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FOREWORD

High yields exhibited by macroa1gae and floating aquatic plants make
these types of plants attractive as potential sources of biomass for
conversion to fuels and chemicals. Research to quantify the value of
various species has been funded by Energy Research Development Adminis
tration (ERDA) and the Department of Energy (DOE) since the mid-1970s.
This report describes work performed by the Woods Hole Oceanographic
Institution for the Solar Energy Research Institute (SERI) under Sub
contract XR-9-8133-1, using funds provided by the Biomass Energy
Technology Division of the DOE. Field management responsibility for
this ongoing subcontract, formerly DOE Contract No. EY-76-S-02-2948,
was transferred to SERI from ERDA in May 1979.

Lawrence P. Raymond, anager
Biomass Program Office
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Summary

The "ORCA" clone of the red seaweed Gracilaria tikvahiae has been

in culture continuously for over two years. Yield for the past year

2
has averaged 12 g ash-free dry wt/m .day (17.5 t/a.yr) in suspended

2600-1 aluminum tank cultures with four exchanges of enriched seawater

per day and continuous aeration, the same yields as obtained by

similar methods during the previous year. With improved culture

medium, comparable yields could be obtained at one exchange of sea-

water per day and with aeration only during daylight.

Yields from non-intensive pond-bottom culture, similar to com

2mercial Gracilaria culture methods in Taiwan, averaged 3 g afdw/m .

day in preliminary experiments. Cultures provided with a continuous

flow of enriched seawater became heavily epiphytized and died, but ex-

posing the seaweed to the same amount of nutrients for 48 hrs (with

flow stopped) every two weeks prevented epiphyte growth and maintained

healthy plants. Deeper (0.8 ~) water and gentle aeration to prevent

stratification were necessary in summer, while shallow (0.04 m), non-

aerated cultures grew well in winter. Soil bottom was found to be

non-essential. Rope and spray cultures were not successful.

Two 10,000 m2 (ca'. 1/4 acre) demonstration-ponds were constructed and

partially stocked with Gracilaraia and water hyacinths respectively and will

be used to provide data for future economic and energy cost:benefit analysis.

Yields of water hyacinths from March 1978 to March 1979 averaged

2
25.7 g afdw/m .day (37 t/a.yr), one-third higher than for the previous
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year, the difference probably reflecting normal year-to- year variability.

Weevils of the genus Neochetina, introduced to Florida to control

water hyacinths, infested the cultures during 1979 and set back growth

until successful aerial application of systemic organophosphate in

secticide was initiated. Season, nutrient availability (form and

quantity) and stand density were found to affect the relative pro

portions of struct~ral and non-structural tissue in water hyacinths

and thereby significantly affect digestibility of and methane pro

duction by the plants.

Pennywort (Hydrocotyle) grew poorly in winter and its annual yield

averaged only one-third that of water hyacinth. Water lettuce (Pistia)

appears more comparable to hyacinths in preliminary studies and its

yields will be monitored throughout a complete year.

Water-loss from evapotranspiration of pennywort, water hyacinths

and duckweed over a nine-mcnth period was found to be 2.0, 1.7 and

0.9 times respectively the loss of water from evaporation alone.

Evapotranspiration losses were correlated with various environmental

and biological factors. Extrapolated annual ET loss from water hya

cinths was eauivalent to 3 million gallons/acre, 41% of which was in

excess of evaporation from a bare water surface.

Stable, continuous anaerobic digestion of both water hyacinths and

Gracilaria has now been maintained for over one year with an average

gas production from both species of 0.4 1/g volatile solids at 60%

methane.
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Solid and liquid residues from anaerobic digestion of water hya

cinths were found to be a superior source of nutrients to chemical

defined enrichment medium for new growth of the plants. Nutrients

were recycled from plants to digester residue and back into the

plants with an overall efficiency of 64.5%. Solid residues from

the anaerobic digestion of Gracilaria could not be similarly recycled,

but the liquid residue, containing 65%. of the nitrogen, was recycled

from seaweed to digester residue and back to the seaweeds at an over

all efficiency of 48%.

vii



Table of Contents

I. Introduction•..•.••....•............•........•..............• 1

II. Seaweed culture - M. Dennis Hanisak and Richard w. Stenberg •• 17

III. Freshwater macrophyte culture - Thomas A. DeBusk ••••.•••••••• 27

IV. Effects of seasonality, nitrogen form and availability and

plant stand density on the chemical composition and nutri

tive value of water hyacinth (Eichhornia crassipes) -

Craig S. Tucker ......•......•.....•.•.................••....• 35

V. Growth and yield of aquatic plants - JohnR. Ryther 55

VI. Evapotranspiration of some emergent freshwater plants -

Thomas A. DeBusk •..•......................................•.• 63

VII. Recycling digester residues as a source of nutrients for

the growth of water hyacinths (Eichhorniacrassipes) -

M. Dennis Ranisak and L. D. Williams ..•...•.....••..•...•.•.• 69

VIII. Recycling digester residues as a source of nutrients for

the growth of Gracilaria tikvahiae - M. Dennis Hanisak and

L. D. Wi11 Lams ••••••••••••••••••••••••••••••••••••••••••••••• 82

ix



I. Introduction

A. Seaweed culture:

The "ORCA" clone of the red seaweed Graci1aria tikvakiae, isolated

in December 1977, has now been grown continuously in 2600-1 aluminum

tank culture for two years. Yields of the seaweed over the past

twelve months, in cultures receiving four exchanges of water per day

enriched with 50-100 ~oles/l N0 3-N, 5-10 ~oles/l P04~P and trace

metals (concentrations of enrichment depending upon the nutrient con-

tent of the seawater) and in vigorous aeration maintaining the plants

2in suspension, have averaged 12 g ash-free dry weight/m .day, equiva-

lent to approximately 44 t afdw/hectare.year (17.5tlacre.year).

These yields are almost exactly the same as those obtained using

similar methods over the previous year.

During the past year a new nutrient enrichment procedure was

initiated in which the commercial inorganic trace metal mixture, used

alone up to that time, was sup,plemented with a chelated iron source

(Fe-EDTA). Following that change in enrichment procedure, newexperi-

ments on the effect of reducing the flow of water through the cultures

proved highly successful, growth at one volume exchange/day being

equal to that obtained with four exchanges/day. It was concluded

that, with the earlier inorganic trace element enrichment procedure,

one or more essential elements precipitated in the seawater or were

otherwise made unavailable to the plants, and that the increased growth

with increasing rates of water exchange had resulted from an
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enhanced supply of the limiting trace e1ement(s) in the seawater.

For reasons not understood, that effect was not apparent when it

was looked for in the smaller (50 1), screening tanks, perhaps

because it was obscured by other growth-limiting factors associated

with slow exchange rates in the smaller cultures (i.e., large fluc

tuations in temperature and pH, CO 21imitation, or perhaps other

chemical and/or physical stresses).

The achievement of high yields of Graci1aria at low water exchange

rates is a major accomplishment, because the cost, economically and

in terms of energy, of continuously pumping large volumes of water

would represent a major constraint to an intensive seaweed culture

operation, no matter how large the yield. New experiments will now

be undertaken in which the rate of exchange of water will be reduced

further, using both continuous and pulsed water supply, until a

minimum flow rate consistent with high yields is established.

A discovery of similar significance to the economic and energy

cost of intensive seaweed culture was the demonstration that yield

is not affected by restriction of aeration to the 12 daylight hours

(i.e., in contrast to continuous aeration). This finding is still

tentative and will require further confirmation, but if the results

of the preliminary findings are repeated, additional experiments in

this area will also be undertaken, reducing both the quantity and

period of aeration until the minimum requirement of that costly

procedure 1S also determined.
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Gracilaria has also been grown, using a variety of non-inten

sive culture methods, in a series of PVC-lined earthen ponds rang

ing in bottom areas from 10 to 20 m
2,

in depth, from 0.4 to 0.8 m,

and in volume from 5,400 to 24,000 liters.

In one series of such experiments, the seaweeds were floated on

the pond surface in plastic-mesh trays, the plants just submerged

below the water surface, and enriched seawater was continuously pumped

from the pond bottom and sprayed, through conventional shower heads,

onto the trays from above. The Gracilaria in these experiments be

came heavily epiphytized, primarily with the filamentous green alga

Enteromorpha sp., and eventually died.

In another series of non-intensive culture experiments, pieces

of Gracilaria 10-20 cm in length were inserted into the weave of

polypropylene rope at intervals of roughly 10 cm and the ropes were

suspended in the ponds at various distances off the bottom. These

plants also became heavily infested with epiphytes and failed to grow.

Several attempts were made to grow the seaweeds passively on the

bottoms of the ponds in a manner similar to that employed in the

commercial Gracilaria culture industry of Taiwan. Mixed results have

been obtained from the bottom culture experiments, which are contin

uing, but the tentative conclusions that have been reached to date are:

1) Using two exchanges of water per day and continuous enrichment

(150 ~oles/l N03-N, 15 ~oles/l P04-P, chelated trace elements)

gave poor results, .the seaweeds becoming heavily infested with epi

phytes and eventually dying.
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2) Using the same flow rate but pulsing the nutrients, stopping

the flow for 48 hours every two weeks and adding an amount of nutri~

ents comparable to that which would be provided in (1) above over

the two-week perio~ prevented epiphyte development and resulted in

good growth of the Graci1aria.

3) The use of shallow (0.4 m) ponds resulted in good growth in

winter and poor growth in summer. Deep (0.8 m) ponds produced yields

that were intermediate throughout the year. Thus, use of deep ponds

in summer and shallow ponds in winter is indicated.

4) Gentle aeration, insufficient to move the seaweed but enough

to circulate the water and break down thermal stratification, appears

necessary in summer but is not required in winter.

5) The use of a sand-soil substrate on the bottoms of the PVC-

lined ponds did not enhance growth.

Mean yields of Graci1aria in the non-intensive pond-bottom cu1-

tures that have proved successful to date, since these experiments

2
were initiated in May, 1979, has been about 3 g afdw/m .day (10 t/

ha.year or 4 t/acre.year), about one-quarter of the yields obtained

by the intensive culture methods. However, this research is still

in a relatively early stage of development and is continuing, so

some improvement in yields may be anticipated as more experience is

obtained with these methods.

A major purpose of the non-intensive pond culture experiments

is to develop the most promising method for growing Graci1aria in the
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2one-quarter acre (10,000 ft ) demonstration unit that was com-

pleted in the late sununer of 1979. Initially it was planned to

grow a sufficient quantity of the "ORCA" clone to stock the large

pond, and the yields of four 2600-liter aluminum tank cultures and

one 25,000 liter aluminum tank culture are presently being used for

that purpose. However, to save time over that process, .which could

take over a year to stock the large pond at the desired density,

approximately one ton of Gracilaria was collected from the Indian

River in October and used as an initial seed culture, which will

continue to be supplemented from the smaller experimental cultures

of "ORCA" clone. Thus, it is hoped that sufficient stock will be

available to initiate seaweed culture experiments in the quarter-

acre pond by early 1980.

B. Freshwater macrophyte culture:

In contrast to the seaweed research, where several important

problems have remained to be resolved, relatively little effort was

devoted to new research with freshwater plants during the present

contract year. Water hyacinth remains the most promising species

with respect to .yield and relative freedom from major problems in

its cultivation, though some new problems have emerged that will

be discussed below.

Initial use of an inorganic trace element enrichment, discussed

above in connection with the seaweed culture, was first found to be

inadequate for the rapidly-growing water hyacinths, leading to obvious
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chlorosis of the. foliage and eventually a cessation of growth. This

could be corrected by spraying the foliage directly with the in-

organic enrichment medium, but that practice was subsequently replaced

by supplementing the mediu~with chelated iron, which practice

was later adapted for the seaweed culture.

Water hyacinths grown in PVC-lined ponds receiving a contin-

uous flow of enriched well water (see previous report for details)

exhibited a mean annual yield for the period March, 1978-March,

2
1979 of 25.7 g afdw/m .day, equivalent to some 94 t afdw/ha.year

(37 t/a.yr). That is abooc 1/3 higher than the yield reported for

the previous II-month period (see previous report), but probably

reflects the normal year-to-year variability in yield that may be

expected, particularly for a species living near the limit of its

range. In that connection, the higher yield during 1978-79 may

have been due partly to the mild winter of that year, during which

the plants were not once killed or visibly set back by frost.

A new problem in water hyacinth culture became obvious in May, 1979

with the infestation of the plants by weevils of the genus Neochetina,

either or both of the species !. eichhorniae or ~. bruchi that have

been introduced to Florida from South American specifically for the

purpose of water hyacinth control. Although apparently not lethal

to the plants in themselves, the insects appear to stress them to the

extent that other control methods may be effectively used.
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The weevil infestation of the Harbor Branch Foundation popula-

tion of water hyacinths visibly affected the plants and quantitatively

reduced their yield until the insects were brought under control by aer-

ial spraying of the foliage with an organophosphate systemic insecticide

*(Cygon 2E). Spraying must now be employed routinely to control

the weevil infestation, a practice that could significantly affect

the economics of large-scale water hyacinth cultivation.

A new series of experiments has been initiated during the present

contract year to investigate the effects of season, nitrogen form

and availability and plant stand density on the chemical composition

of water hyacinths. Such variability in composition may have a

significant effect upon the value of the plants as sfeed or feed-

supplement (i.e., through their nutritive value) or as a biomass

source for conversion to fuel (i.e., through their energy content

and digestability by anaerobic fermentation).

As growth of the plants decreases in winter, due to both reduced

temperature and solar radiation, total nitrogen and ash content of

the plants increase while lignocellulose and nonstructural carbo-

hydrate levels decrease, while the reverse trend develops as the more

active growing season begins in May and continues through the summer.

Analyses of inorganic nitrogen levels in the plant tissues indicate

that the plants are able to assimilate and store the nutrient in

winter, when they are unable to grow or can grow only slowly and

cannot convert the nitrogen to plant protein. In summer, when the

*American Cyanamid Co., Princeton, N.J.
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plants can grow but environmental sources of nitrogen may be limit-

ing, the hyacinths are then able to utilize their winter reserves

of inorganic nutrients. In this respect, a striking. similarity

occurs in the strategy of these plants and of temperate species

of seaweeds.

Both nitrate- and ammonium-nitrogen are assimilated equally

well by water hyacinths, though ammonia is more readily incorporated

into protein, as is true with most plant species. Nitrogen avail

ability has a pronounced effect upon chemical composition of the

plants, high availability resulting in correspondingly high levels

of protein and ash and low availability resulting in plants with high

levels of structural carbohydrates (which reduces their nutritive

value and digestability). "High quality" plants, grown at the aqua

culture facility with a non-limiting supply of nitrogen produced

nearly three times as much biogas per unit weight as did nutrient

limited plants from a natural stand. Thus plants collected from the

wild, where nutrients may be growth limiting, or those grown arti

ficially under similar conditions, may give misleading information

concerning the potential value of the species.

Finally, water hyacinths in very dense stands are able

to grow only vertically with greatly elongated stems relative

to those in sparsely populated stands. Vertical elongation re

quires a substantial increase in structural carbohydates such as

lignocellulose and the relative proportion of that substance increases
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"I

correspt'lnd:f.ngl y in dense stands of the species, to the detriment of

i.ts nutritive value and digestability to methane. Dense stands

of water hyacinths are thus not only undesirable from the point of

view of their organic yields (see Chapter 4) but also their composition

and value.

An experiment, initiated in 1978, was completed in 1979 in which

water hyacinth yields at the Harbor Branch Foundation aquaculture

facility, where the plants were grown in continuous-flowing, enriched

well water, were compared with yields from a eutrophic natural environment.

Growth of .plants in the two locations was roughly the same during the late

winter and early spring when light and/or temperature were presumably

the limiting factors, but at other times the yield of the cultured

plants increased by several fold while that of the natural stand

decreased to levels one ..·third or less of the cultured plants. This

annual study further substantiated the hypothesis, presented in the

last report, that biomass yields at the Harbor Branch Foundation

facility equalled or, at least, closely approached the maximum

potential for the species for the climate and latitude of central Florida.

Some additional studies were carried out during 1978-79 on other

species of freshwater macrophytes, though the effort made in that

area was relatively minor. The pennywert, Hydrocotyle umbel lata,

which appeared to show some promise a year ago, particularly because

it had been found elsewhere to grow at lower temperatures than does

water hyacinth, proved to do rather poorly at Harbor Branch Foundation
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during the winter months, with periods of no growth alternating with

periods of modest yields. Mean yield of pennywort over a lO-month

2
period was 7.9 g afdw/m .day, only about one-third that of water

hyacinths.

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

period of time during the fall of 1979, during which it averaged

14.4 g afdw/m
2.day

at its optimal density of 160 g afdw/m2. Pistia

is reportedly even more of a tropical species than water hyacinths

and its yields have, in fac~declined from early Octooer to ·late

November, but its growth will continue to be monitored through the

winter of 1979-80 and, if it survives, through 1980, because it

appears to be a highly nutritious plant that may have certain

advantages over water hyacinth.

Finally, improved yields of duckweed over those reported in the last

report have been described in the literature by means of frequent harvest-

ing of the new growth so as to maintain a low density and prevent the

deleterious effects of overcrowding. These experiments were repeated

at Harbor Branch Foundation, comparing yields of cultures from which

incremental growth was partially removed each day with that from

cultures unharvested over periods of 5-10 days. No yield enhance-

ment was found to result from the frequent harvesting regime.

2
A second PVC-lined, concrete-wal~one-quarter-acre (10,000 ft )

pond, contiguous with that to be used for Gracilaria cultur~ was

also completed in the late summer of 1979 and will be used

10



as a demonstration unit to assess the economic and energy cost:benefit

ratio of a water hyacinth-based energy farm. The pond was stocked

with approximately 3 tons (wet wt) of water hyacinths collected from

a wild population during September-October, 1979, and the plants

had grown to the extent that they covered approximately half the

pond surface at the time this report was prepared.

c. Evapotranspiration:

The loss of water from evapo-transpiration of duckweed, water

hyacinth and pennywort was measured over a period of nine months

from January 17 through September 26, 1979 and compared with water

loss from evaporation from a open water surface.

In contrast to the literature, in which most values of the

ratio of evapotranspiration to evaporation (ET/E) are of the order

of 3-4 with some .s high as 6,ET/E for water hyacinths for the above

period was only 1.7 and that for pennywort, 2.0. Duckweed, with a

ET / E of 0.9 serves as a water conservation device.

Extrapolation of the observed water loss from a solid cover

of water hyacinths to a complete year gives an equivalent water

loss of three million gallons per acre of plant surface, of which

1.2 million (41%) is in excess of the amount that would be lost from

a bare water surface alone.

Linear regression of water loss from the three aquatic plant

species with various meteorlogical and biological parameters showed

a high correlation with incident solar radiation, temperature and

11



plant yield (all of ~lich are also correlated with each other) but

no significant correlation with wind speed or relative humidity.

The above experiments will be continued so as to provide data

for a complete year.

D. Recycling digester residues:

In recognition of the fact that supplying plants with essential

nutrients is one of the more costly elements in any oiomass production

system, both in terms of economic and energy requirement, experiments

were started last year to investigate the possibility of recycling

the chemicals left in the solid and liquid residues following

anaerobic digestion and methane production as a source of nutrients

for new plant production. These experiments will be continued through

the present contract year and beyond.

Stable, continuous anaerobic digestion of water hyacinths has

now been maintained for longer than one year, with an average gas

production of 0.4 llg volatile solids, at 60% methane. The heat

of combustion of water hyacinths of 3.8 kcal/g dry weight is equivalent

to 4.6 kcal/g ash-free dry weight (since water hyacinths are on

average 18% ash) or 19 kJ/g volatile solids. Since pure methane

has an energy content of approximately 37 kJ/l, the above methane

production represents an average bioconversion efficiency of about 47%.

Both the liquid and the solid digester residues were a good

source of nutrients for the growth of water hyacinths. Cultures

12



grown on these residues were consistently more productive than those

~rown in a chemically-defined enrichment medium, with an average

productivity of 65% and 47% higher over the entire period for the

liquid residue and the solid residue respectively. The yield of

plants grown in the enrichment medium and in the liquid residue

were two and three times higher, respectively, than that of the

unenriched control. The growth of water hyacinths grown on solid

residue was 89% of those grown on liquid residues during the nine

weeks these cultures were monitored concurrently.

Water hyacinths grown on digester residues have a composition

similar to those grown on a chemically-defined enrichment medium

in terms of percentage ash, carbon, and nitrogen. Cultures that

did not receive nutrient enrichments had reduced levels of ash and

nitrogen but enhanced carbon content and carbon:nitrogen ratios.

An approximate balance of the nitrogen recycled through the

culture-digester-culture was made. Over the 39-week experimental

period, one digester was loaded with a total of 532 kg wet weight

of water hyacinths. This biomass was 21.3 kg in ash-free dry weight

and contained 577 g N. Of this N, 48% (276 g N) was recovered in the

liquid residue and 52% (303 g N) was recovered in the solid residue.

In all, 525 1 of liquid effluent was removed containing an average

of 526 mg NIl (a total of 276 g N), of which about 50% was in the

+form of NH4-N and the remainder was organic N of an unknown identity.
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Addition of this liquid effluent to cultures of water hyacinths produced

4.7 kg ash-free dry weight which contained 179 g N over a 39-week

period, a recycling efficiency of 65%. A total of 120.4 kg of solid

residue was removed from the digester. This was equivalent to 4.6 kg

ash-free dry weight and contained 303 g N. Recycling 24 kg wet weight

(equivalent to 0.9 kg ash-free dry weight and containing 60 g N) of this

material produced 1.1 kg ash-free dry weight containing 39 g N over an

8-week period, a recycling efficiency of 64%

The red seaweed, Gracilaria tikvahiae, has also now been

anaerobically digested for over one year, with an average gas pro

duction of 0.4 llg ash-free dry wt, the gas containing 60% methane.

Thus the efficiency of digestion and the energy value of the product

gas is the same for water hyacinths and Gracilaria.

The liquid digester residue has also proved to be a highly

successful source of nutrition for new growth of Gracilaria, there

being no significant difference between the yields of cultures grown

in seawater enriched with a chemically-defined medium normally used

to grow the plants or in seawater enriched with liquid digester

residue containing a comparable concentration of nitrogen, unenriched

controls failing to grow at all in parallel cultures. Unlike water

hyacinths, however, the nutrients contained in the solid residue

from Gracilaria digestion, though not as great in quantity, were not

available for assimilation and new growth of seaweed.
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An approximate mass balance of the nitrogen recycled through

the culture-digester-culture system was made. Over the course of

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

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

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

(0.58 kg) was recovered in the 305 1 of liquid residue and 29%

(0.26 kg) recovered in the 116 kg of solid residue. Concentration

of total nitrogen in the liquid residue averaged 1.91g/1 of which

about 66% was in the form of ammonia and the remainder was organic

nitrogen of unknown identity.

Addition of the liquid residue over a 292 day period to cultures

of Gracilaria at a rate of 0.5 l/week produced 0.58 kg afdw of sea

weed containing 29.3 g N, an uptake efficiency of 73%. Overall

efficiency through the complete cycle of seaweed-liquid residue-seaweed

was 73% of 65%, or 48%.

The major difference·between the nitrogen recycling of digester

residues of water hyacinths and Graci1aria is the unavailability

of the nutrient from the solid fraction of the latter. Visual obser

vation of the solids from Gracilaria digestion suggests that these

substances are not readily biodegradable. Indeed, one of the major

constituents of Gracilaria, the hydrocolloid agar, depends for its

major use in microbiological research and application upon its non

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

recovery of at least 65% of its nitrogen in the liquid residue from

the digestion and available for recycling and with the bulk of its

commercially-valuable product agar still available in the solid

digester residue. This attractive possibility will be examined dur

ing the coming year.
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II. Seaweed culture

by

M. Oennis Hanisak and Richard W. Stenberg

Seaweed culture in 1979 has been largely restricted to the red

alga, Gracilarla tikvahiae. "ORCA" clone, isolated from the Indian

River in December, 1977, has now been grown continuously in culture

2
for nearly two years in four 2600-liter (2.4 m ) aluminum tanks (Fig. 1).

At least one of those cultures has been grown under the same operating

conditions for the entire period, with four exchanges per day of

seawater continuously enriched with 7S ~oles/1 nitrate-nitrogen,

7.5 ~oles/l phosphate phosphorus and a commercial trace metal mix.

Vigorous aeration is also provided to maintain the seaweed in suspen-

sian. The seaweed is removed, drained and weighed approximately

every two weeks, at which time incremental growth is removed, return

2ing the culture to a starting density that averaged 3.7 kg wet wt/m .

The mean daily ash-free dry weight yield for each ca. two-week

interval for the period January, 1978-0ctober, 1979 is shown in Fig. 2.

Dry weight is taken as 10% drained wet weight, and ash-free dry weight

as 58% of total dry weight.

Also shown in Fig. 2 are mean daily water temperature and salinity

and mean daily incident solar radiation, each variable having been

measured daily and averaged over the period of time, usually two weeks,

between seaweed harvests. Finally, photosynthetic or yield efficiency

was calculated from mean ash-free dry weight and solar radiation

values, assuming a heat of combustion of 4.5 calories/gram ash-free

dry weight (Lapoinmand Ryther, in press). Those values, representing
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efficiency of utilization of total solar radiation, are also given in

Fig. 2.

Low yields in April, 1978, were caused by temporary loss of the

seawater pump and no water exchange for approximately two weeks. In

April-May, 1979, the seaweeds became heavily epiphytized by filamentous

brown algae and were held in shaded, non-enriched and non-flowing

seawater for one month during which no yield data were obtained. Low

yields in September, 1979, may have resulted partly from a long

period of rainy weather with low solar radiation but is believed to

have been caused primarily by the very heavy rainfall accompanying

Hurricane David and the resulting lowering of water salinity to a

mean of 13.00100 during the period 917-10/1, the lowest that has been

observed during the study.

Other than those periods, the Gracilaria appeared healthy and

grew actively with a mean yield over the 22-month period of 12.0 g

2 2ash-free dry wt/m .day (20.79 g total dry wt/m .day), almost exactly

the same as reported for the one-year period (1978) in the preceding

report and roughly equivalent to 44 ash-free dry tons/hectare.year

(17.5 t/acre.year). Mean photosynthetic efficiency for the same

period, based on total solar radiation, was 1.26% (2.52% of the

photosynthetically-available visible radiation).

There is clearly some correlation between yield and solar radiation,

though not as close as found in the earlier study in the small, screen-

ing tanks (Lapointe and Ryther, 1978), probably because density of
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After that, yields in the large

the seaweed, which also has a pronounced effect on yield (Ryther et al.,

1979), was not as carefully controlled in the present study.

Gracilaria yields in the small (50 1) screening tanks had pre-

viously been shown to be a function of the water exchange rate,

between one and 30 exchanges per day (Lapointe and Ryther, 1978).

Part of the reason for that was thought to have been the large fluctua-

tions in such environmental factors as temperature.and pH that occur

at low exchange rates in the small cultures, particularly in summer.

rn the larger (2600 1) aluminum tanks, the cultures were less depen-

dent upon rapid water exchange, with reasonably good yields resulting

from an exchange rate of only four volumes/day, as discussed above.

This tended to confirm the hypothesis that variable environmental

conditions at slow exchange rates were adversely affecting the sea-

weeds in the smaller cultures, since the daily range in temperature

and presumably other factors were much less in the larger volumes.

However, as pointed out in the previous year, comparably good sea-

weed growth could not be obtained in the larger aluminum tanks with

as little as one exchange/day. This is also illustrated in Table 1

for yields prior to July, 1979. At that time, the commercial trace

metal mix that had been used in the past, which contains inorganic

*salts of the metals including iron, was supplemented with a conmer-

**cial EDTA-chelated"iron source

*"Sunniland Nutrispray", Chase Chemical Co., Sanford, Florida

**"Vigoro liquid iron", Swift Agricultural Chemical Corp., Chicago, IL
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Table 1. The effect of water exchange rate and the use of chelated trace

metals on the yield of Gracilaria tikv~\iae.

Dates Mean yield (ash-free dry wt/m2.day)

(1979) A. Unchelated trace metal mix

1 Exchange/day 4 Exchanges/day

7/ll-8/7 6.3 14.0

B. Chelated trace metal mix

7/11-8/7 8.5 10.4

8/7 -8/27 11.9 11.4

8/27-9/7 8.2 13.9

9/7-10/1 7.9 7.9

10/1-10/10 12.8 12.2
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tanks at one exchange and four exchanges per day were approximately

the same (Table 1). Thus trace metal availability is believed to

have been the factor limiting growth at low exchange rates, a factor

that had been obscured by other growth-limiting conditions in the

smaller (50 1) cultures. This is an important economic consideration,

since water pumping is one of the more costly operating factors in

commercial seaweed cultures. New experiments will be initiated dur

ing the balance of the present contract year in which the water

exchange rate will be reduced further to determine the minimum ex-

change that will still provide satisfactory yields with the new enrichment medium.

Another important economic factor in the intensive seaweed

culture system that has been employed to date is that of continuous

aeration of the cultures at a rate sufficient to maintain the sea

weeds -in suspension. A new experiment has recently been initiated

in which growth in a continuously-aerated culture is compared with

that in a culture receiving no aeration at night. Results that

have been obtained up to the time this report was prepared (i.e.,

after about two months) indicate no difference in the growth of the

two cultures. If such preliminary results prove consistent,

additional experiments will be carried out in which both water flow

and aeration are progressively reduced, individually and in combina

tion, until a significant reduction in growth is encountered. PuIs

i n g of water, air and nutrients for short periods of time will

also be investigated. It is hoped that, by minimizing the use of

such costly and energy-intensive factors as pumping water and air,
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a modified intensive culture system might be cost-effective and

competitive with less intensive culture systems because of its rela-

tive high yield performance.

Studies have also been carried out on the influence of other

factors possibly associated with water exchange rate on the growth

of Gracilaria. Because the pH of cultures receiving only one

exchange per day increased to levels of 9.0-10.00 at midday, the

possible effect of CO 2 limitation was investigated both by bubbling

CO 2 gas through the cultures and by adding dilute Hel, in both cases

reducing the pH to 6.0-8.0 and thereby making the CO
2

available to

the seaweeds. That experimen~ carried out over four months, showed

no significant enhancement of growth with added CO
2

or with pH

control (Table 2).

Additional experiments were also conducted in which the water

passing through the seaweed culture at the slow exchange rate of

one volume/day was also rapidly (i.e., several times/hour) circulated

through a large charcoal filter in order to remove any toxic organic

metabolites that might have accumulated in the water at the slow

exchange and thereby inhibited growth. Various technical problems

were encountered in this experiment, but no improvement of growth

was noted as a result of charcoal filtration of the media (Table 3).

Intermediate o~ meso-scale experiments with Gracilaria culture

were carried out in PVC-lined earthen ponds ranging in bottom area

2
from 10 to 20 m , in depth from 0.4 to 0.8 m, and in volume, from
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Table 2. Effect of bubbling CO
2

gas and adding dilute HC1 on growth of

2Graci1aria tikvabiae (g ash-free dry wt/m .day) in cultures with one

volume exchange/day.

Dates - 1979 Control CO
2

addition HC1 addition

4/23-4/26 8.7 10.1 9.4

4/26-4/30 15.4 16.5 17.0

4/30-5/3 15.4 17.4 20.5

5/3-5/8 13.6 15.0 16.3

5/8-5/11 16.3 18.2 14.7

5/11-5/15 12.5 16.2 16.8

5/15-5/18 16.4 16.2 15.7

5/18-5/22 14.0 15.7 13.3

5/22-5/25 8.8 10.4

5/25-5/29 14.1 16.7 21.1

5/29-6/1 15.3 1&.3

6/1-6/4 11.9 19.9 18.6

6/4-6/8 15.7 21.5

6/8-6/15 6.7 7.2 13.6

6/15-6/18 11.5 3.8 7.8

6/18-6/21 5.7 11.6 13.1

6/21-6/26 7.0 10.5

6/26/6/29 5.9 7.7

6/29-7/2 13.0 12.0

7/2-7/4 13.2 13.0 7.1

7/4-7/9 17.0 17.2 11.9

Mean 12.6 14.1 14.4
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Table 3. Effect of rapid recirculation of the culture medium through

charcoal filters on the growth of Graci1aria in cultures with one

2volume exchange/day. (g ash-free dry wt/m .day)

Dates
(1979)

5/2-5/8

5/8-5/15

5/23-6/1

6/1-6/14

Mean

Charcoal filtration

1.3

1.0

4.1

1.7

2.0
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Control

3.1

2.8

5.2

3.5

3.6



5,400 to 24,000 liters. The purpose of these studies was to investi-

gate and attempt to maximize yields of the seaweed in low cost, non-

energy-intensive culture systems, recognizing that such yields would

undoubtedly be lower than those obtained in the highly intensive

culture systems described above but also that the less intensive

systems, with their lower yields, might also prove more cost-effective

from both an economic and energy input:output consideration.

Various low-intensity pond culture methods have proved to be

unsuccessful. These included:

1) Spray culture (Fig. 3). The seaweeds were held in plastic trays
-I.

"
'"('nHlIrfl1~ O.h x n:h III x .OH rn cJf'f~P

unenriched, was circulated through the ponds at one exchange/day

and the water was continually pumped through conventional household

shower heads and sprayed down upon the trays of seaweed that floated

on the pond surface. The Gracilaria became heavily epiphytized

with filamentous algae, principally Enteromorpha sp., failed to grow,

and eventually died.

2) Rope culture (Fig. 4). The seaweeds were inserted into the weave of

l/~t polypropylene rope, twisted open to admit ca. 0.1-0.2 m lengths

of the alga every 10 cm of rope and then twisted closed to hold

the plant material. The ropes with seaweed a t t a c h e d we r e

suspended across the ponds along the bottom and at various depths

,',
"Nestier" trays connnercially manufactured for grow-out of oyster

Vanguard Industries, Inc., Cincinnati, Ohio.
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between the surface and bottom. Both enriched and unenriched sea-

water were circulated through the ponds, in different experiments,

at exchange rates of one to two volumes per day. In every case the

Gracilaria became heavily epiphytized, failed to grow, and eventually

died.

3) Bottom culture (Fig. 5). The best success to date with non-intensive

Gracilaria culture has been achieved by spreading the seaweed over

the bottom of the pond through which seawater is slowly circulated.

The method is essentially the same as that used for commercial

Gracilaria culture in Taiwan (see Progress Report for 1978-1979,

also Sha n g, 1976). However, variation of this technique produced

rather different results, i.e.:

A) In cultures receiving two exchanges of seawater/day, con-

tinuous enrichment of the seawater with 100 ~moles/l N0 3-N, 10

~oles/l P0
4-P

and trace metals resulted in severe infestation with

epiphytes, low yields of Gracilaria, and eventual loss of the culture.

B) Cultures receiving two exchanges of unenriched seawater/day

were provided with "pulsed" nutrients. Every two weeks, the flow

of seawater was stopped for two days at which time 36.4 g NaNo 3, 5.1 g

Na
2Hpo4.H 20,

30 ml trace metal mix (Sunniland), and 15 ml chelated

2iron (Vigoro liquid iron) per m of pond bottom were added. Based

on nitrogen as an index, that amount of nutrient addition was

calculated to be sufficient to support a mean growth rate over the

2
two-week period of 12 g ash-free dry wt/m .day. In addition the
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nutrients present in the seawater that would pass through the cul-

tures during the two weeks was calculated to be sufficient to support

2
an addition production of 6 g afdw/m .day for a total of 18 g afdw/

2m .day.

The cultures that were enriched with "pulsed" nutrients have

remained, for the most part, free of epiphytes and have grown

successfully since the method was first employed.

C) Shallow, nutrient-pulsed ponds (40 cm) supported poor growth

of Gracilaria in summer (June-September) with a mean yield of 0.5 ± 0.2 g

2
afdw/m .day but much better growth in spring and fall (March-May, October-

2November), with a mean yield of 4.5 ± 0.7 g afdw/m .day. Deep ponds

(80 cm) produced more consistent yields that were intermediate in

value, averaging 3.2 ± 0.9 and 2.9 ± 0.8 g afdw/m2.day in spring-

fall and t n summer, respecti.vely.

Il) The use of a sand-loam bottom on the PVC pond liners, con-

sidered an essential ingredient in the Taiwanese Gracilaria culture

operations (see 1978-79 report), had no effect on yields of Gracilaria

in the present experiments.

E) At two volume exchanges per day, the ponds became strongly

thermally stratified in summer and the incoming seawater did not

mix with the pond volume. Gentle aeration from an airline that

extended longitudinally the length of the bottom on its bottom

provided mixing of the seawater around and through the seaweed but

did not move or disturb the plants themselves. Such aeration proved
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essential for growth of Gracilaria in summer but has not been found

necessary in fall, when thermal stratification of the ponds dis-

appeared.

Tentative conclusions that may be drawn to date on the best

operating procedures for non-intensive shallow pond culture of

Gracilaria are:

1) Slow exchange (1-2 volumes/day) of unenriched seawater.

2) Pulsed nutrient addition every two weeks for ca. 2 days

with seawater flow stopped.

3) Use of shallow water depth (0.4 m) in fall, winter and

spring and greater depth (0.8 m) in summer.

4) Gentle aeration in summer.

5) Although unconfirmed by controlled experimentation, the

2use of a relatively high density of seaweed (ca. 5 kg wet wt/m or

more) appears to be beneficial in pond culture practices, though

the reason for this is not yet understood and will be studied further.

Mean yields from the more successful pond cultures during the

2period of March-October, 1979 have been roughly 3 g afdw/m .day,

equivalent to some 10 t/ha.year or about 4 t/acre.year.

In September, 1979, two PVC-line~ concrete-wall ponds each

2
measuring 77 x 12 m (10,000 ft or roughly one-quarter acre) were com-

pleted (Fig. 6). These ponds are intended to serve as demonstration units

for aquatic plant production on a scale large enough that engineer-

in~ design evaluation and economic and energy cost-effectiveness
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analyses may be carried out. One pond is designated for Gracilaria culti-

vation and was stocked in early November, 1979 with ca. one ton of the

seaweed collected from the Indian River. Although it was initially

planned to use the "ORCA" clone of G. tikvahiae that has been

successfully maintained in culture for'two years, it was estimatm

that over a year's time would be required to produce the necessary

material from the available experimental cultures to fully stock

the large demonstration unit.

During the balance of the present contract year, an attempt

will be made to grow Gracilaria from the wild stock in the large

pond, using the techniques that have been developed to date in

the shallow experimental ponds over the past six months.
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III. Freshwater macrophyte culture

by

Thomas A. DeBusk

In contrast to the effort in seaweed culture, where several impor

tant problems remained to be resolved, relatively little time was de

voted in 1979 to freshwater macrophyte culture. A few studies that had

been in progress at tht end of the past contract year were completed

and some new problem areas were addressed, but the major questions had,

it was believed, already been answered. Eichhornia crassipes, the water

hyacinth, remains the most promising freshwater plant for biomass pro~

duction by a wide margin over other species that have been studied, with

the constraint, however, that it is tropical and unable to grow at

temperate latitudes.

A comparison of water hyacinth yields in the culture facility at

Harbor Branch Foundation with that of a natural stand of the plants in

a euthropic fire ditch adjacent to the Kissimmee River near Okeechobee,

Florida (see Progress Report for 1978-79), that was started in April!

1978, was continued through August, 1979 (Fig. 1). Only in late winter

and early spring were yields from the two locations comparable. For

the rest of the year, the growth of the cultures at Harbor Branch

Foundation, where the plants were exposed to a continuous flow of

enriched well water, was several times that of the natural populations.

Thus the premise made in the previous report, that water hyacinth

yields obtained at the HBF aquaculture facility approach or equal

the maximum potential biomass production of the species at the latitude

and in the climate of central Florida, is further substantiated.
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The previously reported average yield of water hyacinth over

a one-year period from 12/21/77-12/13/78 was 19.8 g ash free dry

2weight/m .day, equivalent to 72 tons/ha.year (29 t/acre.year). For

2
the period 3/30/78-3/30/79, the mean production was 25.7 g afdw/m .day

or 94 t/ha.year (37 t/acre.year), about one-third higher than the

earlier values. The difference between the two estimates reflects

differences in the levels of solar radiation and temperature for

the periods, particularly in winter, and is an example of the kind

of year-to-year variability that may be expected, particu_rly for

a plant growing near the northern limit of its distribution.

In the first experiments with the cultivation of water hyacinths,

reported in the 1977-78 Pr.ogress Report and referred to in the 1978-

79 Progress Report, the plants grown in a culture medium of well

water enriched with nitrate, phosphate and a commercial, inorganic

*trace-metal mix eventually became chlorotic and stopped growing.

The problem was partly resolved by spraying the trace metal solution

directly onto the foliage of the plants. It had earlier beeri re-

ported by Phillips (1978) that water hyacinths grew much more success-

fully in a culture medium containing chelated iron than in an inorganic

iron salt (FeCI 3). This observation was subsequently confirmed when

the culture medium at Harbor Branch Foundation was supplemented with

~',

Sunniland "Nutri-spray", Chase Chemical Co., Sanford, FL.
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-k
11 comme r c La l preparntion of che l a t ed troll (Fe-l':IJTA) Table I shows

the growth of water hyacinths during a four-month experiment in

which the plants were grown in the original culture medium (i.e.,

with Sunniland "Nutri-spray" trace metal mix added to the water),

with the same trace metal mix sprayed on the foliage of the plants,

and with the chelated iron added to the original enrichment medium

in the water. The results clearly show that inorganic iron (FeC1
3)

added to the water is unavailable to the plants, presumably because

it precipitates as an insoluble hydroxide or other compounds. The

iron was equally available to the plants, however, if sprayed on

the leaves as FeC13 or if added to the water as Fe-EDTA.

In May, 1979, the water hyacinths in culture at Harbor Branch

Foundation became infested with weevils of the genus Neochetina,

either or both N. eichhorniae or B. bruchi. These insects, native

to South America and host specific to water hyacinth, have been

introduced to Florida by the U.S. Department of Agriculture specifically

for the purpose of water hyacinth control (B. D. Perkins, unpublished

reports, DeLoach, 1976; DeLoach and Cardo, 1976). According to

Perkins, the weevil is unlikely to kill and eradicate large stands

of water hyacinths by itself, but the insect is able to stress and

debilitate the plants sufficiently that other control methods may

then prove more effective.

*Vigoro "Liquid-Iron", Swift Agricultural Chemical Corp., Chicago, 11.
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'l'ab l e 1. Crowth 0 r I': lchhornia eras s Lpe s (wn te r hyac Lnth) wi th (1) an Lnor gan Lc t nice

meta! mix added to the water, (2) the same trace metal mix sprayed on the plant fo1i-

age, and (3) the inorganic trace metal mix and a che1ated iron supplement both added

2
to the water (growth in g afdw/m .day).

Dates (1) Inorganic trace ( 2) Inorganic trace (3) Inorganic trace

(1979) metals in water metals sprayed metals plus

chelated iron

in water

1/19-1/30 5.0 4.8 6.4

1/30-2/6 2.9 4.7 5.8

2/6- 2/ 14 3.1 5.1 4.1

2/14- 2/20 11.8 8.0 10.5

2/20-3/1 8.4 7.5 9.8

3/1-3/8 9.8 15.2 17.0

3/8-3/21 2.3 5.2 6.1

3/21-3/28 1.8 19.1 12.6

2/28-4/4 2.5 15.1 19.8

4/4-4/11 1.8 17.3 19.4

4/11-4/18 0.0 20.2 20.6
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The weevil infestation of the Harbor Branch Foundation water hya-

cinth cultures visibly affected the plants and may have quantitatively

reduced their yields. As soon as the problem was diagnosed, the plants

were aerially sprayed with a systemic organophosphate insecticide

*(Cygon 2E ) which eventually brought the infestation under partial

control. However, it has proved impossible to eradicate the pest

completely by insecticide application and the latter is therefore

currently used routinely to keep growth of the weevils checked.

Some reduction in the growth of hyacinths from the time the

weevil infestation was first noted to the present has been observed,

with yields some 12% lower than for the comparable period in 1978

2
(27.3 vs. 31 g afdw/m .day). The reduction may be caused by the

insect~ possibly by the insecticide application, or it may result from

other causes such as natural year-to-year variability. However, weevil

control now appears to be a continuous problem that will, at the least,

adversely affect the economics of water hyacinth biomass production.

Previous studies of the other freshwater macrophytes Lemna

minor (duckweed) and Hydrilla verticil lata had shown them to be poor

competition with water hyacinths as candidate species for biomass

production. The only freshwater plant that had been studied up to

the time of the 1978-79 Progress Report that appeared possibly to

rival Eichhornia was the pennywort, Hydrocotyle umbellata, attrac-

tive because it resembles water hyacinth in habit but appeared

*American Cyanamid Co., Princeton, NJ.
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to be somewhat more cold-tolerant and would perhaps survive and

grow in climates that would not support water hyacinth.

~drocotyle has now been grown in culture at the Harbor Branch

Foundation for most of one year, from January through October, 1979.

It is apparent from the yield data (Fig. 1) that the earlier promise

of the species was ill-founded. Mean ash-free dry weight yield

2
for the above IO-month period was only 7.9 glm .day, about one-

third that of water hyacinth for the same period.

In the preceding report, the mean annual yield of duckweed

2
(Lemna minor) was given as 2.6 g afdw/m .day (3.7 g total dry wtl

2m .day). It was postulated that higher yields of that small float-

ing species could not be obtained because the plants completely

covered the water surface at an extremely low density after which

further growth would result in self-shading and other adverse effects

of over-crowding (DeBusk et al., i.n press). Subsequently, Culley et al.

(in press) reported that yields of duckweed could be increased by a factor

of more than threefold if the new growth were harvested daily rather

than weekly, thereby maintaining the plants at a lower mean density.

A variation of that expsriment was later carried out at Harbor Branch

Foundation. The yield of cultures measured once at the end of 4-10

day growth periods was compared with tha~ of cultures from which 13,

19 and 42i~ of the daily growth was also harvested each day, thereby

maintaining them at progressively lower average densities throughout

the growth period. The results of that experiment (Table 2) show no
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Table 2. Yields of duckweed grown in concrete vaults with a continuous flow

of enriched well water (residence 0.5 days) in cultures with plants weighed

once at the end of the growth period compared with cultures in which various

fractions of the stocked biomass were also harvested each day (yields in g

afdw!m 2.day).

Duration of Exp. Unharvested Harvested daily

(days)

(at 13% of stocked biomass)

8 6.4 5.3

8 5.7 5.5

8 3.7 3.6

Mean 5.3 4.8

(at 19% of stocked biomass)

8 4.0 2.9

8 5.3 4.7

8 5.7 5.9

10 4.1 4.4

10 4.6 4.9

Mean 4.7 4.6

(at 42% of stocked biomass)

5 5.1 5.0

4 4.6 3.8

5 3.7 3.9

Mean 4.7 4.2
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significant difference between yields of the unharvested cultures

and those from which increasing fraction of the incremental growth

was harvested daily, thus failing to reproduce the results of Culley

et al.

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

time in late 1979, from October 7 until November 26, when this report

was prepared (Fig. 2). Its cultivation was part of a related study

of the chemical composition of various aquatic weeds, but the species

has some attractive features including a high protein content (mean

nitrogen content = 4.53%, nearly twice that of water hyacinth). Pistia

is another introduced tropical species, like water hyacinth, and is

reputedly even more sensitive to cold than is Eichhornia, but it

appears to be reasonably productive and could have other advantages

over hyacinths (i.e., it is smaller and perhaps more easily managed,

harvested, processed, etc.).

Yields of Pistia are shown in Table 3 over the two months it has

been in culture, with the plants held at four densities by harvest-

ing incremental growth at each weighing. Culture methods are essentially

the same as those previously described for water hyacinths. The best

yields, at a density of 160 g afdw!m
2,

averaged 14.4 g afdw/m2.day,

about the same as the yields of water hyacinths during the same

period of time (data not available in this report). As the data show,

the yields have decreased by nearly half over the the two-month fall
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Table 3. Yields of water lettuce, Pistia stratiotes, grown at four densities.

2
Yields in g ash-free dry wt/m .day averaged over the indicated periods.

2
Dates Density (g afdw/m )

(1979) 32 96 160 256

Yield1

10/7-10/15 11.8 17.4 19.2 16.1

10/16-10/21 12.6 18.2 18.8 15.2

10/22-10/29 13.5 17.3 19.9 19.6

10/30-11/5 10.9 13.0 16.1 12.9

11/6-11/12 8.9 10.3 9.7 9.0

11/13-11/19 4.6 6.1 5.2 2.8

11/20-11/26 9.5 11.7 11.7 11.2

Mean 10.3 13.4 14.4 12.4

1 2Each value is the mean of duplicate 0.3 m Vexar cage cultures suspended in

vaults containing enriched flowing well water.
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period. Its cultivation will be continued, if it survives the winter,

for an entire year and its annual yield compared with that of water

hyacinth and other freshwater macrophytes.

2A second PVC-lined, concrete-wall, one-quarter-acre (10,000 ft )

pond, contiguous with that to be used for Graci1aria culture, was

also completed in the late summer of 1979 (see Chapter II, Fig. 6) and

will be used as a demonstration unit to assess the economic and energy

cost:benefit ratio of a water-hyacinth-based energy farm with digester

residue and treated wastewater serving as its nutrient supply.

The pond was stocked with approximately three tons (wet wt) of

water hyacinths collected from a wild population during September-

October, 1979, and the plants had grown to the extent that they covered

approximately half of the pond surface at the time this report was

prepared (Fig. 3).
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IV. Effects of seasonality, nitrogen form and availability and plant

sta~d density on the chemical composition and nutritive value

of water hyacinth (Eichhornia crassipes).

by

Craig S. Tucker

Introduction

Preliminary experiments on biogas production during anaerobic

decomposition of the water hyacinth, Eichhornia crassipes. indicated

that the rate and ultimate volume of gas produced is related to the

nutritive quality of the plants. This was expected as other micro-

bial1y mediated processes such as digestion of plant material by

ruminant herbivores (Van Soest, 1966) and the decomposition of organic

material in soils (Alexander, 1961) are highly dependent upon such

factors as cellulose, lignin, and nitrogen content.

Results of studies on the mineral content (Boyd and Vickers,

1971; 1<nip1in~ et al., 1970) and proximate composition (Boyd, 19('9a;

Royd and Blackburn, 1970) have indicated that water hyacinth is generally

of good nutritive quality. Average values for cellulose, non-structural

carbohydrate, and protein content compare favorably with many high

quality terrestrial forages. However, considerable variation in the

composition of water hyacinths is found from site to site (Boyd,

1969a), and there are indications of considerable seasonal variation

(Boyd and Blackburn, 1970). Studies conducted during the past year

have dealt with factors which may affect the nutritive quality of

water hyacinths. The effects of season, nitrogen fertility and stand

density were investigated.
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Mil t er I a l s and Method s

Seasonal study:

Two stands of water hyacinths were sampled every two weeks from

November 15, 1978 to October 10, 1979. Site 1 was located in a

small canal adjacent to the Kissimmee River, near Okeechobee, Florida.

Site 2 was a small (10,000 1, 30 m
2)

PVC-lined pond located on the

aquaculture facility at Harbor Branch Foundation near Fort Pierce,

Florida. Nutrient concentrations and water levels were subject to

natural fluctuations at site 1. At site 2, nutrient levels were

maintained as constant as possible by the inflow of an enriched nutri-

ent solution at two-volume-turnovers per day. The approximate compo-

sition of the inflowing solution is given in Table 1.

At both sites three l_m 2 Vexar cages were filled with water

2hyacinths to a density of 10 kg wet wt/m. At two-week intervals

the cages were weighed after being drained of excess water for 4

minutes and the incremental growth removed. A sample of 2 or 3 plants

was weighed, dried at 70°C for 48 hours and reweighed to provide a

ratio of dry weight to wet weight. An additional three plants were

retained for chemical analyses. These plants were thoroughly washed

in deionized water and dried for 48 hours at 70°C. After drying,

the plants were ground to a fine powder in a food blender and stored

for later analysis.
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Table 1. Approximate composition of enriched culture solution flowing

into pond at site 2.

Nutrient Concentration

(mg/l)

N0 3-N 1.40

PO -p 0.30
4

K 1.56

Ca 1.00

Mg 0.16

8°4-8 0.21

Trace Metal Mix1

8 0.01

Fe 0.13

Mn 0.05

Zn 0.05

B 0.001

Cu 0.001

Mo 0.001

1Added as commercial liquid fertilizer (Sunniland Nutri-Spray, Chase

and Co., Sanford, Florida.
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Nitrogen fertility study:

Work was conducted at the aquaculture facility at the Harbor

Branch Foundation during the spring of 1979. Water hyacinths were

cultured outdoors in 20 1 styrofoam containers having a surface area

of 0.11 2
m. The composition of the nitrogen-free nutrient solution

used is given in Table 2. To 20 1 of the nitrogen-free media, a con-

centrated solution of NaN03 or NH4Cl was added to give initial nitro

gen concentrations of 14, 7, 3.5, and 1.75 mg/l. Each treatment

was duplicated. Containers were drained and refilled with fresh

nutrient solution twice weekly.

On April 12, two small water hyacinths (approximately 30 g wet

wt each) were placed in each container. Within one month plants

covered the water surface in all treatments. On May 10 plants were

2
harvested back to an initial density of 7.25 kg wet wt/m. At two-

week intervals plants were removed, drained of excess water for 4

minutes, weighed and the incremental growth removed. Samples of

2 or 3 plants for dry matter determination were weighed, dried at

70°C for 48 hours and reweighed.

On Tune 21 all plants were harvested after the final weighing.

Three plants from each container were washed in deionized water,

dried, ground to a fine powder, and stored for later analysis.

Density study:

This study was conducted at the Harbor Branch Foundation aqua-

culture facility during August and September, 1979. Water hyacinths
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Table 2. Composition of nt.t rogen-f'ree culture medium used in experiments

on nitrogen nutrition of water hyacinth.

Nutrient Concentration

(mg/1)

p 3.1

K 23.5

Ca 8.0

Mg 4.9

S 6.4

Fe1 5.0

Mn 0.5

B 0.19

Zn 0.05

Cu 0.03

Me 0.005

1Iron was added as 1 mg Fell as FeC13.6H ZO and 4 mg Fell as EDTA chelated

iron.
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2were cultured outdoors in six 0.3-m Vexar cages, three each in two

900 1 cement vaults. Vaults were drained and refilled weekly with

fresh nutrient solution, the composition of which is given in Table

3. In each vault a series of three water hyacinth densities was

established. 2Initial densities were 5, 10, and 20 kg wet wt/m .

Plants were cultured for eight weeks. Each week the cages were re-

moved from the vault, drained of excess water for 4 minutes and weighed.

The incremental growth was removed, returning plant density to the

correct initial value. At the end of eight weeks, three plants from

each cage were washed in deionized water, dried and ground.

Chemical analyses:

Total nitrogen was determined using a Perkin-Elmer 240 elemental

analyzer. Cell-wall fraction was estimated as neutral detergent

fiber (Van Soest and Wine, 1967) and lignocellulose as acid detergent

fiber (Van Soest, 1963). Crude neutral and acid detergent fiber

values were corrected for ash content and artifact lignin (Van Soest,

1965). Nonstructural carbohydrates were extracted in 0.2 N H2S04

(Smith et al., 1964) and measured using the Shaeffer-Somogyi copper-

iodometric titration procedure (Heinze and Murneek, 1940). Ash values

were obtained by igniting the plant material at 550°C for 4 hours

in a muffle furnace. Inorganic nitrogen was extracted from 0.25 g

of dry plant material in 50 ml of distilled water for 24 hours at

5°C (Larsen and Tensen, 1957). Solutions were then filtered through
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Table 3. Composition of culture medium used in experiments on effect

of stand density on water hyacinth composition.

Nutrient Concentration

(mg/1)

N0 3-N 14.0

P04- P 3.1

K 23.5

Ca 8.0

Mg 4.9

5°4-5 6.4

Fe l 4.0

Trace metal 2mix

S 1.5

Fe 2.0

Mn 0.75

Zn 0.75

B 0.02

Cu 0.01

Mo 0.009

lAdded as EDTA chelated iron.

2Added as commercial liquid fertilizer (8 il d N i S Chunn an utr - pray, ase

and Co., Sanford, Florida).
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Whatman No. 42 filter paper and diluted to 100 mI. Ammonia in the

extract was determined by the phenate method (American Public Health

Association, 1971). Nitrate was reduced to nitrite by cadmium

copper reduction which was then diazotized and measured colorimetri

cally (Strickland and Parsons, 1972). The analyses for ammonia and

nitrate in water samples were conducted as for the extracts. Soluble

orthophosphate was determined by the ascorbic acid method (American

Public Health Association, 1971).

Results and Discussion

Seasonal study:

Obviously only results obtained at site 2 reflect the effec~

of season alone on the composition of water hyacinths. Both nutrient

concentration (Fig. 1) and water flow varied during the year at site

1. During the week of December 26 through 31 all aquatic plants

naturally occurring in the canal at which site 1 was located were

mechanically harvested and piled along the bank by conservation

workers. Subsequent decomposition of the harvested plants and leach

in~ by rainfall resulted in increased concentrations of nutrients

during .Tanuary and February. Other than this one period of elevated

nutrient concentrations, the water at site 1 was rather nutrient

deficient, especially when compared to the artificially enriched

system at site 2. The summer (June-September) average for total

inorganic nitrogen at site 1 was approximately 0.06 mg/l and that for
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soluble orthophosphate 0.02 mg/l. This is to be compared to 0.84

mg/l total inorganic nitrogen and 0.22 mg 1 orthophosphate as site 2.

The ash-free dry weight yield of water hyacinths from the two sites

reflects the difference in nutrient availability (Fig. 2). Seasonal

average yield for site 1 was 8.1 and that for site 2, 17.6 gash-free

2dry wt/m {day.

Definite seasonality of growth was evident at both sites (Fig. 2).

Lowest rates of growth occurred during late December, January, and

February. The effect of water quality was seen even at this time

however, as the yield of water hyacinths at site 2 was significantly

higher than that at site 1 during December and January.

Changes in the composition of water hyacinths at site 2 followed

a seasonal trend similar to that for growth. As the rate of growth

decreased during November and December, tot a 1 nit r 0 g en

increased (Fig. 3). At the same time lignocellulose and nonstructural

carbohydrate levels decreased (Fig. 4). Maximum nitrogen content

for plants at site 2 was 3.6% on February 8. Minimum nonstructural

carbohydrate content (6.3%) occurred on February 26 and minimum

lignocellulose (23%) on March 22. As photosynthetic rates and dry

matter production increased starting in mid-March, nitrogen levels

decreased and carbohydrate fractions increased. Nitrogen levels con-

tinued to decrease until early May, approximately the same time at

which yield ceased increasing. Levels of lignocellulose increased until

well into the summer, reaching a maximum value of 33% of dry wt on

August 14 for site 2.
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Boyd and Blackburn (1970) found water hyacinth crude protein

(% nitrogen x 6.25) increased and cellulose content decreased as the

growing season progressed. The plants examined were from a natural

stand and undoubtedly subject to variations in nutrient availability.

Trends in composition of water hyacinths in this type of situation

may not truly represent seasonal variation only. In a later study,

Boyd (1976) cultured water hyacinths in a pond fertilized biweekly

with inorganic nutrients and found decreasing tissue nitrogen content

dllrtnR the sunnner months. The conditions under which these plants

were grown would produce plants which would more nearly reflect only

seasonal variation in composition.

Many terrestrial forages (Russell, 1973) and rooted emergent

aquatic plants (Boyd, 1969b, 1970) also show a decrease in nitrogen

content as the growing season progresses and nitrogen supplies in

the sailor sediment are diminished. In the present study nitrogen

availability remained constant throughout the year at site 2, and

resul ts are more comparable to those of Nichols and Keeney (1976). The

total nitrogen content of Myriophyllum spicatum was lowest in the

summer despite the fact that available nitrogen in the sediments was

highest at that time. Apparently nitrogen accumulation continues

during periods of low growth rates in the winter leading to increased

levels of nitrogen in the plant. As the season progresses and nitrogen
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supplies remain constant, nitrogen uptake may not keep pace with the

vigorous spring and summer dry matter production. Changes in the

amount of inorganic nitrogen extracted from tissues of dried water

hyacinths (Fig. 3) are particularly interesting in this respect.

The increasing levels of inorganic nitrogen during the winter months

indicate that uptake of nitrogen was occurring at a rate somewhat

faster than it could be incorporated into organic products. As photo-

synthetic rates increased in the spring, increased amounts of carbo-

hydrate were made available for synthesis of organic nitrogen compounds

and inorganic nitrogen content of plants rapidly decreased.

Two growth forms of water hyacinth are recognized, small plants

with swollen petioles and larger plants with elongated, nonswollen

petioles (Penfound and Earl, 1948; Musil and Breen, 1977a). Generally

the larger plants occur in dense communities where growth is restricted

to a vertical direction only. Although water hyacinths were harvested

2back to a density of 10 kg wet wt/m every two weeks, the final density

of plants immediately before each harvesting was much greater during

the summer months than winter due to the greater rate of growth. As

the density achieved prior to harvesting increased during the spring

and summer, plant growth was increasingly restricted to a vertical

direction only. The percentage of lignocellulose (Fig. 4) increased

as the need for more supportive tissue arose during the spring and

summer.
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Changes in the composition of water hyacinths from site 1 were

very similar to those occurring at site 2. The increase in nutrient

concentration during January and February (Fig. 1) had noticeable

effects however. Variation in total and inorganic nitrogen content

was much greater at site 1 due to the increased availability of

nitrogen in the winter. Similarly, ash content was seen to increase

markedly at this time. Lignocellulose content also decreased dur

ing this period even though yield was increasing. In contrast to

the case at site 2 where nutrient availability remained constant,

the decreasing lignocellulose content at site 1 may have been the

result of increased nitrogen availability. As nitrogen supplies

increase, carbohydrates are converted to organic nitrogen compounds

and less is available for deposition as cell wall material (Russell,

1973).

Nitrogen fertility study:

In the present study nitrogen fertility is expressed as the

average amount of nitrogen made available per unit plant biomass

per day. For example, the highest initial nitrogen concentration

used was 14 mg/l. At this concentration 280 mg N was added to 20 1

containers twice a week, or an average of 80 mg N/day was available

to the hyacinths. The initial biomass of hyacinths in each container

averaged 0.044 kg dry weight. The available nitrogen for the highest

level of nitrogen fertility is thus 1.82 g N/kg dry wt/day. Similarly,

available nitrogen for the other treatment levels were 0.91, 0.46 and

0.23 g N/kg dry wt/day.
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":xpressing nitrogen fertility in this manner rather than in

concentration units, such as mg/l, allows for comparison with other

culture systems. The same total nitrogen can be made available to

a fixed biomass of plants by doubling the volume of the culture

solution and halving the total amount of nitrogen added. Similar

variations in plant biomass and frequency of nutrient addition can

be made without changing the average amount of nitrogen available

per plant biomass per day. However, this ignores the limiting role

of diffusion of nutrients at high volumes and low concentrations.

Also ignored is the effect of extreme fluctuations of nutrient con

centration on plant growth when culture solution volume is small

compared to plant density or when the nutrient solution is changed

infrequently.

At all treatment levels virtually all of the nitrogen added to

culture solutions was taken up by the plants. Less than 0.01 mg Nil

remained at any level of either N0 3-N or NH4-N when sampled immediately

prior to changing nutrient solutions.

The relationships between nitrogen availability and total and

ash-free dry matter yield of water hyacinth are presented in Fig. 5.

Analysis of variance indicated significant differences in total dry

matter yield due to level of nitrogen availability (P<0.05). How

ever, when expressed on an ash-free basis, dry matter yields did

not differ (P>O.05) whether plants were cultured on N0
3-N

or on NH
4-N.

This is in disagreement with Musil and Breen (1977b) who suggested
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that NH
4-N

cannot serve as a nitrogen source for the growth of water

hyacinth. No interaction of the two factors, form and level of

nitrogen, was indicated (P>O.OS) for either total or ash~free dry

matter yield.

+Little nitrification of the NH4 added to culture solutions occurred.

Analysis of water samples taken at daily intervals after addition of

NH
4

Cl to the nitrogen-free media failed to indicate the presence of

N0
3

- Furthermore, no NO; was detectable in water extracts of plants

grown at any level of NH4-N (Fig. 6). If plants in the NH4-N

solutions were utilizing NO; produced by nitrification, NO; should

appear in water extracts of dried plants as considerable NO; occurs

in tissues of plants grown in even the lowest level of N0 3- N.

When compared to plants grown in the ND 3-N media, those cultured

in NH
4-N

contained a greater percentage nitrogen at the same solution

nitrogen level (Fig. 6). Percentage nitrogen was affected by both

forms of nitrogen added (P<O.05) and level of nitrogen (P<O.OI).

There was no interaction of the two factors (P>O.05). At the same

level of nitrogen, less inorganic nitrogen was extracted from

tissues of plants grown on NH
4

- N than from plants grown on N03-N
+(Fig- 6). It appears that once in the plant, NH4 is more rapidly

incorporated into organic nitrogen compounds than is N0 3-N.

Although the nitrogen available at the highest level was eight

times greater than that at the lowest level, there was only a two-

fold difference in the nitrogen content of plants grown in those two
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above in relation to nitrogen content.

so lut.t one . Thi s phenomenon IU1R heen noted in certain terrestrial

forages (Russell, 1973). The extra dry matter production stimulated

by the added nitrogen tends to "dilute" the nitrogen taken up by

the plant. The amount of nitrogen taken up per unit area per day

more closely reflects nitrogen availability. Using average yield

and nitrogen content for plants grown on NH4-N, an average of 0.10

2 .
gN!m /day was taken up by plants at the lowest level of nitrogen.

2At the highest level 0.70 gN/m /day was taken up by the plants. The

sevenfold differencE: in nitrogen accrual on an aerial basis reflects

the difference in ni.trogen availability within limits of experimental

error.

It has generally been noted that water hyacinths grown in fertile

environments contain significantly more ash than plants grown under

less fertile conditions (M. D. Hanisak, Harbor Branch Foundation,

personal communication). In the present study only nitrogen level

was varied and ccncentrat Lons of other nutrients remained constant

in all treatments. Ash content decreased as NH
4-N

availability

increased and remained essentially unchanged as N0
3-N

levels increased

(Table 4). This may be due to the same "dilution" factor discussed

+Furthermore, NH
4

also decreases

uptake of other cations, particularly calcium (Beeson, 1946), and

this may be one factor contributing to the decrease in ash content

as NH4 -N levels Lncxease . With increasing nitrogen availability
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Table 4. Ash content of water hyacinths grown at four levels of available

nitrogen. Nitrogen was supplied as either ammonium or nitrate.

Available nitrogen

(g N/kg dry wt/day)

Ash

(% of dry wt)

NH4-N grown N0
3

- N grown

0.23

0.46

0.91

1.82

16.3 a 1

15.5 a

14.3 ab

12.8 b

16.8 a

17.2 a

17.7 a

17.6 a

1Values designated by different letters were determined to be significantly

different at the 0.05 level of probability by Duncan's New Multiple Range

Test (vertical comparisons only).
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total accrual of minerals on an aerial hasis obviously increased 8S

yield increased considerably and percentage ash changed little.

All carbohydrate fractions measured were affected by nitrogen

availability. The percentage nonstructural carbohydrates (Fig. 7) in

water hyacinths decreased as nitrogen level increased (P<O.05).

Amount of nonstructural carbohydrate was not affected by the form

of nitrogen added (P>O.05) and there was no interaction of the two

factors (P>O.05).

Percentage structural carbohydrates also varied as nitrogen

availability changed, with water hyacinths becoming increasingly

fibrous as nitrogen levels decreased. Both lignocellulose and cell

wall fraction were affected by availability of nitrogen (P<O.OI).

Neither fiber values were affected by form of nitrogen (P>O.05) nor

was there any interaction of level and form of nitrogen (P>O.05).

Van Soest and coworkers developed the system of plant fiber

analysis based on solubility in solutions of detergent (Van Soest,

1966). Plant matter insoluble in acid detergent consists of relatively

pure lignocellulose and results have been found to give a satisfactory

estimate of digestibility by ruminant animals (Van Soest, 1963). The

neutral detergent technique separates plant material into cell-wall

and noncell-wall fractions (Van Soest and Wine, 1967). Digestibility

of plant material by nonruminant consumers is correlated with noncell

wall fraction. The difference between neutral and acid detergent

fiber gives a crude estimate of the hemicellulose content of the plant
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As stand density increases and growth is restricted predominantly

to a vertical direction, the need for supportive tissue arises. Data

in Table 5 demonstrate the trend for increased cell-wall material

as density increases. The increase in cell-wall material is accounted

for by the increase in lignocellulose, as the percentage of hemi-

celluloses (cell-wall fraction minus lignocellulose) remained fairly

constant. The other carbohydrate fraction, the nonstructural carbo-

hydrates, showed nn definite trend as density changes.

Cell-wall material, as measured by the neutral detergent technique,

consists primarily of hemice1luloses, cellulose, and low-nitrogen

lignins (Van Soest, 1966). The decrease in percentage nitrogen as

these low-nitrogen compounds increase is not surprising. Similarly

ash content decreases with increasing stand density.

Biogas production during anaerobic decomposition of water hyacinths
of differing nutritional quality.

Water hyacinths were obtained from two sites during May, 1979.

One batch, collected from a natural stand located near Okeechobee,

Florida, was growing under nutrient deficient-high stand density

conditions. These will be designated "low" quality. The other plants

were obtained from a culture growing at the aquaculture facility

at the Harbor Branch Foundation. These water hyacinths were growing

at a maintained density of 10 kg wet wt/m2 in the nutrient solution

given in Table 3. These will be designated "high" quality. Several

plants from each batch were analyzed as described earlier. These

results are presented in Table 6.
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material (Van Soest, 1966). Polisini and Boyd (1972) recognized the

value of these methods in estimating non-nutritive residues of

aquatic plants. Boyd and Goodyear (1971) suggest crude protein and

neutral detergent solubility as two important indicators of the

nutritive quality of plant material

The trends in levels of structural and nonstructural carbohy

drates of water hyacinth as nitrogen availability varies are similar

to those in terrestrial forages (Russell, 1973; Tisdale and Nelson,

1975). Increased nitrogen supplies not only increase the yield of

water hyacinths but also produces plants of greater nutritive value.

As nitrogen availability increases, synthesized carbonhydrates are

more rapidly converted to proteins and less carbohydre~e is available

for deposition as cell-wall material. The consequence is plants

with a higher protein content and a lower percentage of non-nutritive

residue which should increase digestibility and nutritive value

for both ruminant and nonruminant consumers.

Density study:

MOrphological characteristics of water hyacinths grown under

the same conditions but at different densities are presented elsewhere

in this report (Chapter 5, Table 3). One of the more obvious trends

is the increase in plant height or stem length as plant density

increases. The presence in nature of two growth forms of hyacinth has

been noted earlier and appears to be a plant density-related phenomenon.
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Table 5. Partial breakdown of the composition of water hyacinths cultured

.at three stand densities. Each value is the average of two samples from

separate culture vaults. All values are as %of dry weight.

Component Density

(kg
2wet weight/m )

5 10 20

Total nitrogen 3.8 3.9 3.2

Cell-wall material 38.1 42.2 46.5

Lignocellulose 22.7 24.3 29.8

Hemice11u1oses 15.4 17.9 16.7

Nonstructura1
carbohydrate 6.5 7.0 5.8

Ash 19.3 18.4 16.7
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Table 6. Partial composition of water hyacinths used in biogas production

study.

Component Water hyacinth batch

"low" quality "high" quality

Total nitrogen (% dry wt)

Lignocellulose (% dry wt)

Ash (% dry wt)

Dry matter (% wet wt)

78

0.98

34.7

17.0

6.2

2.98

25.6

19.3
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Approximately 4 kg of plants from each batch were ground in a

garden shredder. The ground plant material was added to 4 1 digesters

at rates indicated in Table 7. A total of four digesters were used,

two each for both "low" and "high" quality water hyacinths. An inoculum

of 50 ml of liquid effluent from an established methane-producing

digester was added to each 4 1 digester. Biogas production was deter

mined daily as described elsewhere (Chapter 6).

The results of the 30-day trial are presented in Fig. 8. Obviously

there is a considerable difference in both rate and volume of biogas

produced during the 3D-day operational period. Although results show

only biogas production, gas from all four digesters sustained a flame

when samples taken at day 15 were ignited indicating methane production.

Further studies will be conducted to examine the relative importance

of nitrogen content and fibrous material and their role in bringing

about the differences in digestibility.
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Table 7. Amount of water hyacinth loaded into 4-1 anaerobic digesters.

Weight basis Amount added (g)

"low" quality "high" quality

Wet weight

Dry weight

Volatile solids

80

1500

93

77.2

1900

93

75.3





Summary:

Preliminary work at this facility indicated a considerable

difference in biogas production during anaerobic decomposition of

water hyacinths of differing nutritional quality. Low nitrogen-

high fiber plants produced considerably less gas within a 30-day

period than high nitrogen-low fiber plants. Work is continuing

to determine the relative importance of nitrogen and the various

cell-wall components in bringing about this difference in digesti-

bi1ity. However, results of studies on the factors affecting the com-

position of water hyacinth indicated that nitrogen and fiber vary

together inversely. Therefore a range of quality is to be found with

high fiber-low nitrogen plants at one end and low fiber-high nitrogen

plants at the other.

Under conditions of constant density and nutrient availability,

highest quality plants are produced in the cooler months in central

Florida. This is fortuitous as the increased biogas production when

these higher quality plants are digested should partially offset

the decreased plant yield also occurring at this time. Ignoring the

effect of season, highest quality plants are the result of culture

in waters and moderate to high nitrogen availability (0.91-1.82 g

2
N/kg dry wt/day) and at low to moderate density (5-10 kg wet wt/m ).

The effect of density on composition must be weighed against its

effect on yield. Although highest quality plants are produced at

lowest densities, DeBusk et a1. (in press) showed that 20 kg wet wt/

2m was near optimum for maximum water hyacinth dry matter productivity.
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v. Growth and yield of aquatic plants

by

John H. Ryther

Farmers and ecologists are familiar with the concept of plant

productivity or yield - the amount of material produced per

unit of area and time. Short-term yields are usually expressed as

2glm .day, seasonal or annual crops as metric tons/hectare.year (or

the more familiar, to many, British units of short tons/acre.year,

which are 0.36 times the metric units). Ecologists interested in the

comparative productivity of different kinds of plant species or

communities usually express yields in dry weight, often in ash-free

dry weight, which is to say the strictly organic fraction of the

plant production.

Other botanists concerned with physiological processes of organ-

isms think in terms of the specific growth rate of plants. This may

be expressed as g increase/g.day or, more often, % increaselday or

doubling- time in days.

Growth and yield are, of course, closely related, yield being

the product of growth rate and plant density. But the relationship

is not constant because growth rate is itself a variable function of

density. This is illustrated for four quite different kinds of aqua-

tic plants in Fig. 1. Original data were obtained for the marine

diatoms, from Goldman and Ryther (1), for the red seaweed Gracilaria,

from Ryther et al. (2), and for the two freshwater macrophytes, from

DeBusk et a1. (3).

The diatoms were grown in Woods Hole, MA in 2000 1 (2.3 m diameter

0.5 m deep) continuous cultures of seawater enriched with 2° treated
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sewage effluent. In steady state, ~rowth rate was considered equiva-

lent to dilution rate, density was measured as particulate organic

carbon and doubled to give total ash-free dry weight, and yield cal-

culated as the product of density and dilution rate. The diatoms

were essentially monocultures of Phaeodactylum tricornutum, Amphipora

sp., and Amphora sp. which succeeded each other as dominants during

the course of the experiment.

The Gracilaria was grown in Fort Pierce, FL in 50 1 outdoor cul-

tures in which the plants were suspended by aeration and through which

enriched seawater was circulated at an exchange rate of 20 volumes/day.

The culture was removed from the water, drained and weighed at weekly

intervals. Ash-free dry weight was considered at 5.0% of wet weight.

Density is expressed as the mean of the starting and final weight for

each one week interval.

The freshwater macrophytes duckweed (Lemna minor) and water hya-

cinth (Eichhornia crassipes) were also grown in Fort Pierce, Fl in

225,000 1 (30 m area, 0.5 m deep) PVC-lined earthen ponds through

which enriched well water was exchanged at one volume/day.

The water hyacinths were held in Vexar-mesh cages ranging in

2size from one to 2.3 m. At intervals of one week the cages with the

contained plants were lifted from the water, allowed to drain, and

weighed. Duckweed was grown loose in th~ pond. Each week, the plants

were netted from the water, drained and weighed. Ash-free qry weights

of Lemna and Eichhornia were considered to be 9.0% and 4.25% of wet

weight respectively.
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Yields of the three macrophytes are expressed as the mean daily

2increase in ash-free dry weight/m for each weekly interval and mean

growth rate for that interval obtained by dividing yield by mean

density.

All of the above studies were carried out over a period of four

to six months during late spring, summer and early fall. Growth rates

and yields were at or near their annual maxima and are not typical

or representative of average conditions throughout the year. However,

the relationships between the three variables appear, on the basis of

preliminary evidence, to be the same in winter as in summer.

In every case, growth rate decreased with increasing plant den-

sity. Yield, the product of the two, was greatest at an intermediate

density. The reason for the decline in growth rate is not clear, but

is probably assoeiated with effects of overcrowding-self-shading, nutri-

ent limitation, accumulation of metabolites, etc. If so, there is pre-

sumably a density below which no interaction between individual plants

and no change in gorwth rate occurs, but that threshold was not observed

in the experiments reported here. One can say only that the phenomenon

appears to be a general characteristic of aquatic plants, possibly

of all plants. The photosynthetic portions of both duckweed and

water hyacinth are, after all, air-borne the same as terrestrial

plants. Watson (4) obtained a very similar relationship between the

yield of kale and its leaf-area index, a unit that is proportional to

total plant density. Optimal yield was obtained at an intermediate

leaf-area index above and below which it declined rapidly. Davidson
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and Donald (5) described a similar relationship in clover, and Kasanaga

and Monsei (6) developed a numerical model to predict optimal leaf

area index for maximum plant production.

The relationship described above is of considerable importance

in the context of current research programs investigating the potential

of plant biomass as a source of energy. The most sensitive factor in

assessing the economic or energy cost-effectiveness of such biomass

systems is that of organic yield. In that connection, growth rate

is often confused with yield. Duckweeds, for example, have, due to

their "phenomenal reproduction rate" been credited as being "more

productive than terrestrial agricultural crops" (7) and able to "grow

at least twice as fast as other higher plants" (8). But it may be

seen in Fig. Ie that the highest growth rate of duckweed occurs at

a very low density and that actual yields of the species are relatively

low when compared to the better agricultural crops, grasslands, and

forests (e.g., 9).

The yields of food and fiber crops may be determined simply by

weighing the seasonal or annual harvest~ No such expedient is possible

with plant populations that are not commercially grown and utilized.

In order to assess the potential yield of such species there is no

substitute to cultivating them throughout the year or growing season

in either natural or experimental plots and harvesting and weighing

the resulting crop. For species in mild climates that are able to

grow continuously in a vegetative mode, such as all four of the
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examples shown in Fig. 1, it is necessary to harvest the new growth

frequently enough to maintain the density of plants at or near its

optimum for maximum yield, if the full potential of the species for

biomass production is to be determined.

Such experiments are difficult and time consuming and tend to

be replaced by simpler but more crude yield estimates. one such

approach has been to measure the growth rate of a given species

experimentally, in the field or laboratory, and to apply such growth

rates to a measured or estimated density of a natural stand of the

plants to obtain annual yield values. In some cases short-term

growth rates have been used to calculate annual yields, thereby

ignoring seasonal effects. This general approach has been used to

estimate the annual production of several kinds of aquatic plants

including rockweeds and kelps in Nova Scotia (10), giant kelp off

California (11), seagrasses (12), and water hyacinths (13).

Reference to Fig. 1 clearly shows how the use of independent

values of daily growth rate and density and extrapolation of the

resulting daily to annual yields may result in greatly exaggerated

projections. Using the maximum growth rates and densities for the

seaweed Gracilaria and the freshwater Eichhornia as given in Fig.

1E and 1D, for example, would result in annual yield estimates in

excess of 500 ash-free dry tons/ha.yr. Actual measured yields of

small, experimental cultures of the two species maintained under the

best possible conditions throughout the year in Central Florida

were respectively 63 and 75 ash-free dry tons/ha.yr (2,3).
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To put these figures in perspective, the best commercial yields

of sugar cane, the world's most productive agricultural crop, are

roughly 63 ash-free tons/ha.yr (14). Commercial seaweed production

ranges from about one ash-free ton/ha.yr from the harvest of natural

beds of giant kelp off California to some 25 ash-free tons/ha.yr for

the small kelp, Laminaria 1aponica, that is cultivated in Northern

China (15)

Thus Wolverton and McDonald's estimate (13) of 154 dry tons (ca.

131 ash-free dry tons) of water hyacinths/ha. for a seven-month grow

ing season in Mississippi, obtained from separate measurements of

growth rate and density, must be considered as suspect. Also unten

able is the projection, similarly obtained, of up to 262 ash-free dry

tons of giant kelp/ha.yr from the ocean energy farm that is presently

in the pilot-testing phase by General Electric Corp_, under contract

from the Gas Research Institute and the Department of Energy (16).

Such lavish estimates have tended to create ap unrealistic opinion

of the potential role of aquatic plants as a·biomass source for energy.

This could prove unfortunate, since many aquatic species are, in fact,

comparable to the most productive terrestrial crops in their organic

yields and do not need exaggerated projections to justify their consideration
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VI. Evapotranspiration of some emergent freshwater plants

by

Thomas A. DeBusk

One of the possible constraints to the use of freshwater plants

for biomass production is the potential loss of freshwater, already

in critically short supply in many parts of the country, through

evaporation or, in the case of emergent species, evapotranspiration.

The latter has been reported as being as much as 3-4 times the

water loss from evaporation alone (i.e., from water surfaces where

no plants are present) in such species, for example, as water hya

cinths (Eichhornia crassipes) (e.g., Penfound and Earle, 1948; Timmer

and Weldon, 1967; Holm et al., 1969). However, many of the earlier

studies had not been performed out-of-doors under natural con

ditions, where the plants would be exposed to the prevailing meteoro

logical and climatic conditions. One study in which the plants

were studied under natural conditions showed that evapotranspiration

of water hyacinths was only 1.26 times evaporation alone (Brezny et

al., 1973). Because that study was done in India, where the climate

may have been quite different from Southern United States, and be-

cause the results of the Indian study were rather different from

those reported for the same species in the United States, additional

research on the subject was carried out at the Harbor Branch Foundation,

Fort Pierce, Florida over a nine-month period in 1979.

Water hyacinth (Eichhornia crassipes), duckweed (Lemna minor),

and pennywort (Hydrocotyle umbellate) were grown in 400 1 polyethyl-

ene cylindrical tanks (Fig. 1). At intervals of one to two weeks, the
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plants were removed from the containers, drained, and weighed. New

growth since the last weighing was harvested, returning the plants

to a constant initial density of 400, 25, and 800 g ash-free dry

2wt/m for the hyacinths, duckweed and pennywort respectively.

At that time, the water in the tanks was replenished with a

measured volume, considered equivalent to evapotranspiration minus

the water content of the harvested plants. The refilled containers

were then enriched with 1500 ~oles/l N0 3-N, 150 ~moles/l P04-P,

*and a commercial mixture of trace metals and chelated iron. A

fourth t ank containing only freshwater was used as a con t r 0 1

to monitor evaporation alone.

The studies reported here were carried out from January 17-

September 26, 1979, and are presently being continued to complete

a full year of observation. Studies with pennywort were not

started until March 27, 1979. Accompanying these experiments, solar

radiation has been monitored with an Epply 50-junction pyroheliometer

mounted at the plant culture facility at the Harbor Branch Foundation.

Average daily air temperature (from readings every four hours), wind

speed (from hourly readings) and relative humidity (from twice daily

readings) were compiled from data collected at Vero Beach MUnicipal

Airport, located approximately 12 miles from the laboratory. Those

"/(

Sunniland "Nutri-spray", Chase Chemical Co. , Sanford, FL and Vigoro

"Liquid Iron", Swift Agricultural Chemical Corp., Chicago, IL.
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daily averages were then averaged again over the one-two week inter-

vals over which the plant growth and water loss was monitored.

Tn separate studies with just water hyacinths, water loss

was monitored in four cultures in which the plants were maintained

at four different densities of 200, 400, 800 and 1200 gash-free

2
dry weight/m respectively.

The mean daily meteorological data, plant yields and water

losses from evaporation and evapotranspiration are all shown in Fig.

2. The cumulative water losses from the water surface and from the

three plant cultures are shown in Fig. 3. From the latter, mean

daily water losses and the ratio of evapotranspiration to evapora

tion alone (ET/E) for the three species were calculated over the

duration of the experiment. These data, presented in Table 1, as

well as an inspection of Fig. 3, show that evapotranspiration in

water hyacinths is 1.7 times that of evaporation from a bare water

surface alone, in rather close agreement with the value of 1.3

reported by Brezny et a1. (1973). The value of ETIE of 0.9 for

duckweed indicates that a cover of that plant serVes as a method

of water conservation, as had earlier been reported by Seybold

(1930). Pennywort is the most extravagant user of water of the

three species tested, losing almost as much in 132 days as did

water hyacinth in 209 days (see Fig. 3) and averaging a ET/E value

of 2.0.
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of evapotranspiration:

Tah1e 1.
2AveraRe water loss 1n mm/dAy or liters/m .day and the ratio

1"1'open water evaporation (~ /E) for duckweed and

water hyacinth from 1/17-9/26/79, and for pennywort from 3/27 to 9/26/79.

Mean water loss ET/E
2(mm/day or 11m .day)

Control (water) 4.7

Duckweed 4.4 0.9

Water hyacinth 8.0 1.7

Pennywort 10.8 2.0
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In the above experiments, water loss from evaporation or evapo-

transpiration is reported as mm/day, as appears to be conventional

in such studies. For the interest of those concerned with absolute

water loss, one mm surface reduction is equivalent to a volume

2 .
loss of one liter/m of surface (as also indicated on the tables

and graphs) or approximately one thousand gallons/acre. Thus,

the cumulative water loss from water hyacinths shown in Fig. 3, if

extrapolated to a year, would result in an annual loss of about

three million gallons of freshwater per acre, of which about 1.2

million (41%) is in excess of the amount that would be lost from open

water alone.

An attempt was made, by simple linear regression analyses, to

determine which of the factors monitored were chiefly responsible

for the evapotranspiration losses by the three plant species (Table

2). As would be expected, water loss from all three plant species

was highly correlated with incident solar radiation. For both water

hyacinth and duckweed, loss is also highly correlated with air

temperature and yield, but the meaningnuness of the latter is question-

able since yield is also strongly influenced by solar radiation and

temperature. Only pennywort, which appears to grow irregularly with

a rhythm characterized by pulses followed by complete cessation of

growth (see Fig. 2) failed to show a correlation between water loss

and yield.

104



Table 2. Simple linear correlations between evapotranspiration by

three aquatic plants and air temperature, solar radiation, wind speed

and relative humi~y. Also correlations between evapotranspiration

and ash free dry weight yields of the three species.

No. r t

A. Air temperature

duckweed 26 0.72 5.101

water hyacinth 26 0.88 9.161

pennywort 20 0.45 2.14 2

B. Solar radiation

duckweed 26 0.92 11.54
1

water hyacinth 26 0.83 7.291

pennywort 20 0.61 3.271

C. Wind speed

duckweed 26 -0.11 0.54
3

water hyacinth 26 -0.17 0.84
3

pennywort 20 -0.16 0.69
3

D. Relative humidity

duckweed 26 -0.17 0.84
3

water hyacinth 26 -0.07 0.35
3

pennywort 20 -0.09 0.38
3

E. Yield

duckweed 23 0.58 3.281

water hyacinth 26 0.79 6.33
1

3
pennywort 19 0.07 0.29

lSignificant at 1% level.

2significant at 5% level.
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An inverse relationship existed between water loss and both wind

speed and relative humidity. There was less wind in summer when

evapotranspiration was greatest for reasons mentioned above, and

evaporation is inversely proportional to humidity. However, the

correlation with those two environmental factors was not significant.

Since density of the plants was held constant, as closely as

possible, by routine harvesting of the cultures back to the same

initial stocking density, the effects of that factor on evapotrans-

piration could not be evaluated in the studies thus far reported.

For that reason a special study was made of the effect of density

of water hyacinths on their water loss, with an attempt to separate

the effects of density per ~ from those of the growth and yield of

the plants. As indicated in Table 3, the greater the density of

the plants (i.e., expressed as ash-free dry weight per unit of water

surface area), the greater the amount of leaf and stem foliage area

that is exposed to the air and to evapotranspiration losses, express-

ing such areas in the units conventionally used in plant physiology.

As may be seen in Table 4, the greater the density of water

EThyacinths, the greater the IE ratio, which nearly doubled (from

2
1.35 to 2.27) with an increase in density from 200 to 800 g afdwlm .

However, yield also doubled with the same increase in density, so

ETit is not clear whether the increase in IE was caused by more plant

surface or more metabolic activity, or both. Further studies will

be made of the effect of water hyacinth density on the rate of

evapotranspiration during the remainder of the year.
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Table 3. MOrphological characteristics of water hyacinths cultivated at four different

2
densities (in g ash-free dry wt/m ).

Density Leaf area Stem area Mean No. Mean leaf Mean stem

Index l Index 2 2 Size (cm2)Stems/m Length(cm)

200 3.4 4.0 631 54.5 21.1

400 4.8 6.3 559 86.4 28.4

800 6.0 11.3 655 91.0 42.7

1200 7.8 13.7 817 95.2 42.0

lArea of leaf surface/area water surface.

2Area of stem surface/area water surface.
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Table 4. Mean ash-free dry weight yields (g!m2.day) and evapotranspiration:

ETopen water evaporation ratios ( !E) of water hyacinths grown at four

2different densities (g ash-free dry wtlm •

Density Yield1 ETIEl

200 14.6 a 1.35 a

400 24.7 a,b 1.76 b

800 32.5 b 2.27 c

1200 26.8 b 2.10 c

1Values in each column followed by the same letter do not differ signifi-

cant1y at the 5% level as determined by Duncans New Multiple Range Test.

Each value is the mean of four trials.
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VII. Recycling digester residues as a source of nutrients for the

growth of water hyacinths ()~ichhornia crassipes).

by

M. Dennis Hanisak and L. D. Williams

Several digesters (Fig. 1) with overall dimensions of 45 cm x

45 cm x 80 cm (total volume = 162 1), were constructed from 0.5 cm

sheet plastic. Their lids were made from 0.3 cm thick sheet poly

vinyl chloride (PVC) reinforced with 1.3 cm plywood and bolted to

the digester after being sealed airtight with weatherstripping caulk.

Loading and discharge ports were made of 10 cm PVC pipe with screw

cap ends and two smaller (2.5 cm) PVC pipes with valves were provided

for removal of liquid residue. Due to the location of the loading

and discharge ports, the functional volume (that which actually con

tained digesting material) was about 120 1 for each digester. One

side of each digester contained a Plexiglass window for visual obser

vation of the digester's contents. Gas lines led from the tops of

the digester to inverted, submerged 208 1 steel drum manometers where

the gas was collected and its volume measured.

The water hyacinths that were digested had been grown in ponds

containing nutrient-enriched water (1). In order to facilitate

handling of the plant material and loading of the digesters, the water

hyacinths were shredded (Sears Roebuck Electric Yard and Garden

Shredder), producing a greenish-black slurry that had the consistency

and texture of wet mud when wet and of peat moss when dry. The

plants were chopped immediately after harvest and removal from the
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water. Even partial drying rendered the plant material tough,

fibrous, and resistent to shredding; soaking in water did not re

constitute the. plant material to a suitable form for shredding.

Digestion of water hyacinths could be initiated by two methods.

In the first, fermenting dairy manure was used as an inoculum and

was gradually replaced with water hyacinths. Shredded water hya

cinths were added three times a week at a loading rate equivalent

to 1.10 to 1.38 g volatile solids/l digester volume/day (residence

time of 30-38 days). Alternatively, water hyacinths could be

digested in a "batch" mode in which 100 kg wet weight of water hya

cinths were loaded into a digester. No pretreatment of the

b i 0 mas s was required for fermentation to occur. Gas production

began in about 30 days. After the initiation of gas production,

the digester could be loaded on a routine basis or continued in a

batch mode without any further addition of biomass until gas pro

duction ceased (in 90-120 days). The start-up time for batch

digesters could be decreased by adding 20% liquid effluent from

another water hyacinth digester to the initial inoculum. The

observations in this communication refer specifically to t~o digesters

that were loaded on a regular basis for more than one year (April,

1978-May, 1979).

These two digesters were loaded 1-3 times a week with a load

ing rate equivalent to 0.74 g volatile solids/l/day (15 kg wet

weight of shredded water hyacinths) and a mean residence time of eight
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weeks. Gas production was not affected by changing he loading

regimen from three smaller loads a week to one larg l weekly load.

Each time the digesters were loaded, an equivalent 1ume of liquid

residue was removed from the digester. The contentof the digester

were not stirred, and the solid fraction floated athe surface

above the liquid fraction. To prevent the solids fm plugging

the discharge port, a screen was inserted below theischarge port

in order to trap the solids.

The digesters were kept at ambient temperature30°C ± 5°C)

during most of the year. During the cooler months l the year

(November-March), the digesters were kept partiallyubmerged in

a 3800 1 circular water tank which was kept at apprimately 30°C

by an immersion heater.

To investigate the suitability of the digesteresidue as a

nutrient source for growing water hyacinths, three tch cultures

2of this species, maintained at a density of 10 kg WI weight/m ,

2
were grown in Vexar plastic mesh cages (1.2 m ) thahad been placed

2
in concrete tanks (2.20 x 0.80 x 0.45 m and 1.70 m n water area)

containing approximately 750 1 of water (Fig. 2). I these three

cultures, the first was grown on unenriched well war, the second

on water enriched with a nutrient medium normally ud to grow water

hyacinths (Table 1), and the third received liquid ~ester residue.

Initially 5 1 of this effluent was added three times week, but

this was changed to 10 1 (during the winter when grch was reduced)
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Table 1. Final composition of enrichment medium used for growing water

hyacinths.

NaN0 3 76.6 mgil

KN0 3 60.8

CaC1 2• 2H 2O 55.5

Na2HP04·H 2O 24.0

MgS04·7H 2O
23.8

Trace metal mixl

Fe 2.0

S 1.5

Mn 0.75

Zn 0.75

Cu 0.10

B 0.02

Me 0.01

lSunni1and Nutri-Spray (Chase and Co., Sanford, FL 32771).
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or 15 1 (after growth increased from its winter minimum) added weekly

at the same time that the digesters were loaded. The recycling

of the liquid residue began four months after the start-up of the

digesters (a time period believed to be more than ample for steady

state to have been achieved).

After a month, the artifically enriched culture became chlorotic

and unhealthy in appearance and these plants were sprayed weekly

with additional trace elements (Nutti-spray, Table 1) which restored

them to a normal appearance. It was subsequently found that this

spraying was not necessary if chelated iron was added to the water.

The water in the first two cultures was changed weekly; the

unenriched culture grew slowly for 15 weeks and was subsequently

terminated. The water in the culture grown in liquid effluent was

not exchanged nor did the plants receive the trace element spray

or any other form of enrichment than the liquid digester residue.

Approximately every three months, the digesters were opened

and the solid residue (i.e., sludge) that floated on' the surface

was removed and weighed. Studies were initiated to recycle the

nutrients contained in this solid residue in a fashion similar to

that described for the liquid residue, with the exception being

that it was added only once eVfry four weeks (12 kg sludge/four weeks).

Growth of the water hyacinths was determined by weekly lift

ing the Vexar baskets containing the cultures out of the tanks,

draining them for four minutes, and weighing them with a spring
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scale. Incremental growth was removed from the cultures and the

cultures were returned to their tanks. Productivity was expressed

2
as mean daily yield of dry weight/m for each weekly interval assum-

ing a dry weight equivalent to 5% of the wet weight. These methods

of measuring primary productivity are discussed more completely

elsewhere (1).

Levels of nitrate, nitrite, ammonium, phosphate and total nitro-

gen were monitored (2) in the tanks prior to and after the additions

of digester residues. The nitrogen and carbon contents of plants

or solid residue were determined with a Perkin-Elmer Model 240

Elemental Analyzer. The amount of organic matter (i.e., volatile

solids) of plants or solid residue was determined after ashing

dried samples (dried at 60°C for 48 hrs) for four hours at 550°C

in a muffle furnace.

Stable, continuous anaerobic digestion of water hyacinths

was maintained for longer than a year, with an average gas produc-

tion of 0.4 llg volatile solids, at 60% methane (Table 2). The

heat of combustion of water hyacinths was determined by Boyd (3)

to be approximately 3.8 kcal/g dry weight which would be equal to

4.6 kcal/g ash-free dry weight (since water hyacinths were on

average 18% ash) or 19 kJ/g volatile solids. Since pure methane

has ao energy content of approximately 37 kJ/l, the above methane

production represents an average bioconversion efficiency of about

47%.
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Tahle 2. Characteristics of stable, continuous anaerobic digestion

of water hyacinths.

Temperature

Agitation

Load composition

Mean loading rate

Mean residence time

Nonna1 pH range

Gas production

none

chopped water hyacinths at 5%
total solids, of which 82% is
volatile solids

0.73 g volatile solids/l
digester/day

56 days

6.8-7.3

0.4 l/g volatile solids, at
60% methane
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Both the liquid and the solid digester residues were a good

source of nutrients for the growth of water hyacinths (Table 3).

Cultures grown on these residues were consistently more productive

than that which was chemically enriched, with an average productivity

of 65% and 47% higher over the entire period for the liquid residue

and the solid residue respectively. The yields of the chemically

enriched culture and that of the liquid residue were two and three

times higher, respectively than that of the unenriched control.

All of these differences were determined to be statistically highly

significant (P < 0.01) by the Student's t test using paired obser

vations. The growth of water hyacinths grown on solid residue was

89% of those grown on liquid residues during the nine weeks these

cultures were monitored concurrently. This difference was not

statistically significant (P> 0.05).

Water hyacinths grown on digester residues have compositions

similar to those grown on chemically enriched medium in terms of

percentage ash, carbon, and nitrogen. Cultures that did not receive

nutrient enrichments had reduced levels of ash and nitrogen but

enhanced carbon content and carbon: nitrogen ratios (Tab1p. 4).

An approximate balance of the nitrogen recycled through the

culture-digester-culture was made. Over the 39-week experimental

period, one digester was loaded with a total of 532 kg wet weight

of water hyacinths. This biomass was 21.3 kg in ash-free dry weight and

contained 577 g N. Of this N, 48% (276 g N) was recovered in the
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Table 3. Mean monthly yields (± standard error) of water hyacinths (Eichhornia

crassipes) grown in unenriched water, in chemically-enriched medium, and in liquid and

solid digester residues).

Month Mean monthly yield (g ash-free dry weight/m2/day)

..,

August 1978

September 1978

October 1978

November 1978

December 1978

January 1979

February 1979

March 1979

April 1979

Time-weighted
mean

n

14. 25±4.40

6.7 2±1. 30

2.24±0.59

1.68±123

5.79±1.59

15

Chemical medium Liquid residue

19.76±5.90 24.68±4.27

11.38±2.68 19.05±1.70

10.10±2.55 14.74±1.39

9.66±1.44 13.77±1.42

1.54±0.68 6.81±1.09

2. 03±1. 36 4. 02±1. 58

2.23±1.15 8. 23±2. 27

10.51±1.75 13.31±1.60

13. 29±1. 59 24.48±1.71

8.67±1.06 14. 25±1. 25

39 39

121

11.15±2.19

22.45±2.45

18.78±2.56
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Table 4. Mean (I standard error) ash, organic, carbon, and nitrogen composition and

carbon nitrogen ratio of water hyacinths (Eichhornia crassipes) grown in unenriched

water, in chemically enriched medium, and in liquid and solid digester residues.

% of dry weight

Unenriched Chemical medium Liquid residue Solid residue

Ash 15.46±0.66 21. 2HO. 29 20.70±0.23 19.89±0.43

Organic 84.54±0.66 78.79±0.29 78.30±0.23 80.11±O.43

Carbon 39 .OO±O. 62 36.06±O.24 37. 08±O. 21 37.40±0.30

Nitrogen 1.04±0.04 3.04±O.07 2.65±O.07 2.75±0.20

Carbon:Nitrogen 38.36±1.55 12.19±0.35 l4.58±0.44 14.16:1-1.03

n 15 39 39 9
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liquid residue and 5210 (303 g N) was recovered in the solid residue.

In all, 525 1 of liquid effluent was removed containing an average

of 526 mg Nil (a total of 276 g N), of which about 50% was in the

form of NH
4-N

and the remainder was organic N of an unknown identity.

Addition of this liquid effluent to cultures of water hyacinths pro

duced 4.7 kg ash-free dry weight which contained 179 g N over a 39-week

period, a recycling efficiency of 65%. A total of 120.4 kg of

solid residue was removed from the digester. This was equivalent to

4.6 kg ash-free dry weight and contained 303 g N. Recycling 24 kg wet

weight (equivalent to 0.9 kg ash free dry weight and containing 60 g N) of

this material produced 1.1 kg ash-free dry we.ight containing 39 g N over

an eight-week period, a recycling efficiency of 64%.

In summery (Fig. 3), for every 100 g N loaded into the digester

in the form of chopped water hyacinths, 48 g N were found in the

liquid residue, half of which was in the form of NH
4-N.

Of this

48 g N, 31.2 g N (65%) was reassimilated by water hyacinths. The

solid residue removed nom the digester contained 52 g N of the

original 100 g N. Of this fraction 33.3 g (64%) were reassimilated

by water hyacinths. Thus, of the original 100 g N, 64.5 g N could

be successfully recycled from the digesters back to cultures of

water hyacinths (an overall recycling of 64.5%).

This study has demonstrated that water hyacinths can be easily

fermented to produce methane gas and that the digester residues

(both liauid and solid) are a rich source of nutrients that can be
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recycled to produce additional biomass of water hyacinths. Both

the gas production (0.4 l/g volatile solids, at 60% methane) and

the bioconversion efficiency (47%) compare favorable with those

obtained with other substtates (e.g., 4-7), although the loading

rate employed in this study was low for 8 continuous digester.

When the loading rate was increased, both pH and gas production

decreased, an observation which suggests that the activity of the

8cidogenic bacteria inhibited the methanogenic flora at high loading

rates.

In 8S much as these digesters were not mixed in any way, a

stratification of the solid phase lMy have prevented more complete

digestion. Increased methane production might pe expected to occur

if the C'ontents of the digester were mixed; however, the net energy

yield might actually decrease with mixing as has been observed by

Tewell (7) in the digestion of cow manure. Jewell has also observed

similar effects of increasing the temperature on methane production,

i.e., total methane production increases while net energy yield

decreases. Our work and tha~ of Jewell indicate the potential

favorable net energy yields of non-intensive digestion of biomass.

The fact that water hyacinths can be successfully digested in a batch

mode, with little or no inoculum, and at or near ambient temperature,

suggests that this species could be readily digested on a large-scale

using non-energy-intensive methods and involving low capital costs

(e.g., covered plastic-lined ditches operated in a batch mode without

mixing or heating).
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The digester residues are an excellent source of nutrients for

additional growth of water hyacinths. Both the liquid and the

solid fractions can supply all the required nitrogen, phosphorus,

and trace metals for maximal growth of water hyacinths. This study

also indicates that a batch system of growing water hyacinths is

as productive as a flow-through one daily requiring large amounts

of water (1). The ability to grow water hyacinths on as little

water as possible increases the economic feasibility of any large

scale cultivation of this species.

The enhanced yield of batch cultures grown on digester residues

relative to those grown on chemically enriched ones is probably the

result of better chelation of the trace elements required for growth.

This conclusion is supported by the improved growth observed when

the foliage was sprayed with a trace metal solution or when the trace

metals were added in a che1ated form (with ethylene diamine-tetracetate).

The productivity of water hyacinths varies seasonally, as observed

during this study and elsewhere (1). The efficiency of recycling

the digester residues could probably be enhanced by taking this

seasonality of growth into consideration. Water hyacinths grow much

less during the winter and therefore have much less nutrient require

ments. Less digester residue should be added then because relatively

less of the nitrogen is absorbed by the plants and more is lost from

the system due to such processes as denitrification and volatilization

to the atmosphere.
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The nutritional value of the solid residue is as good as that

of the liquid residue. It is important to try to recycle the solid

fraction as well as the liquid fraction because more than half of

the useable nutrients can be found there. Earlier studies with

algae (8,9) also found a high percentage of the nutrients in the

solid residue, but those studies suggested that these nutrients

would not be readily assimilated by the algae until further oxidation

of these solids by aerobic bacteria occurred. Presumably this

oxidation step occurs readily in the tanks of water hyacinths. The

solids act as a complex fertilizer that breaks down slowlyreleas-

ing required elements for plant growth.

Utilization of these nutrients in the digester residue is a

major development in the bioconversion of biomass to fuel. Rather

than considering them only as a waste product of digestion and

disposing of them (e.g., 10), they may be considered a means of

recovering a precious resource which can be recycled and reused over

and over again. The use of these nutrients is probably a necessity

for any major bioconversion system using plant biomass (11,12).

Because of its high productivity and nutrient removal rates,

water hyacinths could be used in advanced sewage treatment. For

7example, a plant producing 3.8 x 10 1 of secondary sewage per day

containing 25 mg NIl could support an annual yield of water hyacinths

4of about 1.4 x 10 mg/y dry weight. If this biomass was then fer-

mented anaerobically, 100 TJ of energy in the form of methane would
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be produced as well as a nutrient-rich fertilizer which would con

tain about 350 mg of nitrogen. Use of this fertilizer obtained in

the digestion process would help to conserve energy as it could be

used to replace fertilizer produced in more conventional ways.

For example, nitrogen fertilizer requires about 47-59 GJ/mg of N

(13) to manufacture conventionally. So the 350 mg of N contained

in the digester residue of the above sewage plant would conserve

on average an additional 19 TJ joules of energy. Thus, the energy

conserved by recycling just this one element would be significant,

amounting to 19% of the energy produced in the form of methane.
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VIII. Recycling digester residues as a source of nutrients for the

growth of Gracilaria tikvahiae.

by

M. Dennis Hanisak and L. D. Williams

Gracilaria tikvahiae was fermented from October, 1978 to October,

1979 in two digesters similar to those previously described for the

digestion of the water hyacinth (Eichhornia crassipes) (see Chapter

7). The first attempts to digest Gracilaria were unsuccessful; these

included using fermenting dairy manure or water hyacinths as an

inoculum or using the Gracilaria alone. Digestion was eventually

started by loading the following into the digester: 20 1 of anaerobic

sediments collected in the Indian River in an area of decaying sea

weeds and seagrasses, 20 1 of seawater, and 5-25 kg wet weight of

Gracilaria. Gas production began within 5 days. No pretreatment

of any kind was needed to digest Gracilaria.

The digester was loaded at approximately weekly intervals, usually

with 5 kg wet weight (which is equivalent to 0.40 g volatile solids/l

digester volume.day). The contents of the digester were mixed manually

at each loading; this was the only agitation employed.

The digesters were kept at ambient temperature (30~C ± SOC) dur-

ing most of the year. During the cooler months of the year (November-

March), the digesters were kept partially submerged in a 3800 1

circular water tank which was kept at approximately 30°C by an immersion

heater.
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To investigate the suitability of the digester residue as a

nutrient source for growing Graci1aria, batch cultures, maintained

2at a density of 2.6 kg wet weightlm , were grown in aerated, 55 1

chambers like those described by Lapoinmand Ryther (1978). These

cultures received either various amounts of liquid digester residue,

enriched seawater (see Table 1), or unenriched seawater. The water

was changed once a week, at which time the cultures were harvested,

weighed, and the incremental growth removed.

Levels of nitrate, nitrite, ammonium, and phosphate were monitored

(APHA, 1971) in the tanks prior to and after the additions of digester

residues. The nitrogen and carbon contents of plants or solid

residue were determined with a Perkin-Elmer MOdel 240 Elemental

Analyzer. The amount of organic matter (i.e., volatile solids) of

plants or solid residue was determined after ashing dried samples

(dried at 60°C for 48 hrs) for four hours at 550°C in a muffle

furnace.

To date, Gracilaria has been digested for over a year, with an

average gas production of 0.4 llg volatile solids, at 60% methane

(Table 2). The heat of combustion of Gracilaria is 4.5 kcallg ash-

free dry weight (Lapointe and Ryther, 1978) or 19 k Jig volatile

solids. Since pure methane has an energy content of approximately

37 k Jll the above methane production represents an average biocon-

version efficiency of about 47%.
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Table 1. Composition of enrichment medium used for growing Gracilaria

tikvahiae.

mg/1

NaN0 3 127.3

KH 2P04 20.0

1Trace metal mix

Fe 2.53

EDTA 1.52

Mn 0.45

Zn 0.45

Cu 0.06

Bo 0.012

Mo 0.006

1Prepared as a 2:1 mixture of Sunni1and Nutri-Spray (Chase and Co.,

Sanford, FL) and Vigor~ Liquid Iron (Swift Agricultural Chemicals

Corp., Winter Haven, FL).
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Table 2. Characteristics of stable, continuous anaerobic digestion of

Gracilaria tikvahiae.

Temperature

Agi.tation

Load composition

Mean loading rate

Normal pH range

Gas production

Bioconversion efficiency

None

Gracilaria at 11% total solids,
of which 58% is volatile solids

0.43 g volatile solidsll digesterl
day

6.8-7.5

0.4 llg volatile solids, at 60%
methane

47%
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Th~ liquid digester residue was an excellent source of nutrients

for the growth of Gracilaria (Table 3). There was no significant

differences in growth between cultures that were enriched with a

defined chemical medium and those that received liquid digester

residue. The unenriched controls grew slowly at the start of the

study but ceased growing after their nutrient reserves were depleted.

The composition of Gracilaria grown on liquid digester residue

is similar to those enriched with culture medium in terms of per

centage ash, organic, and carbon (Table 4). Enhanced ~itrogen con

tent and, consequently, 8 reduced C:N ratio of the plants grown in

digester residue were significantly different than those grown on

the defined medium. There were no significant differences in

composition resulting from the different concentrations of digester

residue used. The unenriched controls had reduced ash and nitrogen

levels and elevated C:N ratios relative to the enriched cultures.

An approximate balance of the nitrogen recycled through the

culture-digester-culture system was made. Over the course of the

study, one digester was loaded 55 times with a total load of 312.5

kg wet weight of Gracilaria. This biomass was equivalent to 20.2 kg

ash-free dry weight and contained 893. 1 g N. :0£ this N, 65% (582.5

was recovered in 305 1 of liquid residue and 29% (260.9 g N) was

recovered in the 116 kg of solid residue. The liquid residue con

tained an average 1.91 g NIl, of which about 66% was in the form

of NH4-N and the remainder was organic nitrogen of an unknown identity.
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Table 3. Monthly mean yields (± standard error) of Gracilaria tikyahiae grown in un-

enriched seawater, in chemically-enriched medium, and in liquid digester residue.

Month

(1979)

January

February

Ma'rch

April

May

.Iune

July

August

September

October

Grand Mean

n

Mean yield 2(g ash-free dry weight!m Iday)

Unenriched Chemically-enriched Li~uid digester residue l

A B

2.88±0.69 2.72±0.69 4.37±0.94 3.79±0.92

2.92:'::0.48 3.00:tO.6l 4.l2±0.54 4.36:1:0.68

2.33+0.78 2.40:1::0.64 3.72±1.l0 4.78 11.26

1.10i:0.5l 5.55±0.87 6. 64±1. 22 8.05+1.53

8.39±0.92 8.22±L48 8 .19±1. 05

9.09±0.82 8. 7l±0. 52 5. 62±I. 22

12. 03±2. 42 15 .t ret ,55 11. 80±1. 86

l4.03±1.93 l6.86±1.86 17.39±1.99

5. 37±I. 74 10.06±2.l4 8.65±1.48

4. 73±2. 61 8.26±0.80 9.08±1.11

2.27:':0.32 7 .n±o. 62 8.62:+-0.64 8.65-\0.63

30 74 74 74

lA and B received 1.0 and 0.5 1 respectively of liquid digester residue.
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Table 4. Mean (± standard error) ash, organic, carbon, and nitrogen composition and

carbon:nitrogen ratio of Gracilaria tikvahiae grown in unenriched seawater, in

chemically enriched medium, and in liquid digester residue.

Month

(1979) Unenriched

% of dry weight

Chemica11yenriched Liquid digester residue l

A B

Ash 33. 92±O.62 36. 25±O.55 37.95±O.68 36.69±O.52

Organic 66.08±O.62 63.75±O.55 62.05±O.68 63.31±0.52

Carbon 28.58±O.35 26.9l±O.3l 27. 2l±O. 28 27. 33±O. 27

Nitrogen 1.43±0.08 2.54±0.O5 3.46±0.ll 3.19±O.09

Carbon: nitrogen 2l.93±l.37 10 .82±O.17 8.40±O.26 8.96±O.22

n 30 74 74 74

1A and B received 1.0 and 0.5 1 respectively of liquid digester residue.
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Addition of this liquid effluent over a 292 day period to cultures

of Gracilaria at the rate of 1 liter/week produced 578.9 g ash-free dry

weight which contained 32.3 g N; when added at the rate of 0.5 liter/week,

580.9 g ash-free dry weight was produced containing 29.3 g N. This

corresponds to a xecycling efficiency of 40.2 and 73.0% respectively.

Since there was no difference in biomass yields due to the different

levels of residue addition, both cultures had sufficient nutrients

for maximal growth. The higher enrichment provided excess nutrients

that were not assimilated by Graci1aria, thus causing a reduction

in recycling efficiency. At the present time, then, a recycling

efficiency of 73.0% is the best estimate of the reassimilation of

nitrogen by Graci1aria from the residue.

Using these estimates, the culture-digester-cu1ture system may

be briefly summarized (Fig. 1). For every 100 g N added to the

digestP~ in the form of Graci1aria, 29 g N were recovered in the

solid residue and 65 g N were reco~ered in the liquid residue. Of

this 65 g N, 48 g (73%) was reassimi1ated by Graci1aria. Thus, of

the original 100 g N, 48 g N would be completely recycled from the

digester back to cultures, an overall recycling efficiency of 48%.

This study demonstrated that Graci1aria can be readily fer

mented to produce methane and that the liquid digester residue can

be recycled to produce additional biomass of Graci1aria. The gas

production and the bioconversion was the same as that reported for

the freshwater macrophyte Eichhornia crassipes digested under similar
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conditions (see Olapter 7). This suggest that estimates of digesti

bility made on the basis of these species are probably fairly

representative for aquatic plant biomass under these conditions.

There were some differences between the two species in the

recycling efficiency of nitrogen. The overall recycling of nitro

gen was greater for Eichhornia (65 vs. 48%) because of the ability

to recycle solid, as well as liquid, residue. Observation of solids

from digesters of Gracilaria suggested they were not as readily

biodegradable, but their potential of recycling needs to be explored.

Although the overall efficiency of recycling was less for Gracilaria,

its liquid digester residue did have a higher percentage of nitrogen

in the form of NH4-N (66 vs. 50%) and was more readily reassimi1ated

(73% vs. 65%) than that of Eichhornia.

Despite these differences, nutrients were conserved during the

digestion of both species and the nutrients in the liquid residue

were readily reassimilated by cultures of both species, with yields

as high or higher than cultures receiving chemical enrichment. This

is important to the development of "energy farms" employing these

species because one of the major costs involved (in terms of both

economics and energy) is that of fertilizer. Recycling of nutrients

is probably a necessity for such an "energy farm" (Goldman and Ryther,

1977; Oswald and Benemann, 1977).

It is possible that digester effluent might be the only external

of nutrient enrichment needed to grow Gracilaria in a flowing seawater

system, even assuming a recycling efficiency of only 48% (a value
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which can probably be improved to 60-65% with further experimentation),

if the seawater source itself is moderately eutrophic. For example,

2
Gracilaria, growing in the 929 m pond being stocked at the Harbor

Branch Foundation, filled to a depth of 1 m and receiving 2 exchanges

of unenriched seawater per day (which has an average nitrogen concen-

tration of 8 ~oles/l), would receive enough nitrogen to support 6.6

g ash-free dry weight/m
2/day

(assuming an internal nitrogen concen-

tration of 2.0%). If Gracilaria grew at an average of 12 gash-free

dry weight/m
2/day

and was fermented to methane, the resulting residue

2could support an additional 5.8 g ash-free dry weight/m jday. Thus,

the nutrients contained in only the unenriched seawater and the liquid

digester residue could provide enough nutrients to support the assumed

2
12 g ash-free dry weight/m /day without the need to use conventional

fertilizers. The "energy farm" would then be operating like a natural

ecosystem where energy flows through the system while nutrients cycle

within the system.

Further improvements in such an "energy Tarm" might be achiev.ed

by recycling the solid residue as a source of nutrients or by com-

bining the gas production and nutrient recycling with agar production

from Gracilaria. Agar is a commercially important and economically

valuable natural product which might be extracted either before or

after Gracilaria is loaded into the digesters. Such a combined

system could lead to a major aquaculture crop being cultivated in a

closed nutrient system, with energy requirements met, at least in

part, by the methane generated within the system.
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