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ABSTRACT

Research during the 1977-78 Contract year was divided between
basic physiological studies of the growth and nutrient-uptake
kinetics of macroscopic marine algae and the more applied problems
involved in the selecting of species and the development of in-
expensive, non-energy intensive culture methods' for growing sea-
weeds and freshwater plants as a blomass source for conversion to
energy.

Best growth of the seaweeds occurs at low (0.1-1.0 pmolar)
concentration of major nutrients, with ammonia as a nitrogen source,
with rapid exchange of the culture medium (residence time of 0.05
days or less).

Of 43 species of seaweeds evaluated, representatives of the
large red alga genus Gracilaria appear most promising with potential
y1e1ds in a highly intensive culture system under optimal condi-
tions, of some 129 metric dry tons per hectare per year (about half
of which is organic). Non-intensive culture methods have yielded
one-third to ome-half that figure. Unexplained periodicity of
growth.and overgrowth by epiphytes remain the most critical ‘con-
straint to large-scale seaweed culture.

Freshwater weed species in culture include water hyacinth
(Eichhornia crassipes), duckweed . (Lemna minor), and Hydrilla .
vertecillata with yields to date averaging 15, 4, and 8 g dry wt/
m /day respectively. However, these plants have'nqt yet been
grown through the winter, 'so average annual yields are expected to
be lower. In contrast to the seaweeds, the freshwater plants grow
well at high nutrient concentrations and slow culture volume
exchange rates (residence time ca. 20 days or more).

Experiments were initiated on the recycling of digester
residues. from the fermentation of the freshwater and marine plants
as a possible nutrient source for growth of the same species..




*%

*%

Jeke

Fk

Yok

Table of Contents
Summary: John H. Ryther
Reports

Studies on the - cultivation of macroscopic red algae.« I. Growth
rates in cultures supplied with nitrate, ammonium, urea, or

sewage effluent. J. A. DeBoer, H. J. Guigli, T. L. Israel,

" and C. F. D'Elia,.

Studiesvon the cultivation of macroscopic red algae. II.-_Kinetics

of ammonium and nitrate uptake. C. F. D'Elia and J. A.,DeBoer:=

The - effects of nitrogen and flow rate on the growth and compo-

sition of Gracilaria foliifera V angustissima (Harvey) Taylor

in mass outdoor cultures. B. E. Lapointe and J. H. Ryther.

Effects. of nitrogen enrichment onigroﬁthvrate and phycocolloidf;

content in Gracilaria foliifera and Neoagardhiella baileyi

J. A. DeBoer

Preliminary studies on a combined seaweed mariculture tertiary

~waste treatment system. J. A. DeBoer B. E Lapointe J. H-

Ryther.

Potential yields from. a waste recycling-algal mariculture

system. J. A. DeBoer and J. H. Ryther.

Cultivation of seaweeds as a biomass source for energy. J. H.

Ryther, B. E. Lapointe, R. W. Stenberg, and L. D. Williams.

iii




*¥

10.

11.

12.

13.

and B. E. Lapointe.

Some aspects of the growth and yield of Gracilatlgtfoliifera
in culture. B. E. Lapointe and J. H. Rythe;;
Cultivation of seaweeds forAhydrocdlioids,-Qasté treatment,

and biomass for energy cphversion. J. H. Ryther, J.'A,3ﬁé86er,

Growth and yields of different'specieszof.éeawééds‘iﬁ_én-ihten-

éive, outdoor culture system. B. E{.Lapointe and J. H. Ryéher.

Growth of Gfaciiaria foliifera in non-intensive .culture systems.

L. D. Williams, R. W. Stenberg, and J. H. Ryther.

Growth and yields of the freshwater'weéds Eichhornia crassipes

(water hyacinth), Lemna minor (duckweed), and Hydfillé Vefticii}ata.
T. A. DeBusk, L. D. Williams, and J. H. Ryther.

Availability of digester residues from anaerobié,fefmentagion

‘of seaweeds and freshwater plants as nutrient §ources ﬁor

growth of the same plants. D C. Augenstein.

% ,
Submitted for publication.

% - )
‘Accepted for publication.

iv”’



Cultivation of macroscopic marine algae and

‘freshwater aquatic weeds

Summary

John H. Ryther




~ THIS PAGE \
WAS INTENTIONALLY

LEFT BLANK




Summary

During the 1977-78 Contract year, research on the culéivation
of seaweeds and freshwater weeds has been about evenly divided
between rather basic physiological and biochemical studies of
growth and nutrient-upfake kinetics and related subjects and the
more applied problems of screening large numbers of plant species
for their growth potential, determination of both short- and long-
term (e.g., annual) yields of organic matter, effects of environ-
mental variability on such yields, and the development and improve-
ment of culture methods. The latter studies were carried out
entirely at the Harbor Branch Foundation, Fort Piercé, Florida and
were partially supported by that organization. The more basic
studies were divided between Florida and the Woods Hole Oceanographic
Institution, Woods Hole, Mass. where, duringthe first ﬁart of the
year, studies Qere carried out by two Postdoctoral Fellows ( J. A.
DeBoer and C. F. D'Elia), who were supported by the Jessie Smith
Noye# Foundation.

The labbratory studies at Woods Hole concentrated upon the
kinetics of nutriené, specifically nitrogen, uptake and growth of

the red algae, Gracilaria foliifera and Neoagardhieila baileyi.

It was demonstrated that growth of these seaweeds follow saturation
(e.g., Michaelis-Menton)~-type nutrient uptake kinetics for plants

grown in ammonia, nitrate, urea, or treated sewage effluent (in



which thé nitrogen was predominantly present as nitrate). Growth
waé Sestvin ammonia-N, followed by sewage effluent, nitrate, and
urea.

‘A most significant finding was that the half-saturation co-
efficient (K) of nitfogen(fgr-ggowth of these algaepis remarkablyé i
low,ui;'the range of 0.2-0.4 ;éolgr N, similar té’that of many
species of phytoplankton, indicating that non-nutrient limited
growéﬁ of these planfs can occur at very low levels of nitrogen,
concentrations that are éssentially unpolluted en&ironmental levels,
provided, of coufse, that there is rapid enough water ekchapge to
satisfy the absolute nitrogen requirement of the plants.

Nitrogen uptake by Gracilaria and Neoagardhiella also follows

Michaelis-Menton-type rate saturation kinetics for nitrate, but
appeafs'to be diphasic for ammonium uptake, with an.activg'transport
component that becomes rate saturated and what is apparent}y a
diffusive component that does not become saturated at concentrations
as'high as 50 umoles, one'hundred times the concentration at which
growth becomes rate satur#ted.

A much more rapid uptake of nitrogen, in any form, was observed
in plants that were nitrogen starved, as indicated by high C:N molar
“ratios of the plant tissue (10-30) than in those that had been
gran in a nitrogen-enriched medium and had more normal C:N ratios
of S-lQ. Nitrogen-starved aiage also assimilated nitrogen in the

dark at the same rate as in daylight, while those grown in a nitrogen



surblué assimilated the nutrient at a.markediy lowefAthéugh séiii
measurable rate at nighf. 4 | |

A strong preference was shown by both species of red algae for
ammonia over nitrate. Uptake rates of the former wefe;much greater
and, when ammonia was present at concentratibns gfé§ée; than S
umolar, nitratejuptake waé compi;tely surpfesééé. Below 5 pmolgri
éoncentrations, ﬁormally the situation in nature and well above:
the half-saturation concentration for growth, thé twé forms of
ﬁitrogeﬁ are takenlup simultaneoﬁsly;

The correlation beﬁween phycocolloid conﬁept of éhe aigae.
and their nutritional condition, agaiﬁ as eiemplified by their
C:N ratio, has been further studied and placed on a more quaﬁ-
titative basis. Highest concéhtratioﬁs of agar in Grécilaria
(45% of ash-free dry‘weight) were found in N-starved‘algae (C:ﬁ'
> 10), while'plants that were not nitrogen-limifed hadvan aéar con-
tent ofzbnfy 25% of ash-free drvaeight; Siﬁilarly,-the caf;égéeﬂ;ﬁ

content of Nebggardhiella was found to'range from 36% to 29%

of ash-free dry weight in plants grown at nitrogen poncentrations
of < 1 and 25 pmoles/1 respeétively; |
The availability of nitrogen was also found to influence tﬁe
ratio of wet toidry weight, the percentage of ash, and the caioric
coﬁtent of Gracilaria. Nitrogen enriched cultures (CEN < 10) were.
about 90%kwater, 5% ash, 57 volatile solids, and .had a heat of con-

" bustion of 4500 cal per gfam volatile solids, Nifrogen starved




cultures (C:N 230), on the other hand,‘contained about 94% water, 2%
ash, 4% volatile solids and 4100 calqries/g Qolatile‘solids. In
other words, sgaqgedfwgggwn in artificial culture in non-growth-
limiting:cqncepgpﬁgﬁQQﬁjgf qutgients may contain Qvquone-third

as much a@d;t;opalnﬁﬂﬁfgy“pe;Aunit of fresh weight as nutrient-

deficient plants. _ _
. B (AR T A EE

The experiwepggiﬁgéltuFe‘system that was developed in Florida
for screening the growth potential of different species of sea-
weeds was algo used for physiological studies that required a
large number of experiments to be conducted simultangusly, since
the apparatus involved, consisting of 16ngi;udina11yfsectioned
and lengthwise partitioned 18" PVC pipes,:providgd 32 50-1liter
experimental chambers each with separate and cpntrollablg'inputs
of se#water and nut;ientsm Three separate series of experiments were
conducted with G. foliifera in which there were (a) four different
rate;,of flog of water through the cultures all containing the
same concentration of nutrients, (b) four identical rates of flow
through the culture each containing a different concentration of
nutrients, and (c) four different rates of flow through the culture
each containing a differgntdconcentratiop of nutrients so that
the‘gass flow of:nutfients (conceptration x flow) were all the
same. In Fhis way, it_was.possible,to separate the effects of nutri-
ent.conceqtration per se, totgl daily nutrient loading or availability,

and flow rate_(culture volume exchange rate).



From those experiments, it was clear that a given biomass of
Gracilaria would remove a relatively constant amount 'of nitrogen
from solution which was independent of concentration or flow rate’
as long as the product of the two (mass flow JFf fiutrients) was =~

- b OF PhE cmacaad i @TAHE DIl il s of gy oo
adequate. However, growth of the seaweed wa's strongly dependent
upon and directly proportional to flow rate per se and never reached
a saturation level at the highest flow rate égétga”f30'volumes ber

SRR PRI
day or a ‘residence time of 0.8 hours). LA

The fact that the same amount of nitrogen ﬁéér¥gﬁéved;ff6m:“
solution independent of flow rate while thévlatﬁeruaaékedly affééﬁéd
growthiwas subsequeﬂtly expléinéd when it was found that a sub-
stantial amount of the assimilated nitrogen was stored in the éigal
tissue in the inorganic form and that fhis.ambunt was'foughly'
ten times;greafer at the lower flow rates (f vblume/day) than at
the higﬁéét flow rate (30 volumes/day) . Ih‘ofher'wofds, éléaeg‘ o
that areiunablg to grow will still assimilate and store nitrogen,
presumably against the day when other conditions for growth may
be favorable and nutrients are limiting, the uptake' itself being
constant or at least independent of growth.

The reason that growth increased with the rate of flow‘erWAEér
exchange is not known. It is unlikely to have resuited from water

movement per se, because the seaweed was continually and rather

violently agitated and rotated in the culture volume by vigorous'



aeration. It would seem more likely that the more rapid exchange
of seawater eigherfbrought more of some limiting nutrient (other
than N and P, which ‘'were added separately) or prevented the accumu-
lation of some toxic or inhibitory substance.

Forty“thrééﬂ§ﬁééfes of seaweeds ‘were screened for their growth
potential in theXéxperimental system described-above, including

representativés:of the brown, green, and red algae. Over ‘half

. of these, including all of the brown algae, failed to grow'or sub-

sist in culture: - Some of the green algae (Ulva, Enteromorﬁha,

‘Chaetomorpha) grew well for short periods of timé;-but periodically

distintegrated into reproductive spores. The most successful were
the red algae, particularly several species of the large genus
Gracilaria, but these assay experiments were admittedly biased by

the fact that the culture system employed had been developed

. .empirically, by trail and ‘error over some considerable’itime, specif-

‘ically for the growing of the commercially-valuable red seaweeds

such as Gracilaria, Neoagardhiella, and Hypnea.

. The only species that could be grown throughout the entire

year in Florida was G. foliifera V.-angustissima, the meanfproduction

. of which was 35.5 g dry wt/mz.day; a yield ‘that is equi&alént to
129 dry metric tons/hectarelyear;"considerablY“greater“fhan that
of any photosynthetic plant'fbr'which records are -available. The
ﬁigh value is, however, misleading in -that roughly half of the dry

- weight of Gracilaria is® ash (salt). The yield of organic’'matter




1(&5.'85‘;/ﬁa.yi); the tigure»that is of significance in considering
the value of the plant as a potential energy source, is.still
comparable to the best agriculture yields (i.e., sugar cane, corn,
etc.) and is therefore still impressive4 SR e

However, although plants freshly colle cted from cul ture stocks

did grow throughout the year in the: screening .tanks, a given cul-
fture would persist for no more- than several: weeks to, at most, a
few,months beforelbecoming'overgrown with epiphytes (filimentous
feg or green algae or diatoms), eventuallyirequiring replacement
with new materiai. This remains the single most.serious;broblem
end;constraint to large-scale,:commercial.seaweed culture and
must‘be resolved before these plants may be considered as serious
candidates for an energy plantation.

‘The method of growing seaweeds in suspended culture, involv-
ing vigorous aeration and rapid circulation and exchange of-water,
was recognized as being impractical for large-~scale commercial
culture both economically and with respect'to the energy input:
outputhbalance. Several other less energy-intensive and less costly
culture methods for growing Gracilaria and a few other species
of red algae were therefore investigated. These included growing
theiplants loosely on the bottoms of small, plastic-lined ponds
and cement tanks- through which enriched seawater was passed at

different rates, holding the seaweeds in plastic-mesh(Vexar)

baskets which were either floated at the surface or fastened to.the




bottoms of the same PVC-lined ponds or in natural»estuarine areas

in the.Indian River, and spraying enriched seawater from conven-

tional shower heads on trays of the seaweeds held out of water.

In every case, growth proceeded 1n1tia11y at rates that averaged from

about one-third (for the first two methods) to roughly two- thirds

(for the spray c;ltireg; of the yields obtained by the more inten-

sive, suspended cultzre method described earlier However, growth

in the cultures thatwmere loose in the ponds and tanks or in the

trays graduallp.decreased and after a few weeks eventually stopped

for reasons that were not apparent. Some but not all of those

cultures become epiphytized. In some, the algae become necrotic

and gradually disintegrated, while in still others the plants

remained viablekand apparently healthy but simply did not grow.

In all of these methods, in which water was simply circulated through
{

the container with no aeration or mixing, an obvious problem was ST

the lack of circulation of the enriched influent through the

plant mater1a1 1tse1f ' Cr —— e

e —— =

e — — .
e R
SRy

;Ihe’spray-irrigated, out-of-water cultures appeared more

———

promising. Growth of these algae, held in 24" x 24" x 3" plastic
traps designed for shellfish'culture, proceeded upwards towards
the.light, resulting in a thick mat of algae that assumed a strik-
inglp'different habit and morphology from the normal water-grown‘
plants. Homever these cultures, too, become heavily epiphytized

after several weeks, usually with the green alga Entermorpha, and

the cultures eventually had to be'discarded and replaced.

10




" An evaluation of the economics and energy requirements

i

of the different culture systems has not been made but it is
believed that some modification of the spray metnod may prove

most attractive with respect to cost benefit considerations, when

e gy oL, oo
and if the common problem of epiphytization is resolved
agyutle. v ’ :
Experiments were initiated in Florida in the spring of 1977
syl -
on the cultivation of three species of freshwater weeds, the
IR 2 X% ENNRNERS

floating plants water hyacinth (Eichhornia crassipes) and duckweed

s ity T

(Lemna minor) and the submerged, rooted plant Hydrilla verticellata

<r

These studies have been made in shallow (1 m) PVC 11ned ponds of
approximately 30 m2 area and in concrete burial vaults, through
both of which we11 water enriched with sewage effluent and/or sodium
nitrate and sodium phosphate was passed at various flow rates and
nutrient concentrations'

Unlike the seaweeds, growth-of the freshwater plants appears
to be independent'of flow (re31dence time), the weeds growing weﬂ.
at relatively slow exchange rates of two weeks or more. Difficultly
was encountered with measurement of‘the yield of. the rooted Hydrilla,
measurement of which‘involved sacrifice of the culture, until it
was found that the plant would grow equally well if its basal end
were.fastened to plastic mesh (Vexar) screening, around which a
root system quickly developed In this way, the entire culture

with its Vexar base could be periodically removed from the water

drained and weighed Harvesting Hydrilla by clipping off the tops

11
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of the blants, as would be required in any large-scale cultivation
of this rooted species, is followed by a hiatus of one to two
weeks in its growth while the plants develop new terminal meris-
tematic tissue. This is a factor that needs to be considered in“
estimating annual yields of such plants, in contrant»tp floating
species such as hyaéintns and duckweeds that may be harvestén by
removing entire planté that are produced by budding off from the
parent stqcks. .
Over the period of approximately'eight months that th%sg fresh;
water plants have been grown, dry weight yields have averaged
approximately 16 g/mZ/day for the water hyacinths and 5 g/mz/.
day for the Hydrilla; and the duckweed. Howener, pro-
duction of all three species has declined sharply with the onset

of winter , when this report was written, and significantly lower

mean yields over the entire year are therefore expected.

Hydrilla, in particular, appears to be seasonal in its activity.

The plants were observed to flower in October after whichilittle

or no growth appears to have occurred. Although the flowers them-
selves are minute and could have required an insignificant fraction
of_;he plants biomass and energy fbr.their development, there.;s
apparently a physiological change accompanying florescence in the
course‘of which grpwth is arrested, perhaps for an egtended period

of time.

12 .
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Whether the wéterlhyacinths and dﬁckweeds will follow a sim-
ilar seasonality iﬁ'their growth remains to be seen, although"
individual hyacinth plants have bloomed throughout the 'spring,
stmmer and fafl, apparently without influencing the productivity
ofJéhé culture as a whole. Whether or fot the pfahtsrhavé a’ v
natural intrinsic périodicify in tﬁeir growth, their yields must
still be significantly reduced in winter as a result of decreased
temperature and solar radiation, even in central Florida, and
theyihé&"bé severely set back or even killed in extreme winters
such as that of 1976-77.

'Attempts to measﬁré the organic production of the freshwater
plants from their rate of uptake of nitrogen (as nitrate) have
thus far been uﬁsuccessful. Estimates by this method are always
highér; often by a factor of twofold, than ﬂirect measurements
made by weigﬂihg‘the plants. Furthér research will be done on
this ptoblém, includi ng a greatly refined method of measuring
thé input and output of'both nigrogeg and phosphorus throughout
the diel cycle, for this approach would represent a most véluable
toblifor'measuring aqu;tic plant prdduqtiop, particularly in.
situations where it is impractical to determine'grthh by weigh-
ing, as in the case of rooted plants.

It is‘now geﬁerally.agreed that to éupply'the nutrients for
any large-scale (hundreds of square ﬁiles), 1énd-bésed energy

plantation at an acceptable economic and energy cost and without

13
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seriously depleting the natural reserves of fertilizers, it will

be necessary to recycle the nutrients contained in the organic

matter and remaining in the residue from anaerobic fermentation, feeding them

back to the plént gquth system. Little is known?.however,
about the quanpitative recpvéry and the chemical state of the ,
nutrients in such fermentaﬁion residues, their availability to
plants as they come out of the digester, or the nature and extent
of any additional processing that may be needed to make them avail-
able to plant assimilation.

Preliminary research in this area was initiated duriqg tbe.
present contract year under the terms of.a sub-contract with
Dynatech R/D Company (Cambridge{ MA) . Dried cultured plant

material consisting of the seaweeds Gracilaria and Ulva and the

freshwater weeds Hydrilla and Lemna (duckweed), in quantities of

80 kg per species, were shipped to Dynatech for fermentatign in
their digesters. The fermenation residues, as they Beeaﬁe avail-
able, were then shipped back to Harbor Branch Foundation for:analysis
and experimentation on their use as a nutrient source for grow-
ing the plants that produced them.

Most of the effort during the present year has been devoted
to problems associated with the fermentation of theselplants,
parficularly the seaweeds which, because of their contained sul-

fonated organic polymers or their salt content in general, have

proved difficult to digest, in some cases producing hydrogen sulfide.

14



ibﬁards the end of the experimental period, three of the four plants
(excluding the seaweed Graciiaria) had been successfully digested
with the production of methane at encouraging rates and efficiencies.

However: it was found necessary to add daily to the qt1rred tank

e “ 2 B v ,:u

digesterq sewage sludge suspensions in volumes equal to the plant
biomass{suspénsion and to add émmonium-nitfogén aé aéproximaﬁely weekiy
'inéervéls in'quantities roughly équél to the nitrogen contaiﬁed in

the pléﬁts in order to facilitate the fermeﬁfétion. These extraneous
sustances- so completely masked the qualitati&e'énd quantitative
charalteristics of the plant wastes theméelveé thafnﬁe Ha&e not yet
been able to determine their nature and ability to be recycled.
Future'research in this area will concentrate on simpler and less
efficiént fermentation processes that may be accomplished wiﬁﬁout
addifféﬁ'ofhdther material, with emphasis on the residues rather

than the fermentation process itself and its gaseous products.

15
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SUMMARY

Graciiaria foliifera,(Forsskal) Bprgensen and Neoagardhiella
baileyi (Harvey eleutzing) Wynne and Taylor were grown ;n continuous-
flow culture under controlled environmental conditions in 15-1liter
experimental chambers. Growth rate was related to the" source and
concentration of nitrogen enrichment. supplied to the plants. Growth
rate appeared to folloQ saturation-type nutrient uptake kinetics for
plants receiving ammonium, nitraté, urea, or sewage effluent enrich-
ﬁeﬁts. Ammonium enrichmént producedvhigher growth rates than nitrate
or sewvage enrichment. The lowest‘growth rates occurred in the chambers
receiving unenriched seawatet.or urea enrichment. Half saturation
constants (K) fof growth were in the range of 0.2 to 0.4 pM nitrogen
for all nitrogen enrichments examined. The low values of K measured
cbmpare closély té those found fof microalgae and indicate that G.
foliifera and EJ baileyi possess the ability fo utilize .very low con-

centrations of nitrogen.




INTRODUCTION

Nacroécopic marine algae are among the wost productive plants
in nature (19) and in cultjvation (5,18); morcover, a number of .
species contain commercially valuable phycocolloids such as agar .and
carrageenan (20). Thuslit is not.surprizing that recently there,
has been increasing interest in seaweed cultivation for "fuel from
biomass producfion" (29) and fqr phycocolloid yield (4,6).

In contrast to the attention paid to the relationship between
nutrient concentration and phytoplanktonic growth (2,3,8,9,10), there
is a paucity of quantitative information concerning the nutrient-
growth fela;ionship for macroscopic algae. Such information would
be most useful for purposes of seaweed cultivation and poilution

assessment. Accordingly, we initiated the present study to. examine

the qualitative aud yuantitative aspects of nutrient utilization. by

twvo species of macroscopic marine red algae, Gracilaria-foliifera

(Forsskal) Bfrgesen and Neoagardhiella baileyi (Harvey.ex Kutzing)
Wynne and Taylor. In this paper we relate growth rate ol Lliese

algae with nitrogen concentration and source.

MATERIALS AND METHODS

Preliminary experiments demonstrated that G. foliifera and N.
beileyi have exceedingly high growth rates and are able to utilize

very low concentrations of nitrogen (6). It.is essential, therefore,

20



to use extremely large-volume batchAcultures or continuous-flow cul-
tures to study the ﬁitrogen-growth kinetics of these plants. We
chose the better continuous-flow culture method even though it is
very demanding, time consuming, and is susceptible to equipment fail-
ures. - Practical conSideratioﬁs precluded the use of axenic cultures
in these studies.

G. foliifera, obtained from Long Island Sound during August,
1974, and N. E}ileyi, obtained from Waquoit Bay, Massachusetts dur-
ing August, 1976, were grown in suspended culture in waste recyeling-
polyculture or seaweed monoculture Systems (6) prior to the present
study. ‘The unattached, free floating plants reproduced only by
vegetativé means in these culture systems and in the experimental
chambers ‘uséd in the present study.

Growth experiments were conducted in continuous-flow chambers,
These éhambéfs were constructed from a section of 40.6 cm
diameter PVC pipe, 90 cm in length, which was cut longitudinally into
two equal seéctions. Each section or "trough" was divided by'fibér—-
glass partitions into chambers 30 cm long, 34 cm wide, and 18.5 cm
deep. An overflow was inserted 2 cm belowﬁfhe top of each chamber
to give a functional volume pfAls liters. An air line cemented to
the bottom of each chamber provided the vigorous agitation needed
to'ﬁeep the bi&éés in suspension and té provide mixing and gas

exchange.
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Artificial illumination on a-16-8 h LD photoperiod was provided
by LuxorR flporescént tubes suspended 12 cm above the chambers:
Extraneous light was eliminated by the use of black curtains piaced
aropnd the entire culture area. Photpsynthetically active fadiétibn
(400-700 nm), méasured 1 cm beléw the water Surface,USing an RP-éO
Digital Badiometer—Pthoﬁeter (International Light;llnc., Newbufyport,
MA), was 0.052 1ang1ey3'min—1. Both species have been shown to be
light satufated at this irradiance lévgl (11, Qihoeft, unpublished
manuscript) . .. . ¢

Seawater, obtained from.VineyardASoun&, was filtered through
a l-ﬁm polypropylene cartridge filter and pumped to a constant level
device above the chambers. Flow rates of 140 1iterswdayf1 (9.3 cul;.
ture'volumes-day-l) were contrglled by means of needle valves for
each chamber.‘ Water temperatures were maintained at'22.1-+ 1.4°C.
Salinities ranged between 29-and 31%. e

A total of fifteen differeﬁt nutrienf regimgs were ‘provided
to G. foliifera (Table. 1) and seventeen to N. baileyi (Table 2)
by enriching the seawater flowing through each.chamberl- Nutrient
enrichment media were provided continuously to the chambers by
peristaltic pumps. One enrichment medium was unchlorinated, secondary
sewage effluent from the Town.of Wareham, Massachusetts. The iﬁfluent

to the chambers receiving sewage effluent contained mixtures of -

0.20 to 1.80% secondary cffluent in seawater. Sewage effluent was
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utilized in the study to eliminate the possibility that some trace

element, instead of nitrogen, was limiting growth. Mixtures of

' seawater and secondary sewage effluent have been shown to be a com-
»plete medlum for several spec1es of microscoplc and macroscopic
zmarine algae- (5 13, DeBoer, unpubllshed) .The other enrichment

: med1a were concentrated solutionq of reagent grade chemicals (Nﬂacl,

aN03, or urea for nitrogen source and NaH2P04 H20 for phosphorus
source) :in distllled water. An N:P ratio (molar) of 7:1 was used
to simulate that_of eewage effluent and to insure that‘the media
contained an‘excess-of‘phosphorus}over nitrogen nith_respect~to
the-reQuirements of algae (14)

Each - growth chamber was stocked with 25 0g fresh welght
(approximately 15 small thalll) of G. folllfera and N baileyi.
Crowth was measured by fresh weight determlnatlons of the chamber
contents three times~per week . Fresh welghts were obtained after
removing the plants from the water -and dra1n1ng them in-a poly-
ethylene_s;eve for 5 minutes. Control experiments showed that this
procedure did'not atfect their grOWth rate. After each weighing

the biomass in each chamber'waSvadjnsted to the initial stocking

- density by harvesting the incremental growth. The specific growth

.rate (p), reported here as the percentage increase in fresh weight

per day, was calculated by the equation.

100 (1n (N./N))
.
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where No’ is' the initial biomass and. Ng is the biomass on day t.
This cquation assumes, steady-state, exponential. growth. All
experiments, which.werq‘cpnducted‘between October 15 and December
15, 1976, lasted for two weeks and were preceded by a two-week
preconditioning peridd under experimental conditions. This was
to ensure steady state responge duriﬁg:the experimental period it-
self.’

"In the absence of a:préven mathematical model which reiate§ 
the growth rate of macroscopic algae to the concentration of a
limiting nutrient we have used the Miéhaelis;Menténlm;dei;' The
relationship between specifié groﬁth'rate of phytoplankton and

nutrient concentration is often exberessed by this'eQuétion:

K

M= “max

K+ §

vhere p is the-specific growth rate,_pmax is the maximum’growth rate
under prevailing environmental conditions,. and K is the cOnéentrA—
tion of S (the limiting nutrient) at which p = 1/2 B Half-sat-
uration constants (K.apd pmag)-for G. foliifera and N.: baileyi were
calculated by regression analysis of S on (S/p).- -

Ammonia, nitrate, nitrite, and phosphate were determined on
filtered water.samples using the methods given by Strickland and

Parsons (27). L Urea was determined by the method of Newell et.al. (23).
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Total nitrogen (IN) determinations were by the method- of D'Elia et al.
(7). Organic nitrogen (ON) was calculated és'the difference between
TN and inorganic nitrogen (IN), the latter being the sum of'NHZ +

NO3 + N02 values.

| | RESULTS AND DI SCU'SISIQN

The residual (effluent) nutrient concentrations in the G. foliifera
and N. bailexi‘experiments are shown in Tableé,l_and 2, respectively.
‘The pitritg 1eve1§‘(nof shown) in the influents and eff;gents of
the experimgntal chambers were negligible (less than 0.12-pM) :»Ihe
d18sq1ve& organig nitrogen‘contént of the effluents from-the experi-
meﬁtai.chambers tepdéd;to increase with increasing infiuent nitrogen
cbncentration, possibiy as the‘resglt of a loss of dissolvea organic
nitrogen from the plants in response;to high external nigrogen con-
centrations. A cgmpa;ison'of fhe influent and effluent nitrqgen
concentrationS"indiéates no net pﬁilizatiqn ty the ‘seaveeds of the
d1ssolved organic nitrogen in the influent seawater. .Therefore,
total inorganic nltrogen (IN) appears to be the best parameter to
use when comparing the effects of the different nutrient enrich-
ments on the growth rate of the;planté.

There was little difference_between the influent and effluent

"nitrogen concentratlons in the control chamber whlch did not con-

tain algae (Table 1). The pH valgesvin all chambers remained within




a range of 7.9 to 8.4. These observations suggest that changes in
the forﬁ and concentration of inorganic nitrogen due to microbialz
éctivity or physical factors (i.e., loss of ammonia at high pH)
were negligible. ’

The specific growth rate of G. foliifera increased with increas-
ing nitrogen-cdncéntration for all sources of nitrogen éprichment
‘up to an inorganic‘nitrogen concentration of‘approxiwately 1.5 wM
(Fig. 1). Growth rate did not increase substantially at higher
nitrogen concentrations. G. foliifera receiving ammonium entichment
éxhibited substantially higher growth rates than plants receiving
nitrate enrichment, ﬁarticularly at lower nitrogen concentrations.
Maximum growth rate was approximately 127 day-l.

Growth rates of N. bgilezi increased in proportion to nitrogen
concentration, regardless of the type of enrichment, up to nitro-
gen concentrations of approximately 0.7 M (Fig.. 2). Little increase
in the growth rates occurred at higher nitrogen cbncentfétionsi
Growth rates of plants receiving ammonium enrichment averagéd:17%
day;l, at nitrogen concentrations in excess of 0.7 M, while thosg"
plants receiving urea enrichment averaged only 7% day-l. Growth
rates under nitrate or sewage enrichment were.intermediate;"
averaging 9 and 12% day—l, respectively.

The ability of these red algae to utilize very low nitrogen

concentrations can be observed from their growth curves (Fig. 1, 2)

and is also reflected in the low values of K measured (0.2 - 0.4 M
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ni;;qgen).~ While the values for K (Table 3) were similar for all
' nit:qgén sourcés in'both species, pmax.values were~dgpendent.on
nitrogen.sburcp.

There is insufficient information available at the present
time.;o dete;mine if these “maximum'" growth rates were actually
theihighest p;sqible for thgse species or if some other factor (s)
was limiting ﬁhgirvgrpwth. As discussed Previously, it is not
likelyuthaﬁ light was limiting. 7The pH values in the chambers were
never h;gher than 8.40 so it is doubtful that inorganic carbon was.
limiting:._Aithough we took precautions to minimizeutheipoésibility

‘that a micronutrient would become growth 1imitiﬁg, by using a low
biémaés/culture volume ratio and comparison cultures'usiné a pre-
isumably.cqmplete‘medium (seconaary sewage effluent in seawater),

we cannot rule out . the possibility of micronutrient limitation.
Phg;oSynthesis studies indicate that growth rates might be slightly
higher at‘higher temperatures (11, Olhoeft, ﬁnpublished‘manuscript).

Although there have been a few recent nitrogen uptake studies
(15,16), there are no previous published reports describing the
nitrogen growth kinetics for macroscopic marine algae. Both nitro-
gen uptake kinetics and nitrogen growth kinetics have been widely
used in studies of microscopic, marine algae. Half-saturation con-
stants for pitrogen uptaké'and growth (K) are usually in the 0.1
to 5.0 M fange for ﬁitrate and ammonium (8,9,10) Evidence exists

that the species distribution of phytoplankton may .be influenced
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by differential nitrogen assimilatory capacities between coastal
and offshore species ﬁnd by differences in nutrient concentrations
in those environments (3,8,9). Insufficient data arc available at
this time to indicate whether differential nitrogen assimilatory
capacities may also be important in the distribution of macro-
scopic marine algae.

At nifrogen concentrations greater than 5 M, ammonium, nitrate,
and sewage effluent were of almost equivalent value as nitrogen
sources for G. foliifera (Fig. 1). 1In cbﬁtrast, the growth rate
of N. baileziireceiving ammonium enrichment'was neagly double that
of the plants receiving nitrate enrichment. Urea proved to be a
comparatively poor nitrogen source for N. baileyi, producing a growth
rate only one-third of that for ammonium. Growth rates of G. foliifera
and N. baileyi receiving se&age enrichment were intermediate hetween
ammonium and nitrate enriched plants. This may have been expected
as the sewage effluent contained a mixture of the two. - Thus, high
ammonium content sewage would be expected to be superior to high
nitrate céntent sewage as a nitrogen source for G. foliifera and N.
baileyi.

Nitrate and ammonium have been shown to support similar growth
rates in Chondrus (21,22,24) and Fucus (28). Growth rates of

Goniotrichium and Nemalion (12) were greater when the plants were

supplied with nitrate as compared to ammonium. Yahada (30, 31)

found ammonium to be the best'nitrogen source for Gelidium. Nitrate
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.and aﬁ;oﬁiﬁhzhavé been shownAto suppért higher rates of growﬁﬁfthﬁﬁ
urea in Cho&drus (21) aﬁd Gélidium (30) . At low nitrogen concen-
trations, nitrate, ammonium, and urea were equivalent nitrogen .
sou;cés for Porphyra, but at higher concentrations the highesf
gfowth rates were obtained with nitrate (17). }

Previou$ studies have reported the "bptimum" nitrogen concen-
trations of mécréscopic marine algae to be in the rangé of 120-2140
W (1,12,17, 26) - 'smilarl;, the culture m'ed.i'a most frequently used
in the cuitivagiénlof mafine élgée contain 500-2350 M nitrate |
(25). These céncenﬁrations are based bﬁvﬁéintenance-of algae £n
small batch éulturés and are obviously far in excess of the concen-

tration of nitrogen required for maximum growth of G. foliifera and

N. baileyi in continuous-flow culture systems or in the natural

environment.

A bettef understanding of the nutrient requiréments and ﬁﬂé
growth and uptake kinetics of macroscopic marine algae will be,
useful in improving the success. of seaweed mariculture'and-will
enable more précise predictions regarding the possible effects of
sevage effluents and other nutrient sources on the gtowtﬁ of natural

populations of macroscopic marine algae.
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Table 1. Influent and effluent nutrient concentrations in the Gracilaris experimet{t.

<

Influent nutrient concentrations (M N or P).

Effluent nutrient ‘concéntrations (4 N or P)

Chamber
i, X0, ™ éb;’ 'an x0; T ox r0;’
Control . . )
) 9.81:0.16 9.92:0.21 30.7351.2 ° '3.6020.21 . .- 9.72£0.48 9._7650.61 : 30.28¢3.1 . .10.821.1 3.4240.28
Unenriched ) ) ! o ‘ ’
1 0.26:0.08 0.42:0.18 11.620.9 .0.5540.14 - 0.090.02. 0;1130.03 .1;.hzi.z “11.2¢1.3 0.5520.17
‘.\'Hz-enriched . ‘ o ’ ' :
2 2.64£0.09 0.42:0.19 - - 0.90:C.15 . 0.19£0.03 £ 0.12¢0.03 10.8£0.9 10.421.0 0.76+0.20
3 /5.01%0.15 0.44:0.17 - ;.2620.16 0.57;0.68' 0.32+0.09 - .. 12.421.0 11.451.2 0.6920.18
4 9.7620.32 0.43:0.20 - 1.97+0.18 ‘1.8;50;{8 o.i1zo.1é 13.841.1 - 11.5%1.3 1.4820.18
5 19.2140.64 0.45£0.19 o. 3.40:0.22  4.79:0.39 0.47£0.08- 21.041.8 "15.7+1.9 2.9040.29
6 38.16+1.26 ©0.46:0.20 T 6.25:0.31  25.74%1.44 ' _o;Sﬁzo.os . 41.9%2.5 -n1s;s;z;7 5.76+0.20
Ne;-cn;'iched ) ] - ) ) ]
7 0.26+0.08 . 2.69+0.22 Lt : 0.9119;14 p.16:o.og» o;§s£o;06 ) 11.55078 ' -10.9%1.0 0.730.14
8 0.25£0.09 5.0120.3 - ) = 1.27:0.14 o;is;o{oi, ©1.6120.16° 12.741.2 10,9214
9 0.26+0.09 9.84£0.46- - ‘1,9ato.is '0.1540.08 3.88¢q.2§_ " 16.6£1.8 12.5£2.0 1.5420.15
10 0.27:0.10 19.31+0.80 - :5341t0.22 0,19=o.o§ 12.3420,53 26,821 12.2:2.4 2.8040.17
11 0.28:0.10 38.164:1.43 - . é.zszo.sz o.z1so.g§- ‘i‘ 31.;5:1.5{_ 44.543.2 .:13.0:3.8 5.76+0.20
Sewage enriched . A " ) : ' ) .
12 1.0840.08 4.1520.20 16.60.8 1.10£0.16 o.zs:o.&é' o.é7:o.bs_ S 12.851.1 ‘:11.621.6 0.91:0.18
13 1.88£0.09 7.78+0.21 i f.21.6:;;o ;.6810.17 1.b5:o.5g‘ 2;3730.1§ " 16.181.7 . 12.4:2.0 1.38:0.18
ie 4.1540.09 17.25:0.21 32.;:0}9 ~,i.sz:d.n 1513;o.i$ ‘ ! 14.6020.65 " 27.0£2.8 ‘ ;111213.1v 2.53:0.20
15 29.02:0.2 52.6t1:2 t.gz:olso 2.1s¢o.58" 25.40+1.19 40.92.9 1 13.243.3 4.6120.22

7.18+0.10




Table 2. 1Influent and effluent nutrient concentrations {n the Keoagardhiella experiment.

PRI

Chamber Influent nutrient cénceéfrations (kM N or P) Efflpgp;~nutr%ent conéenqratioﬁs (™ N or P)
i, ' 'Noj Urea ™ po; g ) Ny Urea ™ on
ﬁnenriched ' ’
1 0.16+0.03 0.20:0.03 - 11.1-0.9 0.36+0.02 0f03t0.01‘ 0.03£0.00 . - 11.2+0. 11.1
NHZ enriched
' 2 2.640.07 0.20%0.03 - - 0.67:0.02 0.12:0.02 0.03+0.01 - 'll.zzq. 11.0
3 5.12¢0.15 0.20+0.03 - - 0.98:0.03 0.26+0.02 0.04:0.01 - 11.120. 10.7
4 10.10x0.29 0.20+0.03 - - 1.60+0.05 1.5620.26 0.0620.01 - 12.820. 10.6
5 39.08t1.16 0.22:0.04 - - 5.3420.15 21.26+1.95 0.14:0.01" - 39.4+2. 17.9
NOS enriched
6 0.16x0.03 2.67+0.09 - - 0.6710.02 0.02:0.00 . 0.23:0.03 ' - 10.610 10.3
gg }; 0.16£0.03 5.16%0.19 - - 0.98:0.04 0.040.00 0.64+0.06 - 12.840 12.1
‘8r 0.16+0.03 10.13#0.32 - - 1.6120.05 0.04:0.01 3.9320.33 - 16.430 12.4
9_ 0.17£0.04 38.2141.22 - - 5.3520.17 0.01:0.01 24.6020.52 - 43.1+3 18.5
Urea enriched
10 0.2420.03 0.20+0.04 z.o:o.i - 0.61:0.03 .0.0220.01 0.0220.00: 0.6020.04 12.330 11.7
11? 0.33+0.03 0.20:0.03 4.0£0.2 - 0.8820.06 0.03:0.01 0.03:0.00 0.98:0.08 1?!1:0 13.0
12 0.52:0.04 0.22+0.04 7.920:4 - 1.37+0.07 0.03:0.01 0.02:0.01 2.24:0.18 17.8£0 - 15.5
13 1.67£0.05 0.28+0.04 31.921.2 - 4.4420.17 0.07+0.02 0.0320.01 i7.83:1.8é 61.0;2 .23.1
Sewagé eériched ’
14 0.9910.05 3.43:0.08 - 4.610.1 0.8610.03 0.08£0.01 0.260.04 - 18.420 13.0
15 . 1.82+0.07 6.66:0.39 - 9.2:0.3 1.36:0.04 0.15£0.01 1.55£0.26 - 14.8+0 13.1
16 4.90+0.15 . 18.61£0.47 - 26.1£0.7 3.22+0.09 0.43:0.06 10.1620;80 - 30. 242 19.5
17 7.560.24 28.95+0.85 - 38.4*1.2 0.81:0.08 23.12+0.85 - 41.8+3 17.8

4.7320.15
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Growth rates (+ 1 SE) of Neoagardhiella béileyi as a function

of residual nitrogen concentration for various nitrogen enrich-

ment sources. Nitrogen concentrations shown are NHZ+N03+NOE
(NHZ'+NO§+N0§ + urea for urea enriched cultures) .
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Table 3. Half saturation constants for growth (K) and maximum growth

rates (“hax) of Gracilaria foliifera and Neoagardhiella baileyi for various

nitrogen enrichments. Standard errors are indicated. ’
; TA/"'W
Enrichment : K i "
S . : ~ Ymax
M N A day'-1
Gracilaria o - i }
+ e et o
Nﬂa 0.2:0.1 * 12.8x1.4
N, | 0.4:0.1 | $9.9:1.2
Sewage , 0.3+0.1 .. ... - o '; 11.3+1.6°
-.Neoagardhiella
+ o
NH, . 0.2+0.1 17.0+1.3
Ny » 0.2+0.2 | ©10.5+1.5
Sewage ' ' 0.2+0.1 1301414
Urea 0.2+0.2 6.9:0.8
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SUMMARY

.lhe‘ammonium and nitrate uptake kinetics of Neoagardhiella baileyi
(Harvey exAKutzing)'Wynne‘and Taylor and'Gracilaria foliifera (Forsskal)
Bﬁrgesen were studied ‘ Similar kinetic patterns were observed for both .
Rhodophyceans. Nitrate is taken up in a rate-saturating fashion that
can te described by the Michaelis—Menten equation. Ammonium uptake is

P |wﬁ‘1‘ o
multipha81c in addition to a saturable component there is a diffusive .

IRRIVE 115
or a high X component which shows no ev1dence of saturation at the. highest
concentrations tested (ca. 50 }JM)

Nitrogen starved plants, i.e., those with C/N ratios (by atoms)
exceeding 10—11, show much higher transient rates of ammonium ‘uptake
at a given concentration than do plants which are not nitrogen limited.
Only plants with high nitrogen content exhibit diel changes in ammonium
uptake rates, and show transient rates of ammonium accumulation vhich
do not far exceed the capacity to incorporate . nitrogen in steady—state.
growth. |

' There is a strong preference for ammonium orer nitrate, even in plants

preconditioned on nitrate as the sole nitrogen source. Nitrate uptake is

suppressed at ammonium concentrations exceeding 5 JM, but below that concen-

tration simultaneous'uptake of both is possible at unsurpressed1rates..
At higher substra&aconcentrations increasingly more nitrogen’can be accu~-
mulated via ammonium uptake than can be accumulated via nitrate uptake.
Changing capacitylfor ammonium uptake with‘nitrogen content appears
to be-a mechanism whereby excessive assimilation of nitrogen is avoided.
by the plants under conditionsof nitrogen satiation, or~whereby large
apounts of ammonium;N can bedrapidly assimilated under conditions .of

nitrogen privation.
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Seaweeds offer great economic potential both as sources of commer-
cially important products (20) and as agents of biological tertiary
sevagé' treatment (10). Despite a growing interest in such potential,.
littls attention has yet been paid to the relationships between nutri-'
ent supply and" growth rate of these algae or to factors affecting their '

l transient’ rates 'of nutrient uptake.: This basié‘hnowledge w111 be
essential;for assesSing growth potential of macrgscépic‘algae in nature
or for effective managing of séaweed culture.systemg ih which optimum
productivity and efficient nutrient utilization is de81red

This study;'undertaken as part of & programkdealing:with the
growth and culture of macroscopic marine algae'(é7); focuses on factors
affecting the short-term uptake of fixed, inorganic nitrogen by two “

rhodophycean algae, Neoagardhiella baileyi (Harvey ex Kutzing) Wynne

and Taylor and Gracilaria foliifera (Forsskal)'Bérgesen. of particular

interest here are the kinetics of nitrate and ammonium uptake, and
the effect of the nitrogen content of the seaweed and of photoperiod

‘on nitrogen assimilation by these macrophytes.

| MATERIA‘LS ~Ajni METHODS
G. foliifera and N bailezi were collected locally and maintained
in suspended culture for over a year at the Env1ronmental Systems Labu
oratory, Woods Hole Oceanographic Instltution. Several days before an
uptake experiment began, epiphyte free seaweeds were preconditioned in
continuous flow growth chambers which have been described elsewhere (9 )
Seawater- medium containlng desired levels of emmonium or nitrate was

then supplied at appropriate rates so that a steady-state nitrogen content
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could be established in the plants. It has been shown elsewhere (DeBoer,
in preparation), that when both species used in this study are so pre-
conditioned, their growth becomes severely nitrogen-limited once the
C/N ratio (by atoms) exceeds 11.

Ammonium determination, using 10 or 25 ml samples, incorporafed
the Soldrzano (28) reaggppg. To avéid‘photochemical effects (18),
color development (2 h) was in the dark. Experiments in the concen- ~ -
trationifangefeXCeédihg the uppér-limit of ﬁhe method's use on undiluted
samples (ca. 60}pM)-were avoided. Semi-automated methodology was used

for NO.- & NO,-N determination (12): a peristaltic pump controlled flow

2 3
rate through a cadmium reduction column (34) and added reagents (29).
Reacted samples were read manuaily with a Beckman DU spectrophotometer
incorporating Gilford model 252-1 modificaﬁions. CHN analysis on
freshwater rinsed, dried and powdered samples, was conducted with a
Perkin-Elmer model 240 Elemental Analyzer.

All incubations were performed in either of two 11 cm radius cylin-
drical ‘plexiglas chambers wﬁich were fitted with airtight tops to preveht
gas exchange. The capacities of these chambers (one of which is bic-
| tured by D'Elia and Webb (12)) were 6.4 and 8.3 liters. FEach chamber was
.fitted with a rheostat-controlled external pump for mixing; by plaging
the submersible pump in a cold water bath, it -was also pbssible to maintaih
the temperature in the chamber at 20i1°'C. Intake and‘outfléw of the pump
was channeled through small Holes closely spaced down the side of the

chamber; their number, size, and orientation were designed so that the

plants were kept in suspension by water flow. The angular velocity of
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the vortex in fhe chamber was approximately one radién..sec _1.“ Dye

studies showed that mixing was complete and virtually instantaneous. .
Light was. provided by a bank of cool white fluorescent tubeé. The
3

irra:diance at the chamber periphery was 3.0-3.5 x 10 watts.cme.
Seawater for the incubations was collected from fhe‘Environmental,
Systems Laboratory seawater system just prior to experiments; it

was passed.through cartridge (nominal pore size, 1 um) or'Millipore
(nominal pore size, 0.45 pim) filters. :-Depending on the .experiment; .: .- :
between 2 to 7 g fresh weight of seaweed per liter were placed in the
chamber and allowed to acclimate fof 15 min before.the addition of
nutrients (reagent grade (NHu)gHPOu~ or NaNO3) at the start of the
experiment. 'Water for ammonium or nitrate determination was removed
bn a continuous basis by means of a peristaltic pump; in all experi-.
ments, discrete samples were collected by a fraction collector at

ca. 5 min intervals.

In diel flux experiments, medium was supplied as required contin-

uously or semi-continuously by a peristaltic pump. The supply medium

3

every 6~12 h. The chamber was provided with an overflow so that a con-

containing 20-60 NH) - or-NOJ-N and 4-10 uM PO)™-P was made fresh

stant volume of water was maintained. .Samples removed from the chamber
to be processed for ammonium determination were "spiked" with the first
Solezano reagent (ethanol-phenol) to preserve the ammonium content of
the sample until the other two reagents were added and the coior_dgvel—
oped (11). Samples preservedAin this manner were analyzed within 12 h.
Samples for NO;~ & NO,-N, which were passed through the reduction column

3

and reacted as they were taken, were read'spectrophotometrically within 6 h.
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This delay did not appreciably affect color yield.

Upﬁake kineticé‘experiments were all conducted as "batch" or
"static" incubations. After nutrient addition, the time course of
nutrient depletion was obtained from the fraction-collected samples. .
Since these experiments were short (usually less than 3 h),’nitrogeq‘.
determinations were made shortly after the samples,were taken . y

The effect of substrate concentration, S, on the rate of substrate
uptake, V, has been traditionally modeled by the Michaelis—ﬁgnten
expression A

v=v__S/(K+8) : : (1)
where Vﬁax and K are constants respectively representing maximum
uptake rate and the value of S at which V = 3 Vmax' As this mathema-~
ticai relationship does not invariably apply, one must avoid invoking
it without first verifying its appiicability. To do this, V vs S
curves must be obtained initially. We chose to obtain such curves by .
mathematically differehtiating S vs time, t, curves from substrate |
depletion experiﬁenté. To avoid erratic values of V resulting from
the distorting effect of the analytical error inherent in the measure-
ment of 8 (4), we did not calculate V simply by using the difference
in substrate concentration between consecutive sample pairs. Instead,
least squares linear regressions were performed on small segments
(4-7 points) of the depletion curve from which data obviously in error
were omitted. For such small segments and with the frequenf"sampling
and small concentration change involved, correlation coefficients (r)
are typically very high (>0.95), and the regression coefficient (m, i.e.

the slope), obtained cah be used to calculate V at the mean S value
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over the segment (V = n . volume . biomass_1); Such regressions were per-

formed ‘stepwise down thé depletlon curve, each consecutlve step omlttlng the
first data p01nt of the prev1ous step, and adding the next unused p01nt
in the sequence. If S/V vs S linear- transformatlons (13) of the data were
rectilihedr; the Michaelis-Menten expression was used to4mod¢l fhe»data.
If not, alternate expressions were sought as kinetic models (23).

" When it was apparent from representative experiments that Michaelis-
Menten kinétics were substantially followed, it was poss1ble to s1mp11fy
data reductlon of subsequent experiments by calculating klnetlc constants

dlrectly from depletion -data by the-method of Caperon and Meyer (4).

{ RESULTS

Nitrate uptake kinetics. Gracilaria foliifera, when grown with

nitrate as its sole nitrogen source and incubated in the light in sea-

water*coﬁtaining elevated concentrations of nitrate, produces a depletion

ccurve (i.e. S vs t) characteristic of Michaelis-Menten uptake. Figure 1

showé a typical curve in which the nearly linear depletion of nitrate with

time (i.e. dS/dt) at higher concentrations reflects "zero order kinetics"

~or-concentration-independent, rate—saturated'transpdrt; and at lower

concentrations, dS/dt reflects "first order kinetics" or concentration-
dependent, rate-unsaturatel transport. At near saturating.concentratioﬂs,
there is no discernable increase in dS/dt és the experiment progressed.

This means that growth, which could not have excééded several.percent during
the experiment, did not appreciably affect uptake activity. Bi the end of

this and most other experiments like it, no measurable émount of substfate

remained in the medium; in a féw of the other experiments (not shown),
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a small but measurable amount of substfate (generally less than 100 nM)
could be detected when uptake stopped. This unexplained égssétion in
uptake has been reported elsewhere for other nitrate transport systems
(% ,12). 1In such cases kinetic constantswere calculated by the'method
of Caperon and Meyer ( 4): the small remaining amount of substrate,
"So," Vhen present, was subtracted from all S values in’the‘depleti?n
curvé. This minor empirical correction is mainly to simplify treat-
ment of the data and does not alter appreciably fhé‘kineticfvalues
obtained (the Sé valge is small relative to that of K in any césg;

vﬁax is'unaffected)f The results of kinetic analyses of all nitrate
depléfion éxperimeﬁts gre:summarized in Table 1. There was no correla-
tion between C/MN ratio and K (r2 = 0.043; t = 0.672) or Vmax (f? = 0.031;
{ = 0.567) in this C/N range. Mean values of K and_Vmax regpec@i&ely,

were 2.48+0.51 (SE) pM and 162419 nmoles N.(g dry weight.mip)-1;

The kinetics of Neocagardhiella baileyi compared eclosely with those

of Gracilaria foliifera: K was 2.4Qi0.30]pM and Vmax was 19Sjﬂ6 nmoles N
(g dry weight.min);1 (Table 1).

Preferential uptake of ammonium. Figure 2 illustrates a number of

- aspects of nitrate and ammonium uptake by Gracilaria foliifera. Initially,

when nitrate alone was preseht in the medium, it was depleted at a constant,
essentially concentration independent rate. Addition of approximately’
18 pM ammonium to the medium slowed nitrate removalj; but once ammonium

levels were reduced below ca. 5 uM, nitrate depletion again resumed ét

|
its original rate to accompany ammonium uptake. S e
Figure 2 demonstrates also that ammonium depletion showed no indication !

of concentration independence at the highest ammonium concentrations
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attained, and that the maximum rate of ammonium depletion far exceeded the
maxi muim rate of nitrate depletion during the experiment. | These aspects
‘of nitrogen a351mllat10n will be con31dered in greater depth below.

‘ Ammonlum uptake k1netlcs. The ammonium uptake klnetlcs for both

seaweed spe01es were distinctly different from thelr n1trate uptake
kinetics. Flgure 3A shows the results of duplicate ammonium depletlon

experlments u31ng Neoaoardhlella ball_yl, Flgure 3B shows the V vs S

curves derived. Saturatlon of uptake was not ev1dent at concentratlons
near 50 pM (Flg 3B), the highest concentratlon durlng the experlment'
(chosen because it was just below the upper limit-of deternination of

the unmodified'Solérzano method);. Instead of reaching'saturatlon, v
increased with S in an essentially linear fashion.at S values greater
than ca; 1b)ﬂ% Such data suggest a multlpha31c uptake system: below
10.pM a hlgh ammonium afflnlty (i.e. low K) component predomlnates, at
higher - concentratlons a low affinity (hlgh K) high V or a strong
diffusive- component~predom1nates. The curve fitted to the data in F1g

3B is drawn assum1ng that the simplest case is accurate, i.e., that there
‘1s a 'strong dlffu31ve component predomlnatlng. By extrapolatlng from

the linear portlon of the curve to- the 1ntercept on the ord1nate, an
estimate of ‘the value of Voox is obtained for the high ammonium afflnity
uptake conponent; “the slope of the'extrapolated line giues the value

of the.diffualve component. To calculate K for the high ammonium affinity
component the contribution to uptake represented by the linear portlon of
the curve. was. subtracted from all V data. The resulting corrected uptake
rates (V'), could then be transformed in the S/V vs § form (Fig. 3C) and

K obtained as the absolute value of the intercept on the absciseal
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Although the absolute rate of ammonium assimilation at a'given ébn—
centration varies with the nitrdgen“cohtent (reflected by the plant's

C/N ratio) of Neoagardhiella baileyi, the hon—satufating form of the

V vs S curves does not (Fig. 7). The kinetic constants calculated for
the curves in Figure 7 are shown in Table 2. Values for K are approxi-
mately the same regardless of C/N ratio, whereas values for the ‘diffusion

coefficient, K., and vmax at the lower C/N ratio are considerably lower

D’.
than at the higher C/N ratio. Evidence will be adduced later indicating
that experimental variability account for much of the‘differences between'
~constants obtained for the two higher C/N plants.

The ammonium V wvs S curves for Gracilaria mirrored closely those for

Neoagardhiella (Fig. 5). The curve indicated by the dashed line is a

composite fit to data from four separate depletion experiments, starting
at varyiﬁg iﬁitial amﬁonium concentrations. As the déta from different
experiments superimpose well on éach other, tﬁe non—saturating shape of

the curve seems to bé'verifiéd, and is not the result of a decrease in.
upfake rate during an individuwal éxperiment in response to'nitrogen
acgumulation by the plant. Kinetic éonstants calculated for this .composite
of four experiments are shown in Table 2.. Thé velue of K is reasonably

close to those calculated for Neoagardhiella.

Relationship between nitrogen content and ammonium uptake rate.

DeBoer (in preparation) shows that the growth ratés of N. baileyi and'
G. igliigggghare severglx nitrogen-limited once'the plants' C/N ratios
exceed ca. 11, There is also a relationship between C/N ratio of the |
séaweeds preconditioned with vafying supplies of ammonium and their rate

- of ammonium uptake (Fig. 6). Due to the cpmpiicated, non-saturating‘uptake‘
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kinetics.for both species, the simplest approach to assessing this relation-
ship was to compare upiake rates at an arbitrarily chosen concentration.
Standa:d'erforS'on given uptake rates were small relative to the varia-
tion inirates measured at a particular C/N ratio. Hence, most error

' is between-experiment rather than within—experiment.~ Biological variation
as~well'as errors in measurements of biomass and water present in an
individual experiment probably accoﬁnt for most of this’ﬁariability.
Clearly;_étiC/N fatios greater than 10, the uptake of ammonium for both
sﬁecies varies little on' the average, if at all, at the substrate con-
'Acentratibn;tesied. ‘Below that C/N ratio, for both species, the uptake
rates drOpS‘Off precipitously with decrgaéiﬁg~C/N ratio and increasing
nitrbgenzcontent. At the lowest ratios obbained by supplying a sub-
stantial excess of ammoniuﬁ (relative to growth fequirements) to ihe

~ seaweeds over a several day period, a'neﬁlefflux of ammonium was observed
(Fig. 6), suggesting that such preconditioning creates an internal ‘Ammo-
nium pool from which exchange to the external medium oceurs. The curvi;
linear relationship we have visually fifted for C/N‘raﬁio-VS'uptaké'rate
appears to indicate .a varying uptake ability dependent:on'the'nitrdgéﬁT:“
content of the algae.

Diel rhythmicity in nitrogen uptake rate. Figure 7'illustrates the

difficulties inherent in designing experiments to detect diel changes

in nutrient uptake rates. When medium containinglamﬁonium was supplied
on a continuous basis at the rate of two exchanges (turnovers) per day
during an incubation of ggggilggig; the -residual (effluent) coﬁcénfrétion
in the chamber medium remaiped‘low and did not fluctuate appreciably.

This indicates thaflcapacity for ammonium uptake kept apace with or
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exceeded resupply of ammonium to the chanber via fresh medium. How-
ever, this.did not rule out undetected diel changes in uptake. When
the resupply rate of ammonium was 1ncreased to four exchanges per

day, such changes in uptake became evident (Fig. 7). During the

day, uptake cxceeded resupply and the residual concentration in the
chamber medium dropped; during the night, resﬁpply exceeded uptake

and the residual ammonium concentration increased, but at a slower
rate than it would have if the seaweed were not present in the chamber.

TP e e . e e o

In view of the dlfflcultles encountered in 1nterpret1ng results
of experiments such as the one given in Fig. 7, it is preferable to
design experiments so that upteke measurements are made directly at
a single concentration without the complication impcsed when assessing_
the differential between uptake and resupply during continuous“flcw
experiments. Accordingly, we chose to run repeated depletion.experi—
ments over the diel period, only flushing the chamber with fresh medium
between experimental runs (Fig. 8). For Gracilaria with a C/N ratio
at which growth was clearly nitrogen-limited (here, 12.3 by atoms), no
statistically significant diel-periodicity.could be detected'in ammoniumn
uptake rate at 20 uM substrate concentration (VﬁH . ﬁowever, when
nitrogen content was adequate to sustain maximum growth (c/nw = 7.5),
not only was the absolute rate’of ammonium uptake less, bnt alsc statis-
tically significant diel variation was observed. .

No diel changes in the uptake rate of nitrate at a substrate con-
centration of 20 uM (V2 ), when the C/N ratio was 17.2 (Flg 8). We
did not however, attempt to measure diel effects using nltrate precon-
ditioned seaweeds at lower C/N ratios, so we cannot say wnether diel.effects

occur under such conditions.
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DISCUSSION

One interesting result of this study is the remarkable similari-

ties we have encountered in the nitrogen uptake kinetic patterns for

the two seaweed species. Thus, the gensral discussion here has appli-
cability to bqth; | |

Although tﬁe Michaelis—Menten expression has proved very useful to
relate uptake:rate'ts substrate concentration for many organisms and many
substrates, there has probably been too great a tendency to aécept the
valldlty of that model in a given situation without rigorous verifica-

tion. The. uptake of ammonlum by Neoagardhlella and Gracilaria seems

to provide a good example of why such verification is necessary. A

proper kinetic model for ammoniumAuptake by these macrophytes should

includé b;th~a tefm for a Michaelivaentep, rate-saturating component,
and an additional one for diffusive uptake or for a high.K, high Vmax
componeﬁt.

There have been other reborts of analogous kinetic patterns'for

inorganic nutrient ubtake by other organisms. For example, Chisholm

~and Stross ( 6) found that phosphate uptake by Euglena gracilis followed

non-saturatlng klnetlcs Thelr discussion is relevant to this work.

Likewise, Muscatine and D'Elia (21) have similarly described the uptake

-of ammonium by corals containing endosymbiotic algae. Their mathematical

treatmsnt of ths kinetics seems applicable in the current situation,
hence we will not elaborate‘on that further here.

This stﬁ&y was not directed at elucidating the specific biochemical
mechanisms whereby ammonium is incorporated by theAmacroalgae studied,

the kinetic patterns we observed do suggest that more than one transport
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éystem exists. If that is true, at low concentrations more typicql of the
natural environment, a high affinity componeht with a K of less thaﬁ,s/uM
predominates; at higher concentratiﬁns; the other cohponenﬁ‘with low sub-
strate affinity predominates. Tt has been suggested (iS) that in phyto-
plankton, more than one'pathway-exists for aﬁmoﬁium indbrporatibn, with
one bredominating at low natural‘concéhtrations.

Our research has not.included possible effects of water movement
(shear) on the rate_of‘nutrient»uﬁtake (3,17,25,32,33). Boundar& layers,
ﬁhichwﬁormwin»résponse to -reduced shear, reduce nutrient influx.  This
reduction has been termed "diffusion transport limitaﬁion".(17,25). ih4
this paper, we use "diffusion". to indicate a membrane transport éom-
ponent, and have chosen to avoid "diffusion transport limiﬁation" experi—
mentally by providing vigoréus mixing to reduce boundaryilayefs.' Future
studies will be necessary to assess such effects for seﬁweeds.

Preferential ammonium uptake byvthe seaweeds was indicated both
by .the suppression of nitrate uptake by ammonium (Fig. 2), and by the’
differences in kinetic patterns for the two nutrients. Preferentigl
aésimilation of ammonium over nitrate has often been shown for marine
algae (4,5, 8,14,24 26 30). fThe ammonium concentration required fo"
suppress nitrate uptake 5y phy£0p1ankton typically is in' the 0:5-1.0
pM range. That concentration seems to 5e highef for G. gg;;igggg
(and presumably N. baileyi), as we found'that‘unsupressedznitrate
uptake occurred even ét 5 oM ammonium. Thus, simultaneous uptake of
ammoniumland nitrate appears poSsible at quite high ammonium concentra-

tion. This is consistent with the report of Bird (1) who found that

Gelidium nudifrons, also a rhodophycean, was capable of simultaneous

assimilation of both forms of nitrogen.
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As a result of the difference between kinetic patterns for ammo-

nium and nitrate transport for both species, far more nitrogen can be

_assimileted via ammonium transport than via nitrate transport when the

'nutritional state of the algae is such that maximum transport rates

occur (i.e. at C/N ratios greater than 10). ThlS is illustrated by

Flg. 9 which glves ideallzed v vs S curves for Gra01lar1a based on

. the results shown in Flg. 5 and Table 1. At a nitrate concentration

of 15‘pM, the rate of nltrogen a381m11atlon via nitrate. uptake for.

G. foliifera could only support a growth rate of 9. 3% per day (1 e.

g N assimilated . g N content . 1OO . day ), assuming a 3% nitrogen
content by dry welght at max1mum growth rate (DeBoer, ‘in preparation).
In contrast the rate of ammonium ass1m11atlon at 15 pM substrate con- .
centration,.for examplei if sustained, could support a growth rate of

nearly 50% per day. This is far in excess of the maximum growth rate

“of 12, 3p measured at thls nltrogen concentration (9). At higher:ammonium

concentratlons, this dlscrepancy would be even greater.

The impressive transient uptake capacity demonstrated for ammonium
may‘ref;ect an interesting strategy for nitrogen acquisition by these
elgaet Thus, as quickly as ammonium is locall& regenerated (excreted)
by sporedic sources such as'epifauna or passing fish, it is sequestered

by the_seaweeds. There ‘is some evidence that microalgal ammonium uptake

:ability may also exceed nitrate uptake ability ( 5,19) and far exceed that

necessary to sustain maximum growth rate ( 2, 5,22),

‘The effect of nitrogen content (as indicated by C/N ratios) on
both the_sbsolute'rate of ammonium uptake and the diel fluctuations in
thet rate underscores the need to consider -the nutritional -status of the

[ “ ]
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organlsm in nutrlent flux studles. Variations in the capacity to take_
up ammonium have been shown to réﬂectnltrogen content in other algae

(2, h 16 31), of the authors c1ted only Caperon and Meyer (}4) reported
1ncrea51ng uptake capaclty (as 1ncrea31ng \Y nax’ w1th K remaining constant)
with 1ncreas1ng nltrogen content and growth rate, the others reported
results more cons1etent with our observations of decreas1ng uptake rate
wlth decreasrné C/N ratlos and 1ncrea31ng growth rate. It appears that

th1s and -the nocturnal decrease in uptake rate may be in response to

nitrogen satiation.

CONCLUSIONS
The seaweeds studied take up nitrate in a rate-saturating tashion:

V vs S curves yielded can be fitted with a rectangular hyperbola described
by the Michaelis-Menten equatlon. At substrate saturation, plants with
widely varying nitrogen content exhlblt maximum rates of uptake whlch
compare closely to the dally nitrogen accumulatlon at steady—state,
max1mum growth rate on that substrate. No d1el effects are detected in
rate of uptake, nor does there appear to be a decrease in uptake ab111ty .
at maximum growth rates. | u

_ For ammonium, the kinetic pattern is different. .Uptakefdoes not
saturate. The capacity for incorporation of nitrogen by N—starved
seaweed (i.e. when C/N ratio exceeds 11) far exceeds the capacities
of unstarved seaweeds to do so. N-starved seaweeds exhibit no diel
periodicity in ammonium uptake rate, but once the plants have assimilated
enough nitrogen that they are no longer N-starved, diel effects bec‘ome L

apparent, with the rate of uptake declining substantially in the dark. .
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Thus»tﬁere‘appear to be mechanisms by which excessive assimilation'of :
nitrogen is av01ded by the plants and by which they qulckly overcome
substantlal nutrltional deflclts in nltrogen, once ammonium becomes
avallable.
ThlS study provides an example of why one should use caution

in the analysis ofrklnetlc patterns of nutrlent uptake and in ascribing
ecological signlflcance to half—saturatlon constants Michaells-Menten |
ptake does not 1nvar1ab1y apply. Even 1f 1t does, aithough a. low -' |
value of K may indicate a high affinity of a transport system for a
substrate, one must think also in terms of the significance of V

as well ( 4,7).
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Table i;"Summary of nitrate uﬁtake kinetics, G.‘féliiféré‘éndtﬁg baii;xi
Constants were obtained by flttlng the 1ntegrated form of the Michaelis-
Menten. equation by least aquares to nitrate depletlon curves (4).

C/N given by atoms, K in /qM, and V in nmoles N. (g dry wei’.gh’c)_1
4 _ S . ‘ o

. min ., ;

Slp‘ecies" o/ | X ) Voex

G. foliifers  26.6 18 " iss

| 22.0 ha 181

21.7 | 7.1 ol

_ 20.1 0;2 ' ‘ 56

16.1 | 1.0 126

15.6 1.2 ) 106

13.2 : 3.6 o7

11.8 2.0 126

n.e . 1.6 164

1.1 2.5 19

10.7 3.8 248

10.6 0.9 - 104

Mean (SE) - 2.48 (0.51) 161.9 (19.2)

_I!. bailegi 11.1 2,7 210

- 10.9 | 2.1 179 -

Mean (SE) . | | 2.40 (0.30) 194.5 (15.5)




Table 2. Summary of kinetic constants calculated for ammonium-uptake.

These. data are calculated from the curves shown 1n Figureé 3,

4, and 5. . _
Species Y K P LRSI Ay
N. baileyi 17.06 w9 199 0.0341

| 12.45 5 500 - . 0.0370 -
 6.60 2.3 o - . 0.0056

G. foliifera 10.22-16.26 1.6 397  0.0232
8’By atoms.
?In MM, o

In nmoles N.(g dry weigh’(’..min)-1

0

In liters.(g dry 1.¢e'ight.m:i.n)"1
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Fig.

Fig.

Fig.

FIGURE LEGENDS

1. Typical nitrate depletion curve for G. foliifera.
2. Effect of ammonium addition on the dépletion of nitrate

by G. foliifera (C/N = 17.6) preconditioned on nitrate.

'3:“ K, ﬁeplicéte ammonium‘depletion ekperiments (i.e. S vs tj

"usiﬁé'ﬂ.hgailéxi (C/¥ = 6.7) preconditioned on ammonium. ‘B,

Dotted line--rate of uptake of ammonium (V) vs ammoni um concen-

oo tration” (S), ‘solid line—-diffusive component calculated as the

Fig.

regres31on coefficient (slope) usingall V p01nts with correspondlng’

" S values greater than ¥.5 uM. C, S/V' vs'S linear transformation .

of data in B, using V' values.obtained by sﬁbtfacting the d{ffﬁéivé“
component ' from all V values.

4. Ammonium V vs S curves for N. baileyi with different nitrogen

. content--(®) C/N = 6.7 (from Fig. 3B), (W¥)C/N = 12,45, (A)C/N =

Fig.

Fig.

Fig.

17.06.

Sf. Ammonium V vs S curves obtained from 4 separate depletioﬁ
exﬁeriments using G. foliifera of 51milar nitrogen content-—

(D) ¢/N =10.22, (o) C/N = 11. 32, (@) C/N = 11.66; (o)C/N
16.26. |

6. Effect of C/N ratio on ammonium uptake rétes (VNH+) of seaweeds

at a given mean concentration. A, V§g+ for G. foliifera. B,V§g+

of N. baileyi. Standard errors given, obtained from linear regressions
of small portions of depletion curves in the appropriate concentra-
tion range. Curves‘fitted visually.'

7. Diel changes in ammonium concentration during a continuous flow

incubation of G. foliifera (C/N = 6.89), at two différent'exchange :

65 .




rates of fresh influent medium consisting of filtered seawater with 4

60 uM ammonium addition. Shaded area indicates period of darkness. :

Fig. 8. Diel variations in uptake rates (;_E 1SE) of G. foliifera with
‘ different nitrogen content. A, Ammonium uptake rate at 20 pM

(vﬁg:):' (o) ¢/ =12.3, (o) C/N=10.0, (4) C/N =T.5. B,

NO

Nitrate uptake rate at 20 aM (V20-): C/N = 17.2.
3 g
Fig. 9. Idealized uptake curves for G. foliifera using kinetic constants

from Table 1 and Figure 5.

66



: ‘K;o'ﬁsaé" S
‘ Vmcx‘,=-"26_-'n_mo.le-.s'-'gi‘ min-! ..
\
\.
o\.'
‘°\. |
RN
o\..
| | ‘..\olh__
2 3 .4
TIME, H
Fig. 1




N
180

/
° .
/ .
\ )
) o]
/ 2]
° ®
J _
/A 1
il |
! \o 4 N
0 (®)
o [, Ha
b o\ , Lﬂ.1.
—/ 4
® ®
/ (]
0} o
/ /
\. L .\.A )
; o
;o L ~° I
77 v = L Ca
70/ o.\\\\\‘ Ly
/ 3
/e / |||\|\\\\\\\\\\\\‘ I
/7d 7 ~

.‘

.\
|
S0=0

20

N
0 00, 9.0

] .
B 0] o) o

-~

W7 ‘NOILVYINTINOID

68

Fig. 2

60

30



— .

.

<
o

I
3
(-

]
o
o

_
o
b). N ssjownrt )

100

20

69

- 1of— -

. 200

T‘/AME , min .

S, um

. Fig. 3.




20— :

Y C/N=12.45

AC/N=17.06
1.5 '®C/N= 6.70

W umoles N-(g-min.) - 4
o

0.5

S e S
10 .- 20 30 40 . 50
[VHG - Nfs. M |
70
Fig. 4




1L

O o =
o ® o

v, umoles N- (g-min.)-!

o
»

Fig. 5




Vel

V-30A/H4’“; wmoles N- (g-min)-7

*, wmoles N- (g m/n./"

/V'H4

2.0F

o .
T

o
3
]

—
-
-

-
-
—~
-4
-
-
-
-
]
3
-—‘¥
ﬁ
-
-
—
-

Wl L,

O

.-_.~A S T

5

10

35

IS TN T T U O T S I W WY S S 0 0 B T A SO O 0 O

15

45

o
|

O
|

o
o
|

<||ll[lll'[|llAl.l[llll];ll[l[l;'I‘l;l

B

O

0.5

lllllll'lllllllllll.lllllr'lllllll

-
-y

0

5.

. .10

72

. 2!5 RS
R PP
BRI A
R T § e

30:,

Fig. 6



L

gL

- NH-N CONCENTRATION (:M)

o

(&)

2day’

- 0-0:0-0:0-0°-0"0~0 Q=0 —0-—g—p - § g

o i
."0..-._1/' i

; . \.-.4.-...- @ =t

B

-

1200

1800

TIME OF DAY

-~ 0600

08 0—g—¢—To—0—~ -

Fig. -



147

g 314

AV 40 InilL




1 1 1 1 i 1 1 o
@ N © 0 < N - [o)
(o} (o (®) (@) (o) O ®)

o
(o]
(- b) . N Sajownr * A




WAS INTENTIONALLY
LEFT BLANK

‘ | THIS PAGE
i
|




The effects of nitrogen and flow rate on the growth and composition

of Gracilaria foliifera V. angustissima (Harvey)

*
Taylor in mass outdoor cultures’

bby
Brian E. Lapointe
and

John H'IRyther

Woods Hole Oceanographic Institution

Woods Hole, Massachusetts USA

“Contribution No. 4044 from the Woods Hole Oceanographic Institution.

Contribution No. »from the Harbor Branch Foundation, Inc.:

(i



~ THIS PAGE
WAS INTENTIONALLY
LEFT BLANK




Abstract

A series of outdoor, continuous-flow seawater cultures (50-1) were
used to investigate the effects of nitrogen form (N0; vs. NHZ, nitro-
gen loading (total nitrogen input per day) nitrogen concentration

and water turnover rate on the growth and composition of Gracilaria

foliifera v. angustissima (Harvey) Taylor (Gigartiﬁales)./ Both

nitrogen assimilation and algal growth were related to nitrogeﬁ
loading and found independent of nutrient concentration. Above a
minimum nitrogen loading of between 9 and 15 m moles/day algal growth
was highly dependent upoﬁ turnovér rate. Levels of stored inorganic
‘ nifrogen ranged from 0.5 p mole/g dry wt in slow growing, nitro-

gen limited plants to 5 p mole/g dry wt in slow growing, nitrogen-

+

enriched plants. Crowth of Gracilaria was better with NH4 - N than
NOS - N at nitrogen loadings that were just adequate to support ex-

ponential growth. However, at higher levels of nitrogen loading, the

greatest yields (up to 44 g/dry wt/mz/day) occurred with NO, -"'N rather

+
4

dry weight and ash of Gracilaria was highly correlated with nitrogen

than NH, - N possibly due to toxic effects of the latter. Percent of

content. of the plant and affected the heat of combustion of the alga
in-a similar fashion. Althoﬁgh levels of both phycoerythriﬁ and ;hloro-
phyll increased with increasing nitrogeﬁ content of the plant, phyco-
’erthrin/chlorophyll ratios did not change substantially and éuggests
that nitrogén—felated pigment changes in Gracilaria are light

intensify and not lighf quality adaptations. The use of carbon/

nitrogen ratio as an index of the nutritional state of Gracilaria
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(and probably other seaweeds) appears to be a useful tool in
understanding its growth and composition and should be considered
in ecological .investigations concerning seasonal patterns of sea-

weed biochemistry and their relation to herbivore and detritavore

food chains.

Introduction

Seaweeds may contribute significantly to the autotrophié production’
of the coastal marine eqvironment. Mann (19735 has shown that iﬁ.
the Margaret's Bay, Nova Scotia, seaweeds may fix as much as three
times the annual production of the phytoplankton.. Ryther (1963).sug—
‘gested that even though the macrbééopic algae are féstficted to an
area 1% that of the phytoplankton, secaweeds may contribute as much as IOi
of the total prodﬁctivity of the oceans on an annual world basis.
Clearly, these larger algae make a suBstantial contriﬁu;iqn to marine
food chains via direct grazing by herbivoreé.or, more ;mﬁortantly,
by decomposing and forming one of the major sourcés to the detrital
pool (Mann, 1972). Khaiiov and Burlakova (1969) estimate tﬁét 30%
.of the gross seaweed production becomes available for detritavore'
secondary production inthe Barents Sea, whereas -only lQZ is con-
sumed directly by herbivores.

Yet, studies conqerning the growth and nutrition of seaweeds
even in relation to.aquaculture procedures are few. Other than
some "'farming' practices carried out in the Orient (Bardach'gi.il.,

1972) controlled seaweed culture is a.relatively new field.
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-Recently, "as.a result of the increasing demand for seaweed ex—

.tracts (carrageenan and agar) for the food, 'drug and cosmetic:

" industries - (Silverthorne and Sorenson, 1971), investigations in

the culture of commercially important species (i.e., Irish moss,

Chondrus crispus) were begun both by the National Research Cbuncil

of Canada (Neish and Fox, 1971; Neish and Shécklock, 1971) and by

several industries involved in the processing of seaweeds. Their

- hdpe was to supplement the limited natural resources by intensive

-aquaculture of select seaweed species.. This 'stimulated a numbher of

labératdry.studies in which'short term photosynthetic rates as a
fuﬁétion of light and temperature (Mathieson and Dawes, 1974),::growth
and reproduction (Dawes ggigl.,_l974a) and carrageenan content “(Fuller
and Mathiesoﬁ, 1972; Dawes et al., 1974b) of a number of seaweed
species: were examined. However, ﬁone of these studies was concerned
with specific'effects of inorganic nitrogen on the growth dynamics and

related composition of the algae in long term culture experiments.

While ;he.summer decline in biomass and nroduction of nhvtonlankton

has been related to the denletion of nutrients and ‘is well known

(Harvey, 1926;t Rvther and Dunstan, 1971),. the role of nutrients in the

seasonal growth’'of seaweeds is not well understood. The kelp,Laminaria

longicruris. (Chapman and Craigie, 1977) actually stores nitrogen in-
ternally to support its growth at times of the year when levels of

dissolved inorganic nutrients are low. Seasonal studies with seaweeds

have indicated distinct seasonal variations in'caloric content and per-

cent dry weight (Himmelman and Carefoot, 1975), protein and
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carbohydrate (bawes ég_gl,, 19775 and pigment content (Moon and
Dawes, 1976). These studies showed that seawéeds have the ability
to store nitrogen and ‘undergo biochemical changes related to sea-
sonal environmental cﬁanges. Again, however, none has related ﬁhe
specific effects of inorganic nitrogen levels on.the seasonal growth'
and composition of the.algae.

As part of our efforfs in deVeloping wastewater recycling aqua-
culture systems, we have used continuous cultures to investigate
the effect of nitrogen on the growth of the red alga, Gracilaria

foliifera v. angustissima. Because Gracilaria can.have a rapid

growth rate with high yields over long ﬁime periods (Lapointe and Ryther,
1977) this alga is an excellent assay organism for such culture ex-
periments. In the previous'experimeﬁts, the two operating pafameters

of turnover rate (flow raté/culture volume) and nutrient loading

(total input per day) were held constant so that the effects of these
parameters on algal growth were not known. In'the‘present study, we
have simultanebusly investigated the effects of gurnover rate, total
daily nitrogen loading and nitrogen form on algal growth and composi-

tion.’

Materials and Methods

Experimental Culture System: Design and Operation ‘
The culture system consisted of two six meter long, 0.4 m l

diameter PVC pipes, longitudinally sectioned and further divided by
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means of fiberglassed plywood partitions_ihto eight 0.75‘m long (50 1;
0.23 m2 surface avea) compartments (Figs. la, 1b). Compressed air
(5 psi) entered along the bottom of each chamber through small drilled
holes from an airline -- a half section of a one inch, PVC pipe
cemented. to the outside bottom of the chamber. Each:compartment also
had a non-clogging overflow drain. The growth chambers were 1qcated
6ut—cf—dogrsjin full sunlight on a.6.2 m x,12.4 m concrete platform
(Fig. 2). Total radiant energy -incident to the growth chambers with
an Fpply pyroheliometer.
Seawater was pumped from the Harbor Branch:Fgunda;;on ship
_.channel which;connects to._the Indian River} a shallow lagoon on:the, ..
Atlantic Ocean. No attempt was made to control water temperature,
which ranged from 18 to 34°C, or salinity, which ranged from 26% to
33ZVover the experimental period from May 11 to June 24, 1977. bSea-
water, after being pumped to an elevated headbox, was gravity fed to
the sixteen culture chambers at the desired flow rates.-- four chambers
receiving eéch of the desired 1, 7.5, 15 and 30 turnovers.per: day.
Different media made with seawater were held in- 4000 1 reser-
voirs from which they were pumped to elevated headboxes and distri-.--

buted to the appropriate chambers in Experiment I. The three media

_compositions (NH, - N plus PO} - P; N‘og ~ N plus POZ ~'P; and NO3 - N”

3 - P) were maintained at a-concentration of

4
,’l 300 pu mole/l of inorganic - N (LIN) and 3D/ﬁ/%ole/l:of POZe— P; an

Venriched sewage plus PO

e atomic N/P ratio of 10/1. Flow rates of these media were distributed

. -
to the twelve chambers such that the chambers receiving the three
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different media types at each of the 1, 7.5, lS'aﬁd 30 turnévers

per day all maintained the same daily total nitrogen‘loading. .In
effect, the instantaneous influent nutrient cbncentration.was invgrse—
1y proportional to turnover rates, and resulted iﬁ influént nutrient
concentrations of 300, 40, 20 and 10 u molg/l of IIN, respectively.
The four remaining "control" Chambexs were given seawater without
nutrient enrichment at the 1, 7.5, 15 and 30 turnovers per day.

In Experiment II, NH} - N ,plus_PoZ - P and NO; - N plus 1502 - P
media were each maintained at a concentration of 50 p moles/l ZIN and.
5 y mole/l POZ - P. These two media were then distributed to eight
cuiture chambers at 1, 7.5, 15 and 30 turnovers per day-in such a way
as to maintain equal influent nutrient concentrations. In this case,

the daily nitrogen loading was directly proportional to turnover rate.

Gracilaria foliifera v. angustissima used in these experiments had

been actively growing and all of the plants used had the same C/N‘ratio
at the beginning of the experiments. In-each experiment,‘280.g of the
Gracilaria stock were added to each of thé culture.chambers. This

gave a starting density of 1.2 kg wet wt./mz, a someﬁhat lower than
optimal density for maximum Gracilaria yield in this culture system
(Lapointe and Ryther, 1977). Experience with previous Gracilaria
cultures indicated that growth rates with the different treatments
would be large. The lower biomass levels were an attempt to‘maingain
more nearly constant conditions (i.e., self-shading) in the cultures

than would have occurred at the higher densities and yields.
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At intervals of 4 to 6 days, the plants were removed from the

chambers, shaken vigorously in the air to remove water, and weighed.

A dry weight conversion factor was used and growth calculated in dry wt/

m2/day (Table 1).

Water Analysis

Water samples were taken at midday for chemical analyses of
POZ - P (Murphy and Riley, 1962), NHZ - N (Solarzano, 1969) and NO; - N
~(qud et al., 1967). Daytime pH values were measured triweekly
while diurnal pH values were recorded at 4~h intervalg twice during
the experimental period. Extreme culture temperatures were(meaéufed

daily ateach turnover rate with Taylor maximum-minimum thermometers.

Plant Analysis_

Percent dry weight was determined by oven-drying the seaweed at
9050 for 48 hours. Ash content was determined by combusting samples
(6riginall§ dried at 60°C) at 475°C for 8 hours. |

Phycoefythrin, an accessory phycobilin protein pigment present in
Gracilaria; &as detefmined,using a Ten Broeck hdmogenizer,for cold
extraction froa‘plant material (500 mg) in 5 ml of 0.1 m aqueous,
phosphate buffef (pH 7.0). The homogenate was then centrifuged at-
25;000 xg at 4°C for 30 minutes. The shpernatant was decanted into
a cuvette and a visible scan (700 to 380 nm) of this extract yielded
three absorption peaks at 498, 540 and 565 nm (Vander Velde, 1973;

0'hEocha, 1971). Phycoerythrin content was determined by measuring
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the optical density at 565 nm. An absorption coefficient of 8.10
(0'hEocha, 1955) was used to calculatemg of phycoerthrin.

‘Chlorophyll content was determined by resuspending the pellét
from the previous phycoerythrin extraction in 5 ml of cold 80%
spectro—analyzed acetone. The §uspehsion was then ceﬁtrifuged at
25,000.xg for 30 minutes at 4°C.~ Thé;shpernatant was scanned between
700 and 380 nm and a sharp peak observed at 665 nm used to measure
optical density. The absorption coefficient‘of 12.3 was used to calcﬁ—
late mg chlorophyll.g_(Verngn and Seely, 1966).

Total plant nitrogen (organic and inorganic fractions) were deter-
mined from dried Gracilaria samples (60°C)‘on a Perkin;Elmer 240
Elemental Analyzer. Reactive NO3 - N was measured with 100 mg samples
of ground Gracilaria by three separate extractions with 8 ml of hot
807% ETOH. The supernatant Qés'then extracted once with absolute ETOH,
twice with ETOET and the combined extracts heat evapérated. Tﬁe re—
sulting salts were redissolved in Nog ~ N free sea&ager with heag,
brought ‘to 50 ml- and 0.45 p filtered. Samples were then analyzed
for reactive NOS ~ N by .the cadmium wire reduction méthod (Stéintoh,
1974). NHZ ~ N was determined by the blue indophenol'méthod
(Solarzano, 1969). Caloric content of dried Gracilaria'ﬁasAdetermined

using a Parr microbomb calorimeter.

Results and Discussion

Effects of Nitrogen Form:
Nitrogen is introduced to coastal and estuarine waters mainly as

ammonia from domestic sewage while surface drainage contains predominately
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nitrate. Due to the need for plants to reduce nitrate to ammonia
for assimilation (Nicholas, 1959) the latter is usually the pre-
ferred form of nitrogen for plant growth (Syrett, 1962). 1In

Experiment I of the current study, NHZ - N enhanced the growth of

Gracilaria in comparison to that obtained with'Nog - N enriched
seawater or with sewage effluent that contained nitrogen primarily as

NO; -uN° i

These differences appeare&'to be independent of turnover rate.
Maximum yields of 36 g dry wt/mz/day weré aﬁtained with the high
turnover (30/day) NHZ -~ N culture whereas magimumlyields were only
27 and 2; g dry wt/mz/day for the similar sewage and'NOE - N cultures,
respectively (Fig. 3). However, this trend changed during Experiment
II when, at the énd'of.the experiment, the NOS - N culture attéined
yields of 44 g dry wt/mZ/day_in contrast to 33 g dry wt/m2/day for
the NHZ - N_cultu;e (Fig. 4). Because tHe cultures in this experi-
mgnt were receiving amounts of nitrogen that were proportional to
the turnover rate in contras; to Experiment I, ik is possible that
the reduced growth in the NHZ - N cultures may have reflected a

toxic effect. JWaite and Mitchell (1972) found conceﬁtrations beyond

57 u mole/l to be inhibitory to:the growth of Ulva lactuca at low-.

phosphate levels. Although influent concentrations in this experi-
ment were constant at all turnover rates at only 50 u'mole/l, it may
be possible‘for NHZ - N to be toxic with large daily loads in wgll
mixed_cultures, particularly if a significant fracfion of the

assimilated NHZ =~ N is stored in the inorganic form. Because the
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NHZ - N plants grew better than the NO3 - N plants at the beginning
of Experiment II (Fig. 4), NHZ - N may have éccumulatéd in the plant

tissues to high and perhaps toxic levels over time.

Effects of Nit;ogen Loading and Tqrnqyer'Rgpgz
Experiﬁent I

| ﬁitrogen is usually the limiting factor to phy;Oplankton pro-
ductién in coastal areas of.Fhe‘wotldfsvoceans (Rythgr and Dgnstan,
1971; Thomas.and OQen, 1971). In the current culture experiments,
nitrogen, atvlegéc below.a‘minimum level, also appeaygd to limit
gro&tﬁ; Yieid of‘Graciiéria in all of the seawater controls was
less éhan that attained in any of the respective enriched cultures
(Fig. 3). Available nitrogen in the seawater controls was directly
proportional to flow rate. Even at the highest‘tufnévér rate of 30,
algal production deéreased over the experimentai period and the C/N
ratio increased from 10 to 16 (Fig. 5). 1In the most extreme case of
1 turnover/day of unenriched seawater, growth decreased liﬁeéfly 
after the first six days of the experiment with a concomitant rise
from 10 to 30 in the C/N ratio by the 22nd day of the exﬁeriment.
This shift in‘the C/N ratio can be attributed to iimiting amdﬁnts of
nitrogen,; which ranged from 0.3 m moles/day ZIN at 1 turnovér/day
to 8.6 m moles/day ILIN at 30 turnovers/day (Fig. 6). In contrést,
the constant C/N ratios of ca. 10 in the three ﬁﬁtrieqt enriched
treatment over the duration of Experiment I reflected the constant
nutrient loading of 15 m moles/day of IIN. Nitrogen assimiiation‘was

nearly complete'iﬁ all the cultures; regardless of differences in
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infiuent concentrations, and thus was identical to the.daily LIN
1¢ading. This ;uggests that<nitrogeﬁ uptake is determined by
tofal daily input of nitrogen and_not by concentration or flow
rate per se. . | |

The fact that it Qas nitrogen that limited growth in tﬁe.
unenriched seawater-cultures is further substantiated by their'lbw
N/P ratios relapive to those of the enriched cultures. Althbugh
the enriched cultures receivedll.S mAmdlés/déy of POZ - P, assimi-
lation of that nutrient was not complete buf ranged from 0.3 to
0.7 m moles/day (Fig. 6). The N/P ratios varied from 20 to 33 by

.atoms in the enriched cultures, whereas they decreased linearly

from 19 to 9 in the four seawater controls (Fig. 5).

Interna; Inorganic Nitrogen Reserves:

CbntinupusAculture techniques with phytoplanktonrare designed
to circumvent problems with batch culture experiments in which
nutrient conéentrations are continudusly changing. However, even
when'continuqus—culture experiments have been used growth rates
canpot.always be direcfly related to nutrient concentration
(Caperon i968' Williams, 1971). Williams (1965) and Droop (1968)
have 1ndependent1y postulated that inorganic nutrient storage

reserves were the most likely explanation of their variable results.

In this experiment, levels of stored inorganic nitrogen (ZIN) in

the algal tissue of the enriched cultures decreased linearly with
increasing ﬁurnover rate. Concentrations of up to 5 u moles LIN/g

+

dry wt in thg NHI4 - N - and NO3= N. - enriched cultures at 1 turnover/

day decreased to ca. 1 u mole LIN/g dry wt at 30 turnovers/day,
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although the C/N rétio‘remained constant (Fig. 7). In the unen-
fiched sea@ater'coﬁtrols, however, ZIN lévels iﬁ the algal tissue
incféased frﬁm ca. 0.5 p mole/g dry wt at 1 turnovef/day to 2
mole/g dry wt at 30 tufnover/day while the C/N ratio decreasedt
liﬁearly from 30 to 16, respectively. This increase in absolute
levels of stored IIN with increasing turnover rate in these unen-
richéd culturescould.be expected since nitrogen loading was

directly proportional to turnover rate. However, the opposite

trend wvas observed in the enriched cultures, in which LIN storage
was iqversely correlatéd with turnover -rate. In the 1atterjcase,‘
the relatively slow growth rate of the algae at low turnover rates
was apparently caused by some limiting factor(s) other than nitro-
gen and phosphorus, aﬁd there were relatively high concentrations of
~stored inorganic nitrogen in the plants, while at high turnover

and growth rates, most of the internal nitrogen pool was orgaqic-
This phenomenon seems to be a mechanism by which, if certain con-
trolling factors for growth are limiting, plants can still take up
and store nitrogen in the inorganic form until the limiting factor(s)

is removed. For example, Laminaria lomgicruris. stores. inorganic

pitrogen in the winter when the nutrient is available but growth of
the alga is light-limited, for its rapid late spring-early summer
growth when nutrient levels in the water are low but other conditions
are fayorable for growth (Chapman and Craigie, 1977). This ability
of_seayeedS'to store inorganic nitrogen in their thalli gives them

i
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a distinct advantage over phytoplankton for continuous seasonal

growth. The high levels of inorganic nitrooen contained in the o

thallus of Gracilaria may also explain the sometimes lower affini—

ty for and 1rregu1ar removal of inorganic nitrogen by the seaweed

as compared to phytoplankton (D'Elia et al., 1976).

Effects of Nitrogen Loading and Turnover Rate:
Experiment'II :

In this expefiment(nutrient loading and- turnover rate both in;
creased simultaneously. At 1 turnover/day, in:both the NHZ.— N and
Nog --N enriched media, growth deéreased-ovei the duration of the
experiment‘(Fig.'4). in those cultures, which received 2.5 m moles/
day of nitrogen, the C/N ratio of tﬁe algae increéSed from 10 to 24
(NHZ - N) and .22 (NOS ~ N) respectively (Fig. 8). At the higher»
turnover rates of 7.5, lSVand 30, the algae feceived approximately
19, 38 aﬁd.76 m'moles/day of nitrogen respectively, and both the
NHZ‘— N and'the;NOE —- N enriched algae maintained low C/N ratios
of 8~10. Because yield did not increase with'increasing'nitrogen
loading abbve the 19 m mole/day level (7.5 turnovers/day) otﬁer than.
that attributed to increased turnover rate (Experiment I), a minimal
nitrogen level between 8 and 15 m moles/day of nitfogen Wa5~required
to support sustained high growth rates without reduction of plant
hitrogen;

Thus; the growth Qf'Gracilaria, above this minimum nitrogen
level,  appeared to be highly dependent upon turnover rate but inde-
pendeot of-ooncentration. 'Yields increased in both Experiments I and

II with inéreasing turnover rate. In the first case, nutrient
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1
concentration varied inversely with turnover rate while in the

secdnd, concentrations remained constant at ali turnover rates.
The reason that yields increase with culture turnover or
'exchangé ratg isbnot yet known. CO2 availability does, of course,;_wv
increase with exchangé rate and diurnal changes in pH in the en-
riched'gultures at'thé lowest turnover (1/day) of 8.3 in early
morning to 9.3 at miaday may reflect carbon limitation (Fig. 9).
If CO, assimilation (photosynthesis) outstrips CO, addition
to fhe culture, ‘the aqueous bicarbonate reservoir will be depleted
and the pH will rise accordingly. Sugh‘inorganic‘cagbon linita-
tions are more common in freshwater natural systems'and mass culture
(Goldman et al, 1972), but may also affect growth of seaweeds in
marine systems evenAthough they are well buffered (Jackson, 1977).
The unenriched seawater cultures had relative low pH
values compared to the enriched cultures, were a result of lower
Arates of photosynthesis (Fig. 9). Alternatively, uutrieants other than
nitrogen and phosphorus may be present in thé seéwatgr at concentra-
tions that could be'growth;limiting to an extent inverseiy,propor-
" tional to exchaﬁge rate. The same could be true of toxicydr growth—
inhibiting metabolites of the algae that might concentrate in the
"'medium. Lastly, culture mixing, which is important in breaking
down diffusion gradients of gssential mineral‘nut;ients in inpense
cultures (Gavis, 1976), could also be affected by turnover rate,
though this is unlikgly in view of the bigorous aeration that was

provided to all cultures.
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Effect of Nitrogen on Plant Composition

The results of the present‘study indicate tﬁat nutrient
availability, in addition to limiting growth, canAalso cause
variations in the present dry weight and ash of the algae. In
the seawater contfols and enriched cultureé in Experiment I the
percent'dry weight and ash of Gracilaria varied as a function of
culture turnover rate and hence, nitrogen loading and the C/N
ratio éf the plants, Dry weight'ranged from 7% to 10%Z of wet
weight in the algae and correlated well with C/N ratios &hicﬁ
ranged from 33 to 10, respeétively (r = 9.5, Fig. 10). Similar-
ly, ash content rangea from 35% to 50% of dry weight ana was highly,
éorrelated with C/N over fhe same range (r = .97, Fig. 10). These
variatidns.abpear to be largely a function of'increaéed salt con-
_tent (ash) in rapidly growing, nutrient enriched planfs as oppésed
to slow growing nutrient-limited plants (unpubl&shed ihformation).l
This variable ash content influences the organic content and heat
of combustion of @@e Gracilaria when these paraméters are expressed
per unit of dry ﬁeight. Table 1 illustrétes that nitrogen-starved
algae contain less ash and their heat.of combustion is therefore
greater pér unit dry.weight. However,.the heat of combustion of
the organic mattef Rg£_§g”(ash—free dry weight) is highly correlated
with nitrogen content (r = ;98) and is higher in hitrogen—richb
plants, indiqating a difference in the organic stotage'produCts

(Fig. 11, Table 1).
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Effect of Nitrogen on Pigment Content

The abiliﬁy of seaweeds to adapt to spectral changes in
light quality (Englemann, 1883) and changes in light intensity
(Oltmann, 1891) have been studied for ﬁearly a century. Changes
in the ratio of accessofy-pigments (pHycoerythrin) to chlorophyll a
have been used as an iﬁdicator of complimentary chromatic adapta-—
tion to algée growing at different water depths and exposed to
light of different spectral compoéition (Ramus et al., 1976;

Moon and Dawes, 1976). In contrast, increases in pigment concen-
trations (absolute levels) have been used to signify intensity-
related pigment changes, which are analogous to the "sun~shade"
adaptation by land plants (Bjorkman, 1973). Critical experiments
which distinguish chromatic from intensity adaptation'have been
convincingly demonstratéd (Halldal, 1970; Bogorod, 1975).

Prévious experiments (Lapointe and Ryther, 1977) have indicated that
nitrogen starvation causes pigment depletion in Gracilaria; however,
nitrogen content and pigment levels have not been quantified. 1In
Experiment I, absolute levels of both phycoerythrin and chlorophyll
were highly correlated (r = .94 and .96 reépectively) with increasing

nitrogen content of the plants (Fig. 12). Visually, nitrogen starved

plants (C/N = 30) appeared straw colored whereas nitrogen enriched

plants (C/N 10) appeared dark brown. These distinct color dif-
ferences could be used as a quick field method for estimating the
relative nitrogen content of the plants. The phycoerthrin/

chlorophyll ratio (P/C) varied from 7.2 to 8.5 over this C/N range

and is not a substantial shift when compared to P/C ratios from 1
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to 20 which have been reported for Eucﬁeuma isiforme chromatically
adapting in a seasonal manner (Moon and Dawes, 1976). Hence, our.
P/C ratio change probably ‘did noﬁ indicate an adaption according -
to Engelman's théory, which is not surpriéing siﬂcé the spectral
composition of the natural light available to fhe cultures was
constant over all treatments. Rather, these piémgﬁt changes indi—
cate an increése in the absolute léﬁels of bﬁth phycoerythrin and
chlorophyll which is better describedkﬁy Oltmann's theory of
"intensity" adapﬁation. Tﬁis increase could bé an adaptation to
non-nutrient limiting conditions during which the_plants increase
their photon gathering "antennae" thus achieving the high yields
which were recorded (in nutrient enriched, high turnover cultures).
In summary, nitrogen plays an important role not dnly in the
growth of Gracilaria but also in its composition and hence, the
nutritional quality of the plant.- During nitrogen—enriéhed.exponen~
tial growth, protein synthesis pfedominates and is reflected by‘the
high protein pigment levels (phycoerthrin). When ﬁitrogen limits.
growth, carbohydrate synthesis predominates and probabl& accounts
for the increaséd polysaccﬁaride content at this time (Neish and
Shacklock, 1971; Dawes et al., 1974b). These nitrogen related
growth phenonmenon are general biochemical principles (Fogg, 1964)
that should be considered in studying both the basic ecology of
seaweeds and their relation to herbivore and detritovore food

chains (Mann, 1969). Although research in fish (Gerking,. 1962)
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and polycﬁaete worms (Tendre, 1977)'cu1ture and agriculture has
demonstrated the regulatory role of nitrogen, both energy and car-
bon budgets have often been used in marine ecology:and aquaculture
with questionalbe results. Carnivqre fééd chains are rarely nitro-
gen 1imitéd and can be budgeted inlcanric units; however; as pointed
out, nitrogen'regulates groth‘not oﬁly in autotrophic production
but also in detritovore and hefbivore seéondary'éroduction. This,
combined with the fact ;hat nitrogen affect; other nutritional
qualities of plants (i.e., caloric value, protein, carbohydrate),
may'indicate that nitrogen budgeting may be ecologically more

significant in studying algal-herbivore-detritovore interactions.
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Figure legend
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1. Schematic diagram of seaweed culturé system (A) and individual
culture chambers (B).
2. Photo of exberimental'seaweed culture system at the Harbor
Branch Foundation, Ft. Piefce,vFL.
3; Yields of Gracilaria during Ekperimeﬁt I cﬁlturgdAwith three
- media (No;, NOS-enriched sewage, NH&) and ungnriched sea-
water at fourvturﬂover rates. The three enriched cultures
,feceived equal daily 1oadiﬁg§Aof nitrogen (15 m mole/day)
whereas ﬁhe unenriched seawater cultures received only the
nitrogen present in the seawater.

4 Yields of Gracilaria during Experiment II cultured with .two

4

ent concentrations were held constant so that total daily

media (NH and-NOé) at four turnover rates. 'Infiuent nutri-
nitroggn loading was directly proportionai to turnover rate.

5. Carbbn/nitrogeﬁ ratios.of Gracilaria duriﬁg Experiment I.

6. Dailylassimilation of nitrogen and phosphorus by Gracilaria
during Experiment I.

7. Totgl dissolved inorganic nitrogen. (2IN) and carbon/nitrogen
ratio of Gracilaria tissue during Experiment II; |

8. Carbon/nitrogen ?atios of Gracilaria during Experiment II.

9. Diurnal variation of ph during Experiment I.
Percent ash»and dty weight of Gracilaffa as a functiqn of

carbon/nitrogen ratio.
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Fig. 11.

Fig. 12.

Caloric value of Gracilaria expressed as calories per gram

ash-free dry wt (AFDW) as a function of carbon/nitrogen

‘ratio.

Pigment content (phycoerythrin and chlorophyll a) of Gracilaria.-

as a function of carbon/nitrogen ratio.
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Table 1. Caloric value per gram dry weight and per gram ash-free dry weight, carbon/nitrogen
ratio, percent dry weight and percent ash weight of Gracilaria cultured in enriched (A) and un-

enriched (B) mwedia.

Calories/g Calories/g ash free C/N % Dry weight % sh weight
dryAweight ' dry weight
Gracilaria A | 2656 + 52 4618 = 96 9.9 10.2 48
Gracilaria A 2619 + 24 4595 + 42 S11.0 10.3 47
Gracilaria B 2855 + 28 4326 + 12 35.0 7.8 ' 34
£ 37 4314 + 51 39.0 7.5 31

Gracilaria B 3106
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ABSTRACT

Unattached, free-floating plants, were grown in continuous
flow culture systems which received seawater enriched with 0-70
M ammonium and 0-14 uM phosphaté. Growth rate was measured
every 3 days, and agar and carrageenan content, at the termina-
tion of experiments lasting 3—4 weeks. Aéar content in

Gracilaria foliifera (Forsskal) Bgrgesen ranged between 25% of

the ‘salt-free dry weight, in the plants receiving the highest
concentration of nitrogen fertilizer, and 45%, in the plants

receiving unenriched ‘seawater. Carrageenan content in

Neoagardhiella baileyi (Harvey ex Kutzing) Wynne and Taylor was

Ahighest (36% of the salt-free dry wejght) at, nitrogen éoncentra—
tions in the range of 0.5-1.0 uM ammonium and was lower at both

~higher ammonium concentrations and in unenriched seawater. The

application of these results to the farming . and harvesting of

agarophytes and carrageenophytes is discussed.
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INTRODUCTION

The demand for agar and carrageenan has steadlly 1ncreased
durlng the past few years, while the supply of seaweed phycocollOLds:
from natural populations has not substantlally increased. Conse-
quently, cultivation of various agarophytes and carrageenophytes
has begun to supplement harveststfrom natural oopuiations (7).

The prime'objective of this tybe of seaweed mariculture should‘he

to obtain the highest production rate of high quality phycocolloid '
at the least cost.by maximizing phycocolloid content and biomass»
productlon. Previous studies (2 3,4,9) have indicated that the
supply of inorganic nitrogen in the seawater may have a 51gn1f1cant
effect on both the phycocolloid content and the biomass productlon“‘
of macroscoplc red algae.e To gain-a better understanding of this
relatlonshlp, the effects. of nltrogen enrlchment on the. growth

rate, phycocolloid content and phycoc01101d productlon in

Gracilaria foliifera and Neoagardhiella baileyi are examined in the

present study.:
MATERIALS AND METHODS

Gracilaria foliifera (Forsskal) Bgrgesen and Neoagardhiella

baileyi (Harvey ex Kut21ng) Wwynne and Taylor were grown in suspended
culture in tertlary waste treatment-polyculture or monoculture
systems (4) prior to the present study. Both species remalned
vegetatlve throughout the study. ’ |

The Neoagardhlella experlment, conducted durlng March and Aprll

1976, utlllzed s1x plywood tanks (4) located 1n a heated greenhouse.“

. The tanks, fltted w1th s]oprng bottons, had a depth ranglng from
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1.14 m to 0.28 m and a surface area of 2,48 mz. Each tank was

stocked w1th approx1mately 1500 ¢ fresh weight (approximately 100
g salt-free dry weight) of seaweed. Filtered seawater heated to
18-21° ¢ and'enrlched with 4—70.pM,ammoninm (as NH4Cl) and 1-14
uM phosphate (as NaHZPda) was circulated on a continuous flow
basis at the rate of three tank volumes per day (5475 L) ‘in five
experimental'tanks.' Unenriehed seawater having an average inorganic
nitrogenlconcentration of l‘l‘i 0.5 ﬁM was circulated at the same
rate in the sixth tank. |

» Tne'Gracilaria experimentl(Jan;—Feb., 1977) was conducted in
six 1080 L fiberglass tanks (4), stocked with 750 g fresh weight
‘(approximatelf 50 g salt—free dry weight) of seaweed. These tanks,
located in a greenhouse, had a depth of 1.10 m and‘a surface area of
0.98 mz. Filtered seawater heated'to 20°C and enriched with 2-60
uM ammonium and 0.25-7,50 uM phosphate was eirculated on a continuous-
flow basis at- the rate of five tank volumes per day (5400 L) in five
expeflmental tanks. Unenrlched seawater having an average dissolved
1norgan1c nltrogen concentratlon of 0.7 + 0.4 UM was circulated at
the same rate in the sixth tank.

Follow1ng twelve days of preconaitioning in each experiment,
the plants were'weighed every three days during a three-week period.
After weighing, the biomass in'each tank was adjusted to the initial
stocking'density. Samples of the hatvested plants were dried at
60°C to thain dry weight:fresh weight ratios. At the end of the
=Vperiment the'entire contents of each tank were dried at 60°C for
carrageenan.orfagar analy51s. Ammonlum, nltrate, and nitrite were

determlned (12) twice weeklj on the effluents from the experlmental
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tanks.

| Cérrageenan content was determined using an alkaline extractioh/
alcohol precipitation procedure,(3). Two different methods were used
for the quantitative determination of the Gracilaria agar. In the
acdd method 50 g of dried weed were placed in a beaker containinq
750 ml hot water. The pH was then adjusted to 5.5 and the mixture
heated and stirred for 75 minutes at 90°C. The hot mixture was
filtered usidg a pressurized filtration device; and the filtrate
purified by qdick freezin§ of the gel, followed by thawing and drying.
at 60°C. The agar content, determined gravimetrically, is expressed :
as a percentage of the salt-free dry weight. The latter was determined
by washing a known amount of dried sample in cold water for 2 minutes,
dr}ing and then reweighing. “In the alkaline method of agar analysis
50 g of weed were soaked in 200 ml of 5% NaOH for 30 minutes, and
then placed in a covered beaker and baked at 85° for 3 hours. The
weed was then washed well in c¢old water, drained and subsequently

treated in the same manner as in the acid method.
RESULTS AND DISCUSSION

The nitrogen concentrations shown in Fig. 1 and 2 are the average
inorganic nitrogen (NH4+ + NO;™ + NOZ-) concentrations measured in

the tanks during the expefiment. In the Neoagardhiella experiment

(Fig. 1) growth rate increased with increasing nitrogen concentration
up to approximately 0.5 1M, with no further increcase occurring at
higher concentrations. Carfageenan contentxwas highest (369) at a

v concentratlon of - approx1mately 0.5 uN and decreased ollghtly at .

hlgher nltrogen concentratlons.
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The growth fatc of Gracilaria (Fig. 2) was proportional to
nitrogen concentration ﬁp to approximately 1.0 uM with little change
in growth rate occurring at higher nitrogen concentrations. Agar
content was highést {45%) in the plants receiving unenriched sea-
water, and decreased exponentially with increasing nitrogen enrich-
ment. Gracilaria cultured at nitrogen concentrations ranging from
2-45 yuM contained approximately 25% égarf Agar production increased
with increasing nitrogen concentration up to approximately 1 pM with
a slight decrease at 2.5 pM.

The rates of production of agar and carrageenan reported should
not be interpreted as maximum phycocolloid production rates. Tﬁe
density of seayeeds used in these experiments was intentioﬁally
maintained at suboptimal levels (4) to reduce the variability in
growth rates and nutriéﬂt uptake caused by fluctuating solar radiation.

Seasonal quantitative differences in phycocolloid content have
frequently been reported for seaweeds harvested from natural popula-
tions (1,2,5,6,7,8,10,11). These variations have'been‘attributed to
plant size or age (8,11), rainfall (6), rate of grthh (2,10), or
nutrient levels (2,5,8). Neish and Shacklock (9) have shown tha£
Chondrus cultured in unenriched seawater has a higher carrageenan
content than Chondrus grown in nitrogen-enriched media. In addition,
they demonstrated an increase in carrageenan content of Chondrus
grown in nitrogen-enriched seawater following its transfer to unen-
riched séawater. Results of the present study are in general égree—
ment with the findings of Neish and Shacklock (9) with the exception
that the highest carrageenan content was observed in plaﬁts continuously

receiving approximately 0.5 uM nitrogen rather than unenriched seawater.
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This apparent discrepancy presumably can be gttributed to the greater
rahge of nitfogen concentrations éxamined in the present study and to
b-differences in the concentrations of inorganic nitrogen in the
unenriched seawater utilized in the two studies.

The inorganic nitrogen content of the seawater, which varies
seasonally, appears to be a major’féctor influencing the phycocolloid
content and growth rate of naturél seaweed populatiqns. It is
important to note that the nitrogen concentration range for maximum
biomass production and for the highest phycocolloid content coincide.
AIntensive seaweed mariculture facilities in which the plants are
fertilized continuously, allow the inorganic nitrogen to be maintained
within this optimum range of épproximately 0.4-1.5 uM to obtain
max imum pﬁycocplloid production. As a result, plants nay be harvested
at any time without trapsfer £o unenriched seawater. Détermination
of the-optimum‘hérvest time for seaweeds in a mariculture syétem
receiving intermittent fertilization is more difficult. Results of
this investigation indicate that, for a period prior to harvesting,
inorganic nitrogen should be reduced to qoncehtrafions less than 0.5
UM in ordef to increase the phycocolloid content. The length of time
necessary to accomplish this increase is. dependent upon several factors
including sqlar radiation, temperature, stocking density of the
seéweeds, and the concentration of nutrients stored in the plant tissue
and cbntained in the seawatér. Preliminary studies have shown that it
may be péssible to use the N/C raﬁivof the plants or fheif pigment
~composition as an indicator of the nutrient status and phycocolloid
content df the~seaWeéds (4). The capability of increasing phycocolloid

production through regulation of the nitrogen concentration and. the
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utilization of indicators to monitor the nutrient status of seaweeds

should increase the efficiency and success of seaweed mariculture.
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PRELIMINARY STUDIES ON A COMBINED

SEAWEED ‘MARICULTURE-TERTIARY WASTE TREATMENT SYSTEM1

3
J. A. DeBoerz, B. E. Lapointe™, and J. H. Ryther4
Woods Hole Oceanographic Institution
Woods Hole, Massachusetts 02543

ABSTRACT

A pilot~plant scale waste recycling-mariculture system was
developed at the Woods Hole Oceanographic Institution's Environmental |
Systems Laboratory in 1973. Basically, the concept of this system is ‘
to grow unicellular marine algae in continuous flow cultures on mix-
turés of seawater and secondarily treated sewage effluent, and feed
the algae to bivalve molluscs, maintained in a separate culture sys-
tem. A final polishing step in the system consists of macroscopic
algae (seaweeds) which remove the dissolved nutrients regenerated by
the animal culture prior to discharge of the final effluent. In addi-
tion to serving as final polishing step in the phytoplankton-shellfish
waste recycling system, seaweeds are also used as a one-step waste re-
cycling-mariculture system.

1This work was supported by NOAA Sea Grant 04-6-158-44016 from the U. S.
Department of Commerce and the Jessie Smith Noyes Foundation; Inc.
Woods Hole Oceanographic Institution Contribution No.

2University of Texas Marine Science Institute, Port Aransas, Texas
78373. ‘

3Harbor Branch Foundation, Inc., P. 0. Box 196, RFD 1, Ft. Pierce,
Florida 33450.

t

4WOods Hole QOceanographic Ihstitution, Woods Hole, Massachusetts 02543.
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Currently, in the seaweed systems, red alage are being grown
which contain either agar or carrageenan both of which are in short
supply and therefore have a high economic value. Yields from these
seaweed mariculture systems are notably high compared to other mari-
cultural and agricultural crops. Results indicate that seaweed farms
will be an economically profitable enterprise especially for developing
countriuss in warm climates.

INTRODUCTION

A combined tertiary sewage treatment-marine aquaculture system
has been developed which has the capacity for removing the inorganic
nutrients from treated sewage effluent, prior to discharge of the
latter to the environment, recycling these nutrients into commercially
valuable crops of marine organisms (Ryther, 1977). The concept of this
system is to grow unicellular marine algae in continuous flow cultures
on mixtures of seawater and treated sewage effluent, and feed the alga
to bivalve molluscs, maintained in trays in a separate culture system.
The algae remove the nutrients from the wastewater and the shellfish
remove the algae from suspension. Other animals, including lobsters
and flatfish, grown together with the bivalves utilize their solid
wastes and the fauna of small invertebrates that feed on the wastes.

A fipal polishing step in the system consists of macroscopic algae
(seaweeds) through which the effluent from the animal culture passes.
The seaweeds remove the dissolved nutrients regenerated by the animal
culture prior to discharge of the final effluent. The objective is to
~achieve a low nutrient final effluent that will meet the standards of
tertiary treatment while at the same time producing commercially
valuable crops of marine organisms.

There are numerous ways -in which the seaweeds harvested from this
system may be utilized. They may serve as food for herbivorous or
omnivorous finfish or invertebrates or as a food supplement for cattle,
swine or chickens (Chapman, 1970). Alternatively, some species of sea-
weeds can be sold for the commercially valuable products that they con-
tain such as agar and carrageenan (Mathieson, 1975). The U. S. Energy
Resource and Development Administration (ERDA) is currently supporting
this study and others (Wilcox, 1976) to determine the feasibility of
growing seaweeds as biomass to produce a source of energy through pyrol-
ysis or fermentation. '

In addition to using seaweeds as a polishing step in the waste re-
cycling-polyculture system, they may also be grown in a one-step waste
recycling system to remove the nutrients directly from a mixture of sea-
water and secondary sewage effluent. Instead of domestic sewage ef-
fluent, agricultural or food processing wastes or artificial fertilizers
may be used as alternative nutrient sources. . Similar growth rates are
obtained using either secondary sewage effluent or chemical nutrients
as a nutrient source (DeBoer, unpublished). Seaweeds may also be
incorporated into a closed animal mariculture system (e.g. salmon
culture) in which the algae serve as a biological filter, removing
the toxic metabolic wastes of the animals.
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Two species of macroscopic red algae (Gracilaria foliifera and
Neoagardhiella baileyi) were grown in the Woods Hole Oceanographic
Institution's waste recycling-seaweed mariculture project. Several
species of Gracilaria are currently harvested as a source of agar.
Neoagzardhiella, which contains iota carrageenan (DeBoer et al., 1976),
is not yet harvested commercially but has potential commerical value.

A closely related genus (Eucheuma) which contains the same phycocolloid,
is cultivated and harvested commercially in the Philippines (Parker,
1974). Agar and carrageenan are used extensively in food, pharmaceuti-
cal, textile, cosmetic, and other industries in such products as diet
foods, toothpaste, pharmaceutical capsules, and infant formulas
(Mathieson, 1975). Because the demand for agar and carrageenan exceeds
the supply and because the industry is resource limited (Silverthorne
and Sorenson, 1971; Mathieson, 1975), there has been a recent interest
in the mass cultivation of seaweeds contajining these phycocolloids.

This report describes the annual yields of Gracilaria foliifera
and Neoagardhiella baileyi grown in culture at Woods Hole, Massachusetts.

MATERIALS AND METHODS

The unattached, free-floating seaweeds were grown in concrete
raceways (Fig. 1) 12.2m (L) x 1.2 m (W) x 1.5 m (D), which have
sloping plywood bottoms with a depth ranging from 0.6 m on the shallow
side to 1.5 m on the deep side. The seaweeds were kept in suspension
by aeration from an air line located at the bottom of the raceway and
extending its entire length. The aeration provided for mixing, gas
exchange and uniform exposure of the plants to sunlight.

The seaweed cultures received the effluent from similar raceways
containing various species of bivalve molluscs. Because of major pro-
blems with the molluse cultures, a considerable research effort was
devoted to that area including experimentation with flow rates, tempera-
tures, shellfish stocking densities, and other factors. For that rea-
son, the effluent from the shellfish raceways, which was utilized as a
nutrient source for th: seaweed raceway cultures, was highly variable
throughout the year in its chemical and physical characteristics
(Table 1). In spite of this, the flow of water and the supply of
nutrients were not believed to have been limiting to seaweed growth.
Rather, the primary factors influencing growth of the plants are be-
lieved to have been incident solar radiation and water temperature.

The seaweed stocking density was varied experimentally during the year
(Table 1) as the optimum denisty for the maximum rate of production in
the raceways had not been previously determined. Production rates of
Gracilaria and Neoagardhiella were monitored from March 20, 1975 to
March 19, 1976. Production was measured by dipnetting all of the algae
from the raceways and draining the plants in nylon mesh bags prior to
weighing. Samples of the algae were oven dried at 60°C to determine
the relationship between fresh and dry weight. Production rates or
yields are expressed in terms of dry weight which ranged between 10-
15% of the fresh weight. The productivity of seaweeds cultivated in
tanks 0.6 m to 1:8 m in depth has been shown to be primarily a function
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of the surface area and not the depth of the tanks (Shacklock et al.,

1975; DeBner, unpublizhed). As a result, the productivity values are

reported here as the mass of dry algal material produced per unit area
per upnit time.

LSULTS AND DISCUSSION

The seawead production rates are shown in Figure 2. Neoagardhiella
had surprisingly high rates of production in the spring (22-41 g dry
weight/m2.day) and summer 20-36 g/m2-day). Gracilaria production rates
were quite variable, increasing from 4 g/mz-day in April to 43 g/mZ-day
in early June and decreasing again during the latter part of the summer
to 7-18 g/m2.day. Production rates of both species declined during the
fall and early winter. By mid-December the Gracilaria production rate
had fallen to zero and the plants had deteriorated, while the Neoagard-
hiella remained viable (although stunted) with a production rate of

6 g/mZ-day.

The gross seasonal changes in production appear to be correlated
with both water temperature and incident solar radiation. From June 1
to October 1, however, when the water temperatures and solar radiation
were presumably optimal for the seaweeds, production showed little
correlation with those variables. ILow production rates during that
period were probably due to the high densities of seaweeds maintained
in the raceways (as high as 12 and 10 kg fresh weight/m2 for Neo-
agardhiella and Gracilaria respectively). DeBoer and Lapointe (1976)
found a decrease in the rate of production of both species at densities
above 5 kg fresh weight/m?2.

The mean annual dry weight production rate was 17 g/mz.day or 63
metric tons/hectare.year for Neoagardhiella and 9 g/mz.day or
33 t/ha.year for Gracilaria. These rates may be higher than would be
realized in a commercial enterprise because the raceways were maintained
at elevated temperatures for approximately six months of the year.
Annual production rates based on a 5 1/2 month growing season when the
raceways were not heated (May 8, 1975 to October 20, 1975) were 46
t/ha.year and 28 t/ha.year for Neoahardhiella and Gracilaria, respec-
tively. Given favorable growing conditions it does not seem unrealis-
tic to expect production rates to exceed 50 t/ha-year based on a five-
six month growing season at this latitude. Even higher yields should
be possible in warmer climates nearer the equator.

The yields obtained in this study were similar to those recently
reported for Gracilaria sp. and Hypnea musciformis grown in essential-
ly the same way but for shorter periods of time at the Harbor Branch
Foundation in Florida (Lapointe et al., 1976). The yields obtained
in both studies are considerably greater than literature values repor-
ted for other highly profitable seaweed crops (Table 2). Doty (1973)
calculated that Eucheuma farming can 'provide more than three times
the dollar return that sugar [cane] produces'. Shang (1976) estimates
an annual profit of $1,399-2,413/ha for Gracilaria cultured in ponds
(at yields 1/3 or less than those obtained in the present study), whereas
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the same ponds employed for milkfish culture brouvht profits of only
$250-$500/ha.

Most species of seaweeds currently cultivated are guown attached
to ropes, nets or poles (Bardach et al., 1972). These methods are
very labor intensive and are, therefore, best suited to countries
having low labor costs. The method used in the present study, growing
the unattached plants in raceways (ponds could also be used), is a
more versatile means of culture and one that could easily be mechanized
if desired.
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Figure 1.

Raceways used to culture seaweeds (uncovered) and bivalve
molluscs (covered).




8€1

Table 1. - Culture conditions in the seaweec raceways during 1975-1976
Radiation Nutrients (umoles/1) Influent water Water flow Density (kg wet wt/m2)
Dates langleys/day NO§+N0§+NHZ POy temperature °C  liters/min N. baileyi G. foliifera

Mar 20-Apr 15 366 37 1.2 15 48 3.9 2.8
Apr 15-May 6 400 14 8 e 48 9.5 3,9
May 6-May 20 543 1 7 18 72 8.9 5.4
May 20-May 28 548 11 2 18 7.2 123 6.4
May 28-Jun 5 519 27 7 19 72 10.1 8.1
Jun 5-Jun 12 430 16 7 20 72 115 8.4
Jun 12-Jun 27 566 34 9 21 96 852 1052
Jun 27-Jul 16 518 75 13 23 138 545 5.9
Jul 16-Aug 14 496 58 10 26 56 6.6 6.3
Aug 14-Aug 27 467 81 14 26 48-144 5.9 6.5
Aug 27-Sep 18 423 -- -- 21 48-144 4.2 4.0
Sep 18-0Oct 6 361 -- - 19 48-144 Bad 240
Oct 6-Nov 7 246 -- - 16 70 2.6 157
Nov 7-Nov 21 181 44 8 14 72 iy § 2.8
Nov 21-Dec 19 140 37 5 13 60- 80 2..:0 2%°2
Dec 19-Feb 20 141 40 6 14 60~ 80 310 -
Feb 20-Mar 19 202 -- -- 15 60- 80 2.9 -
148 liters/min = 3 exchanges/day




Table 2. Comparative dry weight productivity values for cultivated seaweed
and terrestrial crops '

Annual
production
Crop Location t/ha ' Reference
Neoagardhislla  Massachusetts, USA 46 This study
Gracilaria Massachusetts, USA 28 This study
Gracilaria Florida, USA 46 Lapointe et al. (1976) .
Gracilaria Taiwan 7-12 Shang (1976)
Gracilaria Taiwan. 2-10 Parker (1974)
Hypnea Florida, USA 39 Lapointe. et al. (1976)
Fucheuma The Philippines 13 Parker (1974)
Porphyra Japan 3 Parker (1974)
Gelidium Taiwan : 2 Parker (1974)
Sugar cane Hawaii, USA 67 - Loomis and Gerakis (1975)
Corn ‘ Colorado, USA 27 Loomis and Gerakis (1975)
Wheat ‘Washington, USA . 30 _Loomis and Gerakis (1975)
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Potential Yields from a Waste Recycliﬂg—Alga¥
Maricgltufe System
James A. DeBoer and John H. Ryther
Woods Hole Oceanographic Institution

Woods Hole, Massachusetts 02543 USA

INTRODUCTION

For centuries seaweeds Have'been an integral part of
the Oriental diet, but only since World Wér I have they.-
become an important commodity in the Western World. In‘ge—
cénﬁ years they have been used in the United States primari-
ly for their.phycocolloids‘(alginatés,'agar and cérrageenan).
Agar and carrageenan, cell wall polysaccharides prodgced by
various red algal species, are widely used in the food, phar-
maceutical, textile, cosmetic and other industries as sus-
pending, thickening, stabilizing, and emulsifying agents
(13, 29). The principal source of agar has been Gelidium Spp.,
which is harvested in Japan where the agar is extracted and
exported to phe rest of the wofld. 4Carrageen6phytes have
been harvested from'naturél poﬁdlations throughout the
world, dried, and shipped‘to factories in North-America or
Western Europe, where the bhydOCOlloid is- extracted and rgf

fined for sale. Most of the-world's supply of -carrageenan




comes from Chondrus crispus (Irish Moss) populatioms in
Eastern Canada and to a lesser extent New England and
Northern Europe.
These seaweed resources are limited in area and are

.now heavily exploited. At the same time, the demand for
phycocolloids has steadily increased. The discovery that
different algal species or blends of phycocolloids from
different algal species have dissimilér gelling or emulsi-
fying properties has led to a large number of new applica-
tions of these products. These factors together have led
to screening of various species and world-wide surveys of
seaweed resources by the industry over the past two decades,
in an attempt to expand the base of its oﬁeration. One ex-
ample of such expansion is the relatively new exploitation
gf,the red alga EFuchewna in the Philippines and other parts
of Southeast Asia. These resources, old and new, have re-.
centiy beeu decrcasing in abundance due to overharvesting
(2, 8, 30) pollution (20,30, 33) and storm damage (21) to
the extent that the industry-is resource limited and atten-
tion has become focused on cultivation as the only viable
long-term solution.

qust'studies'with seaweeds have been concerned with
;;héir"tfgéﬂohi, ;né;omy, life history or distribution. Un-

fortunately, there is very little known about the physiology
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and autecology of most of these algae and even less concern-

ing their cultivation.

CULTIVATION OF AGAROPHYTES AND CARRAGEENOPHYTES

To supplement insufficient natural supplies of agaro-
phytes, the Japanese initiated a seaweed cultivation pro-=
‘gram several decades ago. One method involves scattering
small fragmengs of Gelidium or Gracilaria~(12) in bays A-
where the plants are allowed to regenerate vegetacively.
More recently the Japanese have propagated Graczlarza -and~
Gelidium (14) on ropes in shallow bays. Graczlaria culture
in Taiwan (28) has undergone>a rapid expansion since ii;
initiation in 1962.~ The unattached Gracilaria plants are
grown in shallow ponds, approximately 1 ha in area, which’
formerly were used for milkfish culture. Eucheuma farming
developed in the Philippines (7, 8, 9, 21) utilizes a net-
culture technique that is similar to the cultivation of
edible seaweeds in Japan; There are no commergial seaweed

cultivation farms presently in existence in Nbrth~Americél,

lAtlantic Mariculture Ltd. of Grand Manan Island :New
Brunswick, Canada uses V-shaped, air agitated ponds as part
of a commercial Rhodymenia operation (19). Their primary
objective is mot cultivation, but rather to keep the plants
alive until they can be processed. S
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but several research projects involving the cultivation of
red algae have evolved in the past deéade.

Beginning in the late 1960's a group, headed $y A. C.
Neish, at the-Ca#adian National Research Council Atlantié
Regioﬁal Labgratoty near Hélifak, initiated studiés’on fhe
culture of unattached Chondrus crispus in tanks containing
flowing seawater. One of their early observations waé'
that plants of different origin grew at considerably dif-

. ferent ratés in the same tank. One clone (T-4) grew much
faster than others and, in addition, was less susceptible
to epiphytization by undesired algal species (17). An- °
othef important finding was that the chemical composition
of the plaﬁts could be altered by maniﬁulation of the cul-
iure environment. Neish and his co~workers discovered that
planté grown in unenriched seawater have a higher carra-
geenan  content than those gfown similarly in nitrogen-
eﬁriched seawater. If Chondrus grown in nitrogen-enriched
seawater was transferred to unenriched seawater, its carra-
geenan content increased. The effects of several other
operating parameters were also investigated (17, 18, 26, 27).

Following Neish's lead, qevéral rgsearch.groups in the
U.VS. have experimenﬁed with‘growing unattached seaweeds in
suspeﬁded culture. For éxample, Ryther's group (3, 4, 5,

11, 22, 23, 25) in Woods Hole and in Florida has grown
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Gracilaria sp., Neoagardhiella baileyi, Chondrus crispus, .

Gracilariopsis sjoestedtii, Hypnea musetiformis and other
specles in tanks (Figs. 1A-B) raceways (Figs. 1C & 2) .
and ponds (Fig. 2). Other research teams in the U. S. have

used similar tank culture methods to grow Hypnea (10),

‘Imdaea (31) and Gigartina (31, 32).

Two commercial seaweed companies, Marine Colloids, Ltd.
and GENU Products, Ltd. have started pilot Chondrus products
in Nova Scotia, with partial support from the Caﬁadianv
Government, using different modifications of Neishfs basic
technique. Problems delaying full scale production in both
projects include (1) control of glgal contaminanté (e.g., -
Ulva, MOmM, E’qtoca:rpus) in the culture system and .,
(2) slow growth of Chondrus.

A WASTE RECYCLING - MARINE POLYCULTURE QYSTEM
‘Beginning about 1970, a project was started at the Woods
Hole Oceanographic Institution in which a waste recycling-

mafine aquaculturé system ﬁﬁs'develpﬁéd.v This systém héé“%ﬁe

" capacity of removing the inorganic nutrierits from treated

sewage effluent, prior to its discharge to the environment,
recycling these nutrients into commeréiaiiy vaiuéblé crdps of

marine organisms.
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The concept of this system is to grow unicellular marine

algae in ponds in continuous flow cultures on mixtures of sea-

water and secondarily treated sewage effluent (Fig. 3). The

Y

algae are fed to bivalve molluscs, maintained in Nestier@

. g :
Lo C FZS BT VI

trays in raceways. The algae remove the,nutrientSvfram-the

wastewater and the shellfish remove the algae from suspension.

A final polishing step in the system comsists of macroscopic
algae (seaweeds) through which the effluent-from the animal
culture passes. The seaweeds remove the dissolved nutrientsA
regenerated by the animal culture prior to discharge of the
final effluent. The quective of this polyculture system is
to achieve a low nutrieﬁt final effluent that will meet the

standards of tertiary treatment while at the same time pro-

duing commerically valuable crops of marine organisms.

Two species of macroscopic red algae, Gracilaria sp. and

Neoagardhiella baileyi, were grown in the Woods Hole waste

‘recycling-seaweed mariculture projects. Several species of

anczlarta are currently harvested as a source of agar.
Neoagardhtella which contains iota-carrageenan (4) is not
yet harvested commercially but has potential commercial
value. Species of a closely related genus, Euchewna, which
cvntain the same phycocolloid, are cultivated and harvested

commercially in the Philippines (8).
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The unattached, free-floating seaweeds were grown in
4concrete raceways 12.2 m (L) k l.Z.m W) x 1.5 m.(D), which
. have sloping plywood bottoms with a depth ranging from 0.6 m
to the bottom (1.5 m) The seaweeds were kept in suspension
by aeration from an airline located at the bottom of the

P,

raceway and extending its entire length ' The aeration pro-

vided for mixing, gas exchange and uniform exposure of the

,\;"‘

plants to sunlight. The seaweed cultures received the effluent

RS S
b

from similar raceways containing various.species ofbbivalve
molluscs. | | | o

Because of major problems withvthe'mollusc cultures
vduring the first year of operation a considerable research
effort was devoted to that area includingvexperinentation
:with flow rates, temperatures, shellfish stocking densities,
and other factors. For that reason, the effluent from the
shellfish raceways was highly variable throughout the year
in its chemical and physical characteristics (Table I). 1In
spite of these variatioms, the flow of water and the supply
of nutrients were not believed to have been limiting~to sea-
weed growth. The seaseed stocking density was uaried experi-
mentally during the year because the optimum density for the
maximum rate of production in the raceways had not been pre-

viously determined. Gracilaria and Néoagardhiella were
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monitored from March 20, 1975 to March 19, 1976.

Production was measured by dip—nettihg ﬁhe algae from
"the raceways and draining the plants in nylon mesh bags prior
to welghing. After weighing, the bicméss was cut back to its
starting value or allgwed to accumulate. The populations
were weighed at intervals of 7-60‘&ays. Génerally, the plants
were weighed at intervals of about 1 weék during the period
of moét‘rapid growth in spring and early summer and at longer
.intervals during the remainder of the year.' Samples of the
‘algae were oven dried at 60° C to determine the relationship
‘between fresh and dry weight. - Production rates of yields
are ekpressed in terms of dry'wgight whiéh ranged between

|10-15% of the fresh weight.

The seaweed production rates are shown in Figure 4.
Neoagardhiella had surprisingly high rates of production in
the spring (21—41 g dry weight/mz-day) and summer (20-36
g/mz-day). Gracilarta production rates were quite vaiiable,
increasing from 4 g/mz-day in April to 43 g/w?-day in early
June and decreasing again dpring the latter part of the
sumﬁer to 7-18 g/mz'daf.' Prodﬁction fatés of both éﬁecies
declined during the fall and early winter. By mid December
the Gracilarta production rate had falleﬁ to zero and the
plénts had deteriofated while ’Neoagardhiella remained

viable (although stunted) with a production rate of 6 g/m2-day.
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The gross seasonal changes in production appear to be. -

correlated with both water temperaturé and incideﬁt solar
radiation. Althoughthe seawater entering the bivalve’
-molluéc cultures was heated in Wintervto enabie the shell-
fish to feed and grow, it had cboied to as low as 13° C:. :. ...
by the time it entered the seaweed' cultures and as low :as &3
8° C' on leaving the cultures at times during mid-winter.
From Juné 1 to October 1, however, when the water tempera-
tures and solar radiation were presumably optimal for the
seaweeds (3), production showed little correlation with

those variables. Low production rateé during that period - - -
were probably due to the high densities of seaweeds main-
tained in the raceways (as high as 12.3 and 10.2 kg fresh

weight/m2 for Neoagardhiella and Gracilaria, respectively.

SEAWEED MARICU?TURE - OPERATIONAL CONSIbERATIbNS

In addition to using seaweeds as a "polishing" ste§
in a waste fecycling-polycultu:e system, they may also be
grown in a one-step waste recycling system to directly re-
move the ﬁutrients from mi¥£u£;; 6; Se;water and secondér&uy
sewage effluent. This one-step system has been more.succgss-
ful than the polyculture system.beca;se of its simpliéity. .

Even so, there are several operational parameters which need

examination to ensure success and to optimize yields in a
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seaweed mariculture system.
It was observed in the polycuiture experiment thét’one
very important opérational coﬁsideration is the biomass of
seaweeds to be maintained in the culture system to provide
maximum yield per. unit area. de experiments were conducted
to determine the relationship between seaweed density, growth
rate and production for Gracilaria sp. One experiment was con-
ducted during June 2-28, 1976 and the other, during November
3-30. Each of six plywood tanks (Fig. 1) was'stocked with an
initial stocking density ranging from 180-4000 g fresh weight/
m2. These tanks, measuring 2.4 m (L) x 1.0 m (W) x 1.2 m (D),

were designed with sloping bottoms. An airline on the bottom

along the deep side of the tank enabled the plants to be main-

tained in suspension and circulated by aeration. The tanks
were located in a geodesic dome fitted during the winter with
a vinyl cover to retain heat. Filtered seawater heated to
18.5-21.5° C was enriched with ammonium chloride and sodium
phosphate to give a concentration of 5U uM NH4+ and 10 uM

3, The heated, enriched seawater was circulated through

PO,
the fanks on a continuous-flow basis at a rate of 2 tank
volumes (3650 liters) per day. Three times per week the plants

were weighed and the density in each tank adjusted to the initial

stocking density by harvesting the incremental growth. The
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specific growth rate (u), the percent increase per day, was

calculated by the equation:

4 = 10001a%No)

t
where No is the initial biomass and N is the biomass “on day
t.

The_meén growth and'broduction rates at the différent
mean densities are shown in Fig. 5. The average solar radia-
. tion was 549 langleys/day during the late spring experiment
- and’ 152 langleys/day'during the late fall experiment. fﬁé
. .growth raté decreased exponentially with increasing culture
‘-density from 14%/day to 4%/day during the spring and froﬁ
9%/day to 1Z/day in the fall. Production, or yield, which
is a»function of both specific growth rate and ‘density, was
highest at an intermediate density of 3000-4000 g fresh
weight/m? in spring. In the fall, maximum production was
aéhieved,at densities of 2000-2500 g fresh weight/m2.

In another experiment using similar methods (3) we in-
vestigated the relationships between growth rate, préduction
rate and density in Neoagardhiella baileyi. The results,
shown in Fig. 6, are averages over the entire 40 day experi~
ment (Nov-Dec, 1975), during which time the mean incident

solar radiation was 136 langleys/day. Maximum production
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occurred at densities of 2000-2500 g fresh weight/mz. During
brief periods (ca. 1 week) of sﬁnny weather when the solar
radiation averaged 160 ly/day, p:&ductivity increased markedly
to a peak of 22 g dry wt/mzlday at a demnsity of 2900 g fresh
wt/m2, During clqudy periods (85 ly/day) production decreased
to iess than 5 g dw/mz/day at densities of 500~1500 g fresh
wt/m2, A |
It may be coﬁcluded from these experiments.thét to‘ob-

tain maximum yields of Gracilarig and Neoagardhiella,the
density should be maintained in the range of 1800-2800 g/m2
during the winter, 2800-4500 g/m2 during late spring and
summer, and at intermediate densities during the remainder

of the year. These relationshipsAbetween production and
seaweed density for Gracilaria and Neoagardhiella are simi-
lar to those reported for other red algae. For example,

the maximum rate of production fof’Chandrys'duriﬁg the sum-
mer was obtained at a population demsity of 5800 g fresh
weight/m’ (18). The optimum density for Iridaea in April
was approximately 2100 g fresh weight/m24(31).

| The optimum depth of the culture system is another vari-
able which is best determined empirically. éhacklock et al.
(27) found that the growth of Chondrus was greater at a depth

of 91 cm than it was at either 46 or 1800 cm. From experience
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with‘various tyées of culture ehclosures and modes of circuia-
tion of the plants and water we have found that the optimumv
depth for the suspended cultures of Gracilaria and
Neoagardhiella is 60-110 cm.

. Another critical operating parameter in seaweed cultiva--
tion is the concentration of nutrients necessary to sustaini
maximum rate of growth. Ryther and Dumstan (24) found that
nitrogen is the chemical nutrient most likely to be limiting
algal growth in marine wéters{. Our seaweed studies have also
indicated nitrogen to be the’ critical 11mit1ng factor 1552;;,’
Woods Hole seaweed mariculture system. As a result, an invés-
tigation (4) was undertaken (March 21-April 8, 1976) to deter-
mine the concentration of ammonia at which maximum gfowth rate
occurs in Neoagardhielia baileyti. Each pf}thé’six tanks déscii—
bed in the density experiments was stocked with 1500 g of séé—
weed. - Influent nutrient concentrations of the enriched sea-

water ranged from 4 to 70 uM- NH and from 1 to 14 uM P04—3

4
respectively, in five of the experimental tanks, with an unen-
riched seawater control in the sixth tank. The continuouéi \
flow rates were equivalent to three ;ank volumes per day.
Every three days the seaweeds were weighed and the biomass iﬁ

each tank adjusted to the initial étocking density. Growth

rate (Fig. 7) increased with increasing nitrogen concentration
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dp to a concentration of approximately 0.8 uM‘NH4+ but re-
”ﬁaiﬁed constant at higher concentrations.

'.At the conclusion of the experiment described abové the
céffageenan contentwof the plants was determined. Details
of-tﬁé methods and results have been previousiy reported (4).
C;f}égeenan content (Fig. 7) was highest at a résidual nitro-
gen éoncentration of 0.8 uM NH4+ and decreased at both
higher and lower nitrogen levels. These results are similar
to those of Neish and Shacklock (18) who found that Chondrus
grown in unenrichediseawatgr has a higher carrageenan confent
than when grown in ﬁitrogen—enriched seawater. Our fesulté
show, however, that even higher levels of,carrageenan can'be
" produced at low (0.5-1.2 uM) NH4+ concentrations than in)unen-
fiched seawater. | |

In another study2 it was determined that the half-satura-
tion constants‘for growth in Gracilaria and Néoag&rdhiellé
are approximately 0.5 uM NH4+'or N03-. These constants are

very low, demonstrating that seaweeds can utilize very low

“concentrations of inorganmic nitrogen.

ZheBoer, J.A., H.J. Guigli, T. L. Israel, C. F. D'Elia, and
F. G. Whoriskey. Studies on the cultivation of the macro-
scopic red algae, Gracilaria sp. and Neoagardhiella baileyi

. (Harvey ex Kutzing) Wynne and Taylor. I. Growth rates in
cultures ‘supplied with nitrate, ammonium, or sewage effluent.
(In prep.)
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Half saturation constants for growth in phytoplankton are
usually in the 0.1-5 uM range for.inorganic nitrogen. As far
as we are aware, there have been no other studies desCribing
the half saturation constants for growth or uptake of inor-
ganic nitrogen by seaweeds. This study2 also showed that
ammonia-grown Gracilaria and NEOagardhieZZa exhibit higher
growth rates than nitrgate-grown plants, that both species
show a decided preference for ammonia over nitrate in mixtures
of the two, and that growth of both speciles is essentially

equivalent whether the nitrogen source is secondary sewage.
’effluent or chemical fertilizers. |

These results indicate that in order to maximize biomass
and carrageenan production, the inorganic nitrogen concentra-
tion should be maintained at concentrations of 0.5-1.5 uM NH4+
Because of diel and other changes in the rate of nitrogen up-
take by the seaweeds, it is difficult to constantly maintain
an optimum nutrient concentration at all times. ~Some simple
indicator of the nutrient condition or status of the plants
would greatly facilitate large—scale culture operations. The
nitrogen:carbon ratio (N/C) of the plants may serve as that
indicator. Growth rate (Fig. 8) increases with increasing
N/C atomic ratio up to approximately 0.85 with no increase

in growth rate at higher N/C ratios. This and other studies?
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'(4)'indicate that plants having an N/C ratio above 0.85 are
pFobably not nitfogen limited while loﬁer ratios suggest nitro-.
gén limitation. Additional studies under a variety of environ-
mental cqndiﬁions are necessary to substantiate these findings,
but these ini;ial résulcs indicate that large deviations in |
the N/C ratio can be used to pre&ict a nitrogen deficienéy
or surplus. Such ‘an indicator would be extremely useful in
seaweed ﬁariqulture to know when and how much to fertilize to
maximize biomass and phycocolloid production.

1t may algo be'possible to use a éimple color index as.-
an indicator of nutrient status and phycocolloid content (4).
Plant color in Neoagardhiella is due primarily to fﬁe relative
proportions of chlorophyll and the'red accessory pigment,
' ﬁhycoerythrin. Fig. 8 shows thé phycoerythrin concentration
as a functioﬁ of N/C. Phycoerythrin concentration increased
‘rather cpﬁsiscently with increasing N/C. Plants with high
concentrationé of the red pigment appear dark reddish~-brown
while those with very low levels of the pigment are yellow
to étraw colored. However,.befofe such a simple color index
of phycocolloid content and nitrogen status is used as a rule
of thumb, it must be verified that other nutritional defi-
ciencies that may'not'affeét carrageenan levels do not in~

fluence the development of the accessory pigment in the alga.

R
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At very high‘light intensities, for instance, photo-oxidation
of the pigments occurs, so that in thbse circumstances pig-
mentation may not be a valid indicator of nutritional status
and carrageenan content.

One. common observation from all of the'above experiments
is that if the seaweed density varies greatly from the opti-
mum or the nitrogén conceﬁtration is higher than is necessary
to suppbrt the maximﬁm rate df growth, algal contaminants
often proliferate to the extent that both the growth and the
economic value of the cultured species aré significantly de-
creased. We havé found that if the plants are grown qééf tﬁe
optimum density and at optimum nutrient‘coﬁcentrations
~(1-2 uM NHA+ or NOB”) the algal contaminants do not become
a seriOusléroblem. Additionally, as discussed above, we have
shown that the carrageeﬁan content is also higher in plants
grown at low nitrogen coﬁcentrations. The agar content in

Gracilaria sp. is also higher at low.nitrogeﬁ concentrations3.

3DeBoer, J. A. and F. G. Whoriskey. Studies on the cultiva-
tion of the macroscopic red algae, Gracilaria sp. and
Neoagardhiella batleyi (Harvey ex Kutzing) Wynne and Taylor
III. Relationships between nutrient concentration and
phycocolloid content. (In prep.)
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SEAWEED MARICULTURE - PRODUCTIVITY

The pol&culture experiment was conducted prior to the
density and nutrient experiments. The densities in the race-
ways were, at times, far above those optimum for the maximum
rate of production: The production rates were, therefore,
probably lower than might have been obtained if optimum densi-
ties had been maintained thtoughoﬁt the year. Nevertheless,
the mean'annual dry weight production was 17 g/mz-day or 63
metric tons/hectare-year for Neoagardhiella and 9 g/mz-day or
33 t/ha-year for Gracilaria. These rates may be higher than
would be realized in a cémmercial enterprise because tﬁe race-
ways were maintained at elevated temperatures for approximately
six months of the-yearf Annual production rates based on a
5 1/2 month growing season when the raceways were not heated
(May 8 - October 20, 1975) were 46 t/ha-year and 28 t/ha-year
for Neoagardhiella and Gfacilaria, respectively (Table II)._

The yields obtaiﬁed in this study were similar to those
recently reported for Gracilarifa sp. aud Hypmea musciformis
grown in essentially the same way but for shorter periods of
time at the Harbor Branch Foundation in Florida. In other
small scale, short duration experiments, production rates of
cultured seaweeds exceed these values 2-3 fold (3, 10, 19,
31, 32) but these yields have not been substantiated by large

-

scale, long term production studies. However, given favorable
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growing conditions it does not seem'un:ealistic to exbec;
prodﬁction rates to exceed 50 t/ha/yr based on a five-six
month growing season in temperate latitudes. The yields
obtained in both the Woods Hole and Florida‘studies are
considerably greater than literature values reported for
other highly pfofitable seaweed cfops (Table_II) and are as

high or higher than many agricultural crops (5, 11).

CONCLUSIONS

Most agarophytes and carrageenophytes currently cultiva-
ted.are grown attached to ropes or nets (1, 8, 13, 16). Thgse
methods, although profitable in some areas, are very labor
intensive ;nd are, therefore, best SUited to countries having

low labor costs. The method used in the present study, growing

unattached plants in faceways or ponds; is a more versatile
means of culture Qndlone that could easily be mechanized if
~ desired. | |

We have used domestic sewage effluent as a nutrient
source in the waste recycling-polyculture'systems in Woods .
‘Hole and in Florida but other nutrient sources could also be
used. Alternative nutrient sources include agricultural
wastes from cattle feed lots or swine . farms, wastes from
seafood processing plants or other food processing wastes, .

and wastes from open animal mariculture systems such as

159



-20-

penaeid shrimp farms. In all of these applications seaweeds
can be used to lower the nutrient and heavy metals content
of these wastes to enable the discharge to meet state and
federal regulations. Seaweeds may also be incorporated into
a closed animal mariculture system, ser&ing as a biological
filter to remove toxic metabolic wastes of the animals. Up-
welled, nutrient rich waters may also be used as a nutrient
source in seaweed mariculture syétems (10), and, of course,
_conventidnal commercial fertilizers will serve as adequate
(though perhaps more costly) nutrient sources in seaweed
monoculture operations.
In summary, it appears that cultivated seaweeds are among

" the most productive primary producers and that the prospects
for seaﬁeed cultivation look optiqistic, howevgr, there is
still a need for considerable basic and applied research on
the bilology 6f the macroécopic marine algae. Both biomass
and,ﬁhypuuolloid prnductibn are undoubtedly functions of

many inter-felated variables including: availability of
chemical nutrients, light intensity, light quality, photo-
period, turbidity, COZ'availability, mixing, rate of water
exchange, temperature, populatioﬁ density, culture depth,
water quality (toxins, growth enhancement factors, pH), and

" the seaweeds themselves (differences between species and
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physiological races, seasonality of growth, etc.). Results

of our studies on some of these variables suggest that, if
properly managed, the yields of seaweed mariculture can be

substantially increased.
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Table I. Culture conditions in the seaweed raceways during 1975-1976.

Nutrients (uM) Water flow Density (kg wet wt/m2)

Dates TiN POZ3 1/min* Neoagardhiella Gracilaria

Mar 20-Apr 15 37 12 48 5.9 2.8
Apr 15-May 6 14 8 48 9.5 3.9
May 6-May 20 21 7 72 8.9 5.5
May 20-May 28 11 2 72 ’ 12.5 6.4
May 28-Jun 5 27 7 72 10.1 8.1
Jun 5-Jun 12 16 7 72 ~11.5 8.4
Jun 12-Jun 27 34 9 96 8.2 10.2
Jun 27-Jul 16 75 13 138 5.5 5.9
Jul 16-Aug 14 58 10 96 6.6 6.3
Aug l4-Aug 27 81 14 48-144 5.9 6.5
Aug 27-Sep 18 - - 48-144 4.2 4.0
Sep 18-Oct 6 - - 48-144 3.1 2.6
Oct 6-Nov 7 - - 70 2.6 1.7
Nov 7-Nov 21 44 8 72 3.1 2.8
Nov 21-Dec 19 -37 5 60-80 2.0 2.2
Dec 19-Feb 20 40 6 60-80 . 3.0 -

Feb 20-Mar 19 - - 60-80 2.9 -

*48 1/min = 3 exchanges/day
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Table II. Comparative dry weight productivity values for cultivated seaweed crops.
Annual
Crop Location Production Culture Reference
t/ha Method
Neoagardhiella Massachusetts, USA 46 Raceway This study
Gracilaria Massachusetts, USA 28 Raceway This study
Gractlartia Florida, USA 46 Tank 11
Hypnea Florida, USA 39 Tank 11
Iridaea Washington, USA 20 Tank 31
Gracilaria Taiwan 7-12 Pond 28
Gracilaria Taiwan 2 Net 21
Gracilaria Japan 0.4-1.3 Bay 12
Eucheuna The Philippines 13 Net 271
Gelidium Japan 6 Stones 21
Gelidium Korea 1.4 Stones? 6
Porphyra Japan 0.3-3.0 Net 21,33
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Figure 1. Enclosures used in the cultivation of seaweeds at the Woods
Hole Oceanographic Institution. A - Rectangular plywood tanks.

B - Circular fiberglass tanks. C - Concrete raceways.
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Figure 2. Aluminum raceways (upper left) and PVC-1lined ponds (right) used to cultivate seaweeds at the Harbor

Branch Foundation in Ft. Pierce, Florida.
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Introduction:

The cultivation of photosynthetic'crqps fof the specific pur-.
pose of converting their biomass to fuel is a new aﬁd, as yet, un-
tried concept. The basic technolégy for éuch an undertaking is, of
course, available in agriculture and the related fields involved in
the_production of food and fiber.. However, the monetary value of
plants grown for such purposés is an order of magnitude greater than
their potential value as fuel (Greeley,‘1976), even if all of‘their
stored energy were. recoverable. 1In view of the increasing world
demand:fdr food and fiber, it therefore seems.unlikely that crops
presently in productiqn will find competitive use as an eneréy source
in the foreseeable future, with the exception of those portions of
cultivated plants that are not mow ﬁtiliééa and ére curréntly treated
as waste. |

It follows, then, not only that species not presently cultiQated
must be gfown for this new purpose, but also that they must be grown
in areas that are not suitable for the cultivation of food and
fiber crops. .Further, aqd most important,'they must be produced
within the framework of an entirely new budgetary concept, one that
is based upon an energy rather than a financial balance sheet. The
latter is, of course, always an important factor, pérticularly'when
alternative.uses of the product (as discussed above) or the land
used to grow it are considered. But costs and values of such com-

modities as food and energy change so rapidly that long-range
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préjections of the economic feasibilify of energy plantations are
at best tenuous.

What is incontestable, however, is the fact that crops grdwnA
as an energy source must, in their cultivation, harvest, processing,
'éﬁduébgﬁersion to fuel, consume less énergy‘thaﬁ they are capégié
oé préducing. Furthermore, fhe eneréy cost'accounting must extend
Back to include the pfoduction bf capital equipment, machinery,:énd
fertilizer as well as the direct operational budget if the concept
is to have any validity. Such an energy cosf accounting has been
' done for U.S. corn production by Pimentel et al. (1973), who foﬁﬁd
an energy output:input ratio of 2.82 in 1970. If the entire
blant'were considered rather than the edible portion only, which is
more rélevant to the subject of energy comnversion, a ratiovbetween
5 and 9 is obtained (UK-ISES, 1975). However, of the energy con-
tained in the plant biomass, only about half is recoverable throﬁgh
fermentation to methane with the technology of foday, and the con-
version itself is an energy-consuming process. Whatever the final
net accounting, it is clear that an energy output:input ratio
greater fhan one is-necessafy‘for a viable operation and the éreater
the ratio, the more attractive the concept becomes. Inwthat con-
ﬁeétibn,Ait would seem 1ike1y that a new‘plant cultivation tech-
nology will need to be developed for energy production, for the

improved food yields of modern agricultural technology in recent
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years have been accomplished only at the cost of even more rapidly de-

creasing energy output:input ratios (Pimentel et al.,.1973;'Pain and
Phipps, 1975). 1In conclusion, then, it would appear that the new
concept of energy plantat;ons must ipvolvg new species of p}aqtshpot
now in.cultivation on new areas unsuitéb1§ or marginal for food and
fibef production and a new culture technology aimed at achieving(the
méximum prqductivity-at the least possible expedigure of énergy._

.It is proposed here that the macroscopic marine algae orA“seaweeds"
are particularly well suitéd to this purpose, These plants_haveipeen
selected because (1) tﬁey are known or believed to be capable of '
exceptionally high levels of biological producFivity and_high organic
yields per unit of time and space and (2) they grow naturally in
existing coastal waters and wet lands and are capable of growipg in
simple impoundments on land areas that are incapable of supporting
other érops uéed for food or fiber and for which there is little or
no other existing of projeéted use.

Seaweed culture is a rglatively‘new fiel& with the exceptioﬁ
of some rather primitive practices carrigd out in Asia. Few
quantitativekmeasuréments of growth or yield have beeh made or )
documented in the literature. The present state of the art is re-

viewed briefly in the following section.
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Current status of seaweed culture: .
A rather simple method of cuitivationaof seaweeds has been practiced

for many. years in the Orient,'where'several species-of these algae-am

used directly as foed ~ among others, Porphyra (nori or laver),.Unda;ia

(wakami), Enteromorpha-orMonostroma (aonori) in.Japan and Laminaria

(kelp) in China. Cultivation consists of growing the large, sporophyte
plant from microscopic,spores that are seeded onto twine nets on wooden
frames, suspended -ropes, or otherwise attached to other substrata in
estuaries or sheltered coastal embayments (Bardach et al., 1972;
Cheng, 1969). Ihe.seawee@s_mug; be continually "weeded" by hand to
remove epiphytes and the Chinese sometimes fertilize the surrounding
water by spraying or allowing nutrients to seep from porous earthen
jugs“§u§pended_on the culture ropes. A great deal of care and sophis-
tication is also involved'in the spore production phase of the opera-
tion, usually done in laboratories or "hatcheries" under controlled
conditions. . |

It is difficult to determine yields from the scanty publications
(in English) describing, the.above praétices, but all indiéations*are
~ that fhey-are not great - considerably less than one metric ton (dry
wt) per hectare per year on. the average. Furthermore, the processes
are.extremely labor intensive. Presumably these factors are not
serious deterreﬁtslin_the current social-economic setting of China,

where agriculture is practiced in much the same ‘way. In the more

highly developed and industrialized society of Japan, such methods
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of seaweed culture are possible only because of the high price of

the dried product - $25 or more per kg.
In addition to their scattered, low-value usé'as cattle fodder,

- fertilizer, mulch, etc., seaweeds are utilized in the Western World

... primarily for their contained hydrocolloids.- These substances’ aré*

used as emulsifiers and stabilizers in a wide:variety of foods,
drugs, cosmetics, and other préducts. Differént colloids with .

. different properties and application are obtained from different
species of séaweeds, the most commonly employed-being‘algin (from

the kelps) agar (from Gelidium and certain‘other red algae) and

carrageenan (from Chondrus, Gigartina, and“another ‘group of the
red algae). Traditionally, these seaweeds have been harvested from
natural populations, dried, .and shipped to factories in North America
or Western Europé, where the hydrocolleids are extracted, ré?fﬁéﬂi53
‘and sold to users. The principal source of agér, for example, has
been Gelidium, exported from Japan to the rest of the world.  Most
of the algin has come from kelp beds harvested from the West Coast
-of the United States. Most of the world's ‘supply of carrageenan comes
from Chondrus populations in Eastern Canada and to-a lesser ektent *
New England andANorthern Europe.

The above seaweed resources are limited in area and areé rnow
heavily exploited. At the same time, the demand for hydrocolloids"

has steadily increased. Furthermore, the industry.has become con-

siderably more sophisticated with the discovery that different chemical
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species or blends. of hydrocolloids from different. seaweeds have
different jelling.or;emulsifying préperties that are appropriate
for various. different applications. These factors have together
led to, screening of different species and world-wide surveys.of sea-
weed~respurces:by the;.industry over the past decade or more, in an
attempt to expand the base of -its operation. One example of such
expansion is. the relatively new exploitation of the red alga.
Eucheuma from thggPpilippines and other parts of Southeast Asia.-
From there it is.shipped to the United States for extraction of its
colloid{ iota~carrageenan, for which special applications have been
developed.

All of the above natupal resources, old and new, have now become
over-exploited to the extent that the industry in general is resource
limited and attention has become focused on cultivation as the only
viable long-term solution. A rather primitive form of Seaweed farm-
ing for Eucheuma has4a1;eady been developed in the Philippines (Doty,
1973; Parker, 1974),.using a net-culture technique that is similar

. in many respects to. the cultivation of edible seaweeds in Japan'dis—
Lqussgd above.  Although highly labor intensive, the'system appears
very promising, with dry-weight yields from pilot farm operations
reported at 13 MI/ha/year and»préjected;yields of 30 MI'/ha/year
(Parker, loc.cit.). Another example of commercial seaweed farming
is the culture of the agar-containing red alga, Gracilaria spp.,

recently developed in Taiwan by growing the seaweed unattached on
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the‘bottoms 6f ponds originally designed for fish culturel(Shang;
1976) .  Although the practice is reportedly labor intensive (i.e., -
50% of operating costs), it appears to be profitable, particularly
when done in conjunction with animal culture:'in -a polyculture  mode
of operation. Yields of Gracilaria from these culture practices™”
are reéported as 9-10 tons/ha/year dry weight.. ' °

Other than the above few examples, there are no commercial sea-
weed. culture operations presently in exisfénéefibutza”largeinumbef
of research projects on seaweed cultpre-haVe”é§61véa in the past
decade, mostly in the past five years.

The giant kelp, Macrocystis pyrifera, is one of the most important

resources of the California Coast, not only as the world's major
source of algin, but also as the domiéant species and habitat of

the local ecosystem. Deterioration of the kelp beds over the“ﬁééé

" several decades from pollution, predation, or both, has been a
matter of major concern. This has recently led J. Wheeler North and
his associates (Cal. Inst. of Technology)‘to attempt rehabilitation
of the kelp beds by cultivation techniques, basically the mass rear-
‘ing of sporlings which are "seeded" in the environment to- be repopu-
lated (North, 1974). More recently, North and H. A. Wilcox (Navy"
Undersea Center, San Diego) have initiated a more ambitious kelp-
farming operation which is planned to include an artificial upwelling
system to provide the plants with cold, nutritent-rich waters (Jackson

and Norfh, 1973) and which has, as a major objective, the brdduction
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of organic matter as an energy (i.e.,‘methéne) source. It is too
early to evaluate the results of this new project.’ Estimateé'of
. the prodﬁctivity of natural kelp beds are of ﬁhe order of 5 tons/
ha/year (W. J. North, personal communication);

' Starting at. aboutcthe same fime as North's kelp cultivation
project (late 1960's),:a group at the Canadian NRC Atlantic Regional
Laboratory, Halifax, N.S. under A. C. Neish initiated research on

the culture of Chondrus crispus. Here the approach was to grow the

seaweeds unattached, ‘without holdfasts, in suspension in tanks with
flowing seawater ‘in a greenhouse. Neish was highly successful with
this approach, among other things isolating a strain of Chondrus
(T-4) characterized by rapid growth and high carrageenan content,

and he made significant progress over the following five-year period
(Allen et al., 1971; Neish and Shacklock, 1971; Shacklock et al.,
1972, 1974).

- Following Neish's .lead, two commercial seaweed companies, Marine

Colloids, Inc. of Rockland, Maine and its Canadian subsidiary andv
- Genu Products Canada Ltd. (a subsidiary of a Danish firm now owned by
Hercules Corp., Wilmington, Del.) have started pilot Chondrus culture
projects in Nova Scotia, witb,partial‘supportlfrom the Canadian
Government, using different modifications of NeishfSAbasic'technique
(unattached plants grown in suspended culture). Both of these pilot
projects aré in their very eafly stages (1-2 years) and only the

most preliminary results are -available. One of the major objectives
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-of ‘the Marine Colloids project is to screen samples collected:from

-a :large number .of natural Chondrus beds in an attempt to select
- improved -strains.with respect to growth, .carrageenan content,. and
other favorable characteristics. ' Problems:encountered by both:
w-projects include (1) control.of :algal:doritaminants (e g., Ulva,

Enteromorpha, Ectocarpus) -in the culture.system and'(2) slow growth

of - the Chondrus.. - . : s SRS
. During roughly the same period:(i1:e#;:1970:to the present)
a.number of phycologists have.conducted relatively small scale

- experiments in which the photosynthesis, growth; hydrocolloid con-

tent;'and other characterists of Chondrus crispus (Prince and

~ Kingsbury, 1973a,- 1973b) and of other commercially-valuable red
algae have been investigated XDawes et al., 1974a, 1974by - .
Matthiesson-.and Dawes, 1974; Fralick and Matthieson, 1975;.

Waaland, 1973). The latter studies were partly funded by the sea-

- weed industry with the objective of developing techniques. for

. .cultivation of carrageenan-coﬁtaining*Species‘other than Chondrus.

- As .an' outgrowth of that research, Marine.Colloids -Inc. initiated a
modest pilot experiment in the Florida Keys looking at the potential

ccultivation of Eucheuma spp.,: Hypnea musciformis, and other tropical

"-and semitropical red algae, ‘and-has supported a similar effort in

the cultivation of Iridaea and ‘Gigartina, temperate Pacific specieé,

in the Washington State area.
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- Beginning ‘also about 1970, a project was started at the Woods
Hole Oceanographic Institution under the direction of the senior
author in which a waste recycling-marine aquaculture system was
developed. Secondary sewage effluent, mixed with seawater, was
used to grow uniceiiular algae and the algae were ‘fed to: oysters,
clams, and ‘other bivalve molluscs. The algae removed the:nutrients
: (primarily nitrogen) from the wastewater. and the shellfish.removed
the algae, the combined system providing a tertiary sewage treat~
ment (nutrient ¥émoval) function as well as a crop of commercially-
valuable marine organisms. However, metabolism of the bivalves

and other animals in the aquaculture system resulted in reminerali-
zation of évportion of ‘the nutrients contained in their food, and |
-N and P were returned to the water through excretion of the animals
and decomposition.of their solid wastes. This phenomenon necessitated
the addition.of a final "polishing" step to the system to removeAthe
regenerated nutrients, and this stage consisted of seaweeds

grown in sispended culturc. Initially Chgpdrus crispus was used

in these experiments, including the T-4 strain obtained from
Halifax. However, Chondrus grew slowly and became heavily over-
grown with other species and it was subsequently replaced by other
warm-water speéies that appear as summer annuals in the Woods Hoie

region. These have included Neoagardhiella baileyi, Gracilaria foliifera,
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and ‘Hypnea musciformis. Results of the Woods Hole waste, recycl-

‘ing aquaculture experiment'aré summarized in Ryther (1976, 1977).

A similar experiment was initiated at St. Croix, Virgin.:
Islaﬁd'by 0. A. Roels'and others involving the pumpiné ofsideep;
nutrient-rich ocean water, in place of sewage effluent,:as:ﬁhe
basis for a unicellular algae—biValve mollusc aquaculpurg system
(Babb~et al., 1972). Seaweeds have recently #lsp been édﬁedwto
“that system to remove waétes‘produced by the molluscs (Rdels et
al., 1975), but data are not yet available.for that part of the
program. -

So successful was thefgrowth of seaweeds, especially.

Neoagardhiella and Gracilarié, in the Woods Hole experiment that

a separéte project was initiated in which the seaweeds alone. were
gréWn‘in‘mixtures of sewagé éffiﬁent and seawater as a one-step
waste recycling-aquaculture éysﬁem. In addition, seaweed culture
experiménts were-startgd byithe”present authors in 1973 at the
Harbor Branch Foundation,‘Ft.-?ierce, Florida. Some of the feéults

of the latter research are surmarized.in the following section.
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Recent studies in the culture of Gracilaria foliifera( ):

The specific growth rate of an alga is determined by its photd-
synthetic efficiency and may be considered as a biological constant
if light, nutrients, COZ’ temperature, and other‘con&rollihg factérs
aéé held at'optimal levels. Ho&ever, specific growth;.ekpréséed as
increase per unit weight and time or percent increase of weigﬁt peé unit
of time, should not be confused with productivity or yield of an algal
population, the production of organic matter per unit area aﬁé~time,
which is the derivative of the specific growth rate and the density or
biomass of the seaweeds per.unit area.

Because of self-shading and perhaps other factors, growth rate is
highest at very low densities and decreases at a rate that is inversely
proportional to density. As a result yiéld expressed as a function of
density describes a bellfshaped curve with a maximum. at somé,intermédiate
density théﬁ is both sufficienf to insure maximum-ﬁtilizatioh of iﬁcident
solar radiafion and not too high to cause a loss of producfion from self-

shading or other factors. The "other factors", such as CO._, mineral

2
nutrients (N, P),:or'inhibitory metabolites, may presumably be reduced
or eliminated by increasing the flow of seawater and its contained
nutrients through the seaweed'populat{ons, but nothiné can beidone
practically in a commercial culture system to rémove the limitations

of natural solar rédiation, the cost of artificial illumination being

prohibitively expensive.

(1)

From Lapointe and Ryther (in preparation).
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The objective of a seaweed cultgre system, therefore, is to main-
tain all pther facgérs at optimal levels so tha; Produbpiyity is limited
by ingident-solaf radiation alpngﬂ It alsp follg&s that such other fac-
tors as'water flow and nutrient concentratioqs should not exceed.their

optima, both because they may be inhibitory at higher levels but also

because they represent cost factors that should be kept as low as pos-

- sible without affecting yield.

The first step in designing a seaweed culture system, then, is to

determine emperically the optimal density or biomass of algae and the

optimal flow of seawater and concentration of nutrients to achieve

maximum yjelds at a given input of incident solar radiation. To de-
termine these operating parameters, a simple experimental system was
T 27 . ‘ - ‘ : :

developed at the Harbor Branch Foundation (Fort Pierce, Florida).

This unit consisted of four 6-meter long, 0.4 m diameter PVC pipes . that

- were longitudinally sectioned and divided into 0.75 m (50 liter) compart-

ments by means of plywood sectipns; Each sec;ion_was.pxovided with a
c;librétédelow of enriched séawater by means of a maqifoid fed from a
head box,.and each section was also quyided with a non—clqgging‘ovep
fi&% &%inu. Compressgd air is fed into the bottom ofieach compartment
thfoﬁgﬁ holes drilled along the bottoﬁ of the piée connecting to an
airline (a sectioned two-inch PVC pipe) cemenped to the outside of the
méin pipet. Thirty—two individual growth assay chambers were produﬁed
in this way (Figures 1, 2).

The growth chambers were located out-of-doors in full sunlight.
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Seawater was taken from the Harbor Branch‘Foundation ship channel which

connects to the Indian River, a shallow lagoon of the Atlantic.OQean

No attempt was made to control water temperature, which ranged from 14 -
30° C, or salinity, which ranged from 23- 34° /oo, in theAincomlng seawater
during 1976 Seawater was pumped into a reservoir tank holding several

days supply for the experimental chambers. Prior to its use, the stored

seawater was enriched with the de31red concentrations of nitrogen and

R

phosphorus,'normally provided as sodium nitrate and monosodlum (dibaSic)
phosphate at a ratio of 10:1 by atoms of N:P. A second reservoir con-
tained unenriched seawater. Both enriched and unenriched seawater sup-
plies were pumped to headboxes from which they were distributed to the
experimental .chambers at flow rates and mixtures to provide the desired
rates of exchanges and nutrient concentrations. |

Weighed amounts of seaweed were stocked in the experimental chambers
to give the desired density (g/m ). At 1ntervals of 5-10 days, depending
upon growth rate, the algae was removed from the chamber, shaken vigorously
to remove water, and weighed. Establishment of the relationship between
drained wet weight, dry weight and ash~free dry weight (volatile- solids),
.determined carefully on replicate samples of each species of seaweed
(Table 1), permitted the‘expre351on of growth in any of these units from
the wet weight measurements. |

Growth and yield data have now been obtained for several spec1es
of seaweeds using the experimental system described above. The follow-

ing discussions will be restricted to results with one species, the red
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alga Cracilaria fliifera, which has proved to be the most productive
A.and.E§ﬁsichht form Qe have worked with to date. |

" The specific growth rates aﬁd yields of‘g.‘fohifera as fﬁnctions
of density:or biomass of the seaweed arevshown in Figure 3. fhesg

:

'dACa.are shown for both summer (August, 1976).and winger (Janﬁary, 1977)
. conditions. At both times of year, growth rate dééréased yith igcféasing
bibmass; thougsh both the absolute vélues and ?hé r;nge were much gréater
in sﬁmmer'than in winter. Yields (g dry wt /mz-day) at both seaséns
i beéked gt densities of 2.0'— 3.Q-kg wet ﬁt /m2 but yitﬁ é father broéd
platéau ;t Both seasons and with some indicdtion of"a'higﬁer oétimal
density in wi;terithan in summer. Aé.wauld be éxpec;éd, yieias were
higher, by a factér of about two-fold, in summer than in winter. The
‘ differenée is'believed to be due primarily to solar radiation but tempera-
ture'may have had secdﬁd order effects. B

It is not pos;ibie to sephrate eXperimentally fhe effects of nutrient
sﬁpply and floQ ;;ge of water or medium through a séaweed culture. If
nutrient concentration is held constant, thevraté 6f inp;t éf thrients
to the cuiturc will vary ﬁfoporéioﬁafely with thé flow f;té._ if, on the
other hénd; nutrients are éddéd separateiy at a consgaﬁf>iﬂpﬁt;ra£¢ while
séawater flows are independently varied, thé instantaneous cdncén;ration
of nutfients entering the éulture will be inversely prbpo;ﬁioﬁgl'to sea-
wéter flow rate. Tovdate, only the latter experimegﬁ'hés been csnductéd:

i.e., flow rates were varied from 1 to 25 culture volume exchanges per

day (35 to 870 -ml/min through the 50-liter cultures) while holding the
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input of nutrients separaté‘and constant. An unenriched seawater'

"control" experiment was conducted at the highest flow rate (25 volumes/
day). Gracilaria was stocked in the experimental chambers at a density

of 2 kg/m2 (wvet wt) and the cultures were weighed and the incremental growth
rgmoved at intérvalsuof 3-7 days over the one-month experimental period
(October 6 - Novembe; 9, 1976).

The resultsof that experiment are shéwn in Figure 4. Algal yield
(g/mz-day) increésed almost linearly with increasing flow rateﬁhp to and
including the maximum employed (25 volumes/day).. Although influent
nutrient levels raﬁged‘frém about 300 and 30 umoles N and P respecti?ely
at the lowest flow rate to‘foughly 20 aﬁd 2 ymoles/% respeétively at the
highest flow rate, the amount of nitrogen removed per day was remarkably
constant at all flow rates and‘concengrations, as was the C:N ratio in
the seaweeds themselves (i.e., as detérmined in dried material with a
Perkin-Elmer Model 240 Eleméntal Aﬁal&zer). Nitrogen uptake thus appears
to have been determined by total daily input and not by cogcentfation
or flow rate-per se. . Hoﬁeveg,'the nutrient concentration of the unen-
riched seawater "control" was apparen;iy insufficient, even at the high
flow rate of 25 volumes/day. The seaQeed could remove from the water
only 20-25% as much nitrogen pér dayias“in the enriched seawater, its
C:Nlratio iﬁcreased éignificantly, and its growth fell sharply below

that of the other, enriched cultures.

From the above experiment, it would appear that above some minimal

nitrogen level, the growth of Gracilaria is independent of nitrogen con-
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centration but strongly dependent upon flow rate. - It should be om-
phasizéd that the minimallconcentration is gréater than the 4.4 pmoles/1
present in the unenriched seawater at the time of the experiment,
which in turn is greater than the total inorganic nitrogen édﬁcénira4
‘tion thdt“is often present in surface coasfalbbcean waters. In other
words unenriched seawater, mo matter how rapid its rate of fléw through
_the‘culture, may seldom have a high enough nutrient concentration to
~ support even moderately high-yields of.séaweed; o

The apparent dependence of groth and yield upon flow rate of sea-
ﬁater,through the culture should not be interpreted-:as a cause-and-effect
relationship. Flow rate affects many other factors that may influence
growth.. One example is pH, as shown in Figure 4. A more important
factpr.is.COQ tension and availability to the seaweed, which'is inversely
proportional to pH. Rate of removal of toxic or inhibitory metabolites
of theVseaweeds may be important. Finally, in the open and uncontrolled
cultu£e~system used, the slower the water exchange," thé greater the diurnal
téﬁperatute fluctuation an&, in rainy Weatherf the more variahle fhe
salinity_of.the~cuitufes.

Clearly, the whole question of wafer exchange and nutrient concén-
tration in flow—fhrough seaweed: cultures is an extremely coﬁplex but
critically important subject that needs much moré research.

Gracilaria foliifera was grown continuously from July 20, 1976 to

February 11, 1977 in the culture chambers descriped above, maintaining

2 , .
a culture of 2 kg/m” (wet wt) by weighing the seaweed at approximately
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one-wéek intervals and removing the incremental growth. The flow rate
was 22 culture volume exchanges pér day of seawater enriched with ca. 15

umoles/1 NOS—N and 4 umoles/1 POA-P. Yield of the seaweed in g dry wt/
mz-day is shown in Figure 5 together with incident solar radiation

(as measured with an Epply pyroheliometer) and mean daily seawater tem-
perature of the culture.

The close correlation between Gracilaria yield and solar radiation

between July and December is obvious, with even minor perturbations of

the latter reflected by irregularities in the growth of the seaweed.

However, the seasonal increase in radiation after the first of the year
was not immediately accompanied by an increase in algal yield, presumably
due to the abnormally low (<lZQC) water temperatures'thaﬁ occurred in
January, 1977. As both light and temperature increased in February,

the algae responded with renewed acceleration of growth.

The time-weighted mean production of Gracilaria was 30.7 g (dry wt)/mzl

day. Since the time period involved was just under seven months aﬁd ex-
tended from very near the summer solstice through the winter sol;ﬁice,
it may be assumed that the mean yield for that period of time would. be
very close to an annual mean productivity value.

The above yield is approximately twice.that previously ;eported'for
Gracilaria and several other species of seaweeds grown earlier in Florida
in similar but somewhat larger culture chambers (volume 350-600 liters)
and with a flow rate of 5-8 volume e#changes/day of enriched seawater at

nutrient concéntrations ranging from approximately 50 to 150 pmoles NOE—N

.
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and 10-50 pmol e l'())—l' per Llter (Lapolnte ¢ oal
A . SR

< 19706) . The dilterence
appears to confirm the hypothesis presenteo above that higher yields are
achieved with rapid water exchange and relatively low nutrient eririchment
(eg Flgure 4).

A mean- yield of 30.7 g/mz/day is equivalent to an annual ory wegght

yield of 112 metric tons/ha/year. In Table 2 this figure is compared

with annual yields of G. foliifera and Neosgardhiella baileyi at Woods
Hoie;Jﬂﬁéeaéhusetts (DeBoer et‘al., 1977) and with some of the highest
sustained agrlcultural ylelde reported in the literature (Cooper 1975)
The Florida yield of Gracilaria is 51gn1f1cantly higher than any of the
other reported values. Total dry weight yields, however, are not equiva-
‘lent to yields of organic matter or volatile solids, which are only about
507 of the dry weight of Gracilaria (Table 1) in contrast to 75—95%.of
terrestrial plants (Weetlake 1963). Yet half the reported yield of
Grac1lar1a in Florida compares favorably with the total dry weight yields
of most of the crops shown in Table 2,

Caution must also be used in extrapolating the yields of small,
experimental systems to large agricultural or aquacultural systems.
Much of the agricultural yield data appearing in Table 2 was also ob-
tained from small experimental plots, but theirlphysical nature was
undoubtedly very similar to that of the large-scale agricultural sys-
tems they were simulating. Sucﬁ is unfortunately not true of the small,
highly—ihtensive seaweed culture systems reported upon here. Ylelds
from the latter may be looked upon as representing something that is 7

perhaps close to the biological potentlal of the marine algae, but it is
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very doubtful that such systems could find.large—scale application
that would be cost effective either economically or from an energy
accounting point of view.

. The obvious next step in the assessment éf seaweed culture as
a biomass source for energy is the development of a simple, non-
intensive culture system-that is energy cost effective while s*ill

capable of producing yields that at least approach those reported above.
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Table 1. Relationship between

in six species of algae.

wet ‘weight, dry weight, and volatile solids

Spécies

Dry‘weighff

% wet weight

Volatile solids**

% dry weight

Cracilaria foliifera.

Neoagérdﬁiella baileyi'

gybnea musci formis

ChaetomdrphéTlinum:A-

Enteromorpha clathrata

Ulva lactuca

11
8
12
10
16

12

‘51

50

.60

52
65

77

*Driedf @ 90°C for 48 hours.

o e . . .. .. . . . . )
* Weight loss after combustion @ 550°C for 3 hours.
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Yields of total dry matter in metric tons/hectare.year.

Table 2. Productivity of agricultural éropé1 and seaweeds?’3

on an annual basis.

Sorghum (multiple crbpping)

Philippines

Crop Country - Yield
Temperate
Rye Grass U.K. 23 -
Kale. U.K. 21
Sorghum U.S., Illinois 16
Maize .: U.R- 17
o U.K. S (grain)
Canada, Ottawa 19
Japan 26"
~ U.S., Iowa .~ 16
. U.S., Kentucky 22
- Potato U.K: ' 11
Nethetrlands 22
Sugar Beet U.K: : 23
) U.S., Washington 32 )
" Wheat (spring) . U.K. " : 5 (grain)
ﬁ U.S., Washington’ 12 (grain)
e 30 (total)
Barley U.K. 7 (grain)
Rice Japan - .7 (grain)
Seaweeds U.S., Massachusetts )
Neoagardhiella baileyi 63
Gracilaria foliifera 33
Sub-Tropical
Alfalfa U.S., California 33
" Sor ghum U.S., California 47
Bermuda Grass U.S8., Georgia 27
Sugar Beet U.S., California 42
Potato U.S., California 22
Wheat Mexico 18
U.S., California 7 (grain)
Rice Auotralia, NSW 14 (grain)
U.S., California 22
Maize Egypt - _ 29
3 U.S., California 26
Seaweeds U.S., Florida
Gracilaria foliifera . ’ 127
Tropical
Napier Grass El Salvador 85
_ ' " Puerto Rico 85
Sugar Cane Hawaii 64
0il Palm -Mayaysia 40
_Sugar- Beet Hawaii (2 crops) 31
Cassava Tanzania 31
) Malaysia 38
Sorghum ~ Philippines 7 (grain)
Maize Thailand 16
Peru’ 26
Rice Australia, NT 11 (grain)
Peru ' 22.
Rice +

_23h(grain)

1Cooper,.J. P. (1975)
Zgyther et al. (1977)
3Thia study.
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Experimental culture troughs for screening growth of seaweeds.




Figure 2.

Close-up of seaweed screening troughs showing

medium supply.
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Abstract:

A series of outdoor, continuous-flow seawater cultures (50
liter; 0.23 mz) were used to investigate the effects of culture

"density (kg/mz, nutrient loading (total nitrogen input/day) with

+—
4

on the growth and yield of Gracilaria foliifera v. angustissima

both NH, -N and NOS-N, and turnover rate (flow rate/culture volume)

(Harvey) Taylor (gigartinales). Although sfecific groyth rates as
‘high as 60% per day were recorded for Gracilaria at low densities
(0.4 kg wet wt/mz) in summer conditionms, maximum year-round yields
were obtained at densities of 2.0-3.0 kg wet wt/mz. Above a min-
imal daioy nitrogen loading, yield of Gracilaria was independent
of nutrient ‘concentration, nitroéen loading or whether mitrogen
was in the form of NHZ-N or NOS-N but was highly dependent upon
flow rate. The time weighted mean annual prodﬁction during 1976-
77 was 34.8 dry wt/m2/day or 127 metric tons/hectare/year based on

12 months continuous operation at near optimal densities and flow

rates in the non-nutrient limited culture system.
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"The objective of -a seaweed culture system is to maintain all

other factors as nearly as possible at optimal levels so that pro-
ductivity is limited by incident solar radiation alomne. ' It also
follows that such other factors as water flow and nutrient concen-
trations should not exceed their optima, both because they may bg
inhib;tory at higher levels and because they represent cost fac-
tors that should be kept as low as possible without affecting
yield.

Experimental culture system: Design and operation:

The first.step in designing a seaweed culture system, then,
is to determine emperically the optimal density or-biomass of
algae and the optimal flow of seawater and concentration'of nutri-
ents to achieve maximum yields at a given input of incident solar
radiation. To determine these operating parameters, a simple
experimental system was developed at the Harbor Branch Foundation’
in Fort Pierce, Florida. This unit consisted of four 6-meter long,
0.4 m diameter PVC pipes that were longitudinally sectioned and
divided into 0.75 m (50 liter) compartments by means of plywood
partitions. Each segtipn wasuproyidgd with a calibrated flow of
enricheq seawater by means of -a manifold féd from a headbox, énd
also provided with a non-clogging overflow drain. Compressed air
was fed into the bottom of each compartment. through holes drilled
alongfthg;bottom of the pipe connecting to an air line (a sec~

tioned two-inch PVC pipe)’cemented to the outside of the main
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Page 3

pipe. .Thifty-;wp individual .growth assay chambers Qerc produced
in this-ﬁgy.

The growth chambers. were locatéd out-of-doors in full sun-
iight. . Seawdter. was taken from the Harbor Branch.Foundation‘;hip
channel thch connects to the Indian River;'a shallow lagoon‘of
the Atlantic Ocean. No attempt was .made to control water -tempera-
ture, which ranged from 12°-34°C, .or SaIinity,Nwhichvranged‘from
20434%g in the incoming seawater during 1976~77. Seawater was -
pumped into a reservoir tank holding éeveralfdays“sﬁpp1y~for tﬂé
experimental -chambers. ' Prior to its use, the stored seawater was
enriched with the desired cpncentratiops of nitrogen.and phospho-
rus, normally -provided as sodipm nitrate and monosodium (dibasic)
~phosphate .at a ratio of 10:1 by atoms of N:P. ‘A second reservoir
contained unenriched seawater.’~Bothienriched“and.unenrichéd éea-
water éupplies were pumped ‘to headboxes from which-they were dis-
tributed to the experimental chambers at flow rates and mixtures
to provide the desired-ratesAbf“exchanges and nutrient concentra-
tions.

Weighed amounts of Gracilaria foliifefa were stocked ‘in the

experimental chambers to give the desired density (g/mz).”lAt in-
.tervals of 5-10 days, depending upon growth rate, thé‘algée was

removed from the chamber, shaken vigorously to remove vater, and
weighed. Establishment of"fhé'relatiddship'betwéeﬁ drained et

1

weight and dry weight was determined ‘carefully on replicate sam-
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: ‘ 3 )
~ taken at midday for chemical analyses 9f PO4—P (1), NH

ples By oven drying at 90°C for 48 hours. Water samples were

+—

4 N (2), and

\{ -—
NosT O .
Effect of density on growth and yield:

The specific growth rate of an alga is determined by its
photosynthetic efficiency and may be considered as a biologiéal

constant if light; nutrients, CO,, temperature, and other control-

2}
ling factors are held at optimal levels. However, specific growth
expressed as increase per unit weight and time or percept inc;eése
of weight per unit of time, should not be confused with productiv-
ity or X;eld of ;n algal population,‘the production of orgénic
ﬁggte;“éér unit area and time, which is the derivative of the spe-
cific growth rate and the density or biomass of the seaweeds per
unit area.

Because of self-éhading and perhaps other factors, growth
rate is highest at very low densities and decreases at a rate that
is inversely proportional to density. As‘a re;ult yield expressed
as a function of density describes a bell-shaped curve with a max-
imum utilization of incident solar radiation and not too high to
cause a loss of production from self-shading or other factors.

The specific growth rates and yields of~§. foliifera as func-
tions of density or biomass of the seawead are.shown in Figure 1.

These data are shown for both summer (August, 1976) and winter

(January, 1977) conditions. At both times of year, growth rate

L5N
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decreased with increasing bibmass, though both the aEsolﬁﬁg'vaidés

éﬁd thevraﬁge werevﬁuch greater in summef‘than in winter. Yields
(g dry wt/mz.day) at both seasons peaked at dehsities of 2.0-j;0
kg wet wt/m2 but with a rather Broad plateay gt gé;h seasons aﬁ&ﬁ
with so&e indication of a highef oﬁtimal densiﬁy in wintér than in
sumher. As would be expected, yiéias‘ﬁere.higher; by a factor of
about twofold, in summer than in winter. The difference is be-
lieved to be due primarily to solar radiation buﬁ temperatﬁre may
haﬁe haa second order effects.

Effect of flow rate on yield:

It is not possible to separate experimentally the efféctg‘of
nutrient supply and flow rate of water or medium thf0ugh a séaweed
culture. .If nutrient concentration is held constaﬁt, the rate of
input of nutrients to the culture will vary proportionatély with
the flow rate. 1If, on the other hand nutrients are added sepa-
rately At a constant input rate while seawater flows afe inde-
pendently varied, the instantaneous concenfration of nutrients
entering the culture will be inversely_proporﬁional to seawatér
- flow rate.

Both types of studieé wvere conducted with G. foliifera in the
experimental system described above and thevresultg are shown in
Figure 2. In both series of experimenfs, the seawater was passed
through the cultures at flow rates of 1, 7.5, 15, and 30 cultureu

volumes (50 liter) per day while simultaneously comparing growth
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with both NHZ;N andﬁNQ;-N medium. In one experiment; nutrients

were added separately at a constant-rate to each culture so that
daily nutrient loading remained.constant but- initial concentra-..

tions varied inversely.with the flow rates of the diluting sea- .

Er Pyl Pty

water. In thg,secondmexperiment,;the nutrients were mixed in- .
itially with the seawater so that all of the cultures received the
same initial concengration but the daily loading was directly pro-
portional to the, flow rate. The nutrients consisted of phospho-"
rus as monosodium dibasic phosphate (NaHzPoa.HZO) and nitrogen as
sodium nitrate (NaN03) or ammonium chloride.(NﬂacI). In . the first
jexpeniment, the input concentrations.of N and P ranged from 300
and 30 pmoles/1 (at 1 exchange/day) to 10 and 1 pmoles/1 (at -30-.
exchanges/day) respectively. In the second experiment, tﬁe‘con-'
stant cqnceﬁtrations of N and P were 50 and 5 pmoles/1 respécs
tively.>

As seen in Figure 2, the~important'factor-determining the "
yield of Gracilaria appears.to be flow rate per se. ‘AE any given
flow .rate, the yields were essentially the same independent of'the
nutrient concentration, -the daily-nutrient loading, or whether the
nitrogen was added as ammonia .or nitrate. (There is, of course,
a minimum nitrogen concentration and daily loading needed to
achieve maximum yields at any flow rate, but those minima wefeA}
exceeded -in these experiments.)

Annual yield of Gracilaria:
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ponded with renewed accelerationofsgrowth. - =~ . .. Ul

Page 7

Gracilaria foliifera was also grown continuouély'from-July

20, 1976 to June 28, 1977 in the culture chambers:described above,
maintaining a culture of 2 kg-/rn2 (wet wt) by weighing the seaweed
at approximately one-week. intervals and réméving-the incremental '

growth.'.. The flow rate was 22 culture:volumeb&kéhinges per day of

‘seawater ‘enriched with ca. 15 pmoles/1 NO3 NYatd 4 pmoles/1 PO=-P.

4

-Yield of the seaweed in g dry wt/mz.day is shown'in Figure 3 to-

gether with. incident.solar radiation (as measuréd<with ‘an Epply

pyroheliometer), mean daily seawater temperatiire and salinity of -

‘the culture.

.- The cloée.correlation between. Gracilaria yield and ‘solar -rad-
iation.between July and December is-obvious, with even minof per-
turbations of the latterlreflected'by irregularities in the growth
of the seaweed. However, the seasonal increase in radiation after '’
the first of the year was not immediately accompanied'by an iﬁj"
crease in algél,yield, presumably due. to.the- abnormally ‘low "
(<12°C) .water temperatures that occurred:in January, 1977. As -~
both light and témperature iné;éased in February, ‘the algde res~

* The time-weighted mean annual production of Gracilaria was
34.8 g (dry wt)/mzlday or 127 metric tons/hectare.year. This
figure approaches the theoretical limit to primary production 4
and probably represents the maximﬁm attainable yield of Gracilaria

in culture. . : S e
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Page 1

Abstract:

Development is described of seaweed culture systems in Woods
Hole, Mass. énd Ft. Pierce, Florida for nutrient remo;al from
domestic ‘and animal cultﬁre wastewater, for commercial value for
their hydrocolloids, and for a biomass source for conversion to

_methane or other fuels. Of various species evaluated, the red alga.

Gracilaria foliifera appears the best suited for all three purposes
because of its aBility to be gfdwn vegetatively and essentially

trouble—free over 10ng>periods of time -and because of its higﬂ dry-
weight yields of 26 metric tons/hectare over a 165-day growing sea-
son in Woods Hole and 112 metric tons/hectare on a year-round basis

in Floridé.
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Page 2

Description of Culture Systems:

In the early 1970's, a project was initiated at the Woods
Hole Oceanographic Institution with the objective of developing
a combined advanced wastewater treatment-marine équacultﬁfé:éys-
tem. Secondary séwage effluent, mixed with seawater, was used as
a culture medium to grow unicellular algae on a continuous, flow-
through mode. Overfloﬁ from the algae cultures, a sefies:of 15 m-
diameter, ‘1 m-deep pondé, was fed to oysters, clams, and other bi-
valve molluscs held in trays in 12x 1.2 x 1.5 m deep concrete
channels or raceways. Conceptually, the algae would remove the
nutrients, primarily nitrogen and phosphorus, from the sewagé
‘effluent, thgreby'providing a biological tertiary sewage treat-
ment, and the bivalves would remove the algae from the Qater,
leaving a clean, nutrient-free final effluent. In fact, however,
the molluscs can assimilate only a fraction of the food they in-
gest, and a éignificant portion of the nutrients initially present
in the wastewater was regeneréted by excrétion of.the animaié and
decomposition of their sdiid wastes and was released into the fi-
nal effluent from the animal cultures, thereby defeating the ob-
jective of complete nutrient removal by the system. To correct
that deficiency, seaweeds were added as a polishing step to remove
nutrients produced by the animals prior to final discharge of the
aquaculture effluent to the environment.

Seaweeds were grown in concrete raceways identical and<imme-

diately adjacent to those used for growing the shellfish except
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Page 3

that the bbttom; were modified with plywood sheets to provide a
sloping V-bottom, at the apex of which was located a perforated
plastic pipe to provide vigorous aeration (Figure la). The sea-

- weeds were thus grown in suspension using basically the techniques
developed by Neish and his colleégues_in Halifax, N.S. (1) and
Hardld Humm, University of South Florida (perspnal.communication)..
Water was exchanged in the 23,000-liter raceway culture from three
to ten times daily, depending upon the feeding regime used in the
shellfish cultures.

The unicellular algae cultures (10-257% sewage effluent in sea-
Qa;er) were further diluted with one to ten times their volume

_of seawater prior to feeding to the shellfish, so the.salinity of

.the effluent from thé animal cultures (= input to the seaweed cul-

" tures),'was nearly that of the ambient seawater and ranged from 26
‘to 29%. Both the algal cultﬁres, at times, and the diluting sea-
water entering the shellfish raceways were heated in winter to
allow the bivalvgs to feed. Although cooling occurred before the
water entered the seaweed cultures, temperatures of the. latter -
never fell below 13°C in winter and reached'a'maximum-of 26°C in
mid-summer;

While the seaweed cu;tures were instituted primarily as an
expedient to remove nutrients from the animal culture units, an
attempt was made to‘grow commercially-valuable species that would

add value to the system. Initially, Chondrus crispus (Irish

moss), the carrageenan-bearing red alga that is commercially har-
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vested in New England and the Canadian maritimes, was used, employ-
ing both strains collected locally in the Woods Hole area and the
fast-growing T-4 strain obtained from the laboratory of A. C. Neish
at:Halifgx, N. S. However, Chondrus grew slowly in the aquaculture
system described above, the plants became heavily epiphytized by
other red algae, and summer temperatures were clearly too high for
‘the species; (2).. Therefore other, more tropical species of the
Rhodophyta that are summer annuais in the Woods Hole area were
collected locally and introduced into the syséem. Of the species

tried, Gracilaria foliifera, an agarophyte, and Neoagardhiella

- baileyi, a carrageenan-producing alga, proved most successful,

growing well within the temperature regime of the aquaculture sys-
tem throughout the year, remaining relatively free from epiphytes,.
and maintaining themselves indefinitely in a non-reproductive, non-

fruiting, vegetative condition.

~

So successful was the seaweed culture portion of .the aquacul-
ture system described above tﬁgt separate experiments were subse~
quently initiated in quds Hole in which the seaweeds were grown
directly on mixtures of secondary sewage effluent and seawater in
.a.simplified, one-stage advanced wastewater treatment-aquaculture
system. In these studies, the seaweeds were grown in plywood tanks
2.5 x%x 1.8 x 1.0 m deep also fitted with sloping bottoms with an
airline at the base. Mixtures of 10-25% secondary sewage effluent
in seawater or enrichment of the seawater with inorganic chemicals

(NH4C1 and NaZHPOQ.Héo) to give concentrations of nitrogen and
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. .phosphorus comparablelto sewage were passed throughAthe seaweed
cultures in separate experiments at exchange rates of two to fbur
volumes per -day.

- .1, -At. the same time' that.these. studies were going on-in Woods -
Hole;,a”smaller project with .similar objectives was initiated at
_;he Harbor Branch Laboratory in Fort Pierce, Florida.. A part of
the studies in Florida also involved seaweed culture in 350-liter
and 600-liter plywood tanks of similar design to- those used in
Woods Hole (figure 1b). BRoth sewage effluent and inorganic chem-
ical megia_werg used as sources of enrichment to grow the sea-

weeds, . which consisted of Gracilaria foliifera and Hypnea musci-

formis (another carrageenan-coﬁtaining alga) collected locally - -.
froﬁ the Indian River (3). . .

. In 1976, research supported by the U." S. Energy Research and
Development‘Agency (ERDA) on the mass.culture 6f seaweeds as a bio-
mass soﬁrce for cénversion to energy was initiated -both' at ‘the
Woods Hole, Mass. and Harbor Branch Foundation, Florida facil-
ities. Since the objective in this.research'was'to”produce organic
matter iE.EQEgJ and not simply the cémmercially-valuhblé hydrocol-
loids,‘carrageenan and agar, bf"theﬁRhodbph&ta, the species’ ¢Ff sel-
- weed producea in culture was no longer of importance. Réther, the
immediate goal was to select the: species and &eVelop a culture
techﬂique that woﬁld provide the higheét péssible yield of organic
. matter per unit of time and space and with the smallest possible

inpﬁt of energy.
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For screening different species of algae for their gr:owt:ﬁ~
potential in artificial culture, a standard assay system was de-
veloped consisting of four 6-m long, 1ongitudina11y-sectidned, 0.4
‘i ‘diimeter PVC pipes diﬁidedi}ﬁEB 6175—m long (50-litéf capaéiéy)
compartments by means of plywood sections. Each section ﬁé; pro~
vided with a calibrated flow of enriched seawater and a screened
overflow drain. Thirty-two individual assay chambers were pro-
vided in this way (Figure 2).

Initial experiments were conducted with the assay system in
Florida and with small experimental systems in Woods Hole to de-
termine emperically the optimﬁm culture conditions  for maximum
' siistained growth of selected spécies of the seaweeds. The var-
ibles examined included culture density of the seaweeds, rate of
water exchange through the culture, rate of mixing and aeration,
nutrient concentration, and species of nitrogen (ammonia vs. ni-
trate) in the enrichment. The results of those experiments will
be reported in detail elsewhere. The resulting operating criteria
are, of course, biased in favor of the species tested (i.e., otﬁer
species may have different optima for beét growth). Also, since
those experiments were cérriéd.out simultaneously with or after
some of the long-term growéh studies, the latter were not in some
cases designed.for the best possible results.

In brief, the best growth of the seaweeds tested, principally

Gracilaria foliifera and Neoagardhiella baileyi, were obtained in

full sunlight, at relatively low nutrient concentrations (e.g., 10-
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50 pmoles/1 nitrogen and 1-5 pmoles/1 phosphorus) supplied as ammo-

nia and phosphate continuously at high turnover rates of at least
20 volumes per day (the highest rate tested) and with the culture
:mgﬁﬁtéinéd by périodic harve§tingqat‘a density of 2.0-4.0 kgmﬁget
weiéhé)}mz éf cultgre surface.

A working Aefinition of growth and yieid:

.Before discussing the results of the different culture stud-
ies, a word is needed concerning the distinction between growth and
yield and the units used in expressing these parameters. The spe-
cific growth rate of an organism is fhe rate of increase per unit
weight (grams/gram) or percent increase per unit of time. Some-
times this is expressed as doub;ing timg‘(i.e., a doubling time of
one wgék is roughly equivalent to a growthlrate of 0.1 g/g.day or
10%/day)f

| Figure 3 illustrates the fact that specific growtﬁ rate de-
creases exponentially with increasing density of the culture. Both
the magnitude of this quantity and its relationship to culture den-
sity are also infiuenced by other factors, of which incident solar
radiation is probably the most important. Thus, values of specific
growth rate of an alga, by themselves, are not meaningful.

‘ The productivity or yield of an alga is the product of spe-
cific growtﬂ ;éte and density, and is expressed as growth per unit
of time and area. Conventionally short-term yields are given as
grams/mz.day and sustained, largejscale yields as metric tons/

hectare.year, both in units of total dry weight. It is these
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figures that are'of.immediate concern to those interested in the
utglization of seaweeds as a.resource, for whatever purpose.

As the derivative of specific growth rate and culture density,
yield describes a bell-shaped curve as a function of density (Fig-
ure 3). At low densities, the seaweeds are unable to-utilizg all
of the incident radiation? while at high densities, self-shading by
the piénts'decreases growth. As mentioned above, maximum yields
were usually found at densities of 2-4 kg wet weighp/mz. -In prac-
tice, tﬁat observation has led to the operating procedure of har-
vesting back the cultures'from 4;0 to 2.0 kg/m2 at whatever time
iﬁterval is needed for such a doubling, depending upon time of
year, etc.

Yields:

The yields of Gracilaria foliifera and Neoagardhiella baileyi

chtained from the large concrete raceways as part of the waste re-
cycling polyculture system are described in some detail by DeBoer

et al. (4). Neoagardhiella had surprisinglyihigh rates of produc-

tion in the sprlug (22-41 g dry‘weight/mz.day) and summer (20-36 g/
mzrday).l Gracilaria productiqh rates were quite variable, increas-
ing froﬁ 4 g/mz.day in April tof43.g/m2.day in early June and de-
creasing again during the latter part of the summer to 7-18 g/mz.
day. Yields of both species declined during the fall and eafly
winter. By mid-Decémber the Gracilaria yield had fallen to zero

and the plants had deteriorated, while the Neoagardhiella remained

viable (although stunted) with a yield of 6 g/m.day.
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The gross seasonal changes in ‘production appear to be corre-
lated with both water temperéturg and incidept solar radiation.
From June 1 to October 1, however, when the water temperatures-and
-SOiaf“raditién were presumably optimal for the seéweeds,zgrddﬁgéion
showed little correlation with those variables. Low production
' rates during that period were probably due to thé higﬁ densities
of seaweeds maintained in the raceways (as h;gh as 12.3 and 10.2

kg fresh weight/m2 for Neoagardhiella and Gracilaria, respective~

1y). The effect of densify on yield and the optimum density for
bést yield had not yet been determined at the time of these studies.
The mean annual dry weight production rate was 17.3 g/mz.day

or 63.2 metric tons/hectare.year for Neoagardhiella and 8.9 g/hz.

day or 32.9lt/ha,year for Gracilaria. These rates may be higher
than would be realized in a commercial enterprise because the race-
ways were maintained at elevated temperatures for approximately six
months of the year, a practice that would be éconbhicaily prohib-
itive on a commercial basis. Annual production rates based'on a
-5 1/2 month growing season When'the‘raceways were not heated éMay
8, 1975-October 20, 1975) were 41.6 t/ha.year and 25.8 t/ha.year
for N. baileyi and g. foliifera respectiﬁely, yields that are still
not impressive despite the short season.

The production of G. foliifera and H. musciformis in experi-
ments carreid out in Florida in 1974-75 in the 350- and 600-liter
plywood box tanks (Figure 1b) are discussed by Lapointe et al. (4).

Yields ranged from 4.5 to 17.6 g/mz.day for~Hypnea between February
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and June and from 7.7 to 15.7 g/mz.day for Gracilaria between April
and September in several separate experiments that lasted from two
to eight weeks each.

f”AVerége yields in Fiorida‘were Higher than those observed in
Massachusetts for G. foliifera and N. baileyi (see above) . How-
ever, the same plants could not be maintained irn continuous culture
in Florida, as in Woods Hole, but periodically became heavily.epi-
phytized and/or fragmented into small pieces and had tovbe discard-
ed and replaced with new clones collected from the field.

With the introduction of the small (50-liter) screening tanks
to the Florida site in 1976 (Figure 3) and the subsequenf'defin;
ition of more opimal culture conditions as deécribed'above, some of
the difficulties that had been earlier encountered in growing sea-
weeds and particularly in maintaining cultures 6f the same clone
over long periods of time have been resolved.

As mentioned above, the smaller culture units were designed to
screen as large a number of seaweed species as possible for fheir
growth potential in culture systems as part of the ERDA Fuels from
Biomass Program. To date, 24 species including representatives of
the red, green, and brown algae, have been tested. Of these, only
six have shown significant growth potential in short-term (1-2

week) culture experiments. These include the greens Enteromorpha

clathrata, Chaetomorpha linum, and Ulva lactuca and the reds

Gracilaria foliifera, Gracilariopsis sjoestedtii, and Hypnea

musciformis. :0f the six, the three’species of greens and ‘H. musci-
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formis could not be maintained over long periods of time in cul-

ture, but fragmented or disintegrated into spores after one to two

weeks. Gracilariopis appears promising, but had not been cultured

for more tban three months at the time of this writing. However,
the same clone of G. foliifera has now been maintained for a full
year in the smaller (50-1liter) culture mode.. Yields of that cul-
ture from July,.1976 to February, 1977 are shown in Figure & to-
gether with data for water temperature aud solar radiation. Gen-
erally there is a close correlation between. yield and sunlight, but
the abnormally low temperatures that occurred in the winter~of
1976-77, which reached levels that were marginal for G. foliifera,
depressed yields of the seaweed after solar radiation began to in~
crease in January.

A‘The time-weighted mean production of Gracilaria was 30.7 g
(dry weight)/mzlday. Since the time period involved was just under
seven months and extended from very near the summer solstice
tﬁrough the winter solstice, it may be assumed that the mean yield
for that period of time would be very close to an annual mean pro-
ductivity value, a figure tbat is approkimately twice that previ-
oqsly reported for Gracilaria and Hypnea grown earlier in Florida
in thé larggr (350-600 liter) culture units. -

A mean yield of 30.7 g/mZ/day is equivalent to an annual dry

weight of 112 metric tons/ha/year, a figure that is more than twice

the annual yields of G. foliifera and Neoagardhiella haileyi at -

Woods llole, Massachusetts (4) and greater than the highest sus-
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tained agricultural yields reported in the literaeure (5). With
respect to the objective of biomass production as aeAeﬁergy'source,

however, it must be kept in mind tﬁat total dry weight yields are

. not’eqiiivalent to"yields of organit matter or'volaﬁile'solids;"
which are only about 50% of the dry weight of Gracilaria in cbar
trast to 75-95% of terrestrial plants (6). On the other hand, half

.the yield of Gracilaria in Florida compares favorably with the
total dry weight yields of most of the best agricultural yields re-
ferred to. above (5). -

Caution must ‘also be used in extrapolating the yields of
small, experimental systems to large agricultural or aquacultural
systems. Much of the agricultural yield data was also'oﬁfaihe&
from small experimental plots, but their physical nature was un-
doubtedly vefy similar to that of the large-scale agricultufalA
syseems they werc eimulating. Such is unfortunately not true of

~ the small, highly-intensive seaweed culture system reported upon '
here. Yields frem,the latter may be looked upon as representing

_something that is perhaps close to the biological potential of the

marine algae, but.it is very doubtful that such systems could find

large-scale apblication that would be cost effective either eco-

nomically or from an:energy accounting point of view.

The obvious next step in the assessment of seaweed culture as
a biomass source for energy is the development of a simpIe; non-

_.intensive culture system .that is energy cost effective ‘while still

capable of producing yields'that at least abpfoach’thbée'reportea
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above.
,Aﬂasge treatment:

The original objective of growing seaweeds in the aquaéulture
systemsAdgsigned in Woods Hole and tes#ed there~and-inwFiorida:was
to remove nufrients from wastewater and/or animal culture efflu-
.ents. Assgssﬁent of the-performance.of.seaweeds in that role in a
small, experimental'sgale (8) and at the larger, pilot-scale fa-
cility at Woods Hole (9) have demonstrated that the biological
system, including the seaweeds, is capable of removing virtually
100% of inorganicynitrogen from solution. Because of the use of
phosphate-detergents, the ratio of P:N is abnormally high in waste-
w;ter'gelative to that in organisms, so .that only about half the
phosphate can, be removed biologically, thfough assimilation by the
segwgeds,_at the same time that all of the nitrogen is removed
(10). _Howefer, it has also been convincingly demonstrated that
[further algal growth in the final effluent from the aquaculture sys-
4teﬁuis not possible without further nitrogen supplementation (11),
so the objective;ofvtertiary-wastewater.treatment to prevent eutro-
phication of receiving waters is met with the system despite the
residue of phosphorus.

Seaweed culture alone may.function effectiveiy as-a’adﬁancéd
_wastewater treatment system. Taking the dry weight annual yields
of Gracilaria reported above of 26 tons/hectare fér 165 dayé in
‘WOodsbﬁole and of 112 tons/ha for 365 -days in Florida and ‘assuming

that the seaweed contains 5% of its dry weight as nitrogen, the-
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seaweeds are capable of removing 7.9 and 15.4 kg of nitrogen per
hectare of culture per day in Woods Hole and Florida respectively..
Since the per capita production of nitrogen in wastewater is
approximétel& 10 grams per day, the nitrogen from a town of 10,000
could bé removed completely for half the year in New Englaﬁé in a.
culture area of 13 hectares (32 acres), throqghout the year in
Florida in an area of 6 hectares (16 acres) using yield figures
given in this report for the two regions. As mentioned above,
extrapolation of the performan;e of the sﬁali experimental systems
to 1argé éommercial scale is perhaps questionable, but the poten-
tial.for an effective waste treatment system for nutrient removal
based on seaweed culture does appear to exist. The value of é
crop of some hundreds of dry tons of commeréially valuable algae
as the by-product of an advanced waste treatment plant of the size
discussed above would also go a long way towards paying the c6st of

of the additional waste treatment.
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Figure la.

Contrete raceway system of the Woods Hole waste recycling-marine
aquaculture project. Covered raceways contain stacked trays of
shellfish; open raceways contain seaweeds. Note aeration to main-
tain plants in suspension. 1b. Plywood "box" tanks (350 and 500-
liter capacity) for growing seaweed at Harbor Branch Foundation,
Ft. Pierce, FL.
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Figure 2. 50-liter capacity '"screening' tanks for assaying growth potential

of seaweeds at Harbor Branch Foundation, Ft. Pierce, FL. Headboxes

for enriched seawater supply in background.
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‘Growth and yieldsbof different species of seaweeds

in an intensive, outdoor culture system
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Most of the effort and interest in seaweed cultivation to date

has been directed towards those species that are used or have poten-
tial value as food or as a source of the commercially-valuable |
hydrocolloids agar, alginic acid, or carrageenan (e.g., see reviews
in Ryther et al., 1977; Mathieson, 1975). These are primarily
representatives of the red algée (Rhodophyta) and a few species of
the brown algae (Phaeophyta).

In considering seaweeds as a biomass source for conversion
to methane or other fuels, however, the only relevant criter;on
of value is the total amount of organic matter that is produced
‘per unit of area and time, usually expressed as g dry weight/m2
day or m tons dry weight/hectare-year. This is a characterictic of
all phytosynthetic plants and therefore of all kinds of seaweeds,
regardless of their taxonqmic position or specific chemical compo-
sition or nutritioamal value.

Selection of the best one or more seaweed species for biomass
production thercfore requires a rather extensive screening pro-
gram to evaluate comparative long-term or sustained organic yields
of as many species as possible when grown under the same standard
culture conditions, preferably conditions that at least approx-
imate those under which large-scale seaweed cultivation might be
‘carried out within the context of an energy plantation. Unfor-
tunately, such large-scale culture systems have not yet been

developed or defined.
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An alternatiye procedure Is to screen seaweed species for
their growth under highly intensive culture conditions that were
developed.to déemonstrate the maximum growth potential of certain
of the commercially-valuable species of red algae. While these
methods are recognized to be economically impractical even for
;h§drqcollpid production (which in itself is orders of magnitude
ﬁore valuable than biomass for conversion to an energy source),
they at least provide Aata on the biological potential of growth
under the best of conditions against which that obtained by more
economically attractive methods may be evaluated. For several
speciesvof the red algae, these optimal growth conditions were
found fo,bé: (1) maintenance of the seaweed thalli in relatively
small fragménts in susbended culture by means of vigorous aeration,
(2) maintenance of a biomass of 2-4 kg wet wt/mz culture surface
area, (3) rgpid exchange of culture volume'of at léast 25 times
per day, (4) relatively low concentration of major nutrients of
the order'or 10 pmoles/1 nitrogen and 1 umole/1 phosphorus.

It was 5udged to be impractical to contfol such factors as
temperaﬁure, salinity, and incident solar radiation in any large-
scale culture system, so no attempt wagfmade to determine optima
for those environmental variables. Rather, they were monitored
aiong with growth of the seaweed$ throughout the year so tﬁat their

influence on growth could at least be estimated by correlation.
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To evaluate the growth potential of a large ‘number of species

of seaweeds under the idealized culture conditions described abové,
it was necessary to construct-a large number of culture chambers

so that many species could be screened at the same time, thereby
eliminating, at least for that group of species, ghe differential
effects of the uncontrolled variables of temperature, salinity, and
light intensity.

A relatively simple and inexpensive experimental system was
developed for this purpose at the Harbor Branch Foundation. This
unit consisted of four 6-meter long, 0.4 m diametér PVC pipes that
were longitudinally sectioned and divided into 0.75 m (50 liter,
compartments by means of plywood sections. Each section was pro-"
vided with a calibrated flow of enriched seawater by means of a
manifold fed from a headbox, and each section was also provided with
a non-clogging overflow drain. Compressed air is fed into the
bottom of each compartment through holes drilled~aiong the-ﬁottoml
of the pipe connecting to an airline (a sectioned two-inch PVC
pipe) cemented to the outside of the main pipe. Thirty-two indi-
vidual growth assay chambers were produced in this way (Fig. 1). -

The growthAchambers were located out-of-doors in full sﬁnligh;.
Seawater was taken from the Harbor Branch Foundation ship channel °
which connects to the Indian River, a shallow lagoon of the-AtIanfid
Oceén. No attempt was made to control water temperature, which -
ranged from 14°-30°C, or salinit&, which ranged from 23-34%, in

the incoming seawater.
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Seawater was pumped ipto a reservoir tank holding several days
supply for the experimental chambers. Prior to its use, the stored
seawater was enriched with the desired concentrations of nitrogen
and phosphorus, normally provided as sodium nitrate and monosodium
(dibaéic) phosphate at a ratio of 10:1 by atoms of N:P. A second
reservoir contained unenriched seawater. Both enriched and un-
enriched seawater supplies were pumped to hegdboxes from which they
were distributed to the experimental chambers at flowrates and
mixtures to provide the desired rates of exchanges and nutrient
concentrations.

Weighed amounts of seaweed were stocked in the experimental
chambers to give thé desired density (g/mz). At intervals of 5-10
days, depending upon growth rate, the algae was removed from the
chamber, shaken vigorously to remove water, and weighed. Estab-
lishment of the relationship between drained wet weight, dry weight
and ash-free dry weight (volatile solids), determined carefully
on replicate samples of each species of seaweed, permitted the
expression of growth in any of these units from the wet weight
measurements.

‘A total of 42 species of seaweeds indigenous to the coastal
waters of Central Florida have been evaluated to date. That
number includes six green algae (Chlorophyta), two brown algae
(Phaeophyta) and the femainder, ?epresentatives of the red algae

(Rhodophyta) . The latter group included 11 species or varieties
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of the large genus Gracilaria, of which over 100 species have been

described, as well as the closely-related Gracilariopsis skoestedtii.

About half of the seaweeds tested failed to grow at all or to
survive in the artificial culture system. Of the rest, various

species of Gracilaria and the related Gracilariopsis grew best

along with two other species of red algae (Neoagardhiella baileyi -

and Hypnea musciformis) and, for very‘brief periods of time,

three species of the green algae (Ulva lactuca, Enteromorpha

intestinalis, and Chaetomorpha linum).

Of all those tested, however, only one, Gracilaria foliifera

V. angustissima, grew well, at relatively high levels of organic

productivity, in the culture system throughout the entire year.

The results of the screening tests are shown qualitiatively
in Table 1 and quantitatively, for those species that showed good
growth for some,significént‘period of time during the year, in
Figure 2.

The usual fate of the seaweeds in the experimental chambers
was to (1) become overgrown with ebiphytes including both mécré-
scopic algae aﬁd pennate diatoms which eventually killed. the cul-
ture, (2) fragment into very small pieces that washed out of the
culture system, or (3) disintegrate into reproductive spores that
washed out of the culture system. The latter occurred routinely

with all of the green algae tested.
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Figure 2 is misleading in that the growth shown for restricted

- periodk of the year for most species is a function of the avail-
~ability to replacement of the particular alga by collection of new
specimens from the local environment after a given culture had be-

come overgrown with a epiphytes or had otherwise deceased. Simi-

larly, the con;inuoug growth of G. foliifera V. angustissima through-
out the year is misleading in that the same culture was not main;
tained for that period, but new material was periodically collectea
and used to replace the old material as it became heavily epiphytized
and necrotic, in this case the new material being ;vailable through-
out the entire year from the wild or from'other cultures maintained
at the laboratory.

Epiphytization is, by any criteria? the most serious problem
and constraint,tq'seaWeed tulture. while a given species, such as
G. foliifera, may be capable of growing throughout éhe year at a
high level of organic productivity, its periodic overgrowth hy
epiphytgs, necgssitating its complgte replacement in the culture
system, makes itslarge scale cultivation impractical at the present
time. Nor is it feasible to consider growing.the epiphytes them-
selves as a biomass source. After over-growing the host plant
to the point where the latter ceases to grow and dies, the epi-
phyte itself declines and usually stops growing entigely if it

survives at all. Often, the epiphyte is one of the green algae |

(e.g., Eﬁteromogpha, Chaetomorpha) that periodiéally.becomes re-

. productive and disappears from the culture.
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One final reservation should be pointed out concerning the
screening program described above. The intensive culture system
employed was developed empirically, by trial and error and by
modification from other experimental culture systems, specif-
ically for the growth of various species of red seaweeds of
commercial value. It is therefore perhaps not coincidental that
red algae were found to grow most successfully by the methods
employed. Other, quite different techniques and conditions may
be needed for comparable growth of some of the other groups of

algae indigenous to the area.
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Growth assay chambers constructed from sectioned PVC pipe.




Table 1. Marine algae screened at the Harbor Branch Foundation, Ft. Pierce, Florida.

+ = growth; - = no growth.

Summer Fall Winter Spring

Chlorophyta

Enteromorpha intestinalis +

Enteromorpha clathrata +

Chaetomorpha linum + - +

Ulva lactuca

Codium decorticatum

Cladophora flexuosa

Rhodophyta
Gracilaria foliifera V. angustissima + + +

Gracilaria foliifera
Gracilaria blodgettii - -
Gracilaria debilis +

Gracilaria verrucosa + +

Gracilaria armata +

Gracilaria compressa + +

Gracilaria mammillaris - -

Gracilaria ferox - -

Gracilaria cervicornis . +

Gracilaria sp. -

Cracilariopsis sjoestedtii +

Ncoagardhiella baileyi + +

Solieria tenera
Ceramium rubrum

Spyridia filamentosa

+ + +
+

Polysiphonia subtilissima

Eucheuma isiforme - -

Eucheuma sp. - -
Hypnea musciformis +

Hypnea cervicornis + +

Chondria tenuissima - - ) -

Acanthophora spicifera - -
Acanthophora muscoides -

Dasya sp- - - -
_ Halymenia agardhii -

Halymenia floridana -

Chrysymenia halymenioides -
Botryocladia sp- - : -
Bryothamnion triquetrum - -

Bryothamnion sp. ’ -

Gigartina acicularis -

Gelidiopsis intricata -

Laurencia papillosa -
,éfj
. Phaeophyta
N TR '
Dictyota dichotoma . - -
. L ih - g e, . 4 -,
o Sh S dinaivickersiae - - -
- A 1 e vamline
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One of the problems with growing algae in suépended culture

(e.g., Lapointe et al., 1976; Ryther et al., 1978) is that large
volumes of water and compressed air must be supplied to the cul-
tures to achieve the best results. Such practices are highly
energy intensive and, on a large commercial scale, would almost~
cértainly prove not to be cost-effective, either e;bnomically or
in terms of the net energy output:input ratios. For that reason;
efforts have .also been made simultaneously to develop other, non
energy-intensive culture methods and to determine long-term yields
of seaweeds grown under those éonditions, in each case using the

same strain of G. foliifera V. angustissima for the assessment.

Other species of Gracilaria are currently farmed in Taiwan
in a non-intensive culture method, primarily in shallow ponds
that were formerly used for fish culture (primarily for milkfish,

Chanos chanos) (Shang, 1976). Gracilaria farms are started by

seeding the ponds with vegetative fragments of theAalga. The
Gracilaria plants are not tied to pétting or otherwise attached;
but they are usually held down by bamboo stakes or covered with
netting to prevent their being washed to one end of the pond by
wind action. The alga grows ag depths ranging from 20 to 80 cm
in water ranging in salinity from 8_to 30% and at temperatures
of 10 to 30°C, with one exchange of water every two to three days.
Gracilaria farming is highly labor inteﬁsive, with epiphytes

(other undesirable épécies of algae overgrowing the plants)
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representing the majof problem. This is sometimes bartially con-
trolled by introducing herbivbrous fishes (milkfish, Tilapia)
into the ponds, but the latter may also consume the Gracilaria'
if the epiphytes are not adequate fodder for the fishes. Yields
are reported to be 10 metric.tons (dry wt) /ha.year.

At the H;rbor Branch Foundation, four non-intensive methods
of.growing Gracilaria have been assessed. These are described
below.

1) ﬁléstic>mesh traysvmade from ca. 2 cm Vexar on 2.5 cm
diameter PVC pipe frames ﬁeasuring lmx1mzx 25 cm deép (Fig. 1)
were either floated at the surface or anchored to thé bottom in
about 1 m of water in the Indian River (a large, shallow embayment
behind the barrier beach aloné Florida's central East Coast).
Gracilaria was gtocked in the tfays at a density éf approximately
2.0 kg wet wt/mz. ‘The seaweed was weighed and its incremental
growth since the preQious weighing removed at one-week iutervalec.
Trays anchored to tHe bottom, by tying to 51uminum stakes,. were -
coyered with a layer of Vexar mesh to prevent the algae from wash-
ing qut.

Trays were placed in several locations in the Indian River,
at distances ranging from 0.5 to about 10 miles from the nearest
inlet to the Atlantic Océaﬁ and in areas receiving various amounts

of tidal current flow.
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Gfowth of Gracilaria was variable but unpredictable and apbeared
to be independent ef depth (surface or bottom) or locatien in the
Indian River. Yields ranged from O to 6 g dry wt/mz.day and averaged
about 2.5 g/mz.day.' Cultures gradually become covered with silt
and epiphytesAand died after 4-8 weeks.

2) The same plastic mesh trays were floated or sunk to the
bottoms of 13 x 5 # 1 m deep PVC-lined pends‘(Fig. 2), through
which seewater was passed at rates of.either.O.S or 5.0 pond volumes
(ca. 20,000 liters) per day. The seawater was enriched WLth treated
sewage effluent or with sodium phosphate and sodium nitrate so as
to give N and P concentrations of 1000 and 100 pmoles/l1 respectively
at the slow (0.5/day) turnover rate énd 100 and 10 umoles/l respec-
tively and the fast (5/day) exchange rate. Trays were floeted
at the surface or covered and sunk to the bottoms of the ponds,
as in (1). When the trays were floated, waeer was pumped from the
bottom of the pond and sprayed down on the algae, which was barely
submerged beneath the water surface. Otherwise, water circulated
lthrough the ponds passed beneath the trays and not through the
algae. Gracilaria was stocked in the trays at the same density
and harvested in the same routine as in (1)

Growth was highly variable and unpredictable and was apparently
independent of culture depth, flow rate of enriched seawater, or
nutrient concentration. Yields ranged from 0 to 12 g dry wt/mz.
day and averaged about 5.0 g/mz/day. Culture become heavily

epiphytized and growth ceased after about 8 weeks.




3) Concrete burial vaults measuring 2.2 x 0.8 x 0.6 m deep

(ID) were made into culture chambers with PVC piping for input
and overflow drains (Fig. 3). G. foliifera was stocked in the
vault cultures at the same density and harvested in the same way (1).

Seawater was enriched with treated sewage effluent adjusted
with sodium phosphate and sodium nitrate so as to give final con-
centrations of 50 pmoles/l1 N and 5 pmoles/1 P. The enriched sea;
water wa; passed through the vaults at an exchange rate of 21
Volumés per day.

Growth in the vault cultures of G. foliifera newly collected
from ﬁﬁe wild or taken from stock cultures was initially high,
reaching maximum values of 25 g dry wt/mz.day. However, yields
gradually decreased with the age of the culture to levels of 5-10
g/mz.day and eventually ceased growing entirely. Mean yield dur-
ing the time'the cultures remained viable was approximately iO g/
mz.day.

4) The technique for growing Gracilaria that was most re-
cently developed at the Florida research facility involved growing
the seaweed in trays completely out of water but continuously
irrigated bf enriched seawater sprayed down on the algae from -
above (Fig. 4). This method is based upon a technique described
by A.R.0. Chapman and attributed by him to

Seawater enriched with 100 pmoles N and 15 umoles/1 P as

sodium nitrate and sodium phosphate respectively was pumped through




a ‘series of household shower heads upon plastic 0.6 x 0.6 x 0.08

m trays (constructed as shellfish grow-out trayé by Nestier Corp.,
Cincinnati, Ohio), using four shower heads per tray, at a rate of
irrigation that was eduivalené to approxiﬁately 50 liters per'min. per m
of tray surface. The enriched.seawater used.for the spray Qas-
held in a 400-1itér reservoir which was continuously recirculated
(i.e., every eight minutes). 1In addition the reservoir was con-
tinuously replaced by new enriched seawater at a rate of 20 volume .
éxchanges per day, or a little ﬁore than fivetliters per minute.
The choice of the exthange rate of the reservoir, the nutrient
content of the enriéhed seawater, and the rate of spraying the
seaweed were all arbitrary and will be the subjects of designed.
experimental variation in future studies.

Gracilaria was stocked at different densities ranging from
less than one to 12 kg wet wt/m2 of tray surface, to determine
optimal density for best growth. 1In contrast to suspended cuI;
tu;es,.where yields fall off sharply above or,beiow a density of
2-4 kg/m2 (e.g., Ryther et al., 1978), gro@th was relatively in-
dependent of density in the spray-cultures over the entiré range
tested above épéroximétely 2 kg/mz. Yields averaged about 20‘g/
mz.day over an éight-week‘period during the fall of 1977. One
reason for the good growth at high algal densities'was the fact
that thé seaweéd grew vertically upward in the trays. Eventually;

the Gracilaria become heavily epiphytized in this, as in all other
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culture methods tested, and the cultures had .to be discarded and
started with newly-qollecﬁed materigl.

The yields and other'charactefistics of Gracilaria obtained
by tﬁe four non-intensive culture methods described above are
shown iﬁ Table 1, which -also includes that from the commercial
‘pond culture in Taiwan; as &éscribed above and by Shang (1976),
and the yield from the highlyJiﬁtenSive culture method described

elsewhere in. this report (e.g., Ryther et al., 1978) -
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Table 1. Yields and other characterlstics of Gracllaria grown by different

culture methods.

Method’ SR g/hz.déy* “ " t/ha.yr® ¢ ‘Exchange .rate
, (mean) - (range) ' | (volumes/day)

Ponds, Taiwan : : A

(Shang, 1976) 27 .10 . 0.3-0.5
Indian River cages 2.5 0-10 -9 A not known
Pond cages 5.0 . 0-10 18 0.5-5.0
Cement vaults 10.0  0-25 37 o2
Spray cultures | 20 - 0-35 | 73 : : l20

50-1 PVC tanks, aerated
(suspended culture) : :
(Ryther et al., 1978) 35 0-55 127 22

/
: 1

* . ' :
(Total dry weight (ash included).
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Figure' .

Figure
.Figure

Figure

Figure legends

Vexar trays used for culture methods (1) and (2).
PVC-1lined ponds used for try culture (methodFZ).
Concrete burial vaults used for seaweed culture (method 3).

Spray method (4) for growing Gracilaria.
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Freshwater équatic weeds grow throughout the world in lakes,
ponds, rivers, and canals Where nutrient inputs from wastewater,
agricultural runoff, and other source are sufficient, these plants
spread rapidly, choking the waterways and ;éndering them impassible,
and generally assuming nuisance proportions. Over $3 million is'
spend annually in Florida aloﬁe for aquatic weed control.

Of the many species of common freshwater aquatic plants, sev-
eral are particularly notorious for their abundance and présumed

rapid growth rates. These include emergent species such as water

hyacinth (Eichhornia crassipes) and the duckweeds (Lemna, Spirodela,
Wolffia), only the roots of which are in the water, and completely

submerged species of higher plants such as Hydrilla, Egeria,

Ceratophyllum (coontail), and Najas (Southern naiad).

Although high levels of productivity are attributed to all of
the abéve aquatic 'weed'" species, in fact their yields Have seldom
if ever been actually measured and reliable data are almost entirely
lacking in the scientific‘litétature.

Detailed economic analyses have been. carried out of hypotheti-
cal water hyacinth farms-for.@pnicipal wastewater treatment (Robinson
et al., 19?6) and for energy conversion (Lecuyer et al., 1976), but
the authors of the first of these reports admit to an uncertainty in
the potential yield of these plants between 8 and 151 tohs/hectare/.

year. The latter figure (equivalent to about 60 tons/acre), which
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is most . frequently quoted in projections concerning the potential pro=-
ductivity of water hyacinths, has its origin in Westlake (1963).

However that author actually states "It seems possible that about

150 m tons/ha/year might be obtained in a good climate if Eichhornia
crassipes could be grown so that young planté always predominated
and the water surface was always completely covered... etc." Earlier
in the same article, Westlake states '"However, reliable data on its
(hyécinth's) annual productivity has not been found." The latter fact,
unfortunately, hold true up to the present.

Experiments were initiated in the Spring of 1977 at the Harbor
Branch Foundation (Ft. Pierce, Florida) for measurement of the pro-
ductivity of three species of freshwater needs, the floating plants

water hyacinth (Eichhornia crassipes) and duckweed (Lemna sp.) and

the subﬁerged, rooted plant Hydrilla verticillata. These studies

were carried out in 12 x 2.4 x 1.2 m deep PVC-1lined earthen ponds
(15,000-20,000 liter volume, ca. 30 m2 area) and in concrete burial
vaults measuring 2.2 x 0.8 x 0.6 m through which weli water enriched
with sodium nitrate and sodium phésphate was passed at varying
residence times (0.5 to 16.5 days) and varying concentrations of N
(50-1500 pmoles/1) and P (5-150 pmoles/1).

Experiments with Hydrilla were delayed because of the problem
of how to measure productivity (i.e., weight increase per unit time
and area) in a plant that grows only when rooted to the bottom, the

culture of which must be virtually destroyed to obtain the measurement.
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This broblem was resolved when it was found that Hydrilla would

grow if the root ends were tied to a piece of Vexar screening
suspended a short distance off the bottom of the pond. 1In this way,.
the entire section of Vexar mesh with plants attached could Se re-
moved and weighed without harm to the plants or their root systems.
Some very preliminary experiments were also carried out with

the giant duckweed (Spirodela polyrhiza), water lettuce (Pistia

stratioties) and the filimentous algae Hydrodictyon and Rhizoclonium

but these will not be reported upon here except for one experiment
with Spirodela.

The general procedure used in measuring the yields of these
freshwater plants was the same as that employed for measuring the
productivity of seaweeds (e.g., Lapointe etal., 1976). The entire
culture was removed from the pond or vault at intervals of approxi-
mately one week and fhe excess water drained from the plants by
shaking them gently in mesh bags or in Vexar screen baskets. The
culture was then weighed and returned to the water as quickly as
possible to avoid damage by desiccation. In the case of water
hyacinth and duckweed, the incremental growth since the previous
weighing was routinely removed and a conétant starting biomass and
culture density thereby returned to the culture unit.

In the case of Hydrilla, harvesting the 'incremental growth was
attempted by cutting the tops of the plants off approximately six

inches below the water surface. However, it was found that cutting
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arrested the growth of the plants for a period of one to two weeks
until a new growing tip was developed. That practice was there-
fore discontinued and thereaftep the cultures of that species were
not harvested back to a constant starting biomass each time they
were weighed, but rather incremental growth was allowed to accumu-
late in the culture.

In the cultures of water hyacinth and duckweed, where a constant
starting biomass was maintained, it was necessary to determine the
density at which maximum growth gnd yield 6ccur. “At densities that
are too low, all of the incident sunlight is not absorbed by the
plants. At excessively high densities, on the othgr hand, self-shad-
ing of the plants and .other adverse effecfs of over-crowding occur.

Table 1 shows the results of a series of experiments with water
hyacinth and two'species of duckweed in which &ield was measured as
a function of starting density of the culture. - Each data point in
Table 1 represents the mean daily rate of production, expressed in
grams dry weight per square meter of culture surface, obtained
from five one-week growth éeriods. ‘'The experiments were all carried
out'in the Fall of 1977, when grthh of all three species was
significantly lower than that observed in late spring and summer.

It is possible that maximum yields would have occurred at somewhat
higher densities in mid-summer.

The results summarized in Table 1 show that the best yields

of the duckweeds occurred at the relatively low density of 0.25
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kg/mz'while that of water hyacinth occurred at a density of 8 kg/

m2, but with an almost constant yield in the entire range of 5-14
kg/mz. Natural stands of water hyacinth reportedly attain'densi-
ties as high as 40 kg/m2 (Penfound and Earle; 1948) but it must
be ;ssumed from the present results that little growth can occur
under such conditions.

The relatively pobr growth of tﬁe duckweeds is somewhat sur-
prising but appears to result from tﬁe fact that these plants caﬁ-
not attain a high density per unit area because, once they cover the ‘
water surface completely, there is no direction in which their bio-
mass can expand. Hyacinthé, on the other hand, can grow upward
‘vertically and may reach a height of as much as one meter above
the water surface. Thus, while the specific growth rate (%'increase
per day) for duckweed and hyacinths may be comparable unde; optimal
growth conditions for each species, the fact that this optimum may
persist at a much higher density for hyacinths than for the duck;
weeds means that yield, the product of épecific growth rate aﬁd
density, will be quite different for the two species.. It is possible
that higher yields of duckweed could be achieved if the plants were
maintained at a higher starting density and then harvested back
more frequently than the weekly periodicity that has been.used
routinely in all of these studies. This possibility will be inves-

tiaged in future studies.
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Experiments on the growth of seaweeds in suspended culture
showed that yields were strongly dependent upon the rate of exchange
of water (i.e , residence time) in the cultures, even if nutrient
concentrations were varied inversely with flow rate so as to
deliver the same quantity of nutrients to‘the plants per unit of
time (Ryther et al , in press). Similar experiments were therefore
conducted with water hyacinths, duckweed, and Hydrilla varying the
water exchange rate by 0.06, 0.26, and 2.0 volumes per day (16.5,
5.0, and 0.5 days residence time, respectively). 1In each case,
the concentration of nutrients was also véried, as in the seaweed
experiments, to provide roughly the same daily inputs of nitrogen
and phosphorus. The results, shown in Tables 2-4, indicate that
the freshwater plants grow slightly better at the most rapid
exchange of water but that the differences are relatively small,
in sharp contrast to the situation found with the seaweeds.

However, it was found that when the more rapidly growing water
hyacinths were maintained at the lowest rate of water exchange
(16.5 days residence time) for long periods of time (months), the
plants gradually became chloratic and somewhat flaccid in appearance
and they became heavily infested with mites, and their yields de-
clined sharply. This situation was reversed by spraying a commercial
mixture of minor nutrients directly on the foliage at one-week
intervals. It was clear from that experience that the local well

water enriched only with nitrogen and phosphorus was an inadequate
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culture medium for long-term growth of the plants, some one or

more essential element or compound eventually becoming growth
limiting. It is therefore planned to formulate a complete enrich-
ment medium for future studies of these freshwater plants. With
respect to the experiments summarized in Tables 2-4, it is therefare
believed that such differences as were observed in yields obtained-
at thg'different residence times were probably due to limitation

of some nutrient other than nitrogen and phosphorus in the fresh-
water supply.

Continuous cultures of water hyacinth and duckweed have Been
maintained since May, 1977 and of Hydrilla since August, 1977 until
the time this report was written, 8 and 5 months respectively.
However,lthe same clone of each species has not.been grown over
thatventire period. The major pond culture of hyacinths_died
back and bécame heavily infested by insects, as discussed above,
and, though it did eveﬁtually reéover, no growth data from it were
obtained from 9/2 to 11/1. To obtain a continuous record of water
hyacinth yields, it was necessary to use data for that period from
the concrete vaults where other experiments with that specieé were
in progress, using only those experiments in which the operating
conditions were comparable to those in the pond culture. fhe
mean weekly yields of water hyacinths from May to Novémber are
given in Table 5 and show a range of 6.2 to 26.2 grams (dry weight)/

mz.day with a mean for the entire period of 16.2 g/mz.day. A clear
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seasonal periodicity was observed, with ylelds in the late fall
somewhat less than half those observed in mid-summer. It must be
assumed that yields for the remaining four months of the year will
be still lower and that the mean annﬁal yield will be significantly
less thén those obtained for the Spring4Fa11 period.

" There 1is no ipdication that the seasongl periodicity in water
hyacinth.growth is caused by anything more than the normal seasonal
changes in solar radiation and température. Some of the plants
were in flower during the entire period, but this did not appear
tolhave affected fhe productivity of the population as a whoie.

The mean weekly.fields of duckweed (Lemna giggg) for roughly
the samé period are shown in Table 6. Once at the end of July and
again in mid-September, the duckweed‘pond.became completely over-
grown with freshwater filimentous algae of the genera Hydrodictyon
and Rizoclonium and had to be discarded and replaced with new plants
collected nearby. Again, in mid-August, a severe wind storm
literally blew the plants out of the pond and dispersed them over
the country side, also requiring replacement of the éulture; With
the exception of those:brief hiatuses, a continuous record of yields
has been kept showing a range of 2.1 to 7.0 grams dry weight/mz.day
and a mean for the May-November period of 4.6 g/mz.day, only 28%
of that for water hyacinth. Although the highest yields of duck-
'weed occurred in Jﬁly, as was trﬁe with water hyacinths, the sea-

sonal variability in duckweed growth is not ‘as great as that of
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.hyacinths. Duckweed is apparently more cold resistarnt than hya-

cinths, having persisted in the wild throughout the cold wiﬁter
of'1976-77 in central Flofida, when the water hyacinths were uni-
formly killed back. Duckweed also extends much further north iﬁ
its natural range than does the water hyacinth. It is likely;
théreforé, that the yield of duckweed in winter and its mean annual
production will not decline as mﬁch as that of the water'hyacinth
from the values shown in Tables 5 and 6. |

Hydrilla was grown in ponds and vaults with its roots attached
to square panels of Vexar mesh, as déscribed above; Growth in the -
two kinds of culture units wasessentially the saﬁe. Yields from
August 24 to November 17 ranged from zero to 14 grams dry weight/
m2.day and averaged 5.1 g/mz.day (Table 7). However, there was observed a
distinct seasdnality'in the gqgwqh of ;his species that was not
directly the result of sunlight and téﬁperature changes. 1In October,
reportedly as a result of a photopériodic response to the shorten-
ing days, the plants all developed flowers and virtually stopped
growing. While the blossoms of Hydrilla. are extremely small and
their production can utilize no more than a negligible fraction of
the photosynthetic organic production of the plant, floreséence is
apparently accompaniéd by other physiological changes, including
tuber fofmation, and vegita;ive growth slows or stops and does
not recommeﬁce until the following spring (Dr. William Haller, U.

Florida, Gainesville, FL, personal communication).
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It follows, then,'that the mean annual daily yield of Hydrilla
will be considerably less than the 5.1 g/mz.day observed during
the August-November period. However, the plant has not yet been
worked with long enough to have any feeling for whether or not
the yields iﬁ culture to date are representative of those in nature
or represent tge best that the plant can do.

There was someiquestion of whether or not attachment of the
planés to Vexar mesh would result in growth as good as that of'plants
rooted to bottom;‘ An experiment was therefore conducted to compare
the growth of plants attached to the screening with those rooted
in sand and in ﬁud (Table 8). Growth was roughly comparable in
all three cases,'though the experiment was done late in the year
when growth was greatly reduced in any case, so the results are
somewhat questionable and the experiment needs to bé'repeated under

more favorable conditions.
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Table 1. Effect of culture density on the yield of three species of fresh-

water plants harvested weekly and maintained at the indicated starting density.

‘Culture density

Yield (g dry wt/mZ/day)

kg wet wt/m2 minor Spirodela polyrhiza Eichhornia crassipes

© 0.05 .5

0.10 6 2.6

0.20 .9

0.25 9 3.2

0.40 . 3.0

0.50 .9

0.80 2.6

1.00 .9

1.20 0.5

1.50 .8

2.00 0 6.0

3.QO .6

5.00 9.0

8.00 9.7
11.00 9.0
14.00 4.1
17.00 4.0




Table 2.

Effect of water exchange rate (residence time) on the yield of watef~

= constant starting density of .10 kg wet wt/m .

5 hyacinth grown in ponds and harvested at weekly intervals and maintained at a

Dates Residence time ’Influent N Influent P | Mean yield
©(1977) (days) (umoles/1) ~ (umoles/1) g dry wt/mz.day

6/3-9/7 16.5 1500 150 11.1
5/16-9/7 5.0 1000 100 15.0
5/16-6/3 0.5 100 10 16.7

&n
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Table 3. Effect of water exchange rate (residence time) on the yield of duck-

weed (Lemna minor) grown in ponds, harvested weekly, and maintained at a con-

stant starting density of 0.5 kg wet wt/m?

Dates Residence time Influent N Influent P Mean yield

(1977) (days) (umoles/1)  (umoles/1) (g dry wt/m>.day -
6/6-11/16 16.5 1500 150 3.8
6/6-11/30 5.0 500 50 4.6
5/16-11/30 0.5 50 5 4.5
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Table 4. Effect of water exchange rate (residence time) on the yield of

Hydrilla verticillata grown in ponds and vaults with roots attached to

Vexar screening. Plants weighed weekly but not harvested during growth

period.
bateé Residence time Influent N Influent P , Mean yield .
(1977) - (days) (umoles/1)  (umoles/1) (g dry wt/mZ/day
8/24-11/17 5.0 500 ' 50 5.1
7/7-11/8 0.5 50 ) 8.5
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| TableﬁS.‘ Yiéldsvof water hyacinth grown in bonds or vaults at a water exchange
rate (residence time) of 0.5 dayé in well water enriched with N (100 pmole/1)

and P (10 pmoles/1l), harvested weekly and maintained at a constant starting

density of 10 kg (wet wt)/mz.

Tiﬁe'interval‘(1977)

Mean yield (g dry wt/mZ/day)

5/16-5/24
5/2%-6/3
6/27-7/5
7/5-7/12
7/12-7/19
7/19-7/26
7/26-8/2
8/2-8/9
11/1-11/8
11/8-11/15
11/15-11/22
11/22-11/30

11/30-12/9

Mean

14.9
18.5

7.9

18.5

21.6

23.5
25.4

26.2

15.3
11.5

10.6

16.2
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Table 6. Yields of duckweed (Lemna minor) grown in ponds at a water éxchénge
rate (residence time) of 5 days in well water enriched with N (500 pmoles/1)
and P (50 uholes/l), harvested ‘weekly and maintained at a constant starting

'dénsgpyvpf 0.5 kg wt wt/mz.

Dates (1977)

Méan yield (g dry wt/mz/day

5/18-6/6
Anf6/6-6/14
6/14-6/21
6/21-7/1
7/1-7/8
7/8-7/15
7/15-722
7/22-7/29
7/29-8/3
8/3-8/18
8/18-9/6
9/6-9/12

9/12-9/19

9/19-9/26
9/26-10/3
10/3-10/20
10/20-11/2
11/2-11/9
11/9-11/16
11/16-11/23
11/23-11/30

Mean

Culture overgrown with epiphytes; restqéked

3.

4

3.

5.

7

6.

6.

5.

9

.9

7

6

7

.0

1

0

2.1

Culture blown out of pond, restocked
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4.

3.

9

7.

IR

(culture overgrown,

restocked)




Table 7. Yields of Hydrilla verticillata grown in ponds or vaults with

roots attached to Vexar screening at a water exchange rate (residence
time) of 5 days in well water enriched with N (500 umoles/1) and P (50

. umoles/1). Plants wgighedjwéekly but not harvested during growth period.

Rt

Dates (1977) ‘ ' Mean yield (g dry wt/mz/déy)
8/24-9/6 . 7.0
9/6-9/13 . o 9.8
9/13-9/22 | 14.0
9/22-9/30 | 9.2
' 9/22-10/5 7.6
10/5-10/12 | 13.2
10/7-10/19 6.5
10/19-10/ 26 3.2
10/26-11/2 0.0
11/2-11/9 1.7
11/9-11/17 1.5
Mean | 5.1
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Table 8. Comperative yields of Hydrilla verticillata in vaults with roots

attached to Vexar screening and rooted in sand and mud, with water exchange
rate (residence time) of 5 days in we11 water enriched with N (500 umoles/1)
and P (SOIumolee/l). Cultures all started at a density of 2.0 kg wet wt/m .

Yields measured during the period 10/14-11/7/77.

Substrate 4 Mean yield (g dry‘wt/mz/day)
Vexar screening 2.9
Mud ‘ 3.8
Sand A . A 2.5
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Section 1
SUMMARY

Experiments were carried out to provide Woods Hole Oceancgrapaic
Institute (WHOI) with nutrient rich effluent from the anaerobic fermentation
of aquatic biomass. This effluent is to be used by WHOI to evaluate nutri-
ent recycle in the cultivation of aquatic biomass. Two freshwater aquatic
plants and two marine algal species were used; these are potential can-
didates for mass cultivation and ultimate cohversion to synthetic fuels.
Plants tested were the fréshwater'species Duckweed (Lemna sp.) and Hydrilla.
Marine (saltwater) algae tested were the red alga Gracilaria sp. and the

green alga Ulva lactuca. As part of the experiments, preliminary base-line

information was obtained on the conversion toé fuel'gaé under selected fermen-

tation conditions for each type of aquatic biomass.

Under thermophilic conditions (58°C), Duckweed exhibited a methane
yield of 3.91 ft3/1b v.s8. relative to a yield of 2.15 ft3/1b v.s. under meso-
philic conditions (37°C). bther tests were conducted at mesophilic tempera-
tures and CSTR digester retention times of 26 days using sewage sludge as a
source of supplemental nutrients. All‘experiments were carried out in 50 liter
(15 gallon) continuously stirred fermenters. Net methane yield, expressed in
£e3 CH, @ STP per pound of volatile solids fed, was 2.15 for Duckweed, 2.91

for Hydrilla, near zero for Gracilaria and 2.45 for‘Ulva lactuca at the meso-

philic conditions. These results are expressed as éveréges over a 77 day
experimental interval. However, improved methane yields from the marine
’ algae were observed during the later stages of the experiment, possibly indi-

cative of culture adaption. Plans for continued work are discussed.
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Section II

INTRODUCTION

A number of investigators have proposed the growthﬁof biomass
crops as a source of renewable fuel. After harvesting, biomass crops may
be converted by any of a variety of methods to readily uséBle liduid or
gaseous fuels, compatible with existing distribution and use paiterns. A
specific process under consideration is growth of freshwatef aquatic or
marine (saltwater) biomass, followed by anaerobic fermentation (digestion)
of the biomass to methane. Among attractive aspects of this concept are
(1) aquatic biomass growth systems would not compete with land-based food
and fiber production, and (2) the anaerobic fermentation (digestion) pro-
cess promises a relatively economic method for conversion for which much
of the technology'is developed. HoweVef, both processing séquences and

economics for these processing sequences must be established.

As part of the requisite examination to determine the feasibil-
ity of water-based growth systems to produce fuel and other products from
binmass, a program is being conducted by the Woods Hole Oceanographic
Institute (WHOI), Woods Hole, Mass., for the Fuels from Bioi#ass Brauch of
the Department of Energy, Washington, D.C. 1In this program, Woods Hole is
establishing culture requirements, optimum growth conditions and yields for
several candidate marine algae and freshwater plants at the Harbor Branch
Foundation, Ft. Pierce, Florida. Biomass produced in these experimentq is
then utilized in digestion experiments at Dynatech R/D and the effluent
returned to WHOI for use in nutrient recycle experiments. This report des-
cribes initial results of that portion of the program being conducted at
Dynatech R/D..

The objective of the experiments being conducted by Dynatech
is to supply to WHOI the nutrient rich effluent from the digestion of the
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freshwater weeds Duckweed (Lemna sp.) and Hydrilla, the red marine alga

Gracilaria ceae and the green alga Ulva lactuca. The scope of work is

limited to the evaluation of the digestion characteristics of each of these
species under representative conditions. It is anticipated that results
from this work will be helpful in establishing likely economics of-the com-
bined growth/digestion process. Because of the necessity to compare results
with other workers, the. initial work is being carried out under "typical”
conditions employing mesophilic stirred task reactors. Limited additional
work‘is éurrehtly being conducted under thermophilic conditions and also

on pretreatment.

Details of experiments, results, and plans for future work are

: ﬁresented_in the sections which follow.

301




Section 111

EXPERIMENTAL

3.1 Biomass Handling

The biomass grown at the Harbor Branch Foundation was dried to
10-20% moisture and shipped in drums to Dynatech, where it was tested for
moisture content, total solids and volatile solids and stored until use.
To prevent hydration and/or dehydration each test lot was sealed in poly-

ethylene garbage bags except at times when samples were withdrawn. Testiﬁg

was as described in Standard Methods, 13th edition.

3.2 Digesters

Digesters consisted of modified 50 liter carboys equipped with
three horizontal one-foot stirrer bars mounted on a central vertical shaff.
All units were stirred at 100 rpm using a shaft/gearbox arrangement allowing
either 3 or 6 digesters to be stirred with a single synchronous constant-speed
drive motor. Thus stirring was identical for all units used in this work.
Gas-tight oil-sealed bearings were used on all units which also served as
shaft seals. Medium withdrawal and feed were accomplished by means of a
stoppered port above the liquid level in the digester. To insure gas
tigﬁtneéé‘this stopper was greased and held in by a tensioning spring.
Temperature was controlled either by placing the digesters in a constant
temperature incubator room or constant temperature ethylene glycol baths.
Feeding of digesters was accomplished by "draw and fi11" daily, with@tawing'
effluént and adding the required amount of medium to give the desired reten-

tion time.

Since digesters were generally operated with supplemental sewage
sludge, which was the same for all digesters daily, a control digester was

operated which was fed the same amount of sewage sludge alone. Methane output
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from this digester was measured and used to compensate for the production

“due -to the.eewege sludge component, in order to compute net yield from

each biomass.

3.3 Computation of Methane Production

Exit gas composition was analyzed daiiy by means of peak height
analysis. with a Fisher model 25 v gas partitioner, calibrating against a
CH /CO standard of known composition. Previous tests on other programs
;have established that this method of analysis is linear and reproducible
fo + 1% for methane and carbon dioxide components. Exit ges output was
measured, also daily, with precision gas wet test meters.(Model 63126,
Chicago, Il1l.). Methane output was computed from the composition and out-
put of the exit gas stream, correcting for temperature and water vapor con-

tent to obtain methane outbut at STP (0°c, 1 atm,).

3.4 Other Routine Analyses

Each biomass, on receipt from the Harbor Branch Foundation, was
analyzed for total and volatile solids as noted. Sewage sludge was likewise
‘analyzed. Although total and volatile solids were also analyzed 1in the
digester effluent, it prerd difficult to obtain representative samples
from the»heterogedeous digester contents, and results showed considerable

Scatter.

Periodically, effluent from digesters was analyzed for free
famﬁbnia nitrogen and dissolved orthophosphate to insure that levels of these
nutrients were adequate. Ammonia nitrogen was analyzed with’an ion-selec-
tive ammonia electrode (Model 95-10, Orion Instruments, Cambridge, Mass.)
and;d;ssolved orthophosphate by a modification of the method of Fiske and
Subbarow using test kits from Fisher Scientific.

. pH was measured daily Spot checks of volatile organic acid levels

were conducted using a Gow-Mac Model 69-750 gas chromatograph with FID,
using a 2 .foot porapak QS column at 180°C.
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Sectipn IV

RESULTS

4,1  Total and Volatile Solids of Biomass

Upon receipt, duplicate assays were performed on each of the
four species for total solids and volatile solids. Where two containers
of one species were received, lots were taken from the separate containers.
Results of these assays are presented in Table 4.1; this feedstock with

characteristics shown has been used to date in the study.

4.2 Initial Mesophilic Digestion Trials

Initial trials were conducted according to the plan outlined
in the original proposal of December 1976, e.g., at 15 day retention time,
37°C, using a 5% solids feed with a 90/10 ratio of biomass solids to sewage
sludge solids. Also, in this initial trial an objective was to determine
whether "as received" materials could be readily digested, avoiding both
the extra costs and energy requirement for comminution. Digesters were
started with efflﬁent from the Nut Island Sewage Treatment Plant, Quincy,
Mass. Upon observing gatisfactory digester operation on pure sewage sludge
for two weeks, test biomass feed was begun as outlined. Two problems were
observed on this feed regimen. First, the biomass (pafticﬁlarly duckweed)
tended to either float on the surface of the digester, or clump. Secondly,
volatile acid buildups began after about.one week, with concomitant de-
creases in methane production. The souring problem was not controlled with
base addition (these data are not shown), and supplemental ammonia addition

to 200 mg/l was of no benefit.

Because of the limited scope of the program, and the necessity

to determine the basic yield data, less stringent operating conditions were

chosen to assure satisfactory digestion as outlined in 4.3 below.
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Table 4.1

TOTAL AND VOLATILE SOLIDS OF BIOMASS AS
RECEIVED FROM HARBOR BRANCH FOUNDATION

Biomass Speéies

Gracilaria'ceae

Ulva lactuca
Duckweed
Hydrilla

Total Solids (percent by weight)

Determination
#1 #2_
93.76 93.51
86.61 -96.96
90.63 90.11 .
89.44 ~ 89.58

Volatile Solids (As percentage

Biomass Species

Gracilaria ceae

Ulva lactuca
Duckweed
Hydrilla

of total solids)

Determination

#1 #2

65.37 72.96

57.95 52.94

78.47  69.72

80.29 71.55
7
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Average

93.6
86.8
90.4
89.5

Average

69.2
55.6
74.1
69.2




4.3 Mesophlilic Digestion at long Retentlon Time

In view of these initial results, several modifications were
made in mesophilic digester operating procedures. - Digester head space we;
reduced to the minimum volume possible, to mini@ize potential problems due
to oxygen entry during feeding, by increasing férmenter 1iquid contents from
50 to 52 liters. Feed composition was changed to 50 grams of the test bio-
mass in one liter of water daily, with one liter of supplemental sewage
sludge (40-50 gm/1 solids) to give a total. ‘of two liters of feed daily and
a 26-day retention time. Size reduction of each test biomass was carried
out by blending each 50 gram lot of the test ‘biomass for 30 seconds in one.
liter of water in a Waring blender. Act@vated carbon (Hydrodarco H, ICI
America, which was shown in previous work at Dynatech to facilitate di-
gestion of various substrates) was added in 50 gram lots approximately once
. weekly. Finally, supplemental ammonia was added at intervals of approxi-
mately once a week, to bring the free ammonia level up to 170-200 ppm |

(10-12 meq/1) when necessary. -/

Following these procedures, digester operation was satisfactory

from the standpoint that "souring" did not occur (as evidenced by pH and

spot ac;d checks by GLC) and methane output was continuous.

"Methane output due to the sludge component was measured in one
or two control digesters, maintained identically to the biomass digesters .
except that bilomass was not added. Figure 4.3.1 compares initial results
for two control sewage sludge digesters, operated identically, over the
same eight day interval. Agreement between output of Lliese two digesters
was considered sufficiently close so that only one control digester was

used in subsequent work.

Figures 4.3.2 through 4.3.5 show methane production (S.T.P.,
exclusive of water vapor and associated carbon dioxide), for digesters
operated mesophilically as described on Duckweed, Hydrilla Gracilaria sp.

and Ulva lactuca. Also shown for reference in each figure 1s the methane

output for the control digester operated concurrently on sewage sludge alone.
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Net methane from each test biomass is represented by the difference between

the test and control digester. The 77 day period of operation represents
a balance between time constraints in the program and the necessity to
operate for a multiple of the retention time to achieve a reasonable steady
state as well as to eliminate effects due to day-to-day variation in diges-~

ter methane output.

Methane yields computed from outputs over the entire 77 day
interval are summarized in Table 4.3.1. The methane yleld corresponding
to stoichiometric conversion of cellulose is 6.64 ft3/1b Based on this
"ideal" value for cellulose conversion, percentage conversions for Duckweed

Hydrilla, Gracilaria sp. and Ulva lactuca were 32%, 44%, near zero, and 37%

on a volatile solids basis.

Conversion of the aquatic plant species was within normal
ranges, and the behavior of these species during digestion also appeared
normal. However, the marine algae present a more complex picture. Low
digestion rates and conversions during the beginning weeks of the experi-
ment with marine algae are compatible with the hypothesis that digestion
was inhibited (this possibility is discussed in‘more detail later) or else
' that the culture was not well-adapted to the substrate. Conversion clearly
improved during later stages of the experiuent. It is encouraging to note
that if net yields are recomputed from day 40 onward from data shown in
Figures 4.3.4 and 4.3.5, Ulva lactuca exhibited a net yield of 3.02 ft3CH4/
1b. v.s. and Gracilaria ceae a net yield of 1.82 ft3CH6/1b. v.8., much

improved over the average for the entire interval shown in Table 4.3.1.

This improvement could either indicate adaption to the substrate, or the
development of tolerance to an inhibitory factor or factors, as discussed
in 4.4 below. 1In any event, later data from this experiment are encouraging

for digestion of the marine algal species.

14
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"Table 4.3.1

MESOPHILIC CONVERSION EFFICIENCY OF TEST BIOMASS SPECIES

(See text for conditions)

Substrate FtCH, (STP) PeoCH, (STP)
1b Volatile Solids _1b Total Solids

Duckweed S 2.5 | 1.59

Hydrilla 2.91 ' ' o 2.21

Gracilaria mo(1) . ; h_.&O

Ulva Lactuca 2,451 © 136

LSS
Note (1) Conversion efficiency of the two marine algae improved in later

stages of the experiment - see text. -

15
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4.4 - Investigation of Inhibition: HZS Levels in Output Gas

The low initial net methane yield from Ulva lactuca and the:

"negative" yield from Gracilaria presented an obvious puzzle and problem.
One possible explanation is that high ionic strength due to high ash
content of the marine algae is inhibitory to digestion. (An experiment
designed to get around difficulties caused by inhibition is discussed in
5.3).

Another possible explanation which was entertained relates to
possible consequences of-the high degree of sulfonation of polysaccharides
in the two marine algae. Table 4.4.1 shows a published analysis for the

sulfonated glucuronic acid molety for Ulva lactuca (Reference 1). Ac-

cording to this particular: published analysis, there are approximately 2.5
sulfonic acid groups per glucuronic acid subunit. It is well-known that
sulfate-reducing bacteria will utilize the oxygen in sulfate to oxidize
organic substrates while producing HZS.' If, for example, the reducing

species is glucose, the reaction may be written

B

‘ lZ*SOh .+ 5 C6H1206

12 H,8s + 30 co, + 18 H.0

2 72 2.

and with a mole ratio of 2 4 sulfates to one glucose. all of the glucose
BOD may be utilized to reduce sulfate leaving none for the competing reac-
tion of methane formation. In practice, some BOD, amounting to 10-25% of
that metabolized in sulfate reduction, will also be utilized for biomass
formation,'and this is another "sink" for BOD which will decrease the B
amount available to form methane. Thus the ' negative methane yield on
Gracilaria could (at least in principle) be explained by sulfate. reduction
(H S toxicity, discussed later, was also a possibility'which was considered).

16
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By the stoichiometry presented, reduction of sufficient BOD to
produce one mole of methane should-lead to the appearance of 0.8 moles of .
HZS' The appearance of a sufficient quantity of HZS in the exit gas, over
about 10%, would indicate that this sulfate reduction hypothesis is correct.

, To test the hypothesis HZS wvas analyzed in the exit gas from
the two marine algae digesters on 9/15/77. This was accomplished by adding
25 ml of a 27 zinc acetate solution (with 2% HCIiadded to prevent ZnCO5 .
precipitation) to 250 ml gas sample bottles containing the exit gases.
Bottles were shaken vigorously for several minutes and the resulting Zné
precipitate was collected on a millipore filter, washed with distilled
water, .dried and weighed. This method of gravimetric analysis gave H,S

2
levels for the Ulva lactuca and Gracilaria digesters of: 0.95% and. 1.22%.

To verify the analysis, the Fisher gas partitioner column was modifiedvfor"
HZS detection by removing the drierite tube on the inlet. line. - It was - '
thenAcalibrated with HZS standards, made by aspiring appropriate volumes
of air/HZS into a gas sample syringe. - Another sample of exit gas from the
Gracilaria digester assayed 1.247% HZS; confirming the gravimetric

test results. Thus the observed hydrogen sulfide levels in the exit

gas appear to be insufficient to support the hypothesis that BOD utiliza-
tion through sulfate reduction was responsible for low methane yields

observed on marine algae.

Another possibility which was considered'was thatithe observed
525 levels were toxic of themselves Lawrence and McCartv (Reference 2)
report toxicity at HZS levels above 200 300 mg/l However, it may easily
be computed from available ionization relations and solubility data that
dissolved sulfide levels in equilibrium with 1% HZS in the gas phase are
only 10-20 mg/k . From these results it would appear that sulfate/n S
| problems were not reSponsible for poor conversion of the marine algae
during early portions of the experiment. Further, it should be noted that
the sulfide toxicity question has been rendered moot by improved results

later in the experiment.

17
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4.5  Alkaline Pretreatment Ekperiment with Duckweed

Mild alkaline pretreatment has been shown in a number of cases
(for example in References 3 and 4) to improve digestibility of various
biomass substrates. The effect of alkaline pretreatment on Duckweed was
tested by soaking 50 g lots of Duckweed in saturated lime (pH = 11.2) for
5 days at room temperature. It was found that 1.2 grams of lime were
required, in addition to that needed to bring the slurry initially to pH
11.2, to titrate acid and/or buffering components in the 50 gram lots of
Duckweed and to keep pH at 11.2 for 5 days. Following the pretreatment
step, the lime/duckweed slurry was neutralized to pH N7.3.by sparging CO

2
gas through it, and then fed to the digester.

Results for digestion of the pretreated Duckweed are shown in
Figure 4.5.1. This pretreatment step appeared to reduce, rather than
increase digestibility. A possible explanation (quite speculative)
is that the alkali reacted in this case to form a substance inhib-
itory to the digestion process. The best that.can be said is that the
methanogenic culture got used to the situation and appeared to be able to
convert the alkaline pretreatedAmaterial almost as well as the Duckweed
which did not receive pretreatment Net conversion for days 30-68 in
Figure 4 5 may be computed to be 1. 96 ft /lb. v.8., to be compared with
2.15 ft /lb v.s. for Duckweed which was not pretreated.

4.6 THermophilic%Operation: Digestion of Duckweed

Thermophilio (55-60°C) digestion is known, from results of
numerous investiga;ors including Cooney and Wise (Reference 5) and the
work of J. T. Pfeffer over the last several years at the ﬁniversity of
Illinois, .to result in more rapid and complete conversion of substrates

than mesophilic (35°-45 C) operation. From kinetic information compiled

18
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by Ashare et. al. (Reference 6) it would be expected that combined rate
coefficients of the tnermophilic process, assuming Ea = 15 Kecal, are about
four times those of the mesophilic process. To place this statement in
another perspective, thermophilic operation at a given retention time
should give fractional conversions effectively equivalent to meSOphilic

' operatation for a retention “time four times as long.

The thermophilit ‘culture was developed following a procedure _
similar to that of Varel et. al., (Reference 7), that is, by taking mesophilic
sewage digester effluent (37°C) along with some supplemental sludge sub-
strate and simply placing it in two CSTR digesters maintained at 58°C.

An effluent/sludge ratio of 3:1 was used, and pH remained near 7.0 at all
-times. Some aspects of this culture development procedure are worth

noting. In the procedure the thermophilic digesters were opened daily

both to introduce substrate and to withdraw samples for pH. Additionally,
they were continuously agitated. Negligible methanogenesis was observed
over the first 33 days, which is in contrast to the finding of Varel, et. al.
in Reference 7 who observed thermophilic digestion of manure within 10

days. At this point, consideration was given to the poasibility that
oxygen introduced during the daily manipulations (with little or no gasiv
evolutidn, air intro&uced was not being flushed frem the head space) was
inhibiting‘the culture. 1In the presence of agitation, contacting of cul-
ture medium with air (although it can only be rather imprecisely estimated
in the absence of measurement) was probably such that methanogens were '
exposed to significant activites of oxygen. (This author is not aware of
any.quantitative information regarding sucn inhibition, except that it is
reported to exist.) In static systems, it is easily demonstrated utilizing:
extant mass transfer correlations and assuming that facultative . aerobes

are present; tnat oxygen activity in the bulk of the liquid (even if a gas-
liqnid interface. 18 exposed to oxygen) is identically zero.. Accordingly,
stirring was turned off in one of the two thermophilic reactors, and in

this teactor rapid methanogenesis was observed within 5 days after cessation
of stirring,and steady-state thermophilic digestion was deveioped within

20
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10 daya. At that time stirring was resumed.. Effluent from thia reactor
"wag used to seed the other reactor, aatiafactory ateady-state operation
wds observed for both reactors, and biomass feed was initiated Although
in most cases no deleterious effects of oxygen on digestion have been '
observed in this or other laboratories. it u?uld appear that oxygen effecta
could have caused problems in thia instance. It also seems from these
reaults that subjecting a mesophilic culture to a single step change to
thermophilic conditions is as good a way as any. (e.g., as opposed to incre-
mental temperature changes) to establish a thermophilic culture. Total
elapsed time between initiation of culture development and steady-state
thermophilic_operation was 43 days, which is less time than has been re-
quired.to develop(thermophilic culturea through: stepwise increases in other

work, for example in Reference 5.

| The same feeding procedurea and the .same 26-day retention time
were used in thermophilic as in mesophilic work. Thus the only variable in
the experiment was temperature. As in mesophilic work, a control was main-
tained which was fed sewage sludge alone. Figure 4.6.1 shows cumulative
output for the Duckweed digester and the control., Over a 42 day interval
Duckweed showed a net yield of 3.91 ft /1b v.s., as opposed to 2.15 ft /lb
v.s. under meaophilic conditions. While the thermophilic Duckweed digester
was operated for only 1.6 retention times, it ia clear that thermophilic

operation gave substantial improvement.

" Available data also enable ‘a comparison of the relative effec-
tiveness of thermophilic and mesophilic conversion of.sewage sludge. For
the 42-day experimental interval, the thermophilic and mesophilic digesters
receiving sewage sludge produced 17.1 and 15.6 fta'of net:methane, respec-
tively, so that the advantage of thermophilic digestion for sewage sludge
is much less pronounced. ‘While a detailed discussion of the reasons for
this behavior is beyond the scope of this report, some speculation may be

offered.- In circumstances where hydrolysis of cellulose 18 the rate-limiting
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step, solid substrate particles are consumed from the outside in, and the
time requirement for conversion, or conversely, fractional conversion at

a given retention time, will reflect the kinetics of utilization of a
heterogeneous distribution of particle sizes by surface attack. Although
the size of Duckweed particles after blending was not measured, it was
observed that the suspension after blending still contained pleces of plant,
in the order of 1 mm. (This 1s a much larger particle size than the 20-100
¥ typical of paper fiber in municipal solid waste or of particles in L

- sewage in Reference 10.) In the case of "large" particie size substrates
such as this, it would be expected that maximum fractional conversions would
" occur at-long retention times, or the equivalent attained through shorter-
-‘term tﬁermophilic operation. (Along with this speculation, however, should
be noted that lower mesophilic yields may have been due in part to loss of

organic acids in the effluent as discussed in 4.7.1).

4.7 Results of Chemical Analyses on Digester Effluent

4.7.1 Volatile Acids

Because of’the satisfactory pH behavior shown by all digesters _
during the course of the program, it was not considered necessary to conduct
frequent volatile acid analyses. Three analyses were.conducted during the
77-day interval of digester operations. Results of these are shown in Table
4.7.1.1. Athough pH was within normal ranges, it is seen that measurable
levels of acids weré: detectable in most digesters which with operating
procedures described was necessarily withdrawn from the units in the aqueous
phase at the rate of 22/day. For interest, the potential methane which
could have been formed 1if the acids withdrawn were instéad completely con-
verted is shown to the right of the acid levels measured on 9/4/77. Also

. shown for comparison is the average yield of each digester in ft3/day.

It may be seen that the potential methane yield which was lost |

to acids leaving in the aqueous effluent was significant in the case of the
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Table 4.7.1.1

RESULTS OF VOLATILE ACID ANALYSES ON ANAEROBIC ﬁIGESTERS

(1) Assay of 9/5/77»

Digester Acid Levels, meq/1l Average Gas

Potential Gas Lost Potential Gas Lost

With Acids Leaving As Percent of
Over Interval At Concentraion Observed Production
Acetic Propionic Butyric Valeric Ft3/day Shown, Ft3/day -7 (Percent)
- g g 7
Hydrilla C 4 2 2 . 0.9 0.839 . - 0.024 , ‘ 2.9
| Control 2.5 1 1 0.3 0.599 0.013 S 2.2
:-§ 5 Gracilaria 9.5 18.5 0 0 0.572 0.066 : 11.5
81 Alk. P.T. . 10.5 23 0 0 0.559 0.080 : 14.3
4| Duckweed ’ :
= ) 2.5 1.0 0.3 - 0 - 0.740 0.008 1.1
. | Ulva Lactuca g5 ;5 0.5 0, - 0.776 0.115 14.8
‘E’ Duckweed . = 6 . 4 ¢+ 0.5 0o 0.733 0.023 - > 3.1
& Control - 3 3 0.3 0 ~0.424 0.014 3.3




Gracilaria, alkaline pretreated Dnckweed, and -also tne mesophilic Duckweed
digester. The fact that acids were incompletely converted in these cases
indicates that CSTR digestion is probably not the best method for assessing
convertibility of these substrates, in terms of determining their ultimate
methane potential. Although the yield data are certainly valid for operating
conditions chosen, the net methane production is also certainly. less than the
maximum possible. An alternative method for assessing methane potential
which would eliminate various sources of ‘error is to operate batch reactors

to completion, and plans to do this are outlined in Section 5.3.

4.7.2 Phosphate Levels

Because of the high level of phosphate which enters municipal
wastewaters with detergents, it was anticipated that phosphate levels suffi-
cient to support digestion would be introduced with the sewage sludge compo-
nent. Assays for free dissolved orthophosphate in the 8Bupernatant liquid after
centrifugation were carried out on 9/23/77, shown in Table 4.7.2.1, which

showed phosphate levels to be ample.

4.7.3 Ammonia Nitrogen Levels and Ammonia Nitrogen Supplementation

Initially, free ammonia nitrogen measurements were cenducted
(as discussed in Section 3) with the expectation that these would confirm
the presence of adequate ammonia nitrogen levels. However, these showed,
instead, that free ammonia levels were dropping to dangerously low levels,
in the order of those reported by Thiel, et. al. (Reference 8) and Sanders,
et. al. (Reference 9) to cause digester failure, e.g., < 50 PPM NH3, or <
3 meq/l Accordingly, ammonia nitncgen was measured once weekly and suffi-
cient ammonia nitrogen was added after each measurement to bring ammonia ‘
nitrogen levels back up to 170-200 PPM (10-12 meq/1). Table.4.7.3.1 shows

results of measurements and ammonia nitrogen supplementation carried out.
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Table 4.7.3.1 .
MEASURED FREE AMMONIA NITROGEN LEVELS, AND HISTORY OF
AMMONIA NITROGEN SUPPLEMENTATION TO DIGESTERS -

KEY: M = Measured Ammonia Level, mmol/1
A = Total Ammonia Added, mmols/digester

Mesophilic Digesters . , - Thermophilic Digesters
.| Alk. P.T. ' ‘

Date Hydrilla Control |Gracilaria | Duckweed Ulva Lactuca | Duckweed . Duckweed . Control

M A M A M A M A _M A M A | M A M A
8/10/77 2.3]1 460 | 4.4 406 § 4.2 | 411 | 5.8 | 369 4.5 403 | 7.7 320" . | N.A. N.A. N.A. | N.A,
8/16/77 3.9/408 | 4.5]376 | 6.8 | 258 | 7.1 | 244 | 4.7 366 6.6 | 269 12.3 | -—- 14,1 ] =---
8/23/77 2.6 1476 | 2.8 463 | 4.4 384 5.4 | 333 2.7 470 3.9 [ 409 | 7.6 | 214 7.6 214
8/26/77. 4.21391 | 5.5)323{ 7.9 | 201 | 7.9 | 201 5.5 323 7.6 | 214 11.2 y --- 110.0)] =---

vee
9z

9/3/77 - N.M.| 330 | N.M.| 330 | N.M.| 330 | N.M. | 330 N.M. 330 CN.M. | 330 N.M. | 330 N.M. | 330
9/6/77 3.3]440 | 3.3 440 | 5.5 | 326 | 5.5 | 326 3.0 455 5.0 | 351 6.0 | 298 7.1} 241
9/12/77 4,81361 | 4.8 361 | 4.8 | 361 | 7.0 | 247 4.8 361 5.6 | 320 7.0 | 247 7.0 247
9/15/77 3.7 412 | 3.7 412 } 5.0 | 351 | 4.0 | 402 3.7 419 4.0 | 402 7.4 | 226 7.4 226
9/20/77 5.0| 550 | 5.3./550 | 5.3 | 550 [ 5.1 | 550 4.9 550 -5.1 | 550 | 5.0 | 550 5.1 550
9/26/77 9.71107 | 5.0 351 | 2.5 | 483 | 3.5 | 427 3.7 419 3.5 | 427 5.4 | 330 3.7 | 419
9/29/77 4.7]1366 | 5.6 320 | 5.0 | 351 | 2.6 | 473 3.7 419 3.5 | 430 - 5.3 |336 2.6 | 473

10/3/77 | ——=|—= | === == | 3.5 | == | 4.7 |- | 3.5 === | 4.7 |-—- 5.0 | -——- 7.0 —-
10/5/77 | 4.8 363 | 2.07305 | 2.2 | 494 | 5.2 | 339 | 1.5 |[534 7.0 | 247 7.0 | 247 4.8 363
10/10/77| 4.0|— | 4.0|-— | 3.8 | — | 7.0 | — | 4.4 |- 4.2 | ——- 4.2 | --- 7.2 | -—-—-

10/19/77 | 29.4 | — [10.0 | === |24.1 | —- |23.5 | — [10.9 "|-—- |28.8 [--—— [11.8 |-—- 9.9 | —-




- Thermo

~Thetmo

Assay of 10/5/77
Digester

: PHydrilla

Control

Gracilaria

Alk. P.T. Duckweed

Ulva Lactuca
Duckweed _

Mesophilic

-

Duckweed

Control

" Assay of 11/1/71

‘Digéster
Fﬂydrilla
Control
Gracilaria
Alk.E?.T. Duckweed

Ulva Lactuca
Duckweed

Mesophilic

- .
Hydrilla

Control

Table 4.7.1.1 (continued)
RESULTS OF VOLATILE ACID ANALYSES ON ANAEROBIC DIGESTERS

Acid Leveis;‘ﬁeqll

Acetic ' Propionic - Butyric Valeric

21 0 o 0 0

0 0 0

8.5 0 0

2 12.5 0 0

2 0 .0 0

76 8 0 .0

0 0 0

0 0

- Acid Levels, meq/1 ’
Acetic . Prqpionic Butyric . Valeric

0 o 0 0

0 0o - 0 0
3.5 0.75 0 0
7.5 5 0.5 0
1.5 0.5 0 0
7.5 0 0 .0
1.3 15.5 1.5 1.0
1.5 1 0
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Mesophilic

Thermo

Table 4.7.2.1

RESULTS OF ASSAYS FOR FREE PHOSPHATE IN
AQUEOUS DIGESTER SUPERNATANT (9/23/77)

Digesfer

r.l-lydr:l.].'la

Control

Gracilaria

Alk. P.T. Duckweed

Ulva Lactuca

_Duckweed

Duckweed

Control
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4.5
2.6”
7.7
3.3
3.0

5.2

3.75
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4.8 Initial Effluent Shipment to Harbor Branch Foundation

. Effluent generated,ae_described vne,cqilected daily from digesters
and stored in individual drums, one for each digester. An initial shipment nf
effluent drums was sent out on 9/5/77 to Harbor Branch, but was returned on
9/9 by the shipper ‘because of leaks. These drums were provided with foamed
plaetic inhserts to prevent further leaks, and effluent continued to be collec-
ted in the drums between 9/13 and 9/28, at which time, they were again shipped.
This is the lot which was ultimately received by Harbor Branch in Ft. Pierce,

Fla. for -analysis and recycle studies.

Of interest to Harbor Branch, in addition to feeafcoﬁpenents to
each digester, which have been described, 1is the degree of nutrient supple-
mentation. The only supplement added (other than activated carbon, which may -
be regarded as inert) to the initial shipment was ammonia nitrogen. Effluent
received by Harbor Branch is that collected between 8/9/77 and 9/28/77. Since
some material was lost in the leak episode, and effluent was not collected
between 9/5 and . 9/12, the level of cumulative ammonia supplementation is

somewhat uncertain but may be computed within reasonable limits as follows.

The fraction of ammonia nitrogen which was added to any given

digester which remains in the digester at any given time, 9, after addition
is ' '

Ao (4.8.1)

where A = ammonia nitrogen remaining in digester
Ao = ammonia nitrogen added
€ = time, days, after the supplementation.

The supplemental ammonia nitrogen delivered to the drum with the
effluent therefore is Ao -A, with the réservation that some material was
lost through leaks. (The effect of material not collected between 9/5 and
9/12 may be computed.) The effect of material loss in the leak episode is
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that later addition after 9/12 should be weighted more heavily than they
actually are by equation 4.8.1 above. However, it is estimated that the
amount of supplemental ammonia computed by 4.8.1 18 accurate to within 20%.
Computed supplemental ammonia levels are presented in Table 4.8.1, assuming
complete collection of material between 8/9 and 9/5, and 9/12 and 9/28 for
each drum shipped. ' ‘
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Section 5

FUTURE WORK

541 :-. Thermophilic :Operation

Immediate plans for thermophilic work are to discontinue Duck-
weed and to begin digesting Hydrilla which has shown the best mesophilic
ylelds to date. Although it would be desirable to thermophilically digest

Ulva Lactuca and Gracilaria as well, constraints on the program are such

that it does not appear that it will be possible to do this. An alternate
method for determining methane potential of the two marine algae 1s dis-

cussed later (Section 5.3).

5.2 Hydrogen Sulfide Removal Experiments with Gracilaria and Ulva

'Lactuca Using FeO
b — — _ W

To examine further-whether problems with marine algae are in
any way related to high HZS.levels, due to reduction of sulfonic acid groups,
it is planned to conduct a short-term experiment (about two weeks) in which

ferrous oxide is added to these two digesters. The relevant reaction is

FeO + H,5 + FeS + H,0- _ i , (5.2.1)
- Ferrous oxide will be added in an excess sufficient to take
care of any likely lgvels of HZS evolution. It has been calculated as part
of this work that Fe*+1eve1 is fixed by carbonate ions in solution at about
1.4 x 10 M (pH = 7, 0.5 atm. CO2 activity) a level which from solubility 6
product considerations dictates an equilibrium HZS activity of about 20 x 10
atm, or 20 PPM 1in the gas phase. This experiment will be continued for about

two weeks.
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5.3 Small Stationary Flask Digestion Experiments

_ Previous experimental results have indicated that there can be-
drawbacks with CSTR digestion, in that under many operating conditions
unconverted acids may leave the digester, effectively reducing methane
yield, and also in that, even if acids are completely converted to methane,
fractional conversions will vary significantly with retention time because
of the nature of the hydrolytic process involving solid substrates. There
1s also, in CSTR work, the consideration that kinetic coefficients may be
altered by such factors as high ionic strength as outlined by McCarty et. al.
Reference 12, (or high HZS) and such effects could well have been operative

in the marine algae digestion work.

For these reasons, it would be desirable to have a measure of
the maximum methane potential of each of the four biomass species to serve
as a check on CSTR results. This will be done by carrying the batch diges-
tion of test lots of biomass to completion. As background, Augenstein, et.
al. (Reference 3 and also unpublished work) have shown that methane yields
30-60% higher than in 25 day mesophilic CSTR digestion were attainable by
carrying appropriately seeded batch and continuous reactors to completion
with municipal solid waste and newsprint feedstocks. (It is to be noted
that in the cited work, low CSTR conversions relative to batch results
were not due to acid loss in the effluent. Rather, the yield difference
appeared to be due to thé fact that the allowance of a sufficiently long
batch reaction time enabled more complete substrate consumption relative

to the CSTR work.)

It 1s planned to carry out batch digestion tests with stationary
reactors of 2 1. capacity, which will be charged with feed identical to that
introduced to the CSTR digesters, e.g., 50 grams (dry basis) of the test
biomass and one liter of sewage sludge in a total of 2 liters. Reactors
will be appropriately buffered and geeded. A control will also be operated
with sewage sludge alorie to determine the methane due to the sludge compo-
nent. Gas collection will be by water displacement in collectors (which

’
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are being constructed for this purpose). It ig anticipated that this experi-
ment will require several ‘months. However, the "completion" of substrate
digestion, by this procedure should give an accurate measure of the total
methane potential of each biomass substrate; this will be true even though
inhibition or kinetic effects may cause digestion to proceed at differing
rates for each test substrate. This information will be useful since there
existsg. the possibility that digestion processes may be developed which will
give near-maximal conversion, as outlined below.

5.4 arge Stationary Reactor Experiments with Duckweed and Hydrilla

One possible .processing sequence has been c0nsidered as an
alternative to conventional CSTR digestion 18 to make use of large, low .
capital-cost lined, covered pits to carry out digestion for long retentionA
4timea, and thereby attain high fraetional conversions inexpensively. Es-
timated performance of such digesters is presented in References 3 and 11.
It is notable that such reactors are estimated to be 10-20 times less ex-
pensive on a unit volume basis than typical concrete tanks (Reference 11)
and the processing could consist, in the limit, of simply wetting large
lots of substrate with an appropriate buffer/nutrient/inoculum mixture,
covering large piles of it (if solid) or pits (if liquid) and piping off
the product gas. It has been established that digestion proceeds at quite
reasonable rates without stirring (Reference 3 and 13), and this particular
Processing technology would be expected to have minimal energy consumption
and a very favorable energy balance. Whether or not such syatems are as
- workable as they appear (and problems with this technology certainly remain
to be addressed) it would be desirable to have a measure of the behavior
of the test biomass species under conditions likely to be typical of such
low capital cost processing. Woods Hole has, additionally, indicated that
they would like as much effluent as is possible.

It 18 planned to carry out two larger stationary digestion ex-
periments, of 50 1 capacity, with Hydrilla and Duckweed Since previous
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work (Reference 3) was established that digestion will proceed at high
total solids of as much as 45% by weight with municipal waste, solide
loading will be as high as possible in these reactors.' It 1s presently
planned to add ‘the biomass without comminution, since this would ailow cost
and energy savings in opetation of a full-scale digestion process. Addi-
tionally, since sewage sludge is unlikely to be available in quantity for
most biomass digestion processes, the amount of sewage sludge added in this
particular experiment will be kept to an absolute minimum, cu:rently planned

at less than 1/2% by weight of total solids.

This experiment should show whether there 1is the poteﬁtial for
the low-capital cost digestion of Duckweed and Hydrilla. Additionally, it will
make available the residue after digestion of several kilograms of each
plant to Harbor Branch. As with the stationary flask experiments, it is
anticipated that this experiment will require several months.

If resources permit, two similar experiments will be conducted

with the marine algae.

’

5.5 Analysis for Elemental Composition of Biomass

Sampleé of each biomass are being sent to an outside laboratory
for elemental composition, for C, H, N, and S as a fraction of total weights.
This information will allow an estimate of nutrient nitrogen which is freed
(1f any) during digestion, and which therefore would be readily available
in the recycled effluent. The determination of this ratio of freed to cell
and residue-bound nitrogen will be important to establishing the likely
pfacticality of recycle of effluent to the biomass growth system.

5.6 Future Deliveries of Effluent Samples to Harbor Branch

Current plans are to send to Harbor Branch all remaining efflu-

ent from digestion of Duckweed, Gracilaria, Ulva Lactuca, and Hydrilla, as
well as the sewage sludge control, as soon as the iron oxide addition

experiment is completed with the marine algae. It is anticipated that this
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_ - . -
shipment will be made in December 1977 Information will be furnished-
with this shipment on additions which were made to each digester,Ae.g.;
NHAOH and 1in the case of the marine algae, the amount of FeO added. A

later shipment will be made of the residue from the 50 1 stationary reactor

It is presently anticipated that this shipment will be made in the -early.
_spring
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Table 4.8.3.1

SUPPLEMENTAL AMMONIA CONTENT OF DIGESTER EFFLUENT
‘DRUMS1 SENT TO HARBOR.BRANCH FOUNDATION.

" Computed SupplemehtalnAmmbhia,

Drum Contents : : - Gm. Mol/Drum?
Hydrilla Effluent S e
Gracilaria Effluent . . ) . - 1.57
AlkalinevPretreéced.Duckweéd Effluent . g 3 l.éf

Ulva Lactuca Effluent Ai.83
Dﬁckweed Efflﬁent‘ | | ‘ | 1.54 Vl

1. Mesophilic Digesters

2. Totél SuppleﬁentéliAﬁmonia in Drum (In addition to ammonia entering
vith biomass and sewage sludge). -Computed as stated in text.
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