla has been grown since August 1977. In the case of Eichhornia,

however, the culture has not been monitored continuously. In



. ‘ Table 2. Effect of culture density on the yiéldslbf Lemna minor and

Spirodela polyrhiza; harvested weekly and maintained at the indicated

starting density.

. Culture density Yield* (g dry wt/mz.day)
(kg wet wt/mz) Lemna minor Spirodela polyrhiza
05 1.5 | -
0.10 . 2.6 2.6
0.20 . 2.9
0.25 4.9 : 3.2
~0.40 3.0
0.50 3.9 |
0.80 | 2.6
1.00 o 2.9
1.20 | | ' 0.5
1.50"' | 1.8 |
z.oo: ‘ 2.0
3..00 ' 0.6l

¥ ; :
‘Each data point represents the mean of 3 replicates.




Table 3. Effect of culture density and harvest ffequéncy on the yield

of Lemna minor, maiqtained at the indicated starting_deusityﬁ

Culture .density : Yield*‘(g drylwf/mz.day)

(kg wet wt/m2) _ . Plants harvesféd af'intervals of:
3 days 4_§_a_Ls
I 0.25 S . 6.5 4/.,.8_-
0.5 6.1 | ‘ 5.2
10 A T A - 3.5
1.5 | | 3.4 o 35
2.0 2.3 2.8
A;g. of 3-4ldays j Z_QEZE
I1. | ’A 6.25. }A ‘4;7} | '; 6.8

| 0

.5 .. 5.7

*
Each data point

represents the mean of 3 replicates.
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September, 1977, the hyacinths became chlorotic and flaccid, and
in this weakened. condition -were devastated by red spider mites.
The plants were revived by spraying a commercial nutrien; mix
onto the foilage, but growth measurements had to be suépended
until the plants recovered.

Table 4 shows the mean weekly yields of hyacinths grown frém
12/21/77, theﬂdate‘compiete nutrient enrichment was begun, to
12/13/78, a cdmﬁlete year. The mean productivity for this period
was 24l2 g/mz.day; with a range of 5.3 to 34.9 g/mz.daj.: Water
'hyacinth is by far the most productive,tpouble—free,
and génerally the most successful apd suitablg freshwéter macro-
phyte groanfo date as a candidate species for a biomass plén-
tation.. Its mean aqnual production of 24.2 dry wt g/mz.Qay is
equivalent to 88 dry metric tons/ha.year or 35 dry toms/acre.year,
82% of which (28 tons/acre.year) is organié matter. |

The mean weekly ylelds of Lemna minor for the period 5/18/77-
6/20/78 are shown in Table 5. However, thgse cultures were not
continually maintained; at five times during the year, the duck-

weed was overgrown by the filamentous alga Hydrodictyon, necessi-

tating replaéement of the culture with additional plants. The cul-
ture also had to be replaced once because heavy winds literally
blew the duckweed ouf the pond. The productivity for the year‘

showed a range of 0.1 to 7.0 g/mz.dayvand an annual mean of 3.7

g/mz.day.




Table 4. Yields of Eichhornia crassipes grown in ponds at a water exchange

rate (residence time) of 0.5 days in enriched medium, harvested and msin-

tained at a constant starting density of 10 kg wet wt/mz.

Dates Mean yield (g dry wt/mz.day)

12/21/77-1/4/18 5.3
1/4-1/16 : 6.4
1/16-1/23 . , : 10.1
1/23-1/31 ' o . 8.9
1/31-2/7 o 10.1
2/7-2/15 A . 10.0
2/15-2/26 8.4
2/24-3/6 : 11.5
3/6-3/13 22.2
3/13-3/20 : ' 20.4
3/20-3/27 ' 20.9
3/27-4/3 ' 31.7
"4/3-4/11 ' o 344
4/11-4/18 A n.7
4/18-64/25 33.0
4/25-5/2 : 33.0
5/2-5/9 28.5
'5/9-5/16 ' 27.9
5/16-5/23 33.0
5/23-5/30 - W
5/30-6/6 : : . 29.2
6/6-6/13 ’ 27.9
6/13-6/20 : ~ 28.5
6/20-6/27 . _ 29.8
6/27-7/5 30.0
7/5-7/12 , 31.7
7/12-72/19 26.6
.7/19-7/26 27.2

7/26-8/2 _— 27.3 .
8/2-8/9 ' ' 30.4
8/9-8/16 ' 3%.9
8/16-8/23 - 29.2
8/23-8/30 30.5
8/30-9/5 32.0
9/5-9/14 R 2%.7
-9/14-9/20 20.0
9/20-9/28 ' 26.6
9/28-10/6 : 2.4
10/6-10/13 31.7
10/13-10/23 19.5
10/23-10/27 2.4
10/27-11/3 20.3
11/3-11/16 S
11/16-11/27 15.3
11/27-12/4 14.6
12/4-12/13 12.3

Mean (12/21/77-12/13/78) C .2




Table 5. Yields of duckweed (Lemna minor) grown in ponds at a water exchange

rate (residence time) of 5 days.in enriched medium:harvested and maintained

at a constant starting density of 0.5 kg wet wt/m?.

Dates

Mean yield (g dry ut/mz.day)‘

5/18-6/6/77 3.9
6/6-6/14 4.9
6/14-6/21 3.7
6/21-7/1 5.6
7/1-7/8 5.7
7/8-7/15 ° 7.0
7/15-7/22 6.1
. 7122-7/29 6.0
7/25-8/3 Culture overgrown with epiphytes; restocked
.8/3-8/18 2.1
8/18-9/6 Culture blown out of pond, restocked’
9/6-9/12 ) 4.9 '
9/12-9/19 3.7
9/19-9/26 4.6
9/26-10/3 4.5
10/3-10/20 4.3
10/20-11/2 4.5
11/2-11/9 '5.3
11/9-11/16 3.3
11/16-11/23 3.6
11/23-11/30 3.5
11/30-12/15 ‘Culture overgrown, reafockedl
12/15-12/ 39" 1.7
12/29-1/6/78 1.5
1/6-1/17 1.6
1/17-1/25 2.1
1/25-2/2 1.2
2/2-2/13 1.5
2/13-2/16 Culture overgrown, restocked
2/16-2/26 0.1
2/24-3/6 2.6
3/6-3/13 2.3
3/13-3/20 2.5
3/20-3/27 3.6
3/27-4/3 3.7
4/3-4/11 5.5
4/11-4/18 5.3
4/18-4/25 4.8
4/25-5/2 ' 5.2
5/2-5/8 Culture overgrown, restocked
5/8-5/16 1.9
5/16-5/23 2.1
5/23-5/30 1.9
5/30-6/7 2.7
6/7-6/13 6.4
6/13-6/20 3.6
Mean (5/18/77-6/20/78) T 3.7

¥

x| )
Complete nutrient enrichment begun.
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Avgrowtﬁ study Qas cérfied out early in 1978 in the concrete
vaults to compare the growth of the 2 duckweed spézieé; Lemna
and Sgirodela.i The results, shown in Table 6, indicated that both
species were equally productive durihg this time period;; Because
of the difficulty ;n finding Spirodela in natufal stands near
HarBor BranchsFohndation, most subsequéﬁt duckweed stﬁdies were
with Lemna. | |
| The orientation of Hydrilla when grown attached to,§e¥ar screens
is similar to that of'rooted plants. szrillé cultured in this
maﬁner was allowed to grow unharvesfed and to spreéd over the water
surface, since growth was found to be interrupted for as long as
one to two weéksAafter harvesting while the plants'regenerated new
meristematic growing tips. Weighings of,tﬁe drilla were con-
ducted infrequently during ;he winter months, because the plants
appeared unﬁealty~and their growth‘was visibly poor. Each dafa
poiqt in Table 7 represents the mean of the productivities of plants
;ttached to three 0.6 m2 Vexar screens.l The fime-weighted mean
daily yield for 8/24/77-8/28/78 was 4.2 g/m’.day.

The atfachmgnt of the-szrilia to Vexar screens raised some
questions as to whether growth obtained with this culfure technique
was equivalent to ﬁhat of plants rooted in the hydréséil,. Two
experiments were therefore conducted to compare the growth of plants
attached to the screening with those rooted in gand and mud (Table 8).

Growth'was fouhd to be roughly the same in all three culture units.



Table 6. Yields of Lemna minor (commonjduckweed) and Spirodela polyrhiza
(giant duckweed) in concrete vaults at a water exchange rate (residence
time) of 0.5 days in enriched medium, harvested and maintained at a

constant starting density of 0.5 kg wet wt/mz.

Dates ‘ Mean yieid (g dry wt/mz.day)
(1978) o L. minor S. Eolzrhiza 

i/17-1/25 - 2.4 © 3.3
1/25-2/1
2/1-2/8
2/8-2/21
2/21-3/1
3/1-3/14A
3/1443/28
3/28-4/14

C4/14-4/24




Table 7. Yields of Hydrilla verticillata attached to Veiaf screens grown
in ponds at a water'exchange rate (residence time) of 5 days in enriched.

medium. Plants weighed but- not harvested during growth period.

Dates

>Mean yield (g

dry wt/mz.day)

8/24-9/13/77
9/13-10/5
10/5-11/2,
11/2-11/28
11/28-1/19/78
1/19-2/ 2
2/24-3/14
314414
414-b]2%
4/ 24-5/8
5/8-5/22
5/22-6/5 -
. 6/5-6/19
6/1977/3
7/3-7/17
7/17-8/1
8/1-8/14

8/14-8/28 -

Mean (time weigﬁted)




Table 8. Comparative yields of Hydrilla verticillata in ponds attached to
Vexar screening and rooted in.sand and mud, with water exchange rate
(residence time) of 5 days in enriched médiumlwell'water. Cultures all

started at a density of 2.0 kg wet wt/m2.

Substrate . - Mean yield (g d;§ wt/mz.day) Nitrogen

(% dry wt)*

10/14-11/7/77 4/7-5/9/78

Vexar screening - 2.9 , 14.9 - ‘3.5
Mud - 3.8 1.2 4.3
sand - a2 11.3 ' 4.2

* . ’ o _ ‘ '
Apical growth tips (2.2 cm long) from plants at end of 4/7-5/9/78

' experiment;
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. Analyses of the éro&ing tips of the plants at the ‘end of the secound
experiment also showed similar nitrogen content, indicating that
the plants suséended 1ﬁ the water were as successful in‘obtaining
.nutriénts as Qere tﬁose rooted.

Experiments wefe initiated in July, 1978 with the cuitivation

of the pennywort (Hydrocotyle umbellata). This is an emergent plant

similar in its habit and appearance to Qatef hyacinth; and Lt has been |
grown in Vexar;mesh4béskets immersed in the concrete vaults exactly

as with the hyacinths (Figure 3).. Yields from'July 3 through ‘

Novembe% 14; 1978 averaged 15.9 g dfy wt/mziday (Table 9).. During the five
months it hag bgen culturéd,lpennywort has been qund to be considerably
more prodqctiveJthan the other freshwater macrophytes tegfed:wiyh the
excéption of water,hyacinghs. Its advantagé may lie in tﬂe fact that

it is reputedly moré coldvtolerant than the fropical water hyacintﬁ

and may therefore be(adaptable‘to a more temperéte climaté. Conceiv-
ably, through better growth performance in winter, it couid have a |
better annual yield‘than‘hyacinths in Central Florida. Tt will be'grown.
for an ehtire year at Hérbor Branch Foundation to evaluate its annual
yielé. A disadvantage of penny&ort is the fact that it does not bud

off separate plants, as does the wafer hyacinéh and thg dgckweeds, but
the new plants remain firmly attached-to the parent stock throﬁgh an
intricately connected and.intefwoven root system. Haryestiné there-

fore would reqﬁire virtually cﬁtting the plants apaft,<a pfactice "

that has not yet been . attempted in the culture of the species to date.




Figure 3. Culture of pennywort (Hydrocotyle umbellata) grown in concrete vault.




Table‘9; 'Yields of pennywort (Hydfocotyle umbellata) grown in vaults at a

Water~exchange rate (residence time) of 0.5 days with influent NO3-N of

50 pmoles/1 and POZ-P of 5 umoles/1.

T R * . :
Dates . - Mean'yield (g dry_wt/mz.day)

7/3;7/14/78
7/14-7/21
7721f7/23 h
7/28-8/11
8/11-8/18.
' 8/18-8/25
8/25-9/1
9/1-9/6
9/6-9/15
9/15-9/22
9/22-10/6
10/6-10/17
10/17-10/ 25
10/25-10/ 31

10/31-11/14

Mean (7/3-11/14/78)

9.3

14.6 .

21.6

16.9

20.8

16.7
15.4

29.7

22.3

9.7

5.4
4.6
12.7
23,2

15.4

15.9

. .
Constant starting density not maintained.
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The possibility of growing the water fern (Azolla caroliniana)

hes been intfiguihg because of its symbiotic associetion with the

filamentous blue-green alga Oscillatoria sp. Since the latter can

fix atmospheric nitrogen, the symbiqtic associati&ﬁ df’alga-fern

can reputedly live in an inorganic'n{trogen-free envirqﬁment, a
situation that could result in significant economy in .a biomass bro-
duction system. Azolla, hewever, is difficult to grow and apparently
not-very proddctive! Table 10 shows yields ae two deneities of
Azolla during a one-month experiment that was terminated‘when the
plant culture ﬁecame overgrown with filamentous algae.

Because the smaller duckweeds and water ferns eoqsistently be-
caﬁe evergrown with fiiamentous algae, some preliminary experiments
Qith g;owing the laﬁter were undertaken in the hope that'they might
prove both productive and easy to grow. 'Neither hes proved true to
date.

Small bateh cultures, in 10-liter polyethylene cylinders, were

attempted with Hydrodictyon sp. Spirogyra sp., Pithophora kowensis,

and QOedogonjium sp., but yields were extremely low (1-2 g dry wt/

9 :
m .day) and the cultures lasted for no more than one to two weeks.

More success was obtained with growing Hydrodictyon sp. and

Rhizoclonium sp. in the concrete vaults with circulating, enriched

well water (Residence time 0.5 days, 50 umoles/1 NO -N, 5 pmoles/1

3
POZ-P, -1 ml/1 trace element mix). Yields of the two species




Table 10. VYields of Azolla caroliniana (water fern) grown in concreteAvaults
- at a water exchange rate of 0.5 days in well water enriched with 50 umoles/l

-P. Plants were harvested back to the given starting

£~ m

NO3-N~and 5 pmoles/1 PO

densities.
Dates : . Yield (g dry wt/m .day)
(1978) Dénsity: 0.41 kg wet wt/m2 - Demsity: 0.71 kg wet wt/m2
2/7-2/14 : 3.4 ' . 3.5
2/14-2/21 ' 1.5 g - 1.8
2/21-3/6 | 7 R . 16

Mean - C ’ 2.5 ' : 2.3
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- , averaged aﬁou£'7.ﬂ g dry wt/mz.day whilé they grew, but the cultures
again deteriorated afﬁer abéut two weeks.
| " There being 1iﬁtle or no-available data on the‘natural pro-
i ' ductiVity of freshwater maqrbphytes, there was'no.way~to assess
‘ thé-significance of the yield data that was being obtained in the
artificial culture systems that had been developed at the Harbor‘
© Branch Fouddgtiong' For that reason, measurements were begun in the

spring of 1978 of the yields of natural populations of water hya-

cinth, duckweed, and the floating fern Salvinia rotundifolia, com-

paring theée with yields of the same species takeﬁ from the same
populations and transplanted in thg ﬁgrbor Branch Foundation
cﬁlture sysﬁems}

Natural stands of water hy;cinths and Salvinia growing in a
fire ditch adjacent to the Kissimmee River near Okeéqhobeg, Florida,
and a pond contéining Léggg minor north of Ft. Pierce, Florida, weré
thebsités chosen for field studies. Water hyacintﬂs and ferns from

Z'Vexar

the fire ditch location wére collected and placed in 1 m
cages. Three such cages of each species were 1eft.with.the natural
population in the fire ditch; and another'threé were returned to

the Harbor Branch Foundatién and placed in a pond through which

enriched sewage wés passed with a residence time of 0.5 dayé (Figure 4).

lemna was collected from the pond north of Ft. Pierce and placed in

1 m2 PVC enclosures having nylon screened sides. Three of these




Figure 4. Monitcring the growth of a natural population of water hyacinth (Eichhornia crassipes] .




enclosures were left in the field, and three were returned to the

| Harbor Branch Foundation and cultured in a fashion similar to that

of the other two species.

The yields of all three species at their respective field loca-

tions have been much lower than those obtained with similar plants

grown in nutrient enriched ponds at Harbor Branch Foundation

(Tablell) . The‘productivity of water hyacinths for the initial two

‘weeks at Harbor .Branch Foundation was approximately the same as that

of the field plants, 5ut following this short adjustment period,»
the hyacinths cultured at Harbor Bfanéh Foundation consistently out-
grew the plants remaining in thelfire ditch. The mean productivities
from 3/30-11/3/78 for Eichhornia at the Harbor Branch Foundation
and fire ditch locdations were 36.3 and 10.4,‘respective1y. Lemna
exhibited mean daily yields from 5/11-11/3/78 of 4.8 g/m’.day at
Harbor Branch Foundation and-1.4-g/m2.day at the field pond. Saivinia
could never be grown very successfully in culture énd,lafter becom-
ing overgrown with algae, had_to be replaced twice atlHarbor Branch
Foundation with new cﬁlturés from ﬁhé field. Neveftheless, it grew
at neariy twicevthe;rgte there (2.6 g/mz;day) than in the.field
(1.5 g/mz.day)'during ;he»period 3/30-11/3/78.

A major constraint to the possible usé of freshwater macro-
phytés in a large-scale energy ﬁlantation could be the consumption
of water, inlshort supply 6ver much of the éarth‘s surface. It was

found earlier that the freshwater planﬁs, unlike the seaweeds, do




Table 11. - Yields of Eichhornia crassipes, Lemna minor and Salvinia rotundifolia

natural populations and in aquaculture ponds at the Harbor Branch Foundation
receiving two exchanges per déy of enriched nuttientbmeﬁium. Cultures harvested
and maintained ‘at 3 density of 10 kg/m2 for Eichhornia and 0.5 kg/m2 for Lemna and

Salvinia. (All data points represent mean of three 1 m2 enclosures.)

Dates . ' Yields (g dry wt/mz.day)
* Eichhornia crassipes Lemna minor ‘ . Salvinié rotﬁndifo}ia
HBF  Field HBF  Field HBF  Fleld
3/30-4/6/78 22.8 19.0 4.8
4/6-6/13 120.1 20.7 1.5
4/13-4/20 3.4 20.8 3.2
4/20-4/27 3.1 18.9 5.4 1.4
4127-5/4 39.4 18.9 3.4 0.9
5/4-5/11 . 30.5 11.5 2.4 1.1
5/11-5/18 40.2 15.2 5.1 - 2.5 2.8 1.4
5/18-5/25 43.1 11.1 7.0 2.8 0 2.2
5/25-6/1 - 41.8 11.4 3.1 1.2 0 1.6
6/1-6/8 44.7 8.8 3.5 0.5 (+4) 0.2
6/8-6/15 445 10.3 6.2 1.1 3.6 0.8
6/15-6/22 55.0 9.5 5.7 1.5 7.9 0.4
6/22-6/29 40.9  10.3 4.8 1.6 1.4 0
6/29-7/6 ' 50.1 8.7 2.6 0.9 () 1.2
7/6-7/13 45.3 9.0 4.8 2.5 2.2 0.6 .
7/13-7/20 41.9 2.7 + 0.7 - 1.0
7/20-7/27 41.1 6.8 3.0 0.7 ‘2.4 1.0
7/27-8/3 37.0 11.3 4.2 1.9 3.1 2.8
8/3-8/10 37.6 7.8 4.2 1.9 5.8 4.5
8/10-8/17 40.0 4.9 6.7 1.2 3.0 1.4
8/17-8/23 37.4 6.2 5.0 0.3 0.3 1.8
8/23-8/30 37.5 9.2 5.2 0.2 1.7 0.2
8/30-9/6 38.3 7.9 2.5 1.5
9/6-9/14 31.9 9.4 2.3 0.7
9/14-9/20 23.7 11.5 6.4 === --- -
9/20-9/27 36.2 11.5 5.1 --- 1.3 0.1
9/27-10/5 25.9 10.0 4.7 - 0, 0
10/5-10/12 30.1 9.0 1.3 1.3 2.1 0.3
10/12-10/19 2.3 1.6 - 03 2.9 0.7
10/19-10/26 31.6 1.8 3.9 3.5 6.1 1.0
10/26-11/3 25.6 6.3 -——- 4.2 --- 5.9
.Mean . 36.3

+Plants biown out of cages.

. ++Cultures replaced.




not require a rapid exchange of water to insure their:maximum growth.
Experiments had not previously been conductea, however, to deterﬁine
the relativelgrbwth of theseiplants in completely stagnant cultures.
Such an experiment was therefore begun in July, 1978.

Botﬁ duékwee& (LEEEE minor) and water hyacintﬁs (Eichhornia
crassigesj have been gréwn in-1000-1 polyethylene cylindérs,vmainQ
taining aensitiéé of 0.5 and 10.0 kg wet wt/m2 respectively (Figure 5).
One éuiﬁﬁréAof each species feceived*freshwater enriched with 100
umoles/1 N03-N, 10 umoles/1 POa-P and 0.1 ml/l trace elément mixture
at a volume residenﬁe time of 0.5 days. The duplicate cultures of
eéch gpecies received no flow of water but were enfiqhed once a
weék with a conéentrated solution that provided the same weekly ‘
ration of N, P, and trace elements as did thg flow—thrbﬁgﬂ systems.
The weeds were weighed weekly and harvested back‘to their starting
densities. ‘The results are‘shown ih Table 12. For the first part
of the experiment, the stagnant cgltures did very poorly. The.
duckweed had to be replaced three times and tﬁe water hyacinths
once during that period. 'The plants appeared.flacéid and chlorotic
and were apparéntly suffering from nutrient impoverishment in spite
of the weekly ration of ﬁighly concentrated nutrients. It was
noted, however, - that tﬁe latter precipitated when it was added and - —
the precipitate sunk to the bottom of the vessel, presumably.making
at least some of the trace elements unavailable to the plants. Be-

‘ginning on September 26, therefore, additional trace element mix




Figure 5. Stagnent cultures of freshwater macrophytes for measuring evapo-

transpiration water loss.




Table 12. ‘Yields of Lemna minor and Eichhornia crassgpes‘in stagnant and
| . ' '
| flow-through cultures receiving the same enrichment.

|

Dates ‘ ) ﬁean yield (g wet wt/mzldayj
| (1978) nggé minor - Eiéhﬁornia crassipes
h Stagnant - Flow-tﬁrough Stagnént Fléw-through

7/18-7/25 SV 2.3 --- B 7.8
| 7/25-8/1 : 0.1 43 . 7.7 . 10.5
8/1-8/8 0 6.7 4.3 19.2
8/8-8/14 "3.5 6.0 o - 2.8
8/14-8/22 S1.3 8.4 23.2 28.4
8/22-8/29 | 0 8.9 21.3 . 3.3

8/29-9/5 3.8 8.0 7.7 40.8
9/5-9/12 0 6.9 . 0.6 32.4
9/12;9/19 ‘ 0 . 6.3 0 '32.4
9/19-9/26" " 0" 6.8 0 . 25.9
9/26-10/4 : 7.3 6.9 14.3 30.3
10/4-10/11. 0O 2.6 0.9 151
10/11-10/18 37 3.0 14.2 19.4
10/18-10/25 4.1 4.3 2.2 18.9
10/25-10/31 2.4 34 15.4 2.4
10/31-11/7 1.2 3.6 ' 17.3 " 22.7
11/7-11/14 2.6 2.8 19.4 | 21.6
11/14-11/21 0.9 3.8 17.3 S 324

¥
Cultures restocked.

*ok .
Spray - addition of trace metals begun.
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Qas sprayed on all the cultures once a week. RécOveronf the stagnant
cultqre; wasvrapid and their yielos were beginniog to approach those |
of the flow-through cultures at the time this~report was written. |

Eyen-stagnaﬁt culrures of freshwater plante may lose significant
quantities‘of warer throughbeﬁapo-transpiration; reported to be
seyeral'times.as great for several aquatic weed species including .
water hyacinths as the evaporation rate from water alone. The
same stagnant duckweed  and water hyacinth cultures referred to above
and an additional polyethylene cylinder-culture of Hydrilla were
lmonitored for water loss, adding weekly the measured‘amount lost
the previous week by evapo-rranspiration (straight evaporatioo for
the submerged Hydrilla culture and a control cylinder'eontaining
only warer); The absolute water losses from the three planr cul-
tures and the control cylinder are shown‘in Table 13. The relative X
water losses (lossés fromArhe planr cultures/losses from the coo-
rroi)are shown in Table 14, rogether'with data on rainfali;,solar
radiation, and air temperature for the periods in question.

Of the three species, water hyacinth lost the mostzoater, as
would be expeeted from its greater exposure to the air and rela-‘
tively greater metabolic activity. Duckweed behaved essentially \
like water alone. The slightly greater loss in the szrilla cul-
ture compared to that -of the control probably resulted from greater

~ light absorption‘and/or restriction of vertical convective circu-

lation in the dense plant culture. Little correlation can be seen




Table 13. Water loss (1/m2.day) from cultures of Eichhornia crassipes, Lemna

minor,.énd Hydrilla verticillata and from a control container of water.

Dates Eichhornia | Lemna szrilla Control
' 7/18-7/25/78 | 6.86 4.14 SR 3.99
7/25-8/1 2.9 _‘ 2.29 l - 2.37
8/1-8/8 | 5.60 3.64 4.20 3.49
8/8-8/14 o 5.77 . 3.8 . 4.10 3.88
8/14-8/22 9.0 5.60 6.90 - 6.50
8/22-8/29 e - sa7 s o s
8/29-9/5 | Y  6.29 794 6.09
9/5-9/12. - 6.80 3.90 4.65 “ 4.22
9/12-9/19 | 6.76 - 4.90 6.19 5.33
9/19-9/26 - - .- -- -
9/26-10/4 7.8 7.2 st e
10/4-10/11 " -- 4.56 4.3
10/11-10/18 5.98 O 2.16 | 3.18 Cam
10/18-10/25 - 7.58 C 4.38 5.12 4,98,
10/25-10/31 3.77 C-- - 1.82 | 1.48
10/31-11/7 5.69 4.81 3.94 4.08
11/7-11/14 © 3.3 0.97 , - ' --
11/14-11/21 675 3,50 3.80 4.22

11/21-11/28 5.41 3.12 3.57 4.28

11/28-12/5




Table 14. Water loss from cultut{es'of Eichhornia crassipes, Lemna minor, and Hydrilla verticillata relative to

water loss from a control container of water (plant culture/control) and related meteorological data.

Dates Eichhorn.ia Lemna Hydrilla Total Rainfali Mean Sunlight . -Air Temperature (°C)
(1978) : (mm) (langleys/d.) Mean Max Min
7/18-7/25 1.72 1.04 - 62.7 553 29 34 2
7/25-8/1 1.24 0.97 - o 91.4 417 27' 33 21
8/1-8/8 : 1.60 Lo4 1.20 43.2 499 28 33 23
8/8-8/14 1.49 0.99 1.06 o - -57.2 . 551 | 28 '34 ‘ 22
8/14-8/22 1.38 0.86  1.06 ' 0 536 29 32 26
8/22-8/29 1.77 0.98 1.00 36.8 547 28 % 22
8/29-9/5 1.31 1.03 1.0 - . 2.5 » 488 27 33 2
9/5-9/12 1.61 ' . 0.92 -1.10 7.6 . 422 - 28 3% 22
9/12-9/19 1.27 092 1.16 ' 6.3 454 27 33 22
9/19-9/26 . -- -- -- 15.2 ' 409 Y 33 22
9/26-10/4 -- - - 216 389 27 13 2
10/4-10/11 1.78 == L0 , 27.9 , 375 .26 . --
10/1i-10/1s 2.58 0.93 1.37 ' 53.3 308 2% 0 16
10/18-10/25 1.52 0.88 1.03 27..9 343 .22 27 17
10/25-10/31  ~ 2.55 T .- 1.23 55;9 : ' © 388 25 30 .21
10/31-11/7 1.39 1.18 0.97 - 35.6 380 21 28 11
11/7-11/16 -- .- - 91.9 - 29 18
11/14-11/21 1.78 0.92 1.11 0.8 . . 2 29 . 18
11/28-12/5 2.26 . 1.15 1.76 10.2 -- 23 31 14

Mean 1.69 0.98 1.18

|
|
11/21-11/28 1.51 0.87 1.20 . 0 -- 22 29 14
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visually between water loss and p?oductiVity of the plangs (i.e.
Tables 12 vg. 13) or between water loss and the various meteoro-
logical factors measured (Téble 14) . However, the data'have not
yet been subject to statistical analysis.

EQapo-transpitation loss from the water hyacinths has been -

4 surprisinglyvlow - 1.69 times on the %verage and 2.58 times at
most the loss from evaporation alone. As explained earlier, how-
ever, the hyacinths were not growing well -in the}s;aénant culture
during the first part of the experiment and, by the time the prob-

~ lem had been corrected, the season:for the best growth of the -
spgcies had passed. The experiment will therefo;e be'céntinued so
é; to obtain valid Qata for water loss of water hyacinth throughout
the year at the Harbor Branéh Foundation location, and reievantv
meteofological data will be(collected at the same time in an
attempt to'identify the factor(s) that cdﬁtrol water balance in
the spééieé.

A1l of the freshwater macrophytés.cultured at Harbor Branch
Foundation and in the field.are rﬁutineiy analyzgd for tﬁeir con-
tent of ash,,volatiie'solids, carbon and nitrogen. Mean ‘compo-
sitions of six species are shown in Table 15. ANOte that the'per-
cent volatile solids in tﬁé enriched laboratory cultufes of duckweed
and szgiila is significéﬁtly lower than in the natural stands, water

hyacinths are the same at both locations, and cultured pennywort




Table 15. Percent of ash, volatile solids, carbon and nitrogen in freshwater macrophytes grown at Harbor

Branch Foundation (HBF) and in natural populations of the same species.

Species | Ash Volatile Solids E Carbon :Nitroggn'
HEF  Field HBF  Field . HBF  Field  HBF Eieid

Eichhornia crassipes 19 . 19 81 81 35 35 2;2 1.5
Lemna minor 33 2 e 78 31 % - 1.8 2.0
Hydrocotyle umbellata 15 = 22 85 78 39 39 2.1 2.4
Hydrilla verticillata 28 | 19 72 81 .37 l37 3.4 | 3.6
Salvinia rotundifolia 37 28 63 72 31 34 1.9 2.4

Azolla caroliniana 13. -- 87 - | 42 -- >3.0 --
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. '(szrocotzle) has a higher volatile solids conténﬁ than the natural E
,ﬁopulation, though the latter is based on an~inadeqﬁate number of

two samples.




.IV. Recycling the nutrients from methane digester residues

One of the major potential costs, both in téfms ofbeconoﬁics
and énérgy; of operating an,eﬁergy farm is ﬁhaﬁ of.tﬁé nutrients
(N; P; Fe, trace elémenfs, etc.) required to grbw the plant biomé;s.
"For example, a 100 square mile energy plantation producing 10 dry
tons of piant biomass acre.year would requife of the order of 1500 -
tons per year of commeréial'fertilizerlor its equivalent. However,
methane production'by anaerobic digestion of plant biomasé does
not either consume nor &iséipate the plant nutrients, which remain
in the digeste; residue. Recycling of thosé nutrients would there-

fore seem a logical procedure. Experiments were therefore initiated

to ferment water hyacinths and seaWeédé (Gracilafia tikvahiae) by
anaerobic dige§ti9n and to recycle the nufrieﬁ;s femaining in_the
digester residues to ‘support further growth of the same t&o plant
species.

Five 125-liter diéesters measuring approximately 45 # 45 x 80
cm were construéted from 0.6 cm sheet plastic. Filling and empty-
ing ports were made of 15 cm PVC pipe with screw-cap endsﬁ One
side of each digester.con;ained a'plexiglasé windﬁw fogyvisual obser-
vation (see Figure‘l). Gas lines lead ffom the tpbs of the digesters
to inQerted, suﬁmerggd SO-galion.drum monometers, where the gas.is

collected and its volume monitored.



Figure .. Anaerobic digesters used for fermenting water hyacinths and Gracilaria.
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Water hyacinths:
Two of the digesfers have been used for water hyacinth fermen-

tation, two for Gracilaria fermentation, and the fifth is kept in

reserve in case of failure of ény of the other four culturesﬂ‘ Begin-
ning in November, 1978, the_digestgrs have been kept partially sub-
merged in a large circular water tank, the water of which has been
_kept at 30°C by an immersion heater.

The water hyacinth digesters were started.with dairy manure.
With-the establi;ﬁment of anaerobic fermentation and methane pro-
duction, tﬁe ﬁénﬁre was.gradually replaced with water hyacinths,

The water hyacinthé require'fine shredding or chopping prior
to digestidn..'A Sears-Roebuck electric yard and garden'shredder is
used for ;hat puppose;.produciqg a greenish-black slurry that has
the consistency of thick ﬁud. The water.hyaginths must be choppedl
immediately after harvesting and removal from the water, at least
with tﬁe chopper presently in use. Even partial drying renders the
plant maéerial touéh aﬁd fiberous and resistent to shredding, and
soaking in water dces not reconstitute the plant flesh to a suit-
able form for chppping. |

The hyacinth digesters are loaded three times a week at 0.8-
1.0 g volatile solids/liter digester volume (2.4-330 kg chopped
hyacinths/digester/ day). At the time they are loaded, an equivalent
volume of liquid residue is removed from the digester. The digester

contents are not stirred, and the solid fraction floats at the




surface above the liquid fraction. To prevent thexsolids from plug-

ging the discharge port, a screen 1is inserted above which the solids
are trapped. Stratification of the solld phase is, however, probably a
&eterrent te more complete digestion of the organic matter and some
change in design, perhaps including gentle;agitation,'wbuld appear
desirable. |
- The water hyacinth digeeters have now been in operation for.
over eight months; producing on the average 0.4 1 gas/g volatile
solids (24‘g wet wt plant material), at 60% methanel. The pH has
been maintained at 7.0 to 7.3. Higher digester lbadings were fOund
to depress pH and reduce methane content of the gas.
The liquid'residﬁe withdrawn from the hyacinth diéeseers con-~
tains, on the average, apprpximately 384'mg nitrogeh and 28 mg
' phoephorus perllifer.. Roughly half the nitrogen is NHZ-N,'the re-
maining half is dissolved organic nitrogen of unknown e#act'identity.
To investigate .the suitability of the digester residue as a
nutrient source for growing water hyacinths,'three cultgres of the
plante, maintained at a density of iO kg wet wt/mz, were established
in 756 1, 2.28 x 78 x 64 cm (1.8 mz) concrete vaults. Two of the

three cultures were operated in a "batch'" mode with one complete

1Analysis perfdfmed by Mr. Daniel Young, Dept. Agricultural Engineer-

ing, University of Florida.



44

exchange of well water per week.._One of_thése cultures received no
earichment. The second received enrichment with the chemical’nutrignt
medium normaily used to grow water hyacinths (Tablé 1). Approximately
half the nitrogen and phosphorus was.assimilafed~eacn week from the

enriched culture. .However, after one month, both of the above cul-

‘tures became chlorotic and unhealthy in appearance, so both were there-

after sprayed weekly with additional trace-element mixture (Nutri-

Spray, Table 1) which partially restored them to a normal appearance.

The third'cdltufeAreceived five liters of liquid digester
residug‘frbm the water hyacinth digester three times.a week, a total
of approximately 5760 mg N»énd 420 mg ? per.week. The water in that
culture was not exchanged nor did the plants receive the'trane-
element snray or any pthgr fqrm of gnrichmént.

The watef hyacinths were containediin a Véxar-mésh Basket in the’
vanlts and tne basket containing ;he entire culture was hauledjout of
the vaultlonce a weék; allowed to drain for fou? minutes, and weighed.
Incremental growth was removed from the nultué and it was returned to
the water. = Growth, éxpressed as mean daily yield of dry weight/mz, was
calculatéd:for each one;week intefyal assuming dry weight = 5% of wet
weight. Data for the perind 8/11-11/24/78 indicate that growth in
the digester residué_has averaged 37% more than in the chemically-enriched
culture and three times that of the unenriched controlz(iable 2).

A sample of eaanharvest from ench'of thelfhree cultures was also
analyzed for ash, carbon and nitrogen content. The mean compositions for

each culture over the three-month experimental period are shown in Table 3.



Table 1. Final composition of gnrichmeht.medium used for growing water

hyacinths (ﬁg/l). 5

NaNo 5 ' . . 2.55
. Kwo, 2.02
CaCl,.21,0 D 1.87
- Nakro, - ) 0.89 |
“MnSu, - TH0 : - 0.79 -

. o
Trace metal mix :

s 1.50
Fe | | 2.00
Mo | 0.75
Zn |  ors
B | 0.02
Cu | 0.10°
Mo | © 0.01

* - - : : -
Sunniland Nutri-Spray (Chase and Co., Sanford, Florida 32771).




Table 2. Yields of water hyacinth (Eichhornta crassipes) grown in unenriched .

water, in chemically-defined enrichment medium, and in the liquid residue

from anaerobic digestion of water hyacinths.

Mean

Dates Mean yield (g dry weight/m2.day) -

1978 Unenriched Chemical medium '. iDigestervresidue
8/11-8/17 27 | 3 40
'8/17-8/25 17 28 30
8/25-9/1 8 . 10 22
9/1-9/8 12 _ 9 21

9/8-9/15 g° 1t 2
9/15-9/22 7 , 2 30:
9/22-9/29 5 : 14 22
9/29-10/6 2 _ 21 23
10/6-10/13 2. 8 17
10/13-10/20 5 15 20
10/20-10/27 1 _ 7 14
10/27-11/3 <1 12 17
11/3-11/10 6 ' 20 23
11/10-11/17 <1 . 4 9 16
11/17-11/24 1 ' 11 12

7 16 i 22

*
Began spraying foliage with trace-element mix.




'Table'3.' Composition of water hyacinths (Eiéhhornialkraséipes) grown in

unenriched water, in chemically-defined enrichment medium; and in the
liquid residue from anaerobic digestion of water hyacinths (percent dry
weight) . Each value is the mean of 15 measurements over growth period

of 8/11-11/24/78.

Unenriched Chemical medium "Digester'residue
Ash . 15.46 - . 21.48 20.69
Volatile solids - 85.54 78.52 79031
Carbon o 39.00 ©35.80°  36.64

Nitrogen ' : 1.04 3.21 - - 2.32
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A rough mass balance of the ﬁitrogen recycled.through the cul-
ture-digestion-culture system can now be made. Over’the.three-
'month experimental period, the digester was loaded 43 times with a
-tctal of 215 kg wet weight of water hyacinths. - This is equivalent
to 10.75 kg dry Qeight (at 5% of wet weigh® or 249 g N (at 2.32%{
see.Table 2). Since one kilogram of sater hyacinths added was re-
placed by one liter of liquid residue, a total of 215 1 of residue
were remoyed containing 384 mg N/1 or 82 g N. Additioﬁ.of that
amount of nitrogen to theAculture produced 2310 g dry weight of
 water hyacinths.cOntaining 53 g N.

In summarj, of the 249 g nitrogen loaded in the digester, 82
é (33%) were recovered in the residue, of which 53 g (65%) were
reassimilated by the water hyacinths, an over—all efficiency of 21%
(Figure 2). Attempts will be made in the continuing research to

improve that effic1ency.

Gracilaria:

SeQeral attempts were made to convert an anaerobic diéestion
‘substrate from deiry macure tovGracilaria, but . these were all un-
successful. Extremely low pH was reached end mainteined invthe
" digestion mixture, indicating the presence of persistent.organic
acids that presumably destroyed the'relativeiy sensitive methano-

genic bacteria. The conclusion was reached that successful digestion



NS
0.%&@;,

- WATER
* HYACINTHS'

249 g N-

METHANE.
——

-'i*NTFigure 2.

539 N (241%)

DIGESTER.

<——82g N (33%)%6): o

Efficiencies in the recycling of nltrogen from water. hyacinths through anaerobic d1gestion and

reassimllation by the water hyacinths
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of Gfacilaria would require a bactgrial»culgure géCIimated to the
marine_envirqnmént and to theAthsues of marine organisms. Accord-
ingly, a newrattempt was made, using highly organic, anaegobic
-marine sediment éollected from an area where Gracilaria and other
’sea&eeds had been observed to collect aqd accumulate on the bottom.

The 125-liter digester was loaded with 20 kg of wet sedimeﬁt,
5 kg of fresh Graéilaria, and 80 liters of seawater. = The digestion
. mixture was maiﬁtainéd at appfoximate1y430°c aqdireceiﬁed né'
agitation. Within two days, the pH dfopped. froﬁ 7.4 to 6.6 aﬁd
thereafter remained in the 6.3-6.6 range. . After six days, gas
evéIution begén, and on the sevénth day, the evolved gaé became
cqmbﬁstible, indicéfing the presence of methane and the cémmence-
ment of complete digestion.' |

Two éracilaria digésters have now been iﬁ operatioﬁ for approx-
hﬁtely two months, loaded three times a week at the rate of 0.75
g volatile solids pef liter of digester volume (ca. 2.0 kg wet wt
Gracilaria/digester) per day. Gas production is in the range of
0.2-0.4 11ters/g volatile solids at 60% methaﬁe. The Gracilaria
digesters appear to be particularly sensitive to témperature, par-
ticularly below 25°C. However, gas prodﬁctioﬁ by thé seaweed. has
improved stéadily.since the successful digestion commenced and was
exceeding that.qf the water hyacinths (in liters/g volatile solids)
at the time of this wfitingf A major advantage in the digestidn

of Gracilaria is that the seaweeds do not need to be chopped,
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shredded, or otherwise processed.prior to loading - a factor that
_could substantiglly reduce operating costs reiative to water hya-
cinths and other species that do require sﬁch processing.

Because of the initiai difficulties in fermenting Gracila?ia,
" experiments have only recently been éfarted'on recyciing the digester -
residﬁes as a nqtrient source for growing the seaweeds. Cultures
have been started in 50-liter contaipers (sectioned 0.44m‘dia. PVC'bipes),
that are aerated to maintain the seaweed in suspension. There is
no flow of seawater through the gultures; but the water is exchénged
once a week. One cﬁlture is gnriched wiﬂulSQO/umoies/l NO3-N,

150 pmoles/1 PO -P, and 5 ml/1 trace element mix (i.e., the sea-

4
water enrichment normally uséd to grow Gracilaria). The other cul-
ture receives one liter of 1liquid Gracila;ié diges;ér efflugnt

three times per weék.. The analysis of the Gracilafia diges;er
residue is not yef available, so éomparable nutrient loading of the
two cultures is not yet possible.

| The experiment had been iﬁ progress for two weeks at the time
thi; report was written. At that time, meén'yield of Gracilaria

in the chemically-enriched seawater culfure was 2.5 g dry WC/mz.

day, that in the'digester-residﬁe enriched seawater was 7.1 g dry wt/
mz.day, almost .three times as great. That experiment will be con-

tinued and the recycling efficiency determined, as in the water

hyacinth experiment described above.
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V. Estimation of primary productivity from diel nifrate uptake

measurements with the water Byacinth Eichhornia crassipes’

in an aquaculture system

M. Déunis Hanisak
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ABSTRACT

The primary productivity-éf the water hyacinth Eichhornia

c;aséiges was estimated from diel measurements éf NO3-N uptake
in an aquaculture system.using a-continuous, automated nutrient
analyzer apparatus. .Productivity values obtained by this method
agree favorably with those made by directly harvesting the bio-
mass. Since prbductivity measureﬁents based on harvesting
methods would be impréétical on a large scale, the use of diel.
nutrient uptake heasurementé would be a signifiéant imprqveﬁent
fof~proper management of aquatic macrophytes.in an aquaculture
system. There were little diel changes in NO3;N_Uptakeiby |

Eichhornia, a fact which is potentiélly beneficial t§ this

species not .only to its ecological success in its natural

ecosystem, but also to its ability to remove nutrients as a

component in tertiary sewage treatment.
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INTRODUCTION

Large—gcale cultivation of freshwater macrcphytes is a
promising new dgvelopment.in aquacultufe (Ryihef et ai. 1977,
1978; Hillman and Culley 1978). Biomass produced in an
aquaculture system can be directly cbnsumed by herbivores
in the same system (Ryther et al. 1977) or harvested and
used as fodder, compost, mulch, fertilizer, or other ugeful
‘products (Boyd'l974, Tourbier and Pierson ;976)ﬂ

Although primary productivity is a fundaméntal pfocess
in such an aquaculture system as well as in natural eco-
systems, ﬁhere are difficulties involved in accurately
measuring productivity. Different.methodOIOgies.result in
. different estimates of productivity that may not be readily
interconverted (VollenWeider_1974, Coqper-i975). Thus, the‘
investigator attempts to utilize the method which is most
suitable to his particular research need. . For aquaculture
of freshwater macrophytes, this.would ideally be obtained by'
directly harvesting and weighing the plant biomass produced
during a given time period, but this method.wouid be im-
practical on a large-scale. However, sihce ma#imal produc-'
tion probably depends upon the mainﬁenance of an optimal |
plant density, some estimates of primary productivity must
be made in order to properly harvest and maﬁage an aquafarm.
Thus, other methods of estimating primary productivity need
to be developed.' This communication demohstrates_the use of
diel nitrogen uptake measurementé.to estimaté'the primary

productivity of the water hyacinth, Eichhornia crassipes.




-51-

The earliest attempts to relate primary productivity to
nutrient uptake were by cceahographers who calculated in situ
productivity during spring phytoplankton‘blooms in temperate
seas (Atkins 1923, Kreps and Verjbinskaya 1930, 1932, ahd
Cooper 1938).' Such measurements were probably underestimates
because. they did not con51der nutrient regeneration or re-
plenishment of nutrients due to mixing {Ketchum et al. 1958).
Despite this,_phytoplankton productivity models have often in-
cluded terms fcr nutrients (Steele 1962, Steele and Menzel
1962, Riley 1963, 1965), and it has been suggested that pro-
ductivity couid be measured with the use of 15N‘tracers |
V(Dugdale 1967, Dugdale and Goering 19675.

Although the approach of using nutrient uptake measure-
ments to estimate primary productivity has been mainly con-
fined tc phytoplankton\studies (and these7with'limited‘success),
this apprcach merits attehticn for possibleluse in an aquaf
culture system with aquatic macrophytes. . Nitrate was used in
-this étudy hecause, unlike-other nutrients, it will notl
VOlatilize (like NH3) or readily precipitate'out (like PO,) .
In additioh, nitrogeh'is,aikey nutrient on which to focus
hecause it.can be readily measured andris‘often the limiting
nutrient in the system, particularly on whose nutrients are
derived from seccndary sewage (Ryther et al. 1977). Primary

4»productlv1ty estimates based on nutrient uptake measurements
are more valid in a controlled aquaculture system where ni-
trogen levels are relatlvely high, m1x1ng is sufficient to

assure homogenelty of the water column, and nutrient regenera—

tion is minimal than in an uncontrolled natural system.
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MATERIALS AND METHODS

Thié research took place at the Aquaculture’facility at
the.Harbbr Branch Foundation located near Fort Pierce, Florida,
where there is presehtly a projéct to produce aquatic plant
biomass that is used as substrateﬂin anaerobic fermentation to

produce‘méthane gas. For these particular experiments, the

watér‘hyacinth, Eichhornia drassipes (Marf.) Solms was grown

in Vexar'plaétic mesh cages (1.2 mz) that had been placed in
concrete burial &aults'(2.20 x 0.80 x 0.45 and 1.70 m? in
water - area) containing approximately 750 & of water. Tﬁese
‘vaults réceiﬁéd‘Z volume turnovers each day df eﬁriched nu-
triént medium (Table 1) which'contained appro#imateiy 50
uM NQj—N; . | | |

' .The stqcking dehsity of water hyacinths was usually

10 Kg/mz; At approximately weekly intervals, the cages con-
'taining the water hyacinths were lifted out 6f the vaults,
dfained fof'four minutes, wéighed with a spring scale, and,
~after removiﬁg the incremental grbwth, returned to the vaults.
Priméry,prodﬁctivity by this harvest technique was calculated
as the incféase in dry plant weight per unit area and time.

The dry weight of Eichhornia was considered to be 5% of its

wef Qeiéht. A more completerdiséussioh of these methods are
found in Rythef (1978); |

In order to estimate primary productivity from diel
measurements of nitraté removal, the.effluent from one of

these vaults was analyzed for its NO3-N content in a con-

tinuous basis over a period of 24 hours with an automated




Table 1. Approximate cqmposition of enriched medium flowing

_into cultures of Eichhornia crassipes.

Concentration (uM)

‘NaNO3 g - o 30,00
KNO3 o . © 20.00
CaCly-2Hp0 | | 7 12.56
NapHPO4-Hp0 | . 5.00
MgSO0y - TH2O - - 3.21
s . | : , . 1.s6
Fe? : o | o 119
wd o S o 10.46
2nd S | | o 0.38
B2 - | | o 6.062
cud ' | 0.052
Mo® | | :0.003

apdded as commercial liquid fertilizer (Nutri-Spray} Chase &

Company, Sanford, Florida).
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hutrient analyzer system, 'Ah Autoanalyzer Model I proportion—
ating bump pumped sampleé from the effluent of the vault
through an in-line reagent filter and then through a copper-
cadmium_column_(StricklandAénd Parsons 1972, Stainton 1974)
which reduced thé NO3-N in'the sample to NO,-N. The resulting
solution was pumped through a flow-through cell in a Bausch
and Lomb Spectronic 100 épectrophdtometer which transmitted

an outpdt signal that was fecorded on a OmﬁiScribe B-5000
recorder.’ fhe entire apparatus was ehclosed in a wooden box
(1;28 X 0}65.x 0.50 m) ‘which could be readily moved around
-from one sampling location to.another. Input and output
tubing went through an opening in the box by means of a PVC
pipe (2.54 cm in diameter) that was fitted with aﬁ elbow to
- prevent precipitation from éntefing into the apparatus. A

60 ﬁatt light bulb was kep£ on inside the box to facilitate
monitoring the apparatus at night and:also to aid in humidity
control. The wvault was aerated with compresséd air through
holes drilled in a PVC pipe (2.54 cm in diameter) placed on
the bottdm of the vault in order to insureAcomblete.mixing“
within the.vault and to prevent any time lag in observing
changes in-NO3—N concentration. Although it was not necessary,
a new.cadmiﬁm column waé prepared for each run. Standards(
reégent blanks, -and influent NO3-N levels wereﬁmonitored at the
beginning and end of each diel run. For each'rdn, a composite
sampie wés made from three plants for an analysis of the in-
ternal nitrbgen cohtent of the plaﬁts with a Perkin-Elmer

‘Model 240 Elemental Analyzer. -
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FromﬁtheAcontinuous'24 hour record of the effluent NO3-N
concentration, primary productivity, baséd on diel nitrate

- uptake by the plants_was’caléulated from ‘the equation:

1.4 x 10'5(Ci—Co)(V) (T) ‘
PETT @ - (1
whefe Ci = the NO3¥N concentrationj(ﬁM)'in the influent’into
theﬁvault,'Cb = the NO3-N concentration (QM)'in the'effluent
from the ?aﬁlt, V = the number of volumes (litéré) pef turn-
OQér, T =:£hé'nﬁmber of"turnoveré per day, A = the area
'océupied by the cage of plants, N = the internal hitrogeh
_content df the plants (g.N/g dry weight), 1.4 x 10_5 converts
U mole NO3-N to g N. Thé diffefences between influent ana

- effluent NQ#—N levels were obtained'by integrating the area
under the diel curves (é.g; Fig. 1) and determihing.the
amount of NO3-N removed from the water over 24 hours. All
diei graphs were plottéd on a scale from 0000 to 2400 to
facilitate comparison of experiments that began'aﬁ diffefeﬁt

times of the day.
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RESULTS

Eleven diel experiments were conducted from January to

July 1978 for Eichhornia crassipes (an example is illustrated

in Fig. 1) . Based on these data, there was little evidence
‘of a diel cycle in NOj—N uptake. The NO3—N‘§oncentration for
any partiéulér diel period was similar dﬁring the day aﬁd night
although slightly lowér NO3-N levels often occurred at night.
‘Maximal concentrations (i.e. minimal uptake) - tended to be in
_the afternoon.
_From these data, primary productivity ra£es were estimated .
using equation (1). These estimates (Table .2) agreed favor-

ably with those obtained'with the harvest method, being on the

|
o
average 12;33% léss; Inferestingly, the best'agreement be-
tween the £Wo‘méthodé Qas in Jﬁly when productivity was the 
highest of the étudy. At‘thatlﬁimé,vestimatés of primary
productivity ffdm diel NO3—N‘uptake measuraments were slightly
higher than those made with the harvest method. The worst
agreementAwas'on April 6-7, 1978, which was ah excepfiohally
inclement day. That day was the last of four consecuti?e days
in which diél studies were conducted, the first three of which
demonstrated gdod day-to-day reproducibility although the in-
dividual diel patterns did vary somewhat.

Primary productivity:estimates ﬁere also méde from NO3-N

|
|
‘uptake measurements at different specific times throughout the .
day, as well as from the entire, continuous diel record. Cal-

culated primary productivity rates for six times during each

diel period (Table 3) indicated that there was better agreement




Table 2. Comparison of estimates of primary productivity. for Eichhornia
crassipes as calculated from measurements of diel N03-N up;ake.(PD) and ‘

from.diréct harvesfing (PH).

Dates of diel’ ' Primary productivity

1978 L (g dry weight.m-2.daypl) .
By PH - PD/PH
1/5-1/6 © 7.00 7.26 | ' 96.42
1/7-1/8 ' 5.75 7.26 S 19.20
1/24-1/25 o | 7.00 7.47 - 93.84
2/3-2/4 | 4 ' 3.18 4.85 R 65.57
R 4/3-4/6 12.2 16.77 o 72.99.
4/444/5 | o 12.84 16.77 . 76757:
4/5-4/6 | 13.47 16.77 8.3
4/6-4]7 5.89  16:77 0 35.12
7/14-7/15 o $29.49 28.01 105.28
7/15-7/16 | 28.32  28.01 - 101.11

7/27-7/28 | 36.57 - 34.37 . 106.40

Average - . - 14.71 - 16.76 - 87.77




Table 3. Diel variation in primary productivity values (g dry weight-m‘z-day'l) calculated

from NO3-N uptake by Eichhornia‘craséipes.

Time of Day

1600

2000

Date of Diel 0800 - 1200 2400
1/5-1/6/78_ 9.45 7.61 2.54 6.22 8.99 8.99
1/7-1/3/78 - 5.08 6.05 5.57 3.63 4.12 4.84
1/24-1/25/178.. 6.81 7.86 3.64 8.13 4.17 17.33
2/3-2/4/78 i 3.17 3.44 3.44 2.63 3,17 . 3.44
4/3-4/4/78 12.40 12.40 8.92 15.51 13.59 13.59
4/4-4/5/78 16.28 " 16.28 11.63 5{43-‘ 8.91 ' 16.28
- 4/5-4/6/18 15.82 15.82 9.10 10.28 14.63 5.82
4/6-4/7/78 6.59 5.43 5.43 2.32 6.59 . 6.59
7/14-1/15/78 32.16 . ©30.00 26.74 26.02 26.74 .33.25
7/15-7/16/78 . ©30.36 25.30 24.21 27.47 29.64. 30.36

' 7/27-7/29/73 36.87 38.81 35.90 ©38.81 ' 36.87 37.84
Average 15.91 15.36 12.47 13.31 14.31 16.21
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with the harvest metﬁod at night‘and,innthe early-morning
(2400, 0400, 0800); Thus, if a continuous record of NO3—N
concentrafion is not possible, single samples taken during
this period of time rather thén later in the dayAmay suffice
to obtain a good approximation of primary productiviﬁy as
measured by the harvest method. Estimates made from the
0800 samples were most often closest to the estiﬁates ob-
tained by the harvest method, although the most-compéfable
overall a&eiage~for all 11 diel experiments was with the

2400 samples;




DISCUSSION

The results of this study indicate that measurements of
nutrient uptake can be used to estimate the primary produc-
'timity of aquatic macrophytes in an‘aquaculture system. This
method aiso appears to. be apolicable to seaweeds (Hanisak,
unpubllshed data) While our study was limited to NO3-N,
it is reasonable to assume that the uptake of other nutrients
(such as NHy-N and PO4—P) could also be employed.

~ The applicability of this technique to measuring the
primary productivity of natural systems is unclear due to
.potential problems; such as reduced ambient nutrient levels,
lack of'a steady state, a'less homogeneous plant'population,
greater nntrient regeneration, and lack of clearly defined
and measurable nutrlent 1nputs and outputs of the system.
However, thlS technlque would probably be appropriate in
circumstance similar to those that permit the use of diurnai
oxygen'or'“upstream—downstream" methods of measuring pro-
ductivity (Odum and Hoskin 1958, Vollenweider 1974)

: There were some variations in and between most of the

diel experlments, but the causes of these are unclear.
However, productivity estimates obtained from other methods
can vary-tremendously thrOughout the diel period (e.g. Doty
‘and Ogur1 1957, Verduin 1957) ~ Because of these variations,
: product1v1ty measurements over a- complete diel period should
be preferred to those made over a smaller sampling interval

(Wetzel 1965).
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The limitéd diéi‘variatian in N63-N uptake is surprising;
_'NO3-N uptake is generally believed ta;be greater in the 1ight
than in the dark for aquatlc macrophytes (Toetz 1971) and
algae (Morrls 1974), although D'Elia and DeBoer (1978) did
‘not observe diel changes in the uptake rate of NO3-N in the

red seaweed Gracilaria foliifera growing in an aquaculture

-System. ”The ability'of Eichhornia crassipes td assimilate
NO3-N just as rapidly,‘orbmore>so, at night as in the day
is prohably of considerable ecological Significance.to this
veryAWéedy sPecies that is widely distributed-in tropical
‘and subtropical areas throughout the.Qorld. This ability
also indicates the potential utility of this spédies to
remove nutrients as a compchent in a tertiary'éewage treat-
ment system. | |

At this time, it appeafs that nutrient uptake measure-
ménté éah be used ta estimate”primary productivity and would
be particularly useful in managing aquatic macrophytes -in an
aquacultﬁre system.V'Additional'refinements in the technique
may be required as.the size of thefcultures;is increased.
‘Besides estimating productivity, these measurements can help
monitor thé effectiveness of nutrient removal either as part
of a tertiary sewagé treatment or to preﬁent pqténtial eutro-
phicatian problems near outfalls of'aquacgiture syétéms. In
this work, no attempt was made to maximize nutrient removal;
quite tb the contrary, NO3-N concentration and the turnover
rate were képt high enough'to insure a plentiful suppiy'of
nitrogen. This method can be used with phytoplankton and

- seaweed cultures as well as with that of aquatic macrophytes;
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VL. Kelp farming in the People's Réphblié of China.

A crude form of seaweed culture has been practiced‘iﬁ the Oriént
for several hundred years, but since the life cycles of many species
of mariﬁe algae have begdn to be understood and contr&lied in the
laboratory, a more sophisticated and much more successful industry
has opéned up. . This developmeht occurred first in Japan in the years
iﬁmediateiy fdlléwing World War II and later spread to China, follow--
ing its revolution.

Seaweed culture in Japan is well known and documented. Principal
emphasis is devoted to the culture of Porphyra or '"mori', a luxury
food that 1is used extensiﬁely as a flavoring agent or condiment and
brings a price of $2;00 to $4{00 per dry oﬁnce. Quality of the
cultured seaweéd is more iﬁportant than quantity, and its.high price
. helps to justify the intensive 1abor that 1is required to achieve
very modest yields - of the order of 1-2 dryﬁtoqs/acre,year.

Much less is known of the seaweed 1ndus£ry in the People's

Republic of China, where Porphyra is also grown but in smaller quantities

. thanvthe kelp, Léminéria japoﬁica. In many parts. of China, the in-
ﬁabitants are éubject to a ch%dnic problem of goiter, a disease caused
by-iodine defieiency, The consumption of brown seaweeds rich in
iodine is a pronhylactic measure to prevent goiger, and Laminaria has

therefore become an important item in the Chinese diet.

As its name. implies, Laminaria japonica is indigenous to the

cold-water environment of‘Hokkaidq, the northern island of Japan,




-63-

.fpdm which some }000 tons/yeaf'ﬁere formerly exported.fp’china; Now
it is grown in over 750 acres of China's northern coastal water,

with a production of more than 10,000 dry toné per year. This annual
" rate of production has f&r exceeded the local demand of_fhe product
for direct use as food; Over 1000 dry tonms per year are now expéffed
back to .Japan,.whose production has declined, and approximately half
the énnual production is now extracted in China fof igé contained
hyarocolloid, alginic acid, that is used for many purposes in the
food, medical gnd éther industries,

: quiqg<September-October, 1978, the.Principgl'IQQesfiggtpr visitéd
the People'é Republic.of Chin# as a memeber of a U?S. Delegation of
Oceanographérs, and had the opportunity to obéerve LgminariaJéulture'
“and to_dichss}the indus;py with scientists and'cultﬁrists.in fhe
northerh coastai cities of Tsingtao and Délien. A brief account of
Laminaria culture in China'foilows.

Figure 1 shows one of the 15 kelp_”nursgfies” in northern China,
this one consisting of two lgrge greenhouses'(SZOO mzi containing
shallow tanks through which fertilized, ref;igeratéd (5-8°C) sea-
water is circulated.- Roughly a half million gallons per day is passed
through each greenhouse, three quarters of which is recirculated and
one quarter discarded and replaced. As the seawater passes through
the chiller, it is enriched Qith 4 mg/l ﬁitra;e-nitrogen and 2 mg/l phos-
phate-phosphorus; The greenﬁouse glass 1is ﬁainted.whitg to permit |

a maximum solaf~inﬁensity of no more than 4000 lux.




Figur2 1. Kelp nursery-greenhouse i= Tsingtao, China.



In spring, the shallow (ca; 10 cm deep) tanks in each nursery
are filled with 10,000 wooden frames, each foughly 40 x;60 cm around
which 50 meters.of rough,.ca. 0.5 cm diameter striné isjﬁoﬁnd.
Mature sporophyte plants of Laminaria are-briefly:sun'dfied to
stimulatg the release of zoospores and are then spread éver tﬁe
wooden frames, which afe laid out'flét,in the nursery Fanks. ‘The zoo-
‘spores are shed from the sporophyte plants énd aftach to the string
frames ('"spore curtainsa) within tw§ hours. There theléomplex life
cycle 6f the Laminaria is completed. The spores develop into micro-
‘scopic male and female gametophytes (the sexual form of the.aiga),
- which quickl& ﬁéture to produce sperm gnd eggé, the motile sperm
swims té'aqd fertilize§ thé egg which germinates to p;oduce the spore-
ling that eventually grows into the large matufe, asexua;.sporophyte‘F
the familiar, obvious seaweed planf. |
All of the above stages in the 1life cycle, from the shedding
.of the zoospores to the developmenf of the young sporelings, take
piaée in the nursery during the period June-October. When the out-
side water témpérature falls below 20°C, in mid- to late October
in Tsipgtao-but in late September to early October in tAe more northern
Dalien area, the "spore curtains" aré taken off their wooden frames

and moved to the ocean, where they are suspended between parallel
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rens of large buoyed and moored ropes (Figu:e 2). At this pdint, the
sporelings are 2-4 cm long and there are some 50,000’of them per 50-
meter "spere ;urtain“ (Figure 3).

When'they.are small, the spofelings are tended deily, lifeing
each ''spore curtain' ffom the water, meticulously brnshing off tne
sediment and aetached plants and animaie from each plane, and immers-
ing the'entire curtain into a tub of concentrated liquie.fertilizer.-
When they reach the size of about 10 cm, after 25-30’daye in the
ocean, theventine.young crop is harvested, mannally stripped off the
strings to(wnich they are attached, and bundles of four.sporiings
each are inserfed'into the weave of larger, s cm diemeter; eoarse,
loosely woven'ropes that are again tied acrose the pérailel suspend-
ing lines. There they remain until they'are narvested:qver a six-
| week period beginning in early .June.

‘The plants are no longer individually tended after they are
tnansplanted, but the crop 1is usually fertillzed~ Formerly, this
wae done by attaching te ihe ropes ceramic containers of fertilizer
through which the nutrients could slowly diffuse. Now it is found
more expedient and effective to broadcast or spray 1iquid fertllizer
daily over the kelp beds (Figure 4). |

A section of a typical kelp farm in Dalien is shown diagrammat-

icdlly in Figure 5. In Tsingtao, where the growing season is some

230 days, the kelp reach a length of about three meters at the time

of harvest. Yields average 12 dry tons/acre.year. In the colder




Figure 2. Mopored, buoyed lines (sets) to which kelp '"spore curtains" are attached.






Figure 4. Spraying liquid fertilizer on kelp farm.
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Dalien region; the season 1is perhaps one month longer. Because of
that and/or for other reasons, the kelp plants there reach a length

that may exceed 5 meters and yields'bf 20 dry tons/acre.year are

Areported. The wholesale.value_of dried kelp in China iS‘$O.60.U.S.

per pound.

The City of Tsingtao is China's main center for mariﬁe‘research,
w;th its Institute of Oceanography (Chinese Academy of Sciegces),
Stantung Céllege of Oceanography, and Yellow Sea Fisheries Inétitute
(National Buréau of Fisheries). The Deputy Directof of the Institute,
C. K. Tseng, is himself a'phycologist who received his doctorate
with W. R. Taylor ét the University of Michigan and workéd at Scripps
Insti;ution of dceanography (La Jolla, CA) before returning to China.
T. C. Fang, Chairman of the Biblogy Department at Sbantung_College;
ié also a aigal‘specialist pf note. Understandably, then, much
emphasis within the Tsingtao scientific community is;devoted to
research on seaweed culture and felated‘subjects.

Scientists at the Institute of Oceanography have had'considerable
success; througﬁ X;ray-ipduced mutation and selectiQe'Breeding, in
developing pure strains of Laminaria that'grow more rapidiy than the
wild populations, contain more iodine, and can tolerate higher tempera-
tures. The latterAfeapure is an importanﬁ attribute that allows ex-
tension of the southern range of the species and a corresponding expan-

sion of the‘Laminaria culture industry.
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T. C. Fang ?s cafr&ing out interesting basic genetic studies
with Laminaria. By treatment with colchicipe ét low temperatures,
Fang has been able to induce -the microscopic female'gametophyte of
Laminaria to develop parthenogenetiCaily into.a 1argé,/undifferen-
‘tiated cell mass (callus). Each callus may be considered as a
genetically.pdre‘clone which may be maintained indefinitely and .each
cell of which, when isolated and returned to its normal eﬁvironment,<
will develop .i nto a normal sporobhyte (i.e., the commercially-
valuable seaweed plant). This pioneer work in seaweed genetics opens
the dobr to the development of pure-breeding, iﬁproyed stocks of thisq
important seaweed, following in the footsteps of modern higher plant
genetics. |

The cultivation éf the red seaweed, Porphyra, in theAPeople's
Republic of Chiﬁa 1s a more recent introduction and is still under-
going development. Essentially the same methods are used for grow-
ing this alga in China as are employed in Japan. Singe the latter
have bgen,thorogghly-documentgd elsewhere, the practice will not Be
described here exéept where it differs éigqificantly. A receﬁtr
innovation in the Chinese system is to spread the nets (to which the
spores and lgter the mature plants are attached) to floating bamboo
rafts (Figure 6), in contrast to the fixed nets, attachedAto poles
driven into the bottom, which are used in Japan and initially in
China. The floating réfts keep the plants permanently at or just below A

the sea surface and this has reputedly greatly enhanced yields. Another
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Figure 6. TFloating bambco raft for Porphyra culture in Dalien. Floating white oktject is plastic nag
of Zertilizer.




-68-

departure from Jaﬁanese "nori" cultyre is the ferfilization of'the
Porghxré beds, accomplished by attaching small plastic bags of '
fertilizgr_to each bamboo raft (Figure 6), through which the nutri-
ents slowly diffuse as they dissolve.

The small,.éold water species of Porphyra (P. yezoensis), intro-
duced from Tapan, is grown in northern China, where yields of abbut
0!25 dry tbns/aére,yegr are obtained. In the South Chihé Sea region,

Athe more tropicai P. haitanensis is grown. That speciés reportedly
reaches a length of more-than-nine meters in squthern.China, 1nlcon-
trast to P. yezoensis, which grows to only about oﬁe meter in the
nofth. Yields of P. haitaﬁensis from 1afge prodﬁction units are of
the ofdef:of 3.5 dry téné/acre.year, and in small, -experimental plots,
as high as 8.0 dry tons/acre.year. Yields of Poréhzra; though signifi-
cantly higher than those in Japan, are thus muchlless than Chinese
yiélds of Laﬁinafia, buf the higher.pfice of Porph ra;'over $5.00

U.S./dry 1b, makes its cultivation popular in the People's Republic.
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VII. Gracilaria farming in Taiwan‘

Agar-agar, thé hydrocolloid contained in certain vred algaé
(Rhodophyceae), is traditionaly manufactured in Japan, where it is
extracted from one of the several spééies of'Gélidiuh that are
indigenous to that country. Faced wifhllimitedlor complete'loés
of supply from iapan dﬁring World War II, many countries started
' agar industries.of their own. Beginning in 1944,.Taiwan began to
cqllect'Gelidium from natural stands along its northerm and eastern
coastline. However; Gelidium stocks were limited and difficult
to harvest, and tHe industry never became very wéll déveloped.

In 1962, membérs of the Chilou Fishermen's Association first
demonsgrated the‘feasibility.of culturing Gracilaria; anoﬁher génus
of the red algae that produces agar. Since then, thg practice has
grown steadily, largely utilizing ponds that were originaily con-
structed for milkfish fafming (Figure 1). Tﬁe lattef is carfiea
out with some difficulty in Taiwan. Milkfish isAa troﬁicél species
that does not éasiiy surviﬁe the winters of Taiwan. The fiéh must
be held in protected deep channels Qver the winter.months (Figure
2) and do not grow at that time of year. .Milkfish_has also

never been suCcessfully spawned in c#ptivity and tﬁe ihduétry is
dgpendent onn fry captured along the coastline at resﬁfiéted times
and places. The young fish are often both écarée and expensive.

Gracilaria may be grown in the same pohds as‘milkfisﬁ.' The

practice is more labor intensive than the fish farming, but when



Figure 1.

Gracilaria pond

near Tainan,

Taiwan formerly used for milkfish farming.



Figure 2 Deep, over-wintering channel in Gracilaria-milkfish pond with bamboo frame. Hay at right
is used to cover frame and provide shelter from wind.
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1ab6r is avéiléblé and chegp, the farmer caﬁ gross five to ten times
tﬂe income from the seaweed as he can from milkfish. -From its
beginniﬁgs in 1962, the Gracilariabiﬁdustry of Tai&an has grown
to a production of 2500 dry metric tons in 1973 and 6800 metric
tons in 1977, the latter har§ested from a total culture area of.
400 hectares. |

A portion of the Gracilaria grown in Taiwan is prdgessed and
the agar extracted at one of the six Taiwanese agar plants. How-
ever, a growing proportion of the harvest is put through its initial
Aalkaline processing in Taiwan and then shipped to Tapan for agar

extraction, where good quality material (> 30% agar with gel strength

of > 500 g/cmz) brings a price as high as $2000/me;ric_ton.
The 0ld milkfish ponds whefe Gracilaria is now grown are

: usually rectangular, between one and ten hectares in.size, and
about one meter deep when filled to capacity; Thé bottom is hard,.
sandy loam (soft mud‘bnttom is considered undesirable botﬁ for
growth an& harvesting). The ponds are located adjacent to estuaries
or tidal rivers so that they may be filled or replenished by pump-
ing from the estugry.

Maintenance of a salinity ranging between 22 and 35% is one-
of the most critical aspects of pond management. The Gracilaria
farﬁer continually monitors salinity.with a hydrometer, and must
add aé much as 10 cm per déy of freshwater (pumpéd from.the estuary

during low tide) during the winter, dry season to compensate for evaporation.
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In the wet season (sumher); tﬁe opposite prbblém Qf’excessive
fréshening of the pond is encountered. This is countéred by pumé-
ing out a fracticp of the pond contents and replacing it Qith
saline water. However, most of thé poﬁds are situated far enough
upstream that highly saiine water can be obtained only during
extremely high (spring) tides. Thus management is summer is more
difficult'than in winter, and 1is particularly difficult during an
excessively rainy wet season. Thg Gracilaria farmer's dilemna is
that préper pond management 1s most difficult during the Best grow-
ing season for the seaweed and easiest in winter, when gréwth is
minimal.

Addi;ion of water from the estuary also provides fhe,other
iﬁportant.function of fertilizing thelegcilaria with essential
nutrients. Tﬁe farmer has no way of measufing nutrients, but judges
the current state‘bflthe pond's fertility.by its clarity, since the
addition of nutr#ent;rich water also:ﬂimulates‘the growth of phyto-
plankton suspended ;n the pond water. With the pond stocked and
maintained with the proper density of seawgaL the phytoplankton can-
not grow to excessive "bloom" proportions, a situation thaf is unde-
sirable becéuse it shades the Gracilaria and retards its growfh.

The farmer must ﬁe careful to leave a sufficient biomassqu seaweed
when he harvests to prevent such phytoplankton dominancé as well as
to maintain optimal production fromAthe>Gracilaria itself. But when

the water becomes perfectly clear and transparent, due to the absence




of phytoplankton, the farmer also realizes that nutrients are exhausted

from the water, a signal to'add more fertile éstuarine water.
Fertilization pra;tices appear fo vary. When the ponds are

first prepéred for Gracilaria culture, the newly-inﬁroducedAwa;er

" may be enriched with fermented pig manure at a rate of about 100 kg/

hecgare. Some farmers add no further enrichﬁent.other than the,

practice,. referred té above, of adding nutrient-rich estuarine water

Aas needed. Oche;s use either inorgaﬁic or organic feftilizers.

routinely, in one example 3 kg urea/hectare/weék.

. The Best growth of thg seaweed occurs in the.temperature range
of 20°-25°C. Growth stops below about 12°C, buf the plénts can
tolerate temperatures as low as 8°C. In Southern Taiwan, where
virtually all of the Graciléria is érﬁwn, thé normal water tempefa-
ture range in the ponds is_from about 10°C in winter to about 30°C
in summer . Poﬁd depth is caréfully reguiated seésonally, partly to
control temperature and partly to contrdl the intensity of sunlight
that penetfates to the seaweéd on ;he pond bottom. 1In summer,lﬁhe
ponds are maintained at 60-80 cm depfh an&'in winter, at only 30 cm
depth.

Several species of Gracilaria are cultured in Taiwan, often to-
gether in the saméipond. The mbst pbpular appears to be that iden-

tified by the government biologists as G. confervoides.IFCuttings

or torn fragments of the seaweed, purchased from other farmers, are

used for seed stock and are introduced to a new farm at a density



of 3-5 kg wet wt/mz. The plants are evenly spread over the pond

Hottom and grow there vegetatively throughout the yéar. When the
population has roughly doubled in density and biomass, as estimated
by eye, half the crop is harvestea by.a crew of 10-20 women, half
of whom rake the seéweed intg'piled rows on the pond bhottom, and
the other half of whom dip-net the pianés out of the water and into
};rge bamboo baskets on wooden barges'(Figures 3,4). The remaining
half of the.crob is then spread evenly over the pond bottom.

The~netted'seaweeds are shaken in the water to remove sedi-
ments, epiﬁhytic diatoms, snails, and other animals tﬁat live in
thé plants. They are then spread out on flat earthen or concrete
supfaées and aliowed to sun-dry, furning the plaﬂts onée to facil-.
itate and hasten the drying process.(Figure 5).

There are usually seven to eight harves?s per year, each of
one to three dry tons/hectare, mostly occurring ffém Jﬁne through
December. Ljttle if any growth occurs during the late winter and
very early spring ané the stocks are sometimes held in deep, pro-
tected areas during the'coidest part of Qinter, using the'same covered
shelters as were originally designed for milkfish culture (Figufe 1).

Some farmers harvest smaller crops more frequently during the
growing seés&n (1.e., every 10 days or so) but annual yields are
approximately the same whatever the harvest routipe. Yields range

from 10 to-20 dry tons/hectare.year and avérage about 14 t/ha.year.



Figure 3.

Raking the Gracilaria

into rows on bottom prior to

harvesting.



Figure 4. Baske:cs of Gracilaria harvested from pond.




Figure 5. Gracilaria spread on hard earthen surface for sun-drying.




There is some problem with epiphytes, principally the filament-

ous green'glgae Enteromorpha and Chaetomorpha, growing on the
Gracii&fia. This is controlled by stocking 500-100b hérbivordus.
milkfish/hectare (150 gram or larger fish), which preferably

graze upon the epiphytic algae. After the seaweeds are,théroughly
cleaned of the epiphyteé,‘however, fﬁe milkfish w1114£urn to the
Gracilaria itself for nourishment, 56 the fish mUSt.be'qétted out
after they have performed fheir éleaﬁing service.

The other chronic problem in Gracilaria culture is maintaining_
the culture evenly distributed on the bottom. APonds'ére usually
oriented with théir long axis perpendicular to the prevailiné wind, '
and there is often a wind-break of trees or othér vegetation
planted on the ‘up-wind side of the poﬂd.. Despite.this, stfong'winds
will often pile up the loose plantg along the dowﬁwind‘side of'the
pond, and considerable hand labor is required to spread tﬁém out
evenly againbby raking.

| Additioﬁal income is often obtained by thg Gracilaria farmér
through the éimultaneous rearing of shrimp and/or c:abé together
with fﬁe séaweeds. These animals are not fed, but obtain their
nutrition from animals thgt occur naturally in ghe ponds.  Some of
the food organisms grow as epizoa on the Gfacilaria, so the éecondary
crop also fﬁngqions as cleaners éf the seaweeds. Thé farﬁers may
realize up:to 10-20% of the income of his pond from suéh aﬁcillary

crops.



