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I. Summary

A. Seaweed culture:

Tﬁe '""ORCA" c}oné éf'the red'seaweed Gracilaria tikvakiae, isolated
in.December 1977, has now been gfown continuously iﬁ‘2600-1-aluﬁinum
tank culture for two years. Yiel&s‘of the*sgaweed'ovéf'the past
twelve months, in’cultures receiving four exchanges of water per dgy
enriched with 50-100 umdles/l NO,4-N, 5-10 ymoleéll Poaépland trace
metéls (concentrations of enrichment depending upon the nutrient con-
tent of fhé seawater) and in vigorous aeration maintaining the plants
in suspension, havé pverdged 12 g ash-free dry weight/mZ.Aai,-quiv#-
lent td approxiﬁately.44 t afdw/hectare.year (17.5 t/péré.yeér).

Thgse yields are aimost exactly the same as those obtained using
similar methods over the ﬁreviéus year. |

During the past yéar a new nutrient enrichment procédure wds
initiated ;p which the commercial inorganic frace mefal ﬁixture, used
alone up to that time, was supélemented with 8 chelated<iron source
(Fe-EDTA). Foliowing that changé in enrichment procedure, new_gxperi-
ments on the effect of reducing the flow pf water th;dpgﬁ tﬁe cultures
proved highly successful, growth at one volume exchange/day being
e§u81 to that obtained with'four_exchanges/déy. It wasréoncluded
that, with the earlier inorganié trace element enrichment procedure,
one or more esSen;ial elements precipitated in the seéwater or ware
other&ise made unavailable to the plants, and that the iﬁcreased growth

with increasing rates of water  exchange had resulted from an



.enhanced supply of the limiting trace element(s) in the séawater.:
for reasons not understood, that effect was not apparéhﬁtwhén it
was idoked for in the smaller (50 1), screening ténks; pe;haps
because it was obscured by other growth-limiting factoré associated
with slow exchange rates in the smaller cultures (i.e., iarge fluc-
tuations in temperature and pH, C021imitation, or berhaps other
'chehical and/gr physical stresses). o

The achievément of high yields of Gracilaria at'lpw water éxchange
rates 1s a major accomplishment, because the cosf, economically and
in terms of energy, of continuously pumping larée volgmgé of water

~would represent a major constréint to an infensive segwee& culture
operation, no matter how large the yield. New experiments wiil now -
be undertaken in which the rate of exchange gf water w;ll}Be reduced
further, using both continuous and puised water supplyjAuntil a
minimum flow rate coﬁsistent with high yields is estabiishgd.

A discovery of similar significance to the economic.and energy
cost of intensive seaweed culture was the demonstration that yield
is not affected by restriction of aeratioﬁ to th¢l12 daylight hours
(i.e., in contrast to continuous aeration). This finding is still
fentative,apd will require further confirmétion, but ifféhe results
of the preliminary findings are repeated, additional>eX§eriments in
this area will also be undertaken, reducing both the. quantity and |
period of aeration until the minimum requirement of that costly

procedure is also determined.



Gfacilaria has also been grown, using a variety of non-inten-
sive culture methods, in a series of PVC—liﬁed earthen ponds rang-
ing in bottom areas from 10 to 20 mz, in depfh, from 0.4 té 0.8 m,
and in vol?mg [ruﬁ 5,400 to 24,000 liters. ” |

In one series of such expgriments, the seaweeds were floated on
the pond surface in plastic-mesh trays, the plants just submerged
below the water surface, and enriched seawatér was continuously-pumped
from the pond bottom and sprayed, through conventional shower heads,
onto the trays from.above. The Gracilaria in these experiments be-
came heavily epiphytized, primarily with the filamentouslgreen alga

Enteromorpha sp., and eventually died.

In another series of non-intensive culture gxperiments, pieces
of Gracilaria 10-20 cm in,length were inserted into the'weave of
polypropylene rope a; interv&ls of roughly 10 cm and the ropes were
suspended in the ponds -at various distances off the bottom. These
plants also became heavily infested with epiphytes and:failed to grow.
Several attempts were made to grow the seaweeds pa;sively on the
bottoms of the ponds in a manner similarlto that employed in the
commercial Gracilaria culture industry of Tgiwan. Mixed results bave
been obtained from the ﬁottom culture experiménts, which are contin-
uing, but the tentative conclgsions tha; have been reached to date are:
1) Using two  exchanges of water per day and confinuous enrichment
(150 pmoles/1 NO3-N; 15 umoies/l POA-P, chelated ;race eléments)
gave poor fesults,.the seaweeds becoming heavily infestéd with epi-

phytes and eventually dying.



é) ﬁsing the same flow rate but pulsing fhe nutrients, stopping
the flow for 48 hours every two weeks and adding an ampﬁnt of nutrif
ents comparable to that which would be provided in (l)uaﬁoverver'
the-two-weék period,prevented»epiphyte development and resulted in
géod growﬁh of the Gracilaria.

3) The use of shallow (0.4 m) ponds rgsulted iﬁ good gro&th in
. winter and poor growth iﬁ summer. Deep (0.8 m) pbnds,produced yields
that were interﬁediate throughout the year. Thus, use of deep ponds
in summer and shallow ponds in winter is indicated.

4) Gentle aeration, insufficient to move tﬁe seaweed but enoqgh
to circulate the water and break down tbermal stratification, appears
necessary in summer but is not rgquired in wintér.

5) The use of a sand-soil substratg on the Bottoms of the PVC-
lined ponds did not enhance growth.

Mean yields of Gracilaria in the non-intensive ﬁond-bottom cul -
tures that have proved successful to date, since thesé experiment;
were initiated‘in May, 1979, has been aBout 3g afdw/m?,day (10 t/
ha.yeaf or 4 t/acre.yeaf), abqut‘one-quarter of the yieids obtained
by the intensive culture methbds. However, Fhis research is still
in a relatively early stage of deQelopment and is continuing, so
some imprpvemept in yields may be anticipated.as more experience is
obtained with thesé methodé.

A major purpose of the non-intensive pond culture experiments

is to develop the most promising method for growing Gracilaria in the



'~ one-quarter acre (10,000 ft2) demonsfration‘unit tﬁat“ﬁaé com-‘.
pieted in the late sumﬁer'df 1979. Initially it was.planﬁed-to
'érow a sufficient quantity of the "ORCA" clone tp.gtock'the large
_pond, and the yields‘of four,2606-liter aluminum tank cultures and
one 25,000 liter aluminum tank culture are preséntiy béing used for
that pdrpose. However, to save time over that pro;éés;.which could
take over a year to stock the large_pond at}tﬁe desiféa_dénsity,
aéproximately one ton of Gracilaria was éollected fromithe Indiaq
River in October and used as an initial seed culture, which will
continue to be supplemented from thé smallef.experimentél cultures
of "ORCA" clone. Thus, it is hoped thatlsufficient Stock Qill be
available to initiate seaweed culture experimenfslin the quarter-

acre pond by early 1980.

B. Freshwater macrophyte culture:

In contrast to the seaweed research, where several important
problems have remained to be resolved, relatively littleueffort,was
devoted to new research with. freshwater plants during;the present
contract year. Water hyacinth remains the most promiéiﬁg species
with respect to yield and relative freédom from major'préblems in
"~ its cultivation, though some new problems have emerged tﬁat will
be discussed below.

Initial use of an inorganic trace elemenﬁ enrichment, discussed
above in connection with the seaweed culture, was fifstlfound to be

inadequate for the rapidly-growing water hyacinths, leading to obvious



 éh1ofosis of the foliage and eventually a cessation of growth. This
could be corrected by sprayiﬁg the foliage directly with ;he in-
.organic enrichment medium, but that practice was sﬁﬁéeduently.réplaced
by supplementiﬁg the medium, with chelated iron, whiéh practice
was later adaéted for the seaweed culture. |

Water hyacinths grown in PVC—liﬁed ponds receiving a contin-
uous flow of enriched well water (éee"previous report for details)
exhibitéd a mean annual yield for the period March, 1978-March,
1979 of 25.7 g afdw/mz.day, equivalent to some 94 t'af6§/ha.year
(37 .t/a.yr). Thaf is about 1/3 higher,tﬁan the &ield‘reported for
the previous 1l-month periodv(sge previous report), gﬁt probabiy
reflects the normal year-to-year variability in yield thét may be
gxpected, particulérly forva'specigs 11§ing ﬁear<thé 1imit of its
range. In tﬁat connection, the higher yield during 1978-79 may
have been due partly Fo the mild winter‘of that year, during which
the plants were not once killed or visibly sét back by frost.

A new ptoblem in water hyacinth culture became obvious in May, 1979
with fﬁe iﬁfestation of the plants by weevils of the'genus Neochetina,
either or béth of the species N. eichhorniae or N. bruchi that have
been introduced to Florida from South American specifically for the
purpose. of wéter hyacinth control. AlthoughAapparentiy'not lethal
to thé plénts in themselves, the ?nsects aépear to stress them to the

extent that other control methods may be effectively used.



The weevii infestation of the Harbor Branch Foupdétibn popula-
tion of watér hyacinths §isib1y affected the plants'and quantitatively
feduced their yield until the insects were brought-uhder control by aer-
xial spfaying of - the foliage with an orgénophoéphate systemic insecticide
(Cygon 2E)*. Spraying must:now be employéd routinélyAto‘coﬁtrol
the &eevil infestation, a practice that could significahtly afféct'
fhe economics-of large-scale water hyacinth cultivatibﬁ.'

A new series of expériments has been initiated du:ing the present
contract year to investigate the effects of season, ni;fogen form
And availability and plant stand density oﬁ the chemical compositibn
of water hyacihths. Such variability in composition may have a
significant-effect upon the value of the plants as a feed or feed-
_supplement (i.e., through‘their nutritivg value) or as a biomass
source fér conversioﬁ fo fuel (i.e., through their energy content
and digestability by anaerobic fermentation). |

As growth of the plants decreases in»winter, due to both reduced
temperaturé and solar radiation, total nitrogen and ash‘content of
the plants increase while lignocellulose and ndnstructurél carbo-
hydrate levéls decrease, whilg the reverse trend develops as the more
active growiﬁg season begins in May and continues througﬁ the summer.
Analyses of inorganié nitrogen levels in the piant tissues indicate
that the plants are able to assimilate and store the nutrient in
winter, when they are unable to grow or can grow only slowly and

cannot convert the nitrogen to plant protein. In summer, when the
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plants can grow but environmental sources of nitrogen may be limit-
iﬂg, the hyaéinths are then able to utiiize their winter reserves
of’inofganic nﬁtrieﬁts. In this respect, a sffiking_similarity
‘6ccurs in phe étrategy of these plants and of températe gpeciés'

of seaweeds. |

Both nitrate- and ammonium-nitrogen are assimilated equally
well by Qatef hyacinthé, though ammonia is moré.réadiiy incorporated
into proteiﬁ, as is true with most plant species. Nitfpgen avail-
ability has a pronounced effect upon chemical composition of the
plants, high availability resulting in cor?espondingly high levels
of protein and ash andllow availability resulting in plants with high
levels of structural carbohydrates (whiqh reduces their nutritive
~value and digestability). "High quality" piants, growﬁ at the aqua-
culture facility with a non;limiting supply oftlitrégep produced
nearly three times as much biogas per unit weight as,did nutrient-
limited plants from a natural stqnd. Thus plants collected from the
vwild, where nutrients may be growth 1imitiﬁg, or those grown arti-
ficially under similar conditions, may give misleading informétion
concerning the potential value of the species.
Finally, water hyacinths in very dense stands age,able

to grow only vertically with greatly elongatgd stemé‘reiative

to those in.sparsely‘populated stands. Vertical elongation re-
quires a substantial increase in structural carbohydates such as

lignocellulose and the relative proportion of that substance increases



corfesﬁond{ngly in dense sfands of the species, to th detriment of
its nutritive value and digestability té methane.'.Densg standsl
 6£ water hyacinths are thus not only undesirable ffambfheApoint of
V1ew of their‘qrganic yields (see Chépter 4) but aisé'tﬂeir cdmposi;ion
and yélue. |
An experiment,,initiated in 1978, was completed in 1979 in which
. water hyacinth yields at the Hafbor Branch Foundation,aqgaculture
facility, where the plants were grown in continuous%fléwing, enriched
well water, were compared with yiélds from a eutrophic natura1 environment.
Grthh of.plantS»in'the two locations was rbughly the saﬁe during the late
winter and early spring when light and/or témperature were presumably
the iimiting factbré,‘but at other times tﬁe-yield of the cultured
plantg increased by sevgral fold while that of théﬂnat#ral stapd
decreased to levels one-third or less qf the cultured plants. AThis
annual study further substantiated the hypothgsis, prééented iﬁ the
last report, that biomass yields at the Harbor Brancﬁ Foundation
facility equalled or, at-least, closely approached the maximum’
péténtial for the species for the climate and latitude of central Floridai
Some additional studies were carried out dqring 1978-79 on other
species of freshwgter macrophytes, thoﬁgh the effort made in that-

area was relatively minor. The pennywert, Hydrocotyle umbellata,

which appeared to show some promise a year ago, particularly because
it had been found elsewhere to grow at lower tempefatufes than does

water hyacinth, proved to do rather poorly at Harbor Branch Foundation
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during the winter months, with perioas of no:growth alternating with
' periods of mbdest yields; MEan‘yield of pennywort oyér a 10-month-
perio& was 7.9 g afdw/mz.déy, only about one-third tﬁat éf water'
hyacinths. a

Water lettuce, Pistia stratiotes, has been grown for a short

Aperiod of time during the fall of 1979,.duriné'which‘it averaged
14.4 g4éfdw/m2.day at its optimal density of 160 g afdw/mz. “Pistia
is reportédly eQen more of a tropicai species‘than waﬁe?vhyacinths_,
and its yields h#ve, in fact, declined from early Octgber to .late
'Novemﬁer, but.itg growtﬁ will-continue to be monitoredfthrough thé
winter of 1979-80 and, if it survives, through 1980, because it
appears to be a highiy nufritious plant that may have‘certain
advantages over water hyacinth. |
Finally,'impfoved yiglds of duckweed over ﬁhose’féported~in the last
report have Beén described in the literature by mean;'éf frequent harvest-
ing of the new growth so aslto maintain a low déhsity,ané prevent the
deleterious effects of overcrowding. These experiﬁeﬁté'Were repeatéd
at Harbér Branch Foundation, comparing yields of cultures from which
incremental growth was'partially removed each day'With that ffom“
éultures.unharvééfed over periods of 5-10 days. No yiéi& enhance-
ment was found to resuit from the freqde#t harvesting'£eéime.l
AAsecond'PVCflined, concrete-walL,one-quarter-adre;il0,000 ftz)
ﬁond, contiguous with that to be used for Gracilaria cultﬁrq was

also completed in the late summer of 1979 and will be used
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as a demonstfation,unit to assess the ecoqomic and éngrgy cost:Behefit
tatio of a water hyacinth-based energy farm. The.poﬁd.ﬁas s£§cked '

.  w1th approkimately.B tons (wet wt) 6£ water hyaéihphéiedilected from
.a wild popul;tion.during SépfembgrQOCtobér, 1979, aﬁd fhe plants

had grown to the extent that they covered approximately half the

pond surface at the time this report-was prepared.

c. EVapotranspiration;

The loss of water from evapo-transpiration of &uékweed, water
hyacinth aqd pennywort was measured over a period of nine months
from Januafy17 through Septémber 26, 1979 aﬁd compared with water
loss frpm evaporatioh from a open water surfaéé,

In contrastbto the literature, in-which most:values of thé
ratio'of evaﬁotranspiration to evaporatioh (ET/E)‘ére éf the order
of 3-4 with some as High as 6,ET/E for water hyaéinfhs fér the above-
period.was only 1.7 and that for pennywort, 2.0. DUckwged,'wich a
ET/ﬁ of 0.9 serves as ;'water congervation device..

Extrapolatiqn of the observed water loss from a sdlid cover
of water hyacinths to a.complete year gives an equivalent water
loss of threeAmillion‘gallons per acre of plant surface, of which
1.2 million (41%) is in exceés ofAthe amount that would be lost from
a bare water surface glone;

: Linéar regression of water loss frqm the‘tbreg aquatic plant
species with various meteorlogical and biological parameters showed

a high correlation with incident solar radiation, temperature and
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plant yleld (all of which are also correlated with eééH-other) but
no significant correlation with wind speed or relative humidity.
The above experiments will be continued so as to pfoﬁide data

for a complete year.

b. Recycling digestef residues:

In reéognifion of the fact that supplying‘planté with esgential
nutrients is one of the mofe costiy elemenfs in any.biémQSS pfoductidn
system, both in terms of economic and energy reduiremeﬁt; experiments
were started last year to investigate the possibility of.recycling
the chemicals 1eft in the éolid aﬁd liquid residues-fdllowing
anaerobic digestioﬁ and methane production as a source of nutrients
for new plant production. These experiments will Be~continued thrgugh
the present contract year and beyond. |

Stable, continuous anaerobic digestion of watér hyacinths haé
now been maintained for longer than one year, with an average gas
production of 0.4 1/g volatile solids, at 607% methane. The heat
of combustion of water hyacinths of 3.8 kcal/g dry weight is equivalent
to 4.6 kcal/g ash-free dry weight (since water hyacinths are on
average 182 ash)Aor 19 kJ/g volatile solids. Since pure methane
has an energy content of approximately 37 kJ/1, the above meﬁhane
producéion represents an average biocohversion efficiency of about 47%.

Béth the liquid #nd the solid digester residues were a good

source of nutrients for the growth of water hyacinths. Cultures
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grown on these residues were consistently more produpgiﬁe than those
grown in a chemically-defined enrichment medium, withtan ﬁverage
productivit& of 657 and 47% highér over the entife period for the
liqﬁld re51due‘and thelsolid tesidue respectively. ' The &ield of
plants grown in the enrichment medium‘and in the liquid residue
were two and three times higher, respectively, than that of the
unenriched control; The growth of water hyacinths growﬁlon so1id
residue was 89% of those grown on liquid rgéidues during the nine
-weeks these cultures were monitored concurfently.

Water hyacinths grown on digester residues have a composition
similar to_thoSe grown on a chemically-defined enrichment médium
in terms of percentage ash, carbon, and nitrogen. Cultures that
did not receive nutrient enrichments had red#ced leveié of ash and
ﬁitrogen but enh#nced.carbon content and carbon:nitrogep.ratios.

An approximate balance of the nitrogen recycled through the
culture-digester-culture was made. Over the 39-week experimental
‘period, oneldigester was 1oaaed with a total of 532 kg wet weight
of water hyacinths. This biomass was 21.3 kg in ash;freé dry weight"
and contained 577 g N. Of this N, 487 (276 g N) was‘réqdvered in the
liquid resi&ﬁe and 527 <303 g N)_was recovered in the solid residue.
In all, 525 1 of 1liquid effluent was removed containing ;n average
of 526 mg N/1 (a total of 276 g N), of which about 507 was in the

form of NHZ-N and the remainder was organic N of an unknown identity.
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‘Addition of this liquid effluent to cultureg of water hyacinths produced
4.7 kg ash-free dry weight which contained 179 g N over a 39-week |

. period, a recycling efficiency of 65%;' A total of 120;4 kg of solid
residue was:removcd froiw Lhe digester. This\was equivalent to 4:6 kg
ash-free dry weight and contained 303 g N. Récyclidg‘24 Kg wet weight
(equivalent to 0.9 kg ash-free dry weight and confaining.60 g N) of this

.material producéd 1.1 kg_aéh-free d;y weight containing 39 g N over an.

8-week period, a recycling efficiency of 647

The red seaweed, Gracilaria tikvahiae,'has-alsb now been
anaérobically digested for over one‘yéar; with an avéragg éés pro-
duction of 0.4 1/g ash-free dry wt, thg gas containing 607. methane.
Thus the efficiency of digestion and the energy value df the prqduct
gas is the same for water hyacinths and Gracilaria. -

The liquid digester residue has also proved to be a highly
successful sourée éf nutrition for new growth of Gracilaria, there
being no significant difference between thg yields of cultures grown
in seawater enriched with a_chemically-defined medium4nofﬁally used
to grow the plants or in seawater enriched'with liquia éigester
residue containing a comparable concentration of nitroéeq, qnenriched
controls failing to grow at all in parallel cultures. Uqlike water
hyacinths, however, the nutrients contained in the solid residue
from Gracilaria digestion, though not as great in éuan#ity, were not

available for assimilation and new growth of seaweed.
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. An approximate mass balance of the nitrogen recycled through
the culture-digester-culture system was made. Over the course of

the work completed to date, one digester was loaded 55 times with a

total of 312.5 kg wet weight of Gracilaria. That biomass is eqﬁivalent

to 20.2 kg ash-free dry weight and 0.89 kg nitrogen, of which 65%

-(0.58. kg) was‘recovered'in the 305 1 of liQuid residue.and 29%

(0.26 kg) recovered in thé 116 kg of'solid residue. Céncentrgtion
of.totél.nitrogen in the liquid residue averaged 1.911g/1 of which
about 667% was in the form.of ammonia and the ;emaindef Qas orgénic
nitrogen of unkﬁoﬁn identity. |

Addition of the liquid residue over a 292 day ﬁefiod to cultures
of Gracilaria at a rate of 0.5.1/week prodﬁced 0.58 kg afdw of sea-
weed.contaihiqg 29.3 g N, an uptake efficiency of 73%.‘,6ver811,
efficiency;through the cdmplete cycle.of seaweed—liquid ¥esidue-seaweed
was 73% of 65%, or 48%. o

The major difference between.fhe nitrogen recycling of digester
residues of water hyacinths and Gracilaria is the unavailability
of the nutrieﬁt from the solid fractibn of the latter. Visual obser-
vation of the solids from Gracilaria digestion suggests that these
substances are not readily biodegradable. Indeed, one df the major
constifuents of Gracilaria, the hydrocolloid agar,'dépéﬁds fof its

major use in microbiological research and application upon its non-

biodegradability by most bacteria. It seems quite possible, in other words,
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that Gracilaria may be fermented to produce methane, with the

recovery of at least 657 of its nitrogen in the liquid residue from
the digestion and available for recycling and with the bulk of its
commercially-valuable product agar still available in the solid

digester residue. This attractive possibility will be examined dur-

ing the coming year.





