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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




-10-

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
Lemn