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FOREWORD

The International Atomic Energy Agency (IAEA) and the Food and Agriculture Organization
of the United Nations (FAO) support research contracts, seminars, symposia and various other
meetings concerned with a wide range of nuclear techniques. These activities are carried out by
thier Joint FAO/IAEA Division of Isotope and Radiation Applications of Atomic Energy in Food
and Agricultural Development.

This Consultants Meeting on the Role of Isotopes in Studies on Nitrogen Fixation and
Nitrogen Cycling by Blue-green Algae and their Associations was held at the Vienna International
Centre in Vienna, Austria, October 11 — 15, 1982. The participants from developed and developing
countries attended at the invitation of the sponsoring organizations. The objective of the meeting
was to evaluate the current status of research on nitrogen inputs to lowland rice fields by blue-
green algae and their associations, particularly Azolla, and to recommend appropriate research
problems which could be solved by isotope-aided studies.

This document contains reports presented by several of the participants, and the recommen-
dations developed during the meeting for isotope-aided research. The consultants group recom-
mended that the FAO/IAEA Joint Division should initiate a coordinated research programme in
this field and that initial emphasis should be placed on the Azolla-Anabaena symbiosis. Dr. M. Fried,
Director of the FAO/IAEA Joint Division, served as Chairman of the scientific sessions and
Dr. S.K.A. Danso as the Scientific Secretary.
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OPENING ADDRESS

M. ZIFFERERO
International Atomic Energy Agency,
Vienna

On behalf of the Directors General of the Food and Agriculture
Organization and the International Atomic Energy Agency of the United Nations,
I have the pleasure to extend a warm welcome to all the participants in this
Meeting. I hope you will find the available facilities in the Vienna
International Centre or VIC, as our building is called, satisfactory and
conducive for a successful meeting.

At the current rate of population growth, there is an urgent need for
increased food production. Rice and grain legumes, being two very important
food crops, will play an ever increasing role in averting severe hunger and
malnutrition. All efforts should therefore be directed at maximizing the
yields of these crops, at the least possible cost, especially for the poor
peasant farmers, who incidentally produce the greatest bulk of human food in
the developing countries.

Examining the constraints on achieving high level of production even
with high yielding varieties of crops, one cannot but agree that soil nutrient
deficiencies are crucial. Traditionally, expensive fertilizers have been used
to correct soil nutrient deficiencies. Indeed, a review has shown that 50% of
the increase in rice yield after World War II can be attributed to increased
fertilizer N use. Nitrogen and phosphorus have indeed been demonstrated in
many studies to be the two most important elements which limit crop yields.
Although an increased rate of fertilizer N and P use has been advocated to
meet the growing demand for food, we should not lose sight of the ability of
peasant farmers to afford the purchase of fertilizers, whose prices aref
projected to increase in the years ahead, as well as the attendant waste
associated with uhe fertilizer applied, as plants are capable of taking up
only a portion of the applied fertilizer in its year of application, a lot
being lost through various processes.

The exploitation of cheaper alternatives or supplements to fertilizers
have therefore been advocated. The IAEA has commited itself strongly to using
nuclear techniques to answer some of the pressing questions with many of the
alternatives which have been identified, and for which there are prospects.
One of these areas which has received considerable support and for which
isotopes have proved very valuable is the area of N2 fixation by grain
legumes. A Joint FAO/IAEA coordinated research programme, wholy devoted to
this problem is in its fifth year, and many questions for which definitive
answers were not available, due to poor techniques, have been answered clearly
by the use of ^-'N. Last year, an FAO/IAEA consultants meeting on the
mycorrhizae was convened to investigate the potential role of these
mycosymbionts in making existing soil nutrients or naturally occurring and
cheap fertilizers more available for plant growth. A positive recommendation
was made, and it is our hope that a programme would be initiated in the near
future.

Our increased interest in biological nitrogen fixation as a supplement
or alternative (in certain situations) to N fertilizers has led to our
convening this meeting. Evidence being assembled daily points to the fact
that N fixation by the blue green algae or their associations, such as
Azolla-Anabacna is very important. Available figures from e.g. the Azolla
symbiosis demonstrates that this source of N could rival legume N fixation.



For instance, the figures of 500 and 600 kg N/ha/yr of N fixed by Azolla in
paddies quoted by the International Rice Research Institute (IRRI) and OSTROM
in Senegal are greater than would be expected from most legumes. It is our
sincere feeling that the experience gained by using *% for field studies of
N fixation in legumes can be extended to estimating accurately N fixed by blue
green algae in rice paddies, and how various management practices act on the
amount of N fixed by these algae and their associations.

Attempts to develop microorganisms capable of fixing N directly into
rice plants are still on the drawing board only. These blue-green algae and
Azolla plants which fix N in rice paddies therefore have to decompose before
making the fixed N available for uptake by rice. This then is a significant
difference between the N fixed in rice paddies and in legumes. We are here
again happy to inform you of the IAEA's interest and previous involvements in
programmes designed to investigate the efficiency of nutrient use. Isotopes
proved to be powerful tools for such studies, and we would be most interested
to initiate programmes of nutrient availability from the blue-green algae
based on your recommendations.

The Joint FAO/IAEA has invited you to this meeting, as a result of its
commitment to finding ways and means of alleviating the plight of the hungry,
especially in the developing countries. We therefore seek your assistance in
identifying those areas of N fixation and N cycling by the blue-green algae
and their associations, which could be tackled most effectively by isotope
techniques and recommending future research activities aimed at increasing N
fixation by these organisms leading to a less dependence on fertilizer N use
for rice production. It would be the most ideal thought, to have the yield of
the most important cereal crop, rice being highly independent of expensive
fertilizer N application.

I am sure you are all looking forward to an exciting and successful
meeting, and I would like to wish you all an enjoyable stay in Vienna. It is
our pleasure to be your hosts for this week.



NITROGEN FIXATION BY THE
Azolla-anabaena azollae SYMBIOSIS

J.H. BECKING
Research Institute I.T.A.L.,
Wageningen, Netherlands

Abstract

A concise outline is presented on the main characteristics of the
AzpJLla association in relation to tropical wetland rice cultivation and
the nitrogen economy of paddy soils. Due to the presence of a nitrogen
fixing cyanobiont occurring in a special leaf cavity of the Azolla leaf,
the water fern Azolla can grow in a nitrogen-deficient environment and
is able to contribute considerably to the nitrogen status of the soil.
Under favourable field conditions Azolla can fix 5.0-9.0 mg N.g dry
weight plant tissue, day , which corresponds to a doubling time of
the biomass of 2.5-5.5 days in Azolla pinnata var. pinnata. For
unlimited growth of Azolla a nitrogen input into the ecosystem of
300-600 kg N.ha~ .year" is estimated.

Environmental conditions such as light intensity, temperature,
humidity and other weather conditions such as wind and water agitation
(waves) may affect the N -fixing capacity of the fern. In general, a
turbulent water surface is deleterious for a free-floating water fern
like Azolla. Further, the water management of the rice crop is of
influence on N-input produced by Azolla and the benefit of the
accumulated N for the rice crop. Chemical factors such as inorganic
nutrients may affect the growth of Azolla. In this respect in
particular the availability of phosphates is important.

An experimental set-up is presented for how the nitrogen-fixing
capacity of Azolla plants can be measured in the field by means of the
acetylene reduction assay using a rather simple glass vessel. A15comparison was made between N_ fixation by Azolla and acetylene
reduction of ftzolla plants under identical conditions. A conversion
ratio of C.H.:I\L = 5.6-7.9 : 1 was observed, being therefore
different from the theoretical value of 3:1. The availability of the
nitrogen fixed by ftzolla to the rice crop is discussed. Some



physiological and biochemical characteristics of the ftzolla symbiosis
are presented such as the inhibition of N fixation by CO and the
observed differences in pigment composition of the ftnabaena azollae
symbionts in the various ftzolla species, which seems to be correlated
with the N -fixing capacity of these associations.

Introduction

The nitrogen-fixing capacity of the association ftzolla spp. and the
blue-green algae ftnabaena azollae may contribute considerably to the
nitrogen economy of tropical wetland rice. In the present short outline
some requirements and characteristics of ftzo 1la and its internal
symbiont are discussed in relation to tropical wetland rice cultivation,
ftzolla is a small water fern which has a world-wide distribution
occurring in tropical, sub-tropical and temperate regions, but
particularly in S.E. Asia, where it is of agronomic importance because
of its very rapid growth and its large combined nitrogen inputs into the
soil. Since 1971 we have (Becking 1972 a) studied the environmental
requirements of Azolla in natural ecosystems in Indonesia (Java) and
also in laboratory experiments. Together with work from other sources
(see review "Nitrogen and Rice", I.R.R.I. 1979) there is now a good
insight and evidence on the availability and potentials of ftzoHa as
green manure in tropical wet rice cultivation.

Growth and Nitrogen Fixation

Due to the presence of the blue-green algal symbiont (ftnabaena
azollae), ftzolla species are able to grow in a nitrogen-deficient
medium. Usually, ftzolla has a very rapid growth. Under optimal
conditions in the field its growth rate is 5.0-9.0 mg N per g dry weight
per day,producing a dry matter increase of 0.135-0.290 g per g ftzolla
dr.wt. per day. This value corresponds to a doubling time of 2.5-5.5
days (see review Becking 1979). Similar doubling times have been found
by other workers (Brotonegoro & Abdulkadir 1976; Watanabe 1977, 1978 and
others).

The maximal N input in the exponential phase of growth for
unlimited growth of ftzo1la as estimated by the acetylene reduction assay
is about 335-670 kg W per ha per year (Becking 1972 a, b). Values of
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the same order haue been obtained by other workers. In growth
experiments in open containers, Saubert (1949) estimated, on the basis
of biomass production and its N-content, a value for nitrogen fixation
of 310 kg N per ha per annum. Moreover, Watanabe (1977) found in the
Philippines in field plots an accumulation of 330 kg N per ha in 220
days, and with continuous growth of Azolla, with 22 crops harvested in
330 days, a total yield of 460 kg N per ha.

The above-mentioned estimates all refer to unlimited and continuous
growth of Azolla in open water areas with optimal mineral nutrition. In
agricultural practice, however, the growth of Azolla is not continuous.
In the fallow period between rice crops, the fields are generally dry
and devoid of Azolla growth. Moreover, before the flowering stage of
the rice plants, the fields are normally drained in order to stimulate
tillering of the rice plants. Hence, after flooding of the newly
established rice field, ftzolla usually starts from practically zero, if
the field is not artificially inoculated with Azolla. Also, because of
space competition with the rice plants, complete cover of Azolla. is
normally never obtained. For this reason, the optimal values of Azolla
as obtained by the acetylene reduction assay should be corrected down to
25 - 50% Azolla cover, giving a yield of 62-125 kg N per ha per year
(Becking 1975). Taking into account the observed dark I\L fixation of
about 20-30% nitrogen fixation during night (see later), a figure for
nitrogen fixation, under field condition, of 103-106 kg W per ha per
annum can be estimated (Becking 1976).

Factors Affecting Mitrogen fixation

Apart from agricultural practice, a number of environmental
factors may affect the yield and nitrogen fixation potential of
Azolla. These factors can be of a physical, chemical or biological
nature, The effect of these limiting factors may also be different
either for the blue-green algal symbiont or for the total plant-algal
association.

Of the physical factors light intensity, temperature, humidity
and weather (wind, waves, etc.) are particularly important for Azolla
growth. With respect to light it can be stated that it affects the
photosynthetic activity and the growth and nitrogen fixation of the
plant arid the symbiont. High light intensities (above 90 k lux) show
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Fig. 1. Acetylene reduction rate of flzolla pinnata intact plants
in Indonesia as affected by light intensity during time
of day (o full of sunlight, A dark). After 30 minutes'
exposure the dark period is started.

an inhibitory effect on nitrogen fixation (see Fig.l), while low light
intensities or shading (particularly by the rice plants) seems to have
a favourable effect on the growth and multiplication of the fern. Day
temperatures of 25-30 C are favourable for the growth of Azolla.
However, higher temperatures, e.g. 35 C are distinctly inhibitory or
even detrimental for its growth. These responses may be, however,
different in various Azolla species, strains or varieties. A certain
humidity is further essential for the growth and multiplication of
Azolla as a water fern. Hence, irrigation and water management of the
rice field are important for the growth of a free-floating fern like
Azolla. Wind and waves are generally not favourable for the growth of
the fern. Agitation of the water tends to break the fronds, and this
fragmentation usually has a serious limiting effect on the I\L
fixation capacity of the fronds. Large waves (or typhons) are very
detrimental for Azolla growth.
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Of the chemical factors, it can be mentioned that ftzolla needs a
complete inorganic nutrient solution like most higher plants.
However, with regard to nitrogen it can rely on atmospheric nitrogen
(N ) for its total N-requirement. The presence of combined nitrogen
(e.g. nitrate) in the substrate has remarkably only a small reducing
effect on the nitrogen fixation capacity of the association. This is
primarily due to the fact that the upper lobe of the bilobed leaf,
which contains the symbiont, is not in direct contact with the water
layer, but projects freely into the air. Of the main mineral
requirements particularly phosphate, iron arid some trace elements
(especially Mo for nitrogen fixation) are important. The pH of the
medium usually affects the availability of these elements. In general
Azolla prefers a medium close to neutrality or slightly acidic,
probably due to the fact that this pH is favourable for the
availability of some of these minerals to the plants. The supply of
oxygen or nitrogen gas is usually not limiting, because of the free
access of air to the fern. No thorough investigation has up to now
been made as to whether flzolla is resistant to saline or semi-saline
conditions.

Of the biological factors, insects such as, Lepidoptera
(caterpillars), Diptera (mosquito larvae), Cephalapoda, Crustaceae and
snails may influence the growth of flzolla by their grazing on the
Azolla biomass. However, the use of pesticides or herbicides are
usually also detrimental to ft.zpJL.la (Becking 1979), so probably the
application of biological pest control methods should be explored.
Microbiological pathogens (bacteria, fungi and virus) are another
biological factor affecting the growth of ftzo1la. These may affect
the growth and reproduction of both systems and also may show
antagonisms, i.e. substances released by bacteria or other agents,
which may reduce the growth and nitrogen fixation of the association.

Measurements and Assessment of Nitrogen Fixation

For the assessment of nitrogen fixation in the field a small
glass vessel (Fig 2) of c. 70 ml capacity supplied with two rubber
septa was used. The acetylene reduction assay was employed by
introducing acetylene gas through the rubber septa with a
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Fig. 2. Glass vessel (70 ml) used for the acetylene reduction
assay. The vessel has two rubber septa for monitoring
the gas atmosphere in the vessel after acetylene
introduction.

gas-tight syringe. Gas samples of the atmosphere of the vessel were
also taken through the rubber septa. The experiments were performed
with c. 10% acetylene in air and the ethylene production from
acetylene was determined by means of a gas chromotograph fitted with a
hydrogen-flame ionisation detector and a Porapak T (80/100 mesh)
column operating at 60 C. A typical experiment of such an assay is
given in Table 1.

14



Table 1. Acetylene reduction by Azolla pinnata plants wi thAnabanea azollae

symbiosis in the field. Muara Experimental Station, Bogor, Indonesia.

C2H2
in air

10% acetylene

i ncubation
time
mi n
0 - 3 0
30- 60
60- 90
90- 120

120- 150

n moles
C2Hi»

30 min
88
86
6i<
103
113

n moles C2Hi,
mg N
30 min

15.1
l*. 3
11.0
17.7
19. -1*

n moles C2H/,
mg N
h

30.2
29.6
22.0
35-^
38.8

n moles CoH/,
mg protein

min

3.1
3.1
2.3
3-7
it.O

Plants: dry weight 0.165 g
5.82 mg N (3.53% N)

Table 2.

Effect of £-2^2 c°nc« °n the nîtrogenase (C2H2) act iv i ty of Azolla

£2^2 in air
ARA %
Inhibition

%

5*
96

^

10*
100

-

20*
92

8

60*
*»3

57

80*
38

62

To use the acetylene reduction assay, the optimum acetylene

concentration for the particular organism (Azolla) must be used. As
shown in Table 2, optimal acetylene reduction activity (ARA) is at c.

10% C_H_ in air. Further for the conversion of acetylene
reduction values into N fixation values, the conversion ratio of
C„H.: N_ should be experimentally determined. The conversion24 2
factor depends on environmental conditions and plant material. Tests
under similar conditions for acetylene reduction and for N.
should be made in order to obtain a reliable value for the conversion
ratio.

Under identical laboratory conditions (flat-bottomed Roux bottles
with a thin layer of medium) we tested the nitrogen fixation of Azolla

15fronds in the presence of 10% (v/v) N with 40 atom % excess N
or with 10% (v/v) acetylene (Becking, unpublished). In both sets of
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Table 3. Exposure of AzoVLa pinnata fronds to 40 atom % 15 N2

Exposure
time

h

0

1

2

3
It

Atom % 15N
sample

0.3688

0.4471
0.5232
0.5570

0.5957

N- con ten t
bi omass

mg

1.78
A. 82

4.67
4.38
5.10

dr. wt.
bi omass

g
0.0499

0.1407
0.1478
0.1421

0.1615

yg N fixed
per

b i ornas s

-

9.8

18.5
21.1

29.5

yg N fixed
per

mg N

-

2.04

3.96
4.81
5.79

yg N fixed
per

g dr. wt.

-

69.8
125.1

148.3
182.8

Atmosphere v/v: 12% A, 181 (^ , 10% 15N2, 0.32 C02

Table 4. Comparison of 15N2 fixation and ^2^2 reduction in Azolla

Method

1SN2

Acetylene
R e d u c t i o n

Time

yg N f ixed
p. g dr wt

yMol N f ixed
p. g dr wt

yMol N2
p. g dr wt

yMol C2Hj,
p. g dr wt

R a t i o C 2 H^/N 2

1 h

70

4.99

2.49

14

5-6

2 h

125

8.93

4.47

28

6.3

3 h

148

10.56

5.30

42

7.9

4 h

183

13.05

6.53

50

7-7

experiments, the same basic gas mixture was used [72% A, 18% 0-,
0.3% C02, (v/v)] and only the 10% N (v/v) in the 15N
experiment was replaced by 10% C H (v/v) in the acetylene
reduction experiments. As evident from Table 3 and 4, in the first
four consecutive hours the ratio C H :W changes from 5.6 - 6.3
in hours 1 and 2, to 7.7-7.9 in hours 3 and 4. The conversion factor
N -C-hL is therefore in this case not the theoretical value 1:3,
but on the average 1:6.

ây°LÎlability of Azolla nitrogen to the rice plant

The availability of Azolla nitrogen to the rice plant depends on
the soil type, the ecosystem of the soil and the number and abilities
of the micro-organisms present, since the combined organic nitrogen
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accumulated by Azolla must be converted to mineral nitrogen, before it
becomes available to the rice plant. The availability of mineralized
nitrogen to the rice crop depends to a large extent also on the
agricultural system practiced, i.e. whether a fallow period after the
rice harvest with low humidity and oxygen access into soil is
applied. It is also influenced by the system of drainage, tillage,
ploughing, etc., and whether the rice stubble is worked into the soil
or not.

The conversion rate of organic nitrogen to mineral nitrogen
depends largely on the bacteria and fungus flora and these are in turn
determined by the agricutural system practiced and the soil type
involved.

The conversion of organic nitrogen in Azolla to mineral nitrogen
and uptake of this nitrogen by the rice plant can be followed by means
of the tracer technique using nitrogen labelled with N. Here
again several methods are possible. For instance the Azolla plants

15can be fed with W labelled N_, I\IO_ or I\IH. or the soil can be<£ o T
labelled previously and by "dilution" of the labelled soil l\l with
nitrogen fixed by Azolla the N-turner can be estimated. If Azolla
plants are fed with isotopic mineral nitrogen care should be taken
that all nitrogen is converted into organic nitrogen and that there is
no residual pool of I\IO_ maintained in the plant.

From discussions of the FAO/IAEA consultants meeting it was
evident that more emphasis in future work should be put on the
turn—over rate of I\L fixed by Azolla in the soil and the/.
availability and uptake of this N by the rice plant. Therefore one of
the main recommendations is the application of N-15 and other isotopes
in the nitrogen cycling of the agricultural systems using Azolla.

Some phy s iolog i cal characteristic s of the as soc iat ion

Nitrogen fixation of the Azolla symbiosis is sensitive to CO. As
shown in Table 5, the concentration of 0.1% (v/v) CO in air produces
already 71% reduction in l\L-ase activity as measured by the
acetylene reduction test. With the concentration of 1.0% (v/v) CO the
inhibition is nearly complete (96%). The effet is probably caused by

17



Tables. Effect of CO on the nitrogenase activity of Azolla

CO in air

ARA %

Inhibi tion
%

Q%

100

0

0.01*

100

0

0.1*

29

71-

1.0*

k

96

a poisoning of the CO-sensitive system of cytochrornes of the flnabaena
azollae symbiont.

Nitrogen fixation of the symbiosis varies with the Azolla species
or clone involved. For a scheme of classification and species
differentiation of Azolla, see in the contribution "Sexual
reproduction of Azolla species", the section "Taxonomy of Azolla". By
means of biophysical methods such as pigment absorption and
epiflourescence tests, it was shown that the algal symbiont of Azolla
pinnata var. pinnata had a somewhat different pigment composition than
the algal symbiont of other forms and species like Azplla caroliana
and A. Filiculodes. Acetylene reduction tests performed concomitantly
with the biophysical tests showed a higher nitrogen-fixing capacity in
the Azolla pinnata var. pinnata association as compared to the other
Azolla species. The high nitrogenase activity of the Azqlla pinnata
var. pinnata association is in agreement with the observation that
although the chlorophyll content of the heterocysts was high
(chlorophyll absorption tests), the fluorescence yield of chlorophyll
a in the heterocysts was low. Further, in heterocysts of the
cyanobiont of this species the phycocyanin content (phycocyan
absorption tests) was low and also the phycocyanin fluorescence. In
addition, a distinct gradient in phycocyanin concentration was
observed in the vegetative cells decreasing gradually from the cells
adjacent to the heterocysts. The highest phycocyanin concentration
was always found in the vegetative cell next to the heterocyst of the
cyanobiont of Azolla pinnata var. pinnata was distinctly higher than
in the heterocysts of free-living species such as Anafaaena cylindrica
as shown in parallel chlorophyll absorption tests with the latter
species.

Thus, apart from morphological differences between the various
Azolla species, the algal symbionts of the individual species
demonstrate differences in physiological properties probably as a
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result of a different genetic background and presumably a co-evolution
of both partners.
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Abstract

This paper summarizes available information on the growth and
maintenance of Azolla in rice fields, and is based primarily upon
reports from rice producing countries in Asia. Since methods for
large scale production of sporocarps are not available, Azolla
inoculum must be produced vegetatively. For experimental purposes
this can be accomplished in galvanized iron trays with a 2 cm layer of
soil and 5 cm of water. The only necessary addition is concentrated2super phosphate at a rate of 1.5g/m every 5 days. Phosphorous is
the major nutrient limiting Azolla growth under field conditions, and
P deficient Azolla is more susceptible to damage by high light
intensity. Heavier inoculums favour establishment and growth of
Azolla. To favour initial growth, the inoculum can be limited to a
smaller area by floating bamboo or twisted rice straw ropes. Azolla
is susceptible to several pests. Common pesticides used in rice
culture also control most Azolla pests, but biological control methods
may also be effective. Suggestions are made on problems which could

14 15 32be profitably investigated using C, N and P.

INTRODUCTION

The importance of Azolla. with its nitrogen fixing endophyte
Anabaena azollae. especially as a biofertilizer for rice, is well
documented (Moore 1969, Tran & Tuan 1973, Talley et al 1977, Watanabe
et al 1977, Liu Chung Chu 1979, Tuan & Thuyet 1979, Singh 1979, Rains
& Talley 1979 and Lumpkin & Plucknett 1980). Information on its
morphology, development, physiology and biochemistry has been reviewed
recently (Peters et al 1979). Such data are invaluable not only in
the designing of isotopic studies at a field level, but also useful in
the formulation of a technology by which this plant may be better
exploited in agriculture.
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The widespread use of Azolla by rice farmers is still more or
less confined to China and Vietnam, while in other countries like
Bangladesh, India, Indonesia, Philippines, Sri Lanka, Thailand and
U.S.A. (California), this technology is at a stage of laboratory and
field experimentation.

Rice farmers in China and Vietnam have used Azolla as a
fertilizer for rice for centuries, but even in these countries, the
production and utilization of Azolla as an integral part of organized
rice production is a relatively recent development . (Liu Chung Chu
1979, Tuan & Thuyet 1979).

In this presentation I shall attempt to summarize some of the
available information on the growth and maintenance of Azolla in rice
fields. The information contained in this paper is primarily based
upon reports from rice producing countries in Asia.

Introduction of Azolla to rice fields

One of the foremost requisites for Azolla in rice cultivation is
the production of sufficient material for field inoculation. Since
factors cotrolling the formation and germination of sporocarps are
still poorly understood, production of inoculum has to be done in
situ, through vegetative multiplication, because the storage and
transport of fresh, bulky material is not only cumbersome, but also
impracticable, as Azolla undergoes rapid decomposition during storage
under tropical conditions.

Azolla needs a good amount of attention and care especially
during the initial stages of its introduction to a new environment and
it is best attempted in several, gradual stages. Such an excercise
should be started preferably with a collection of different species,
or at least different strains of the same species, found in a
particular country. An "Azolla Bank" of this type is best maintained
in the laboratory under controlled conditions, using chemically
defined media. A period of adaptive multiplication could then be
attempted preferably rn situ in the area to which the plant is to be
introduced. Initially, such multiplications could be carried out in
pits, ditches or shallow tanks of small surface area, using soil and
water as the growth medium.
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For this purpose, we have used galvanized-iron trays x 240cm x 60
cm x 10 cm (high) with a 2 cm layer of soil covered with tap water,
made up to a level of 5 cm (Figure 1). A bent glass tube inserted at
one end of the tray ensures drainage of water above a desired level
and prevents the spilling over of Azolla when left outdoors during
rainy weather. The only chemical nutrient regularly added during this
growth is phosphorus, which is usually provided as concentrated super

2phosphate fertilizer, at the rate of 1.5 g/m , every five days. We
have found that the outdoor cultivation of Azolla from laboratory
grown material is most successful when the outdoor cultures are
maintained under a partial shade during the first 3 to 5 days. This
is especially so in the dry zones of Sri Lanka where the light
intensity goes above 125 klux and the daytime temperature is around
36°C during a major part of the year.

There are two principal methods of growing Azolla in rice fields
(Liu Chung Chu 1979, Tuan & Thuyet 1979):

1. As a monoculture in open fields.
2. In dual culture with rice plants.

The former method can be used either when there is a long fallow
period during which standing water is available in the fields, or
where rapid multiplication of Azolla is desired so as to obtain a
heavy cover within a short period. This heavy cover of Azolla when
incorporated into the soil, has the capability of providing a good
basal dressing of nitrogen without much interference with the total
duration of the rice production period. In this method, Azolla plants
initially adapted under a partial shade are added to the field plots
and allowed to grow under exposed conditions. During the next few
days many of the fronds may turn maroon-red, but a few tend to remain
green. The extent of reddening in a population varies with different
strains of Azolla, and we have found that this feature had some
relationship to the original habitat of the strain. For instance, a
strain originally collected from a warm area had a lesser number of
red fronds compared to a strain collected from a cooler locality.
However, this was not an invariable character. Nevertheless, the
fronds that remained green under exposed conditions adapted faster and
multiplied rapidly, especially under frequent phosphate additions.
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Field plots are inoculated with fresh Azolla preferably during
their active growth. The inoculum densities used, have varied from 50
g/m2 for A. filiculoides (Rains & Talley 1979) to 100 to 400 g/m2
(Singh 1979) and 250 to 1000 g/m2 (Tuan & Thuyet 1979) for A.
pinnata. Our experience, as well as that of the others, is that the
heavier the inoculum, the faster the growth and establishment. Use of
heavy inocula has been also suggested as a measure to control pests,
which can be smothered by the rapid growth of Azolla (Liu Chung Chu
1979). However the application of heavy inocula becomes a practical
limitation when large areas of fields have to be inoculated.

The dual culture method of growing Azolla with rice is perhaps of
more widespread applicability because standing water is available in
the field during the growth of rice from seedling to panicle
initiation, in most wetland rice fields. Azolla grows harmoniously
with rice plants and often remains green and healthy during such
growth, being shaded from high light intensities, by the rice canopy.
However, the biomass of Azolla under dual culture is obviously less,
since the rice plants occupy a large area of the field. Chinese
scientists have adopted a change in the planting pattern of rice
leaving wider avenues in between rows of rice hills to permit better
growth of Azolla (Liu Chung Chu 1979). This method, tested by Dr.
Watanabe and his group at the International Rice Research Institute,
Philippines and by us at Peradeniya in Central Sri Lanka, has given
very encouraging results. The results of our experiment show that an
incorporation of Azolla grown under "avenue planted" rice gave a grain
yield increase of 47% compared to 22 and 14% increases obtained with
Azolla grown under transplanted and broadcast seeded rice respectively
(Kulasooriya 1983). Another factor to be considered during the
initial field establishment of Azolla is dispersion of the fronds by
wind. Turbulence and fragmentation have been shown to be detrimental
for the growth of Azolla (Ashton 1974). When a small inoculum of
Azolla is added to an open field, the fronds get dispersed by wind and
very often such fronds either perish or take a long time to initiate
rapid growth. Such spreading of inoculum material can be minimised by
dividing the field plots into smaller sub-plots using bamboo or any
other suitable floating material. This type of partitioning
successfully used by us is diagramatically shown in Figure 2. This
shows that the direction of the wind has to be taken into account in
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the subdivision of the plots. As the Azolla cover increases, the
bamboos are removed and wind itself assists in the rapid spread of the
growing Azolla mat. We have found that rice straw twisted into loose
ropes can also be used for this purpose. Chinese farmers use rice
rows as barriers to prevent the drifting of Azolla (Lumpkin &
Plucknett 1980).

Growth and nitrogen fixation

Under favourable conditions, Azolla multiplies very rapidly by
vegetative means, and such fragmentation is facilitated by the
abscission layers formed at the points of branching. Reports of
growth and nitrogen fixation of different species of Azolla from
different localities, under various conditions have been well
summarized by Becking (1979). The doubling times given by Becking
(1979) range from 2.0 to 19.9 days. While these rates of growth
appear to be related to species and the growth conditions, laboratory
growth measurements have generally given shorter doubling times than
field measurements. For example Tung & Shen (1981) have recorded a
doubling time of 2.8 days for A. pinnata under laboratory growth in a
defined medium, whereas the rate under field conditions, in soil-water
was 5 days. We have recorded an 8-fold increase in biomass in 2 weeks
(Figure 3) and 50-fold increase in 22 days, giving doubling times of
4.8 and 3.9 days respectively for the same species of Azolla grown
during the Yala 1980 (dry season) and Maha 1981/82 (wet season) at
Ambalantota, in the dry zone of Sri Lanka.

Nitrogenase activity of Azolla measured by the acetylene reducing
activity (ARA) ranges from 1.2. to 13.1 umoles/g (f.w.)/h. In the
case of ARA, laboratory measurements have given values higher than the
theoretical 3:1 conversion ratio, and it has been suggested that the
conversion factor (C H :N ) for laboratory measurements be 4:1
(Becking 1979). For field grown strains of A. pinnata in monoculture,
we have recorded ARA values ranging from 1.82 to 2.59 umol/g (f.w.)/h
equivalent to 3.1 to 4.64 kg N/ha/day, when converted on a 3:1 ratio
and extrapolated in relation to the corresponding Azolla biomasses, on
the basis of a 12 h light period per day, (Table 1).

Measurement of diurnal ÄRA in 3 strains of A. pinnata. grown
under dual culture with rice, showed a positive correlation with light
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with some variations among the different strains (Figure 4). These
values when converted to the nitrogen fixed, gave rates of 0.37 to
1.14 kgN/ha/day (Table 2). Compared to monoculture, the lower rates
of nitrogen fixation recorded in this case can be ascribed to the
lesser biomasses of Azolla produced under dual culture.

Requirements for field growth

In defined media, under laboratory conditions, the nutrient
requirements for the growth of Azolla have been found to be
essentially similar to those of other green plants, the principal
difference being that Azolla can use molecular dinitrogen to meet its
entire nitrogen requirements. However, the major nutrient critical
for growth and nitrogen fixation in the field is phosphorus (Thuyet &
Tuan 1973, Watanabe et al 1977, Singh 1977, 1979, Talley et al 1977,
Becking 1979, Liu Chung Chu 1979, Lumpkin & Plucknett 1980). Watanabe
et al (1977) also demonstrated that Fe could be a critical nutrient
especially with regard to its availability at alkaline pH.

A common symptom of P deficiency is the reddening of the Azolla
fronds due to anthocyanin formation, and the lengthening of roots
which become brittle and are easily detached (Watanabe et al 1977).
Besides P deficiency, anthocyanin formation in Azolla has been
ascribed to general stress factors such as high light, and both high
and low temperature (Becking 1979). Vietnamese scientists recognise
two varieties of Azolla pinnata. referred to as "green Azolla" and
"red Azolla" which respond differently to stress factors (Thuyet &
Tuan 1973 and Tuan &. Thuyet 1979). As the names imply the "green
Azolla" remain green under P deficiency, and high light, while the
"red Azolla" turns red under such conditions. However, the "red
Azolla" is more tolerant to low temperature and salinity. Watanabe et
al (1981) have reported that, although the growth of A. pinnata
(green) from Vietnam did not turn red under P deficiency culture, its
growth was retarded. They suggest that it is a mutant strain lacking
the ability to synthesise anthocyanins. We have found that the
reddening of Azolla pinnata is the result of an interaction between
factors such as P deficiency, light and temperature (Kulasooriya et
al. 1980) and similar results were reported from Malaysia by Tung &
Shen (1981) for the same species of Azolla. In their work Tung & Shen
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(1981) have demonstrated that the growth of field grown Azolla
(doubling time) is adversely affected by increase in light under P
deficiency, whereas in the presence of 20 ppm of P, the highest rate
of growth was achieved under full sunlight. In the absence of P, ÄRA
is negatively related to light intensity, but in its presence, ARA at
50,75 and 100% sunlight was higher than at 25% sunlight. The light
intensities recorded were 30 to 120 k.lux, comparable to our
intensitied at Ambalantota, but much higher than those reported to be
adverse to A. filiculoides by Ashton (1974). A recent report from
India indicated that Azolla (probably pinnata) multiplied well under
high temperature (29-39 C) in the field and that there was not much
difference in the rate of multiplication at the two P levels of 50 and

2100 g/m of superphosphate (Sindha Mathar et al 1981).

In our experience, large scale monoculture of Azolla in the field
needs frequent P additions, in the form of powdered concentrated super

2phosphate or triple super phosphate, broadcast at the rate of 58/m
every five days. Such additions tend to keep Azolla green and healthy
and increases resistance to pest attakcs. Although such P additions
may be impracticable in the mass cultivation of Azolla by rice
farmers, they may be necessary in the maintenance of healthy nurseries
to be used as inoculum.

We have also observed that in a thick red cover of Azolla. a
number of fronds in the subsurface remain green and healthy, probably
due to the shading by the fronds above them. This may be one reason
why Azolla. which shows light saturation for photosynthesis and
nitrogen fixation at around 8000 to 5000 lux respectively in the
laboratory (Peters 1976), grow and fix nitrogen under much higher
light intensities in the field.

Besides their direct effects, high light and temperature in
exposed field conditions may have an indirect, adverse effect on
Azolla. Under such conditions the rapid evapotranspiration of water
results in an increase in salt concentration and Azolla growth is
inhibited by this high salinity. Chinese farmers overcome this
problem by having a flow of fresh water into the field, which not only
keeps the temperature down, but also compensates for the evaporation
losses (Liu Chung Chu 1979). These factors clearly show that Azolla
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technology will be completely successful only in areas where good
water supply and control is possible. The widespread use of Azolla in
rice cultivation is invariably limited by its absolute requirements
for standing water and appropriate changes have to be adopted in areas
like the dry zones of Sri Lanka, where water is available for rice
cultivation only during certain periods of the year.

Another constraint for Azolla use is its susceptibility to
several pests (Liu Chung Chu 1979 and Lumpkin & Plucknett 1980). So
far it is reassuring to find that common pesticides used in
agriculture, at concentrations applied for rice, are also effective
against pests of Azolla. However, one has to be aware of the fact
that resistance pest types may evolve in the future especially under
extensive field growth of Azolla in rice growing countries. Recently
a fungal disease of Azolla has been reported from Thailand (Parkpian
Arunyanart et al 1982). Certain insect pests have been effectively
controlled by biolgical control methods notably by the use of Bacillus
thurigiensis. while the protection of insect predators such as frogs
and spiders is also advocated. An ant Tetramorium Ruineense. has been
found to destroy 67% of these insect pests (Liu Chung Chu 1979).
Insect pests of Azolla develop into alarming proportions in Vietnam
and China during the warmer, summer months; therefore in the tropics
where temperatures remain high throughout the year, the threat of
these pests on the widespread use of Azolla could be a serious problem.

It has already been pointed out that the dearth of information on
sporocarp formation and their germination under defined conditions, is
a major limitation for the large scale utilization of Azolla. Due to
this deficiency in knowledge, Azolla production has to be done iti situ
just prior to its utilization because storage is not possible, and
transport of bulky, fresh material is impracticable. Furthermore,
without adequate knowledge on the sexual phase of the Azolla life
cycle, no profitable programme can be initiated for the artificial
breeding of Azolla strains more tolerant to high light and temperature
and low levels of phophorus and more résistent to pest attacks. What
is done at present is to pick up such strains produced randomly by
natural selection and propogate them by vegatative means. This of
course is a very unsatisfactory situation, as the purity of such
strains cannot be sustained. A preliminary experiment on sporocarp
germination under artificial conditions, was reported by Gurunathan
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and Sreerangasami (1980). They found that in the presence of combined
nitrogen, dissected sporocarps had a dormancy period of about three
months, while in a nitrogen free medium the sporocarps did not
germinate at all. Watanabe et al (1981) indicated that sporocarp
formation by A. mexicana was stimulated by low (26/18 C: day/night)
temperatures and P deficiency. They observed that supernatant water
from decomposing A. mexicana cultures or water extracts of Azolla also
stimulated sporulation and found that the active fraction was
dialysable.

Possible areas for isotopic studes

It has been pointed out that the effects of Azolla on soil
fertility is related not only to its quantity, but also to its
quality, (Liu Chung Chu 1979) and the Chinese attribute this quality
primarily to the C/N ratio of the Azolla biomass. It has been found
that nitrogen is supplied to the crop more readily when Azolla with a
C/N ratio of 10 is incorporated into soil, whereas if this ratio was
17 the N was not available to the standing crop.

It is therefore important that both CO fixation and N
fixation by Azolla under different environmental parameters are

14 15thoroughly investigated, and isotopes such as C and N can
profitably be used in such studies. These studies could be initiated
in laboratories, but should be extended to field conditions if more
meaningful results are to be obtained.

The role of phosphorus as a key nutrient for the field growth of
Azolla has already been emphasised. Unfortunately, however, no
critical studies have been reported on the phosphorus metabolism of

32Azolla. Studies using P would be useful to understand:

- The absolute necessity of P for Azolla.
- The necessity for frequent, small doses of this nutrient.

The interactions between P metabolism and environmental
factors such as light, temperature and pH.

While such studies should provide information that would be
useful to improve the field growth of Azolla both as a monoculture or
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in dual culture with rice, further studies are needed to improve the
availability of Azolla fixed nitrogen to the associated crop. It is
common practice either to incorporate Azolla into the soil as a green
manure prior to transplanting of rice, or to allow Azolla to grow side
by side with rice, with periodic incorporations along the growth cycle
of the crop. It is apparent that both these methods combined, i.e. a
basal incorporation followed by dual culture, with periodic
incorporations should provide a maximum N-input. However, such a
technology could be limited by a number of other factors. To be
successful, such a technology should have an all-year-round, assured
supply of controllable water. But this situation is rather rare in
most rice producing third world countries. Of the rice growing areas
in South East Asia, 70% is rainfed (Freney et al 1981). Even if water
supply is not limiting, intensive rice culture of raising at least two
crops per year would leave hardly any fallow period for an intercrop
of Azolla. It is therefore more likely that only one of the above
methods is practically adaptable, rather than a combination of both.

In most rice growing areas in Sri Lanka limitation of water
supply would be a constraint in the use of Azolla as a basal, green
manure fertilizer, while the prospects are better for its use as a
dual culture with rice. In our field experiments we have therefore
laid more emphasis on the latter method. The results of these
experiments are given in another paper presented here.

Another area that warrants investigation is the fertility effect
of Azolla under natural decomposition, without incorporation. At
first sight, this may appear to be a ludicrous suggestion, but when
one becomes aware of certain widespread methods of rice cultivation
practices in developing countries like Sri Lanka, such studies become
relevant. Under limitations of regulated water supply (rainfed) and
due to the high cost of labour, rice is not grown under row planting
in many parts of Sri Lanka. This type of broadcast seeded rice
produce rather crowded growth, without any regular pattern of
spacing. This would not only limit the space available for Azolla
growth, but also impede its periodic incorporation without damage to
crop plants. Under these circumstances it may be necessary to allow
natural decomposition of Azolla to increase soil fertility even at
minimal levels. Sirinivasan (1981) reported that manuring with
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Azolla. without incorporation did not add any appreciable N-input to
the soil, but in our experiments we obtained a 14% increase in grain
yield over a control without Azolla which received no N-fertilizer.

Chinese scientists have conducted some experiments on the methods
of incorporation of Azolla into soil, and their results have been
summarized by Liu Chung Chu (1979). These results though interpreted
in terms of grain yield of rice, do not show any qualitative or
quantitative data regarding nutrient availability to the crop under
the different methods of incorporation.

Use of Azolla prelabelled with isotopes of carbon and nitrogen
may reveal invaluable information on the mineralization processes
under these different systems, such data may enable the development of
Azolla technologies that could benefit the crop more effectively, like
the different fertilizer application schedules recommended with
respect to soil type, season, rice variety etc. Such studies would
also enable the understanding of nitrogen losses from organically
bound nitrogen under different environmental conditions.

Studies on Sporocarps

While attempting to break sporocarp dormancy by physico-chemical
procedures, it may be worthwhile to examine the possibility of using
ionizing radiations as mutagenic agents for the breeding of robust
Azolla strains.
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TABLE 1 - Biomass and acetylene reducing activity J^ARA.) of
15-day old monocultures of Azolla pinnata strains grown in

25 m field plots at Ambalantota, in the low-country, dry
zone*of Sri Lanka. Growth conditions are the same as in Fig.3.

Azolla
strain

Debokkawa
Bangkok
India
Peradeniya

Fresh weight
of Azollaa
(g/plot)
8000 + 54
7892 + 72
7600++ 124
7125 + 712

ARA
(I0~6mol
g (f.w.)

2.59 +
O £L/I i

1.82 +
2.41 +

b

A)
1.50
1.36
1.18
1.36

N Fixation
(KgKAa/day)

4.64
4.30
3.10
3.84

a) t-.ean value of four replicates.
b) Mean value of eight samples incubated with 20 % acetylene

from 1330 to 1430 CST, under 90 K.lux at J>k to 37°C.
* Terrain: flat to undulating; rice soils: low humic gley
^ype; 75 /' expectancy value of annual rainfall: less
than 500 mm.

TABLE 2
Nitrogen fixation by Azolla in dual culture with rice transplanted
20 cm x 20 cm at Ambalantota.

Azolla strain

Debokkawa
Bangkok
peradeniya

Biomass
g. m
(f. w)

820
700
610

mean specific activity
during the day

pmol CjH« day" g~ (i'.w)

14.96
10.87
6.64

*N- fixation

N kg day" ha" '

1.14
0.71

0.37

* used the theoritical 3:1 conversion factor.
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galvanized
i r o n tray

Azolla

t h i ck r u b b e r t u b e

(a)

Figure 1 - Diagram of a p-alvanized-iron tray used for the
outdoor, soil-water culture of Azolla.
a) Cross-sectional view of the draining system.
b) View of tray shewing drain tube attachment.
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wind
direction

water inlet water, outlet
J—»

-2m- • 4m-• 6m-

(b)

Figure 2 - Diagram of a. nursery culture of A zoll a
pinnata under field conditions.
a) 1st stage - Bamboo poles (1), (2) £.• (3)

placed at 1 m intervals.
b) 2nd stage - Bamboo poles moved to double

the area of each sub-plot.
c) 3rd stage - Bamboo poles (1) & (30>

removed as Azolla forms a complete cover.
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Debokkawa strain
Bangkok strain
Indian strain
Peradeniya strain

6 9 12

days after inoculation
15

Figure 3 - Growth patterns of the different strains of Azolla
pinnata in 5 m field plots at Arabalantota, Sri Lanka,
lïacb plot was initially inoculated with 900 g (f.l/t.)
of Azolla together with 6 g /Kg of fresh Azolla of
triple-----uper-phosphate (T3P) and 1 g/Kg of fresh
Azolla of Carbofuran (~5 % a.i.).
Subsequently ÏS'P powder (1.5 E/m ) was broadcast
over the Azolla cover every 5 days and Carbofuran
(0«5 G/ra ) was added at the initial sign of any
pest attcks.
(Diurnal light intensity: 5 to 125 K.lux; daily
temperature: 25 to 37°C).
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Acetylene reduction activity during the day time of three Azolla isolates under
field conditions in dual culture with rice. (Ambalantota)•
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GROWTH AND NITROGEN FIXATION OF
Azolla pinnata var. africana:
ENVIRONMENTAL CONDITIONS AND
FIELD PLOT INOCULATION ASSAYS

P.A. REYNAUD
Office de la recherche scientifique et

technique Outre-Mer (ORSTOM),
Dakar, Senegal

Abstract

The growth and the nitrogen fixation of Azolla pinnata var. africana
is discussed in regard to climatic conditions occuring in a dry tropical
area. Optimum acetylene reducing activity (ÄRA) was observed at a light
intensity of 60 klux, and both higher and lower light intensities
reduced ARA. Optimum ARA is in the range of 25-35 C. The harmful
effect of desiccation is slowed by adding alginate and storing at
6 C. Concentrations of nitrate-N and ammoniom-N have different
effects on Azolla. growth, and ARA. Plot assays show the importance of a
residual effect on a second rice cycle.

Introduction

In order to measure the inoculation effect of Azolla on rice and on
soil, one has first to determine the best conditions of growth and the
best agronomical practices in a given area.

West Africa possess its own strain: Azolla pinnata var. africana
which is recognized to occur in almost all the countries of the region.
This region can be separated into two climatic areas (Charreau, 1974).

a semi-humid tropical area with a rainy season ranging from
five to seven months and conditions similar to Asiatic zones
where Azolla grows;
a dry tropical area with a rainy season ranging from two to
five humid months, near 15 N latitude.

In the latter area solar radiation is high, so that potential Azolla
productivity should be high. Unfortunately, water requirement for
Azolla growth is also high and rainfall is often inadequate and varies
widely from year to year, so that effective productivity is very low.
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In this zone, adaptation of Azolla is a major problem. As Azolla could
be very beneficial for the expected future nitrogen budget of these less
developed countries, we have to consider its use under these extreme
climatic conditions.

A. Ecological factors influencing N.-fixation and Growth of A.
africana.

I.LIGHT INTENSITY.

Experimental procedure: A tank was divided into five areas of 25 x
70 cm by floating partitions so that the culture medium added was
identical in each area. Each area was shaded by a screen allowing
transmission of either 100%, 60%, 36%, 22% or 7% of incident sunlight,
which can reach easily a maximum of 90 klux at 1 p.m. in Dakar.

Each area was inoculated with 40g (fresh weight) of A. africana.
After 8 and 15 days fresh weight was determined for each area. After 8
days the Azolla morphology was observed to be affected by high light
intensities: leaves became red and roots were stunted. Under the lowest
light intensity (Emax =6.3 klux) Azolla morphology was not apparently
affected but the productivity was low (Table 1.). The ratio
chlorophyll/carotenoid decreased with increased incident sunlight.

After 15 days the ratio chlor./car. did not differ and productivity
was proportional to incident sunlight intensity.

The Acetylene Reducing Activity (ARA) measured at 27 C in
different sunlight intensities, is maximum when Emax. is 60 klux (300

2n.moles C H /h/cm ); higher and lower light intensities (1.7 klux)
both reduce ARA (Roger and Reynaud, 1979), showing that an optimum
energy input is required to obtain a high level of N -fixation.

II. TEMPERATURE.

In optimum light intensity, experiments on ARA were carried out in
the range of 25 C-40 C; temperatures higher than 35 C increased
ARA during the first hour of incubation but then inhibited it, at 40 C
ARA is totally inhibited within 6 hours. Optimum ARA of A. africana is
in the range of 25-35 C.
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In the dry area of West Africa the growth of A. africana is very
slow, and almost stops between December and April when the temperature
range is between 15-28 C. In April, when the temperature increases,
the doubling time is reduced to 3 days. This fact is markedly important
as it is impossible to produce Azolla inocula between December and
April, under these latitudes with the indigenous strain. However, we
have tested A. caroliniana during January 1981, with a temperature range
between 15-28 C, in a green house and have noticed that its doubling
time is 3 fold less than that of A. africana. The use of this
introduced strain could be indicated.

III. EFFECT

During the dry season the relative humidity varies in 6 hours
from 95% to 35%. If the fern is allowed to dry up, the time course
of ARA falls to zero within 24 hours and remoistening in a proper
growth medium does not restore ARA, and no more growth is observed
(Reynaud, 1980). This harmful effect of desiccation can be slowed
down by two methods summarized in Table 2.

1. Adding alginate (0.05% w/v) to the growth medium results in
an ARA decrease of only 60% within 24 h during desiccation,
and when the fern is remoistened, ARA is restored to its
initial level.

2. Storing Azolla at 6 C under low humidity conditions
preserved ARA. for more than 48 hours.

We have successfully used these two methods for protecting
Azolla during the shipment of inoculum to the field.

IV. EFFECT OF NATURE AND CONCENTRATION OF COMBINED NITROGEN.

In the Fleuve region, north of Senegal, amounts of nitrogen as
high as 150 kg/ha are .required for rice cultivation so that
AzoTla has to be used along with chemical nitrogen fertilizer. Thus
it is important to assess the effect of different forms and
concentrations of chemical N on growth and nitrogen fixation of
Azolla.
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Azolla was grown in nutrient media containing 0, 8.8 and 88 ppm
of ammonium-N or nitrate-N. In comparison to N-free medium,
nitrate-N concentration had no effect on Azolla growth, but 88 ppm
of NH -N had a negative effect and 8.8 ppm NH -N, a markedly
positive effect (Table 3).

High nitrogen concentrations quickly depressed dinitrogen
fixation. In the case of NO -N, it seems that this fixation is
replaced by nitrate-N assimilation. On the other hand 88 ppm of
NH -N stopped dinitrogen fixation of Azolla. With 8.8 ppm of
combined-N, the acetylene reduction of the symbiotic system is
depressed to about 40% after 12 days exposure.

A further experiment was conducted to examine the effects of a
range of ammonium-N concentrations on Azolla (Table 4). Growth of
the fern is positive in comparison to the growth in N-free medium
with concentrations up to 44 ppm NH.-N, but the ÄRA was depressed
at all concentrations of NH.-N. With 1.8 ppm, ÄRA was decreased
to about one half after 6-12 days but recovered all its activity
after 19 days of incubation.

These data show the limiting effect of low concentrations of
combined-N on ARA and the fact that dinitrogen fixation and
combined-N assimilation takes place simultaneously even at 44 ppm
concentration of combined nitrogen. Utilization of nitrate seems
preferable to the use of ammonium (Liu Chung Chu, 1979) as ammonium
competes with dinitrogen in young fronds. (Watanabe et.al. 1981).

Our results are in good agreement with those of Yatazawa et al.
(1980) for A. pinnata var. imbricata which is considered to be the
Asiatic form of A. pinnata.

B. Plot Assays

Azolla p_innata var. africana trials were carried out in Senegal
according to the recommendations of the International Network on
Soil Fertility and Fertilizer Efficiency in Rice (INSFFER) for
1979. Four randomized plots of 2 square metres, each one containing
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950 kg (dry weight) of sandy soil (N% = 0.140) covered in a plastic
film to avoid N diffusion, were used for each treatment. The trials
were carried out at the ORSTOM Station in Dakar (Senegal).
Experiments to test the effects of Azolla inoculation were conducted
during the wet season 1980 (August to November). Subsequently, the
residual effect of Azolla was investigated during the following dry
season 1981 (February to June) (Table 5).

During the first assay the climatic conditions were best for
growth of AzoJLla i.e.: maximum light intensity: 70 klux, maximum
relative humidity: 98%, temperature range: 22-37 C.

A tenth treatment was added to the nine treatments used in other
1NSFFER trials : Azolla. previously dried at 60 C and ground, was
incorporated in the soil 10 days before transplanting, at the rate
of 60 kg/ha. In all treatments with N addition, urea was the sole
nitrogen source; it was applied in three split applications: before
transplanting, 20 days after transplanting and 40 days after
transplanting. During the second cultivation cycle, only treatments
2 and 3 received urea-N (Table 6). All the treatments were always
provided with tap water.

I. RESULTS ON THE FIRST TRIALS.

Inoculation with Azolla increased the grain and straw yield in
all treatments (Table 5). Inoculation with Azolla without N
fertilizer (treatments 4, 5, 6) increased the grain 38-40%, which is
similar to the increase resulting from the addition of 30 kg
urea-N/ha. The increase in the straw yield was higher when Azolla
was incorporated (37%) than when it was not (28%). When no N
fertilizer was added, the highest yield increase (54%) was obtained
with two Azolla inoculations in succession, the first one before,
and the second after transplanting (treatment 9). The combination
of Azqlla. inoculation with 30 kg N/ha application (treatment 7,8)
increased the yield more than did 60 kg urea-N/ha. The yield
increases resulting from Azolla inoculation reported here are higher
than the average yield increases observed in INSFFER (1980) trials
conducted in Asia, due to the small plot area.
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Incorporation of previously dried Azolla (treat. 10), was
significantly less favourable than other types of Azolla
incorporation. A comparison between*treatment 3 (60 kg urea-N/ha)
and treatment 10 (60 kg N/ha as organic N in the form of Azolla
powder) shows that the second form of N is less available to rice
than the first one.

The growth of Azolla. expressed as total N from Azolla per ha
(Table 6) shows that the development of Azolla was significantly
better before (treatment 4,7) than after transplanting (treatment
5,6,8). Incorporation was always done 15 days after inoculation
(0.15 kg Azolla fresh weight/square metre). The growth of Azolla
was significantly increased with application of urea (treatment 7,8)
at the rate of 30 kg N/ha.

II. RESIDUAL EFFECT.

During the dry season 1981, rice IR 1529 was replaced by
KN1H300. This variety is assumed to grow better than IR 1529 with
cold (15-30 C) and dry climatic conditions, although its average
yield during the dry season is lower than that of IR 1529. Its
straw/grain ratio is also significantly higher (IR 1529: 0.8 and
KN1H300: 1.3). With the exception of treatment 9, whose low yield
remains unexplicable, the grain yields and the total N in the soil
after two cultivation cycles were higher in treatments with Azolla
than in treatments with urea. Thus it follows than an Azolla
inoculation-incorporation treatment brings to the rice, during two
cultivation cycles, an equivalent value of 90-120 kg urea-N per
hectare. As the total N is higher in Azolla treatment it seems
possible that the residual effect of Azolla inoculation could
continue during 2nd rice cultivation cycle.

The most significant event during the second cycle was the good
growth of rice in treatment 10. The yield was about the same as in
treatments 3,7 and 8, which means that, during the first cultivation
cycle, the majority of N in dried Azolla was not available for
rice. We can explain this by the fact that there is, after
incorporation of dried Azolla in the wet soil, an aerobic
mineralisation of only a small fraction of the Azolla material (20%
of total nitrogen is mineralized in 15 days). But as the first 15
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centimeters of suil became quickly anaerobic (Loyer et al. 1982),
denitrification occurred and this mineralized Azolla-N was lost and
not assimilable for rice. Anaerobic fermentation transforms
Azolla-N into a form that is easily mineralisable under the aerobic
conditions which occurred during ploughing for the second rice
culture. The poor availability of Azolla-N. during the first rice
cycle, can be enhanced if Azolla is composted and incorporated just
before transplanting.

CONCLUSIONS.

In regard to these data:

The best growth of A. africana occurs during the short wet season.

Viability of fresh Azolla inoculum during transport can be
improved by soaking the fronds previously in alginate (0,05%)
and then draining and storing up to 48 h at 6 C.

Nitrate has no effect on Azolla growth in nutrient media, but in
the field, urea at the rate of 30 kg N/ha, has a positive effect.

Inoculation of Azolla always had a positive effect on rice yield.

A residual effect of Azolla was found on a second rice culture.

The degradation of the fern in the soil is not elucidated and
suppositions must be confirmed by N assay.
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Table 1 : Effect of shading on A. Africana biomass production and morphology

sunlight 100 60 36 22

Fresh weight after 8 days
in g from 40 g of inoculum 115 126 125 148 91

Leaves* coloration green border green border green border light green bright green
red yellow yellow

Chlorophyll a:% o dry
weight 2.71 3.65 6.57

Fresh weight after 15 days
of g from 40 g of inoculum 264 250 189 215 132

Leaves' coloration pink pink light green light green bright green

Chlorophyll a:%o dry
weigth 5.83 7.1 7.8



Table 2 : Effect of temperature and alginate (0.05 %, 10 )
on fresh weight and Acetylene Reducing Activity of
A/olla pinnata var. africana. Each ualue is the mean
of triplicates.

Treatments on
fresh Azolla 25°C

24 h 48 h

: % fresh weight : % ARA : % fresh weight : % ARA

R. H.
R. H.
R. H.
0.05
R. H.
R. H.

: 98% 25°C
: 30% 25°C
: 30%
% alginate 25°C
r 98% 6°C
: 39%, 6°C

94
75

92
97
97

95
0

45
100
90

92
47

76
96
94

90
0

0
88
65

R.H. relative humidity obtained with K.SO. (98%) and
5H 0 (30-40%).

Table 3 : Effect of chemical form and concentration of N-nitrogen
on the growth and the Acetylene Reducing Activity of
Azpl'la pinnata var. af ricana, each value is the mean
of triplicates.

Treatments
Fresh weight g.

4 days 8 day s 12 days
% ARA

4 days 8 days 12 days

W-free medium
8.8 ppm WH +
88 ppm WH f
8.8 ppm WO
88 ppm WO

15
16
14
15
15

18
19
15
17
18

20
25
15
19
20

100
65
60
85
55

100
110
35
90
60

100
60
10
60
15
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Table 4 : Effect of combined nitrogen ((NH ) SO ) on the
growth and Acetylene Reducing Activity in Azolla
pinnata var. africana.

fresh weight ARA

Culture solution 6 days 12 days 19 days 6 days 12 days 19 days

Control
NH.-N :4
NH -N :4
NH -N :4
NH.-N :4
NH -N :4

- N
1 . 8 ppm
8.8 ppm
44 ppm
88 ppm
175 ppm

100
110
112
105
90
85

100
108
118
115
80
60

100
100
99
50
35
35

100
50
45
35
25
20

100
45
25
20
12
10

100
95
55
5
3
0
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Table 5 : Effect of Azolla and urea on rice yield and straw conduct as proposed by INSFFER
on a wet season and residual effect on the next dry season in

Dakar (Senegal) (rice variety a: IR1529, b: KN1H300)

Yields : (a) 1980 wet season, (b):

1.
2.
3.
4.
5.

6.
7.

8.

9.

10.

a

Control
30 kg N/ha
60 kg N/ha
Azolla inc. before transplanting
Azolla grown after transp.

then inc.
Azolla grown after transp. no inc.
30 kg N/ha + Azolla inc.
before transp.

30 kg N/ha -i- Azolla after
transp. inc.

Azoria grown before and after
transp. and inc.

60°C dried Azolla, inc. as
60 kg N/ha

T/ha

3.7
5.1
5.5
5.1

5.2
5.1

5.9

5.7

5.7

4.7

Grain
Control % b T/ha

100 2.4
138 2.8
149 2.7
138 3.8

140 3.5
138 2.7

159 3.3

154 3

154 2.4

127 3.1

Control %

100
117
115
161

146
112

140

125

100

130

residual effect dry season

a T/ha

3.2
3.9
4.4
4.4

4.6
4.1

4.4

4.5

4.3

3.5

Straw
Control % b T/ha

100 3.3
122 4.6
137 4
137 4.4

144 4
128 3.8

137 3.7

141 3.6

134 3.3

109 4.2

1981

Control %

100
139
121
133

121
115

112

109

100

127

inc. = incorporation ; transp. = transplanting



N imported
as urea kg. ha"

Treatments
1
2
3
4
5
6

Control
30 kg N/ha
60 kg N/ha
Azolla inc. before transplanting
Azolla grown after transp. then inc.
Azolla grown after transp. no inc.

a

0
30
60
O
0
0

b
O
30
60
O
0
0

Total
O
60
120
O
0
0

N from Azolla N exported with
kg. ha"1 the yield kg. ha"1
a
O
0
O
20
7,5

12,4

a
45
60
66
62
64
61

b
34
42
40
51
46
44

total
79
102
1O6
113
110
105

N%0
in the soil after
the two cultures
0,
0,
0,
0,
0,
0,

135
145
149
16O
140
153

7 30 kg N/ha + Azolla inc.
before transp.

8 3O kg N/ha + Azolla after
transp. inc.

9 Azolla grown before and after
transp. then inc.

1O 6O°C dried Azolla, inc. as
6O kg N/ha

30

30

30

30

34

15

35,8

60

69 44 113 0,133

68 4O 108 O,164

67 34 101 0,149

55 43 98 0,156

inc. : incorporation, transp. : transplanting
a : rice culture during 198O wet season, b: residual effect on a second rice culture during 1981 dry season.

Table 6. Nitrogen budget on two rice cultivation s effect of urea and Azolla.



SEXUAL REPRODUCTION OF Azolla SPECIES

J.H. BECKING
Research Institute I.T.A.L.,
Wageningen, Netherlands

Abstract

Azolla is a heterosporous fern and has a typical fern life
cycle. Little is known of the factors inducing sporocarp formation or
of its ecological significance in Azolla. The Anabaena azollae
cyanobiont is transmitted to the next generation through the
macrosporocarp. The six existing species of Azolla are usually
divided into two sub-genera Euazolla (4 species) and Rhizosperma (2
species) depending on whether they have 3 or 9 floats on the outside
of their macrospores.

Introduction

A brief outline of the sexual reproduction system of Azolla is
presented on request of the committee of the consultants meeting.

Azolla is a heterosporous fern. This means that two types of
sporangia (sporocarps) are formed, producing two types of spores, i.e.
macro- and micro-spores. Like in all ferns, in its life cycle Azolla
forms first a gametophyte (prothallium), which produces an archegonium
and antheridium and these structures give rise to an ovum or
spermatozoids (or antherozoids) which form, after fertilization, the
zygote (or embryo).

Life cycle of Azplia.

At the apex of the stem of the Azolla plant, the algal component
Anabaena azollae occurs in a free-living, non-nitrogen fixing state
(Fig. 1). In the subsequent development stages of the leaves the
Anabaena cells are incorporated into the leaf cavities (Becking 1978,
1979).
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In natural conditions, Azolla usually multiplies by vegetative
reproduction, i.e. by fragmentation of the fronds. However, under
certain conditions the formation of sexual organs is observed.

Little is known of the factors inducing sporocarp formation or of
its ecological significance in Azolla. In temperate regions, high
temperature and high light intensity followed by low temperature may
induce sporocarp formation. In tropical and subtropical regions low
temperature has been reported to induce sporocarps in A. pinnata. In
south China, local A.pinnata strains form spores in June/July and to a
lesser extent in September/October. In north Vietnam, spores are
formed mainly in the months March/April and seem to be associated with
high surface density. When sporocarps are formed, vegetative growth
is usually retarded, either by an intrinsic factor or by overcrowding.

In general, sporocarps are formed on the shoot stalks near the
base of the fronds. They are situated between the ventral and dorsal
lobes near a lateral branch and they always occur in pairs, i.e.
either two macro- or two micro-sporocarps or the combination of one
macro- and one micro-sporocarp (Fig 2).

Micro-sporocarps, the male organs, are much larger than the
macro- (or mega-) sporocarps. They are brownish yellow in colour and
contain many microsporangia. Within the periplasmodium of such a
microsporangium, 32 or 64 microspores develop and in a later stage
these aggregate into massulae. Ripe massulae show an alveolar
structure with microspores inside and anchor-like (or arrow-like)
projections at the outside (Fig 3). The latter structures play a role
in the attachment of the microsporic massulae to the outer wall of the
macrospore (or macro-sporocarp).

Macro-sporocarps, the female organs, are also born on the stalks
and are often associated in the same leaf axis with the much larger
micro-sporocarp. They show a dark-coloured upper portion of the
indusium due to the lignified nature of the tip of the
macro-sporocarp. In the development of the macro-sporocarp, algal
cells of the symbiont are included below the upperpart of the indusium
(Fig. 4). In a young macro-sporocarp the Anabaena cells completely
surround the columella stalk within the macro-sporocarp down to the
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bottom of the cavity, but in the ripe macro-sporocarp the algal cells
are pressed to the tip of the macro-sporocarp by the developing
alveolar bodies within the sporocarp (Becking 1978). The ripe
macro-sporocarp, which is about 0.75 x 0.42 mm in diameter is only
about one half or one third of the diameter of the much larger
globular micro-sporocarp.

The algal cells within the macro-sporocarp are present in rows or
fillaments. They are probably resting cells or "akinetes" since they
posses thick cell walls (in contrast to vegetative cells) and no
heterocysts (Becking 1978). Although the ontogenetic formation of the
micro-sporocarp is to some extent parallel to that of
maero-sporocarps, the micro-sporocarps never contained algal cells
(Becking 1978,1979).

A complete life cycle of the vegetative and sexual reproduction
of Ajd.u3.la is represented in Table 1. In this figure the solid arrows
indicate the continuation of the association (i.e. incorporation of
the algal endophyte in the macro-sporocarps), whereas the dotted
arrows indicate that the endophyte is not transmitted.

Taxonomy of Azolla

The morphology of the sexual organs of Azolla is closely
connected to the taxonomic division of Azolla species, as they are
morphologically distinct. The six existing forms of Azolla are
usually divided into 2 sections depending whether they have 3 or 9
floats on the outside of the macrospore (Florschütz 1938; Hills and
Gopal 1967).

The four species of the section Euazolla are all originally of
North and South American origin (Table 2). The section Rhizosperma
has only 2 species and is widespread in the Eastern Hemisphere, i.e.
tropical Africa, southern Africa, S.E. Asia, Japan and Australia. The
species Azolla pinnata has two morphologically distinct forms, i.e.
A.pjnnata var. pinnata R. Brown and A.pinnata var. imbricata (Roxb.)
Bonap. The two forms have basically different distribution patterns,
which may be somewhat disturbed by human interference. The highly
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imbricate forms show a clearly disjoined distribution occurring on the
S.W. coast of Africa and Madagascar, and in .Australia (and to some
extent in Papua/New Guinea); whereas, the pinnate forms occur in a
conjoined area in S.E. Asia from India to Japan and from Indonesia to
Papua (Sweet and Hills 1971).
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Table I. Diagram-of the life cycle of Azolla spp. Solid arrows represent
the continuation of the association with Anabaena azollae. Broken
arrows indicate no continuation of the association.
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Table 2. Original distribution of the six existing Azolla species

Subgenus
Number of floats
on mega-sporocarps Species Main distribution

Euazolla A. filieuloides
Lamarck

Southern South America,
Western North America to
Alaska

A. earoliniana
Wild

Eastern North America,
Central America, North
South America, West
Indies

A. mexicana Northern South America,
Presl. Western North America to

British Columbia and
eastward to Illinois

A. microphylla
Kaulfuss

Western and Northern
South America to
Southern North America
and the West Indies

Rhizosperma A. pinnata
R. Brown

Eastern Hemisphere:
Tropical Africa and
Southern Africa, S.E.,
Asia, Japan, and
Australia

A. nilotica
De Laisne

Upper Nile and Sudan,
Central Africa
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Fig. l Section through the apex of Azolla filiculoides stem showing
the presence of free-living Anabaena azollae near the leaf
primordia at the stem tip and the incorporation of the algae in
an initial stage of leaf formation of the dorsal lobe. Scale
bar 30 urn.
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Fig. 2. Macro-sporocarps (a) and micro-sporocarps (b) in the axil of
the upper lobes of the leaves of Azolla filiculoides. Scale
bar 10 mm.

Fig. 3. Ripe massula of the micro-sporocarp showing its alveolar
structure with microspores inside and the anchor-like
projections (glochidia), which play a role in the attachment of
the microsporic massulae to the outer wall of the macrospore.
Scale bar 1 mm.
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Fig. 4. Longitudinal section through the tip of a nearly ripe
macro-sporocarp of Azolla filiculoides showing the endophytic
algal cells pressed to the upper portion of the sporocarp by
the development of some accessory structures. Scale bar 30 urn.
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THE USE OF 15N-LABELLED DINITROGEN IN THE STUDY
OF NITROGEN FIXATION BY BLUE-GREEN ALGAE

K. JONES
Department of Biological Sciences,
University,of Lancaster,
Lancaster,
United Kingdom

Abstract

Prior to the development of the acetylene reduction technique
N was used as the main qualitative and quantitative measure of

nitrogen fixation by free-living cyanobacteria in a variety of aquatic
and terrestrial habitats. Despite its expense and the technical
difficulty, N is a major tool in the study of cyanobacteria, for
example, incorporation of H is the definitive test for nitrogen
fixation; it is used in the determination of the correct ratio of
acetylene reduction to nitrogen fixation, in in situ nitrogen fixation
assays, in tracing the formation and fate of extra-cellular nitrogen
and in measuring the turnover and grazing rates of cyanobacterial
intra-cellular nitrogen. These latter studies show that N-labelled
extra-cellular nitrogen can serve as nitrogen sources for a variety of
bacteria, fungi, algae and higher plants, and that cyanobacteria are
graced and digested by a variety of animals. The turn ver rates of
cyanobacterial N-labelled cells are dependent on the type of cell,
species, environmental conditions and the availability of degrading
organisms. The breakdown products are rapidly mineralised and used as
nitrogen sources by higher plants.

INTRODUCTION

The heavy isotope of nitrogen, 15Nf has been used to study nitrogen
fixation by blue-green algae (cyanobacteria} in the following ways:

In situ measurement of nitrogen fixation;
In proving unequivocably that particular isolates fix
nitrogen;
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In determining the correct ratio to be used in
calculating nitrogen fixation from acetylene reduction
data;
In tracing the fate of nitrogen fixed.

In this.presentation these topics are discussed.

IN SITU MEASUREMENT OF NITROGEN FIXATION IN HABITAIS DOMINATED

BLUE-GREEN ALGAE

Prior to the developrcnt of the acetylene reduction technique
(Stewart _et_.al_., 1967) the usual method of measuring nitrogen fixation in
the field was by estimât ng the uptake of 15N-labelled dinitrogen
( ̂ 2). The appropriate methodology is described Cor terrestrial habitats
by Stewart (1966 & 1967a) and for aquatic systems by Nsess et al.
(1962). Table 1 cites sorne of the references in the literature where
has been employed to measure nitrogen fixation by blue-green algae in a
variety of habitats.

TABLE 1 In situ assays of nitrogen fixation by blue-green
algae using -̂

Habitat Reference
Tropical ocean Dugdale, Goering and Ryther (1964)
Temperate lakes Borne and Fogg (1970)
Tropical lake Home and Viner (1971);

Ganf and Home (1975)
Temperate rocky shore Stewart (1967)
and dune slack
Antarctic algal mats P̂ gg and Stewart (1968);

Home (1972)
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The advantages of using «2 over acetylene reduction include.
The certainty that nitrogen fixation is being measured.
The possibility of pinpointing the exact location of nitrogen
fixation within the habitat.
The avoidance cL the problems inherent in the acetylene reduction
technique (see discussion by Flet e?t al_, 1975; Lee and Watanabe,
1977; Patriquin and Denicke, 1978; Lethbridge et a±, 1982).

Bière are, however, disadvatages in using N for in situ
measurements of nitrogen fixation and these include:

Expense.
Time consuming.
Technically difficult
Requirement for a mass spectrometer to measure relatively small
increases in w to N ratios.
The impracticability of carrying out large numbers of replicates.
The difficulty in assaying undisturbed samples in truly in situ
studies as, for example, those on acetylene reduction by
sediments (ferbert, 1975; Jones, 1982).

On balance it seems that acetylene reduction is the best method for
measuring nitrogen fixation in the field and that 15N2 sh°ul<3 be used to
check that nitrogen fixation is the process being measured and to obtain
the correct ratio for acetylene reduction relative to nitrogen fixation.

15N2 FIXATION AS THE DEFINATIVE TEST FOR NITROGEN FIXATION

To be absolutely certain that presumed nitrogen-fixing organisms are
nitrogen fixers and not scavengers of combined nitrogen from the
atmosphere or media they should be tested for uptake of *%„. Good
examples of this are found in the early papers of Stewart (1962; 1964;
1965) where he confirmed that marine strains of Calothrix scopulorum and

65



Itostoc entophyticuro were nitrogen fixers. More recently *5N- has been———— ————————— - j 2
used as a check for data obtained from acetylene reduction assays. In
table 2 I have presented data for ̂ N2 uptake by species of Nos toc
isolated from a variety of habitats. This data has been used to
corroborate acetylene rr Auction results published in the literature.

TABLE 2 i^o ̂ x̂atio" by various Nostoc species

Sub-tropical grassland (i)
Salt marsh creek bank (ii)
Estuarine sediments (iii)
Freshwater canal

Moorland stream in
association with moss (iv)

Duration of
assay
3 d
1 d
1 d
1 d

7 d

•"•TJ enrichment

Algae
0.414
0.129
0.113
0.105

0.965

(atom % •LSN
excess)
Atmosphere

7.117
8.022
5.863
10.449

13.758

(i). Jones, K. (1977); (ii). Jones, K. (1974); (iii). Jones, K.
(1982); (iv). Jones and Wilson (1978).

ïhe use of 15N2 uptake as a def inative test for nitrogen fixation is
particularly important when 'new1 nitrogen fixers are isolated and where
acetylene reduction seem, at least at first sight, improbable. For
example, while working on a salt marsh in 1972 I found that sediments
colonised by the non-he terocystous blue-green alga, Lyngbya aestuarii,
consistently reduced acetylene. When tested for utilisation of N

2 n̂

an atmosphere containing ^ labelled to 45 atom % ^N excess for three
days) the sediments showed significant enrichment at 0.030 atom % ^
excess. Although low, compared to that of nearby creek bank sed intents
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colonised by Nostoc (enriched to 0.537 atom % N excess), the labelling
was consistent with fixation by a non-heterocystous blue-green alga
capable only of fixation in microaerophylic environments. It is ironic

that nitrogen fixation b_- Tri chodesmlum^Sscillatoria blooms detected using
15N2 (Dugdale et^al^. / 19C4) was only fully accepted after corroboration by
extensive acetylene reduction experimentation.

DETERMINATION OF THE RATIO OP ACETYLENE REDUCTION TO NITROGEN FIXATION

The pioneers of the acetylene reduction assay for field measurements
of nitrogen fixation (Stewart jet cd., 1967; Hardy cît _aJL , 1968) suggested
that the ratio of acetylene reduced to nitrogen fixed should be checked
for each system as the theoretical ratio of 3:1 may not always hold
good. This need to check the ratio has become increasingly important with
the almost universal adoption of acetylene reduction for measuring
nitrogen fixation in the environment; with the extrapolation of the data
over large areas; and their incorporation into mathematical models which
have implications for environmental management.

The main method employed is to separately but simultaneously measure
nitrogen fixation in a series of replicates using both acetylene reduction
and nN2* Table 3 shows the results of just such an experiments recently
carried out with Azolla filiculoides and A. caroliniana. The ratios
varied from 2.4:1 to 6:1 for an assay which lasted 12 hours. This
compares with ratios of 3.4:1 after 14 days, 1.6:1 after 19 days and 2.4:1
after 22 days for A. pinnata (Watanabe et ail, 1977).
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TABLE 3 Determination of the ratio of acetylene reduction to nitrogen
fixation for 2 Azolla symbioses

A. filiculoides A. caroliniana
15N in atmosphere (atom -e15N excess) 0.397 1.133
15N in Azolla (atom %15N excess) 0.035 0.031
Total nitrogen (ug) 243 266
Nitrogen fixed (from 15N) (ug) 21 7
Ethylene production (ug) 50 42.5
Ratio of ethylene production to
15N fixed 2.4:1 6:1

(8 Azolla plants were placed in bijou bottles (vol. 7 cm) and the
atmosphere was replaced by a gas mixture containing 10% oxygen, 0.02%

•3 êcarbon dioxide with the rest argon. 1 cm gas was removed with a syringe
and replaced with l5N-labelled N2 (3 bottles) or acetylene (6 bottles).
Bottles were placed on a light rack at room temperature for 12 hours after
which they were tested for ethylene production using a gas Chromatograph
and for -̂enrichment with a mass spectrometer. The enrichment of
unexposed Azolla controls was 0.368 atom % ĵ).

In a similar experiment carried out on Npstoc cultures isolated from
the Lancaster area the ratio varied from 2.3:1 to 2.7:1 (Table 4).
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TABLE 4 Extermination of the ratio of acetylene reduction to
nitrogen fixation for Nostoc spps.

Canal NosLoc Estuarine Creek bank
ttostoc Nostoc

15N in atmosphere (atom % 15N excess) 9.506 7.459 7.743
15N in alga (atom % 15N excess) 0.125 0.122 0.125
ïbtal nitrogen (ug) 133 92 58
nitrogen fixed (from 15N) (ug) 1.75 1.51 0.94
Ethylene production (ug) 4.45 4.0 2.16
Ratio of ethylene production to
15N fixed 2.5:1 2.7:1 2.3:1

(3 cm algal suspension were transferred to 6 bijou bottles. 3 were tested
for 2 fixation and 3 for acetylene reduction over a 22 hour period at
room temperature on a light rack. The enrichment of unexposed controls was
0.370 atom % 15N excess).

It goes almost without saying that the acetylene reduction technique is

much easier and quicker than 1̂ )2 uPtake assays. The possible errors in the

2̂ assaYs are roore numerous and much care is needed. Ihe two major
sources of error (in my experience) are: the estimations of total nitrogen
on small samples and ensuring that the exact enrichment of all of the assay
bottles is measured. One cannot assume that the enrichment of the nitrogen
in the ^ generation flask is identical to that in the assay bottles. In
practice it rarely is. If , as an examination of the literature shows, the
ratio is variable one is left with a query of its usefulness. Perhaps we
should re-emphasize that acetylene reduction data should be transformed to
nitrogen fixation only after extensive investigation of that particular
system. This is not to detact from the acetylene reduction method, which
has been such a boon to nitrogen fixation studies, but more a reflection of
the difficulty in obtaining the correct ratios.
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TRACING THE FATE Op N2 FIXED BY BLUE-GREEN ALGAE

Nitrogen-fixing blue-green algae tend to predominate in environments
where there is little cornpetition, where their prokaryotic cell structure
enables them to withstand extreme or changeable conditions and where there
are low levels of combir .-d nitrogen so that the ability to fix nitrogen is
an advantage, for example, rocky shores, salt marshes/ shallow marine
sediments, desert crusts, lakes and tropical oceans. Because the levels of
combined nitrogen are low in these environments it might be expected that
the nitrogen fixed by blue-green algae is of importance to the development
of the ecosystem. ^N can be used as a tracer to see if this is indeed the
case.

Transfer Experiments
In these experiments -*N has been used to trace the nitrogen fixed by

blue-green algae into other components of the ecosystem. A surface section
of the particular system is removed, placed in a container and exposed to
1̂

2* After a period of incubation the various components are dissected out
and analysed for % content. Environments examined in this way include:
desert crusts (Mayland et al. , 1966), sand dune slacks (Stewart, 1967),
algal mats on a rocky shore (Jones and Stewart. 1969b), associated with
Nostoc in the antarctic (Harne, 1971) and moss hummocks in a freshwater
stream (Jones and Wilson, 1978). Table 5 contains data for a similar type
of experiment carried out on sediments dominated by blue-green algae in a
salt marsh. The data show that the 15N2 f ixed bv ^e blue-green algae is
transferred to higher plants and that in Salicomia dolichostachya the TJ
is translocated to the shoots. These results are in agreement with those
cited above for other environments.
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TABLE 5 Transfer of fixed by salt marsh blue-green to higher plants

Component of system Enrichment (atom % -*N excess)
Anabaena + sediments 0.221
sediments only 0.050
Puccinellia maritima 0.058
Salicornia dolichostachya 0.025
Npstoc + sediments 0.537
Salicornia dolichostachya roots 0.537
Salicornia dolichostachya shoots 0.048

(Surface portions of the sediments together with the higher plants were
placed in Erlenmyer flasks in which the atmosphere was replaced by a gas
mixture composed of 10% nitrogen labelled to 54 atom % *̂ J excess, 20%
oxygen, 0.02% carbon dioxide and argon. After 3 days the various components
were separated out and analysed for "^ enrichment using a mass
spectrometer. The labelling of unexposed controls was 0.367 atom % ̂N.)

It is unclear from these results whether the N̂ is released by the
blue-green algae as extracellular products or by autolysis. It is possible
that some of the enrichment of the higher plants, especially in the case of
P. maritima, could be the result of nitrogen fixation by bacteria as it has
been demonstrated in the rhizosphere (Jones, 1974).

Production of Extracellular Nitrogen
Most of the blue-green algae liberate extracellular nitrogen during

growth. This is potentially an important nitrogen source when the blue-
green alga is a nitrogen fixing species as it represents new combined
nitrogen entering the ecosystem. Bie release of extracellular nitrogen has
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been most extensively investigated for the nitrogen-fxing marine blue-green
alga, Calothrix scopulorum (Jones and Stewart, 1969a). We found that the
highest quantities of nitrogen were released during growth under optimal
environmental conditions but that the highest proportional release
(extracellular nitrogen ;i3 a proportion of the intracellular nitrogen)
occurred during lag phase growth and in unfavourable conditions. On average
40% of the nitrogen f ixeci by C. scopulorum is released extracellularly
although this figure can be higher in changing conditions. The liberated
nitrogen is not that which has just been fixed. Table 6 contains data which
show that although after 16 days growth extracellular nitrogen comprised 20%

"/of the total nitrogen it contained only 6.1 bo 7.5̂ of the newly-fixed

TftBLE 6 Distribution of T3 in the intracellular and extracellular
nitrogen of Calothrix scopulorum grown for 16 days under

Experiment A Experiment B
Intracellular N (uglT1) 4,847 4,559
Intracellular labelling (atom % 15N excess) 13.580 11.800
Extracellular N (uglT1) 926 914
Extracellular labelling (atom % 15N excess) 4.055 4.510
% 15N intracellular 93.9 92.4
% 15N extracellular 6.1 7.6

was grown in an atmosphere containing 10% nitrogen labelled to 60 atom %
J excess, 2% carbon dioxide and argon. J3 was grown similarly but with a

nitrogen enrichment of 35.4 atom % N̂ excess).
Similar 15N data was obtained for a tfostoc culture isolated from moss

hummocks. In this case the enrichment of the intracellular fraction was
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19 628 atom % 15N excess and that of the extracellular fraction 1.937 atom %
N excess. The nitrogen released in this way should not be confused with

that transferred to other plants in 'the blue-green algal symbiosis (newly
fixed inorganic nitrogen) , but it may account for sane of the leakage of
organic nitrogen found in lichens exposed to alternate wetting and drying
(Millbank, 1978).

The extracellular nitrogen released by nitrogen-fixing blue-green algae
is comprised mainly of small peptides and amino acids (Stewart, 1963; Jones
and Stewart, 1969a; Walsby, 1974a and b; Jones and Wilson, 1978).

Uptake of 15N-Iabelled Extracellular Nitrogen
It has been demonstrated experimentally that extracellular nitrogen

liberated by blue-green algae can be used as a source of combined nitrogen
for the growth of other organisms. Generally this has involved growing the
alga in a combined-nitrogen-free inorganic medium under atmosphere
containing 9̂* ê al9ae were then filtered from the medium leaving the
extracellular nitrogen labelled with "N. The labelled medium was used as a
nutrient source for growing test organisms. For example, extracellular
nitrogen from Calothrix scopulorum was shown to serve as a nitrogen source
for marine bacteria, fungi, unicellular algae and macro-algae (Jones and
Stewart, 1969a and 1969b) . It was also shown that the nitrogen was
assimilated by an active process and was not the result of passive
diffusion. It was calculated, from the ^ results, that bacteria used 65%,
fungi from 69 to 98%, unicellular algae from 38 to 99% and macro-algae from
11 to 82% of the available extracellular nitrogen. Fractionation of the
test plants showed that the taken up became incorporated into the*r«,structural protein of the cells (partictt̂  fraction) (table 7).
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TADI.E 7 Distribution of 15N in algal cells grown j.n *5N-labelled

extracellular nitrogen fran Calothrix scopulorum

Organism % uptake of the
available N by
whole plants

Distribution of 15N within
the cell fractions
(% of that taken up)

Particulate Soluble Cell wall
Enteromorpha

intestestinalis

Porphyra
umbilicalis

Scytosiphon
lomentarius

82.4

59.3

34.7

58.0

68.5

54.6

19.7

14.9

19.4

22.3

16.6

26.0

(The algae, growing in the Calothrix zone on a rocky shore, were immersed in
10 on aliquots of extracellular products for 18 h in the light at 10°C.
Shey were then removed, washed, smashed in a French press and separated into
the three fractions for nitrogen analysis and mass spectrometry)

In the absence of organisms, which removed the extracellular nitrogen
almost immediately, the nitrogen became adsorbed onto both inorganic and
organic surfaces where it could serve as a supply of nitrogen for epiphytes.

Extracellular nitrogen liberated by a Nostoc sp., isolated from moss
hummocks in a moorland stream, were shown to function as nitrogen sources
for the following higher plants, Carex lepidocarpa, C. capillaris, Minuartia
verna, the moss, Gymnostomun recurvirostrum, 'and the green alga, Hjrmidium
subtile '(Jones and Wilson, 1978). In the case of G. recurvirostrum it was
shown that new shoots and rhizoids were much more highly labelled than older
ones and this implies that the uptake of the extracellular nitrogen was an
active process and that the nitrogen was useful to the plant.

Turnover of Intracollular Blue-Green Algal Nitrogen
Blue-green algae are the first colonizers of bare areas where they are

a major source of combined nitrogen (Webbley and Jones, 1971). Iherefore
there is considerable interest in the rate at which the nitrogen fixed, and

74



thereby immobilised in the algae, is released. However, relatively little
work has been done in this area using T$. Jones (1974) incorporated Nastoc
and Anabaena spps. labelled with TJ into sand which was used to grow salt
marsh plants. *TSf was taken up by the plants but it was not clear whether
it came from autolysis or bacterial breakdown of the labelled algae.

There is widespread evidence for the degradation of blue-green algae by
bacteria. Watanabe and Kiyohara (1960) showed decomposition of blue-green
algae by a variety of bacteria and isolated a strain of Bacillus subtilis
capable of converting 40% of blue-green cell-nitrogen to ammonia in 10
days. Verma and Martin (1976) investigated the rate of decomposition of 6
blue-green algae labelled with Ĉ. îhey found that cytoplasm was degraded
more rapidly than cell walls, that up to 80% of the C was recovered within
22 weeks, and that kinetes were the most résistent of the blue-green cells
to bacterial breakdown. There are also environmental differences, for
example, Calothrix anomola is more rapidly decomposed in ponds than in algal
mats (Gunnison and Alexander, 1975). It has been suggested that specialised

•lytfec bacteria important in regulating algal populations. (Shilo, 1970;
Daft and Stewart, 1971). lysis of blue-green algae by viruses and fungi has
also been demonstrated (Safferman, 1973; Whitton, 1973).

*
Nitrogen fixed by blue-green algae]reventually converted by bacteria to

ammonium when it is susceptible to volatilisation, plant uptake, adsorption,
nitrification and denitrification (Jones and Wilson, 1978; Skujtns and
Klubek, 1978).

Grazing by Animals
It had been generally accepted that blue-green algae were not a

suitable source of nitrogen for animals (Arnold, 1971; Barter, 1973;
Gunnison and Alexander, 1975). However, more recently evidence has been
presented which suggest that this may not always be the case. Brenner £t
_al. (1976) showed that Talorchestia longicomis, a gammaridean amphipod,
grazed nocturnally on srlt marsh algal mats containing the blue-green algae
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Calothrix contarenii, J^JiË/ZË. aestuarii and Microcoleus chthonoplastes. An

examination of gut contents together with grazing experiments with C

labelled algae showed that the assimilation efficiency of the aiiphipod

feeding on this diet was 67%. This is in contrast to results for another

amphipod, Hyalella axteca, which had an efficiency of only 5-15% when fed

blue-green algae (Hargrave, 1970). Rxnan (1978) has shown that a marine

copepod, Macrosetella gracillis, is,with other marine animal plankton/

dependent for nitrogen on the nitrogen-fixing blue-green alga Oscillatoria

(Trichodesmium), and grazing by microcrustaceans has been shown to limit the

productivity of nitrogen-fixing blue-green algae in flooded soils (Wilson et

al., 1980) and rice paddies (Osa-Afiana and Alexander, 1981).

Data for *^N experiments are scarce. Jones and Wilson (1978) describe

experiments in which ^N-labelled Nostoe was fed to earthworms, slugs and

millepedes. All of the organisms became labelled with •^ and, in the case

of the earthworm, it was possible to show that the % was carried

throughout the body and, presumably, used as a source of nitrogen.
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USE OF 1SN IN THE STUDY OF BIOLOGICAL
NITROGEN FIXATION IN PADDY SOILS AT THE
INTERNATIONAL RICE RESEACH INSTITUTE

I. W AT AN ABE, P.A. ROGER*
Soil Microbiology Department,
The International Rice Research Institute,
Los Banos, Laguna, Philippines

Abstract
Nitrogen fixation studies form an important aspect of the research

programme in the Soil Microbiology Department at the International Rice
Research Institute, particularly as dinitrogen fixation (Np-fixation)
is a key factor in determining nitrogen supply in wetland rice soils of
developing areas. The N technique has been used - (i) to detect
dinitrogen fixation by the N_ incorporation, (ii) to follow the behaviour
of nitrogen fixed by dinitrogen-fixing organisms and (iii) to assess the
contribution of N -fixation by the N dilution method. Since the introduction
of emission spectroscopic apparatus in 1972, the volume of studies using
N has increased.

Nitrogen fixation studies form an important aspect of the research
program in Soil Microbiology Department at the International Rice
Research Institute, particularly as dinitrogen fixation (N„-fixation)
is a key factor in determining nitrogen supply in wetland rice soils of
developing areas. The N technique has been used — (i) to detect
dinitrogen fixation by N? incorporation (1, 2, 3, 5, 6, 7, 10);
(ii) to follow the behavior of nitrogen fixed by N_-fixing organisms
(8, 9, 11, 12); and (iii) to assess the contribution of N -fixation
by the 5N dilution method (10, 13).

Since the introduction of emission spectroscopic apparatus in 1972,
the volume of studies using N has increased.

1) DETECTION OF N -FIXATION BY 5N INCORPORATION

Before the routine use of acetylene reduction technique, the N„
feeding technique was the only sensitive assay technique for dinitrogen
fixation.

Office de la recherche scientifique et technique Outre-Mer (ORSTOM), France.
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11) Soil Samples
The effects of light and organic matter application to N -fixation

in flooded soils were studied in the laboratory (1, 2). A first trial

to estimate phototrophic nitrogen fixation was conducted in 1968 using

soil from pot experiments incubated in test tubes under an atmosphere

enriched with N. The data (Table 1) shows that phototrophic NFA was
dominant in this soil and that the addition of N fertilizer remarkably
depressed the amount of nitrogen fixed. In soils exposed to the light,
without nitrogen fertilizer, NFA corresponding to 30 kg N.ha .month
was estimated (IRRI, 1968). However, it has been reported that small
scale experiments favor the growth of blue-green algae (Roger and

Kulasooriya, 1980) and may largely overestimate photodependent N_-fixation.

The effect of various fertilizers on N_-fixation can be seen
in Table 2. Inhibition was observed on both phototrophic and hetero-
trophic N -fixation with almost complete inhibition at 160 ppra N.
Luxuriant growth of algae occurred in pots receiving ammonium N but the

amount of fixed N was not appreciable. This indicated that besides

an inhibitory effect on nitrogenase activity, a stimulation of the
growth of non-fixing algae by mineral nitrogen can limit N -fixing

blue-green algae growth by competition and antagonistic effects (IRRI,

1968).

12) Comparision with acetylene reduction method

The relation between acetylene reduction activity and N.
(3)uptake activity was examined for soil samples . With the isotope

method, nitrogen fixation was 2.61, 2.54 and 2.59 yg/10 g/day after
incubating the soil under 0.2 atm 0 + 0.25 atm N for 1, 3, and 5 days,

respectively. With the acetylene reduction method, evaluated nitrogeu
fixation was 2.64 yg/day after 6 h incubation (3:1 conversion ratio).

The two methods gave similar results despite the difference of incubation

period (3).
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A similar comparison was made with Azolla. Azolla pinnata
fixed 0.65 ymol N_/hr/g fresh weight for a 24 h exposure to N under
a 10 klx light intensity. With the acetylene reduction method, activity
was 2.18 iimol C„H /hr/g fresh weight. Therefore, the ratio of C„H
reduced to N„ fixed was 3.3 (close to theoretical value) (0. Ito,
unpublished) .

13) N--fixation associated with rice

131) Dinitrogen fixation associated with wetland rice was
confirmed by exposing rice plant to an atmosphere containing N? gas
for 7 days (Table 3a, b) . It was shown that both root and basal part
of shoot are sites for N.-fixation. N -fixing activity measured by
N« incorporation was close to the values estimated by acetylene

reduction assays (7).

132) Dinitrogen fixation associated with deepwater rice. It
was observed that submerged parts of deepwater rice are colonized by
blue-green algae. Photodependent acetylene reduction activities were
found to be associated with submerged roots, leaf sheaths, and to a
lesser extent; culms. To confirm N.-fixation associated with deepwater
rice and to study the availability of the fixed nitrogen to the plant,

rged parts of deepwater rice at heading stage were exposed to
for 9 days and harvested after grain maturation (Table 4) . It

submerged parts of deepwater rice at heading stage were exposed to
N-

was found that the submerged roots and leaf sheaths colonized by blue-
green algae had higher N enrichment than the other parts of the plants.
Approximately 40% of the N in the plant was recovered from the aerial
parts which were not directly exposed to N-. It was estimated that
8 mg N were fixed per plant over a 9 day period. This activity is
much higher than that reported for heterotrophic N„-fixation associated
with wetland rice. These results demonstrate that photodependent N -
fixation is associated with deepwater rice, the nitrogen fixed being
utilized directly by the rice plant (10, 11)
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2) AVAILABILITY AND FATE OF BIOLOGICALLY FIXED NITROGEN
It is now well established that N„-fixation by Azolla, blue-green

algae and heterotrophic bacteria plays a vital role in the soil
fertility and studies were undertaken to establish how much fixed
nitrogen is available to the rice plant.

21) Azolla
The availability to the rice plant of Azolla N was examined in

pots and in field experiments using A., pinna t a labeled with N-nitrate.
The Azolla plants were either floated on the water, or incorporated in
the soil. Over a 17 week period the rice plant in pot took up 53% of
N from the incorporated Azolla and only 10% from the floating Azolla.

When Azolla was placed on the soil surface highest loss, amounting
60% for 6 weeks were observed; losses were 50% when it was floated on
the water and only 33% when incorporated. In the field N labeled

Azolla (41 kg N/ha) was added at 30 days after transplanting. The first

rice crop was absorbed 26% and 13% of N from incorporated and floating
Azolla, respectively. The availability to the second crop was only 5%
in both cases (9). As a consequence of multiplication of floating

Azolla the N content was diluted and the availability of N was much

lower than the availability of Azolla N per se.

22) Blue-green algae
In a preliminary experiment Gloeotrichia sp. was grown in a

small pond with N-nitrate added. Fresh algal material (1.1% N in
2dry matter, 8.89 atom % excess) was incorporated in a l m plot.

Recovery of N in the grain, straw and root of the first crop was
14.7% of the N applied as algal mass. In the second crop, the

recovery was only 2.25%. Although N remaining in soil was not
analyzed, this preliminary experiment suggested a low availability
of algal N to rice crop. Because the algal mass used in this
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experiment had an unusual low N content and a high C/N ratio the
results were of limited value (12).

In a second experiment, A. Nostoc sp. was grown under laboratory
conditions, labeled with N-NO , was harvested, and kept dried or
fresh (7.3% N, dry weight basis). Uptake of N from this material
by rice was studied by pot and field experiments (12, 13). Availability
of N from dried EGA incorporated in the soil was 23-28% for the first
crop and 27-36% for two consecutive crops (Table 5). Surface application

of algal material reduced N availability to 14-23% for the first crop
and 21-27% for two crops. The availability of algal N was less than
that of ammonium sulfate, but for two crops its availability was very
similar. After two crops more N remained in soil from algae than from
ammonium sulfate (11).

Availability of N from the incorporated fresh algae was higher

than that from dried algae. It can be concluded that blue-green algal

N is less susceptible to N losses than inorganic fertilizers, its low
C/N ratio imparts a better N availability than such organic fertilizers

as farmyard manure.

23) Heterotrophic bacteria
Experiments were designed to study the availability to the rice

plant of N fixed heterotrophically in paddy soil and its subsequent
transformations in soil. Soil samples enriched with glucose were
incubated under N«. N-ammonium sulfate was added in other samples
to compare transformations of nitrogen derived from heterotrophic
dinitrogen fixation and immobilized ammonium (8). Results showed that
biologically fixed-N undergoes similar transformations to that of

immobilized ammonium N (8). After 42 days rice plants had absorbed
34% of the fixed-N and 8% of the soil-N. This result showed that
heterotrophically fixed N remained as readily decomposable N.
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3) THE N DILUTION TECHNIQUE

31) Experiments with deepwater rice
A N dilution experiment was conducted simultaneously with the

N„ feeding experiment on deepwater rice described above. Deepwater
rice was grown in pots with N labeled ammonium sulfate (600 mg N/pot).
After harvest, plants were split into various portions, as in the

feeding experiment, and the N content determined. N contents of
various portions of the plants in N. feeding experiments were
negatively correlated to N contents of corresponding portions of the
plants grown in pots with N-ammonium sulfate (r = - 0.73) (Fig. 1),

This negative correlation suggests that N dilution, which was found
to be more intense in submerged roots and leaf sheaths than other parts,
was due to photodependent nitrogen fixation on these parts (10).
Submerged roots and leaf sheaths of deepwater rice covered with black cloth

had higher N contents (less dilution) than the same parts exposed

to light. This suggests that photodependent N -fixation diluted N

in the tissues of deepwater rice.

Rice was grown in deep and shallow water conditions, in the
Philippines and Thailand (10). Rice grown in deepwater condition
showed a lower N content, suggesting that nitrogen in the water,
occurring as combined N, dinitrogen, or both, contributes to

nitrogen nutrition of deepwater rice (Table 6).
Experiments on deepwater rice suggests the potential of the

N dilution technique in identifying active sites of dinitrogen
fixation, providing that control experiments are carried out to
prove that the observed difference in N contents is due to solely
N -fixation.

32) Relationships between N balance and N dilution
Nitrogen balance studies by total nitrogen analysis provide
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an approximation of net nitrogen input in the system. Although no
sophisticated techniques as N„ incorporation or acetylene reduction
are required, this method is labor intensive and time consuming.
Principles of isotope dilution may be applied to assess the amount of
plant nitrogen derived from dinitrogen by comparison of a N -fixing

system with a non fixing^but otherwise identical^system.
N-ammonium sulfate and sucrose were added to moist soil in

order to label the nitrogen fraction of the biomass. The soil was

then air-dried, remoistened and planted with two consecutive crops of
dryland rice or wetland rice (14). Total N balance and N contents
were measured in grains, straws and roots (Table 7). Dryland rice
had a lower positive nitrogen balance and a much higher N contents

than wetland rice. When pot surfaces were covered with black cloth,
to suppress photodependent N -fixation, no statistically significant
nitrogen gain was observed. N content of plants was higher than
when photodependent N„-fixation by blue-green algae or Azolla was
allowed and a negative correlation between nitrogen balance and N
content in the plant was observed (Fig. 2). Therefore, it is
reasonable to assume that the lower N contents in rice grown in
unshaded pots was due to the dilution of N by nitrogen derived
from photodependent (free-living and symbiotic) dinitrogen fixation.
When wetland rice growing in pots with suppression of photodependent
N -fixation was taken as a control system, the calculated contribution
of nitrogen derived from photodependent N„-fixation to nitrogen in
the plant was 20-30%.

4) FUTURE USE OF 15N IN N -FIXATION STUDIES

Undoubtedly N„-feeding experiments are necessary for direct
evidence of N„-fixation. Unfortunately, N_ gas is too expensive
for general field application. Growing one rice plant in an N.
atmosphere costs several thousand US dollars!
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N dilution experiments are quite suitable for application to

wider aspects of dinitrogen fixation studies. Providing proper
control of the non N?-fixing system is selected, the N dilution

technique could be useful in evaluating the effect of inoculation
by blue-green algae, Azolla or bacteria, identifying the sites of

N_-fixation and screening highly active N -fixing systems (blue-green
algae, Âzolla, or rice in association with bacteria).
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Table 1. Nitrogen fixation under various soil treatments (IRRI, Annual Report for 1968).

Pretreatment*

PKL t No plant
PKD tt No plant
PKL 1RS
PKD IR8
PKL Peta
PKD Peta
NPKL No plant
NPKD No plant
NPKL IR8
NPKD 1RS

NPKL Peta
NPKD Peta

Incubated
15**Atom % excess N

.395

.493

.459

.514

.517

.410

.043

.020

.075

.070

.151

.089

in light
Estimated amount

of fixed N
(kg /ha /month)

32.0
32.8
32.6
36.0
38.1
27.2
5.7
2.0
6.4
5.1

13.3
5.6

Incubated
15**Atom % excess N

.038

.020

.026

.006

.047

.027

.048

.000

.017

.024

.031

.000

in dark
Estimated amount
of fixed N
(kg /ha /month

3.2
1.2
1.9
0.5
3.4
1.8
4.6
0.0
1.5
1.8
2.5
0.0

*Treatment of Maahas clay soil in greenhouse pots from which soil samples were obtained 2 months after
transplanting IR8 and Peta.**Determined after incubation of soil in glass tubes for 1 month in the greenhouse.
L - Light (good growth of indigenous algae).

"D - Dark (no algal growth observed).



Table 2. Effect of ammonium N fertilizer on nitrogen fixation (IRRI,
Annual Report for 1968).

_ , , „ Atom % excess NLevel of N
Fertilizer application Incubation Incubation

(ppm) in light in dark

No fertilizer 0 0.150 0.100
Ammonium sulfate 80 0.042 0.036

160 0.009 0.000

Ammonium chloride 80 0.005 0.015
160 0.000 0.000

urea 80 0.024 0.043

160 0.000 0.000
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N)

Table 3a. 15„ incorporation into rice plant (IR26) in a growth chamber for 7 days.

Sample no.

Root
Outer leaf sheath
Inner leaf sheath
Leaf blade
Young panicle

Root
Outer leaf sheath
Inner leaf sheath
Leaf blade
Young panicle

Dry wt (g)

14.2
5.14
17.3
12.2
1.08

10.89
3.20
21.37
12.80
1.98

% of N

0.495
0.569
1.03
1.77
2.63

0.554
0.510
0.922
1.60
1.94

N content
(atom % excess)

0.714
1.57
0.052
0.003
0/005

0.818
2.57
0.091
0.001
0.002

Amount of N (yg)

503
461
92.0
6.51
1.42

493
420
179

2.40
0.769

Apparent N„ fixation
rate (ymol of N /

day)b 2

5.40
4.95
0.98
0.069
0.015

5.29
4.51
1.92
0.026
0.008

Basal nodes are included.
Atom % excess of N„ gas was 44.3%.



15.Table 3b. N. incorporation into rice plants in a growth chamber for 7 days.

Plant part

Uncovered
Root
Outer leaf sheath
Basal node
Inner leaf sheath
Leaf blade
Young panicle

Covered
Root
Outer leaf sheath
Basal node
Inner leaf sheath
Leaf blade
Young panicle

Dry wt (g)

2.33
2.29
1.66
9.34
4.02
3.58

2.25
3.22
1.57
9.25
5.31
2.72

% of N

0.765
0.727
0.515
1.06
1.97
1.16

0.769
0.544
0.549
0.929
1.51
1.33

N content
(atom % excess)

0.501
0.947
0.245
0.028
0.031
0.017

0.424
1.86
0.385
0.059
0.040
0.039

Amount of N fixed(yg)

89.3
158.0
20.9
27.6
24.6
7.07

73.3
324.0
32.2
50.7
32.1
14.1

Apparent N. fixation
rate (pmol of N./1

day)3

1.77
3.11
0.413
0.545
0.486
0.139

1.45
6.40
0.656
1.00
0.034
0.279

Atom % excess of N_ gas was 24.2.
Ito et al (7).
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Table 4. Nj-fixation by deepwater rice exposed to N„ for 9 days, 1980
wet season, IRRI.

Plant parts

Aerial parts
Grain
Leaf blade

Leaf sheath
Culm

Floating parts
Leaf sheath
Culm
Root

Submerged parts
Leaf sheath
Culm
Root

Root in soil

Whole plant

Submerged weed

Total N
mg N/pot

184 +
75 +
28 +
26 +

36 +

27 +
6 +

29 +
28 +
35 +

68 +

542 +

41 +

33
17
3
4

3
1
3

3
4
3

6

51

12

Atom %
excess

0.04
1.77
0.30
0.11

3.12
0.48
2.01

1.37
0.27
0.66

0.23

0.97

+ 0.02
+ 0.88
+ 0.21
+ 0.07

+ 1.14
+ 0.15
+ 0.77

+ 0.46
+ 0.07
+ 0.28

+ 0.11

+ 0.48

Fixed N
ug N/pota

149
2780
208
57

2310
264
267

831
153
625

329

7973

823

aAssuming the average of 48.1 atom % excess of N, during 9 days exposure.
Watanabe et al (1980).
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Table 5. Recovery of N (%) in algae after two crops of rice in soil and plants (IRRI Annual Report
for 1981).

Experimental

Fresh algae
pot experiment

Dried algae
pot experiment

Dried algae
field experiment

EGA incorporated
1st crop 2nd crop Soil unaccounted

38 5 53 4

28 8.5 58 5.5

23.5 3.5 33*

Surface applied
1st crop 2nd crop Soil

13 8 73

14 7 57

23 4 32*

Unaccounted

6

22

In the 0-15 cm layer of the soil.
Roger and Watanabe (12).
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15 14Table 6. N/ N ratio in deep water rice plants growing under
shallow and deep water conditions (IRRI, Annual report for 1980).

Site

Bangkhen
Hantra
Bangkok
IRRI

Water
depth

Shallow
Semi- deep
Deep
Shallow
Shallow
Deep
Deep

Li ht Total N** a/ mg/potexposure— 6 *
A

+ 718
+ 979
+ 952
+ 502

504
+ 737

530

15N
mg/pot

B

111
86.2
97.6
194
230
201
114

15N/14N ratio
B/A x 100

15.4
8.8
10.2
38.6
45.6
27.2
21.5

— + : covered with sack cloth
- : not covered with black cloth.
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Table 7. Balance of labeled and unlabeled nitrogen and N content in grains, straws and roots of

rice.

Treatment

Dryland ,
Dryland,
Flooded,
Flooded,
Flooded,
Flooded,
Flooded,
Flooded ,

Standard

unplanted
planted
unplanted
planted
black cloth
Azolla + P
algae + P + Ca
black cloth + P + Ca

error

Balance of
15N*

- 58
- 34

- 49
- 27
- 42
~ 41
- 28
- 35

10

nitrogen (mg/pot)
14N

125
216

- 658
814

4ns

938
1013
145ns

115

Atom % excess of N
in plant*

-

7.14
-

3.93
4.35
3.62
3.80
4.08

0.07

**
15Initial amount of N was 196 mg. Atom % excess of ammonium sulphate was 31.06.

E
Pot surface was covered by black cloth (Ventura and Watanabe, in press).
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Atom % «xcess
15 N2 feeding
4

I _L I
4 5 6

Atom % excess 15 N dilution

15.Fig. 1. Relationship between N contents of various
parts of deepwater rice, determined by N feeding
and N dilution techniques.

Nitrogen botance (mg N/pot)

1000

500

100

,T
4.5

Atom % excess in plant

Fig. 2. Relationship between nitrogen balance in
flooded soil-rice ecosystem and N content in rice
plants.
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BLUE-GREEN ALGAE IN RICE FIELDS
Their ecology and their use as inoculant

P.A. ROGER*
Soil Microbiology Department,
The International Rice Research Institute,
Los Baflos, Laguna, Philippines

Abstract

This paper is a short review on blue-green algae in rice fields,
their ecology and their use as inoculants. Some emphasis has been
given to the recent studies of the relations between blue-green algae
and rice which include the availability of algal nitrogen to the rice
plant and epiphytic relationships.

1 INTRODUCTION

One result of the fertilizer price increase during the last
decade is a renewed interest in biological N_ fixation as a means of
reducing the use of N fertilizer. However, biological N fixation
requires energy generally obtained by the catabolism of
photosynthetically fixed carbon (photosynthate). Among the
N--fixing microorganisms, only blue-green algae (BGA) are able to
generate their own photosynthate from CO and water. This trophic
independence makes BGA especially attractive as a biofertilizer. The
agronomic potential of BGA was recognized in 1939 by De, who
attributed the natural fertility of tropical paddy fields to
N -fixing BGA. Since then, many trials have been conducted which
attempted to increase rice yield by algal inoculation or by cultural
practices favouring the growth of indigenous BGA.

The paddy field ecosystem provides a favourable environment for
the growth of BGA with respect to their requirements for light, water,
high temperature and nutrient availability. This could be the reason
BGA grow in higher abundance in paddy soils than in upland soils
(Watanabe and Yamamoto, 1971) as reported in the widely different
climatic conditions of India (Mitra, 1951) and Japan (Okuda and
Yamaguchi, 1952). By pooling data obtained in Senegal it appears that

Office de la recherche scientifique et technique Outre-Mer (ORSTOM), France.
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N -fixing BGA were recorded in 86 out of 89 paddy soils (Reynaud,
1980). However, Venkataraman (1975) pointed out that "contrary to
general belief, N -fixing BGA are not invariably present in tropical
rice soils, and that an all India survey showed that out of 2213 soil
samples from rice fields, only about 33% harboured N -fixing
forms". The heterogenous and sometimes limited distribution of in-
fixing BGA is still not well understood because no systematic analysis
has correlated the presence or absence of BGA with environmental
factors (Lowendorf, 1980).

2 METHODOLOGICAL LIMITATIONS FOR THE STUDY OF BGA IN RICE FIELDS

2.1 Quantitative evaluations

The lack of completely satisfactory methods for estimating algal
abundance and biomasses of the different algal groups (Fogg et al.,
1973) is certainly a limiting factor for ecological studies with BGA.

Plating techniques, which are the most frequently used methods,
are advantageous in providing qualitative and quantitative results
simultaneously. However, the accuracy of the counts depend on the
reliability of the particular dilution method. Filamentous forms are
difficult to separate into individual cells. Plating techniques can
be improved by determining the mean volume of each "count unit" (cell,
filament, akinete or colony, according to the species) by directly,
microscopically examining the first dilution and multiplying the
results of enumerations by the corresponding "volume unit". This
permits the expression of the results of enumerations in term of
biomasses (Roger and Reynaud, 1976).

Algal enumerations are often limited by an inadequate methodology
in sampling. Most of the results are expressed as number of algae per
gram of dry soil which does not take into account algae in the
floodwater of submerged soils and does not permit any extrapolation at
the field level (What is the dry weight of soil colonized by algae in
one hectare of a paddy field?). A better way is to express

2enumerations as number of algae per cm by using core samples with a
well defined diameter, each core sample including the first centimetre
of soil and the corresponding floodwater, if the soil is submerged
(Roger and Reynaud, 1976). This will p.emit comparisons and
extrapolations of the data at the field level if a correct density of
sampling has been used.
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The problem of the choice of a density of sampling in relation to
the distribitional ecology of algae haß been studied by Roger and
Reynaud (1978). Results indicate that soil algae have log-normal
distribution (logarithms of number are normally distributed) and that
a very high density of sampling is required to obtain a significant
evaluation. For example, the mean value of Anabeana sp biomasses
based upon 40 samples of 10 cores each, taken in a 0.25 ha paddy
field, had a confidence interval of +32% and -27% of the mean. Such
an evaluation clearly demonstrates that a composite sample obtained by
mixing a large number of core subsamples is at least required to
enumerate algae; of course replicate measurements on composite samples
will give better results.

Currently, results of BGA enumerations in soils are too
fragmentary and the methodology used too frequently open to criticism,
to allow the development of general concepts.

2.2 Nitrogen fixing activity.

N -fixation by BGA has been most frequently studied using the
acetylene reducing activity method which may lead to erroneous results
(Lowendorf, 1980). ARA variations during both the day and the growing
cycle can be rapid and important; moreover ÄRA also has a log-normal
distribution (Roger et al., 1977). Therefore, large number of
replicates and very frequent measurements are needed to ensure a
satisfactory measure of total ARA. However, this tedious work will
still lead to an imprecise evaluation of the nitrogen fixing activity
(NFA) as the conversion factor acetylene-nitrogen is not constant and
needs to be determined experimentally for each set of experimental
conditions (Peterson and Burris, 1976). But ARA is a very convenient
and reliable method for qualitative studies when the measurements are
brief (David and Fay, 1977), when the problems of gas diffusion and
greenhouse effects are minimized and when statistically valid sampling
methods are adopted (Roger and Kulasooriya, 1980).

Few reliable estimations of ARA have been hitherto published.
The number of measurements and replicates have been generally too
low. Moreover the importance of anaerobic non-heterocystous N.-
fixing BGA was not appreciated until recently and field measurements
of nitrogenase activity were carried out under an aerobic gas phase
only, therefore it is difficult to evaluate the N-input due to
N -fixation by BGA (Stewart, 1978).
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3 ECOLOGY OF BLUE-GREEN ALGAE

In paddy fields growth of BGA and algal successions are governed
by climatic, physiochemical and biotic factors.

3.1 Climatic factors

Among climatic factors, light intensity is certainly the most
important. Light availability for soil algae depends upon the season
and latitude, the plant canopy, the vertical location of the algae in
the photic zone and the turbidity of the water. Light intensity
reaching the soil may vary from too low to excessive levels (10 to
110,000 lux). In cultivated soils the screening effect of a growing
crop canopy can cause a rapid decrease in the light reaching the
algae. Thus the canopy of transplanted rice decreased light by 50%
when plants were 15 days old, 85% after one month and 95% after two
months (Kurasawa, 1956).

BGA are generally sensitive to high light intensities. They
develop various protective mechanisms like vertical migrations in the
water of submerged soils; preferential growth in more shaded zones
like enbankements, under or inside decaying plant material, or a few
millimeters below the soil surface; photophobotaxis; photokinesis; and
stratification of the strains in algal mats, where N.-fixing strains
grow under a layer of eukaryotic algae, more resistant to high light
intensities (Roger and Reynaud, 1982).

In areas with high incident light intensities, BGA develop later
in the crop cycle when the plant cover is dense enough to protect them
from excessive light (Roger and Reynaud, 1977). On the other hand,
light deficiency may also be a limiting factor. In Japan, available
light under the canopy was lower than the compensation point of the
phytoplankton during the second part of the growth cycle (Ichimura,
1954). In the Philippines, during the wet season, when light was
moderate, ÄRA was higher in bare soil than in planted soil (Watanabe
et al., 1977).

The optimal temperature for BGA is about 30-35 C, Temperature
is rarely a limiting factor for BGA in paddy fields because the range
of temperature permitting their growth is larger than that required by
rice; however, temperature influences the composition of the algal
biomass and the productivity. Low temperatures decrease productivity
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and favour eukaryotic algae. High temperatures favour BGA and
increase the algal productivity (Roger and Kulasooriya, 1980).

3.2 Soil properties

Among the soil properties, pH is the most important factor
determining the algal flora composition. Under natural conditions BGA
grow preferentially in environments that are neutral to alkaline.
This explains why, positive correlations occur in the rice fields
between: water pH and BGA number - soil pH and BGA spores - soil pH
and the N-fixing algal biomass in samples homogenous for stage of
rice development, fertilization and plant cover density (Roger and
Reynaud, 1982). The beneficial influence of high pH on BGA growth is
demonstrated by the fact that the addition of lime increases BGA
growth and «„-fixation (Roger and Kulasooriya, 1980). However, the
presence of certain strains of BGA in soils with pH values between 5
and 6 has been reported (Durrel, 1964; Aiyer, 1965).

Besides pH, phosphorus availability is an important factor
determining growth of BGA. Okuda and Yamaguchi (1952) incubated 117
submerged soils and noted that BGA growth was closely related to the
available P content of the soil.

The growth of N -fixing BGA in rice fields is most commonly
limited by low pH and P deficient, and application of P together with
lime has frequently produced positive results (Roger and Kulasooriya,
1980).

3.3 Biotic factors

Organisms that limit BGA growth are: pathogens, antagonistic
organisms and grazers. Of these, only grazers have been documented.
The development of Zooplankton populations, especially cladocerans,
copepods, ostracods, and mosquito larvae prevented the establishment
of algal blooms within one or two weeks (Venkataraman, 1961). Grazing
rates and algal diet preferences of ostracods were studied by Grant
and Alexander (1981) who estimated the potential consumption of BGA at

_2an average field density of 10,000 ostracods m to be about 120 kg
(fw) ha day . An economical alternative for controlling
ostracod populations is the application of crushed seeds of the neem
tree (Azadirachta indica) (Grant et al., 1982). Snails form another
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group of algal grazers in submerged paddy fields, the biomass of
snails can be as high as 1.6 t/ha in certain rice fields in the
Philippines (Roger and Kulasooriya, 1980). Commercial pesticides
capable of controlling grazers are expensive and thus uneconomical to
use (Grant et al.. 1982).

4 RELATIONS BETWEEN BLUE-GREEN ALGAE AND THE RICE PLANT

4.1 Availability of algal nitrogen to rice

The uptake by rice of nitrogen fixed by BGA was demonstrated on a
qualitative basis by Renaut et al. (1975) and Venkataraman (1977),
using N tracer technique. In a quantitative experiment Wilson et
al (1980) recovered from a rice crop 37% of the nitrogen from
N-labelled Aulosira sp spread on the soil and 51% of the nitrogen

from the same material incorporated into the soil. This study was
conducted on a laborataory scale and did not include analysis of N
remaining in the soil.

Pot and field experiments conducted at the International Rice
Research Institute, using N labelled Nostoc sp, showed that
availability of nitrogen from dried BGA incorporated in th soil was
between 23 and 28% for the first crop and between 27 and 36% for the 2
crops. Surface application of the algal material reduced the
availability to 14-23% for the first crop and 21-27% for 2 crops
(Tirol et al., 1982). Availability of nitrogen from fresh algal
material was similar to that of dried material when surface applied
(14%) but much higher (38%) when incorporated (Roger and Watanabe,
1982). The pot experiment was demonstrated that for the first crop
algal nitrogen was less available than ammonium sulfate but for two
crops its avaibility was very similar to that of ammonium sulfate
(Tirol et al., 1982). That indicates the slow release nature of BGA
nitrogen, which agrees with the cumulative effects of algal
inoculation (Roger & Kulasooriya, 1980). The N balance in plants
and soil after two crops (pot experiment, dried algae) showed that
losses from N anmonium sulfate were more than twice than from BGA
regardless of the mode of application. From these results the authors
concluded that, due to its organic nature, BGA material is less
susceptible to nitrogen losses than inorganic fertilizer and that its
low C/N ratio (5-7) gives it a better nitrogen availability than those
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of an organic fertilizer like farmyard manure. Relative availability
of algal nitrogen to rice depends on the susceptibility to
decomposition of the algal materai which varies with the strains
(Gunnison and Alexander, 1975) but also with their physiological state
as demonstrated by the discrepancy between the values reported by
Wilson et al. (1980) and those reported by Tirol et al. (1982). The
former authors used an algal material collected directly from the
flask culture and blended after resuspension indistilled water,
whereas the latter authors used an algal material dried at room
temperature, comprising mainly vegetative cells in dormancy and
akinetes, and therefore less susceptible to decomposition.

4.2 Growth promoting effect

Besides increasing N fertility, BGA have been assumed to benefit
higher plants by producing growth-promoting substances. This
hypothesis is based on the additive effects of BGA inoculation in the
presence of nitrogenous fertilizers. Most of these results have been
obtained with rice but similar results were observed also with
vegatables such as radishes and tomatoes (Roger et al., 1979).

More direct evidence of hormonal effects has come primarily from
treatments of rice seedlings with algal cultures or their extracts.
Presoaking rice seeds with BGA cultures or extracts enhances
germination, promotes the growth of roots and shoots, and increases
the weight and protein content of the grain (Roger and Kulasooriya,
1980). It has also been established that algal growth-promoting
substances are beneficial to other crops besides rice and that the
production of such substances is not confined to BGA. Whether these
substances are hormones, vitamins, amino-acids or any other components
is still unknown.

4.3 Epiphytism

Epiphytic BGA have been observed on wetland rice (Roger et al.,
1981), deepwater rice (Kulasooriya et al., 1981, Martinez and Catling,
1982), and on weeds growing in rice fields (Kulasooriya et al.,
1981). Comparing these three different hosts (Kulasooriya et al.,
1980) it was found that epiphytism and the associated ARA on wetland
rice at seedling, tillering and heading stages and on the submerged
weed Chara was predominantly due to colonies of Gloeotrichia sp
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visible to the naked eye. The epiphytic algae on wetland rice at
maturity, on the submerged weed Najas, and on deepwater rice could be
observed only under the microscope and the dominant algae were Nostoc.
Calothrix. and Anabaena. A unique finding was that B6A also exist
•inside the cavities of senescent rice leaf sheaths; this
"endophytism", however, in addition to being not confined to rice, was
not present in living healthy tissues. A frequent observation was
that older parts of the hosts and plants with rough surfaces supported
more numerous epiphytic BGA. From these facts, it was concluded that
epiphytism is possibly related to an abiotic effect, of which a
mechanical effect in relation to the roughness of the host surface
appears to be of importance.

Rates of AHA. on wetland rice gradually diminished from seedling
to maturity mainly due to the concomitant decrease of Gloeotrichia
epiphytism and the reduction of available light. In deepwater rice
also there was a decrease in specific ARA (activity per gram of host)
from heading to maturity but this was compensated by an increase in
the host biomass so that a constant activity per plant was observed at
both stages. The results of ARA measurements indicated that the N
contribution by N -fixing microorganisms epiphytic on wetland rice
is low but epihpytic BGA play an important role in inoculum
conservation because floating algae and soil algae are frequently
washed out from the field during heavy rains. On the other hand,
epiphytic nitrogen fixation on deepwater rice makes a substantial N
contribution to this ecosystem (10-20 kg N/ha) mainly due to the
greater biomass available for colonization by epiphytic BGA. The
importance of epiphytic N -fixation and the availability of epiphiytically
fixed N was evaluated by Uatanabe et al. (1981) and Watanabe and Ventura
(1982) using N techniques. In a field experiment, rice was grown
in pots containing N labelled ammonium sulfate, in shallow and
deep (110 cm) water in the Philippines and Thailand. Rice plants in
deepwater had lower N enrichment suggesting that nitrogen in
floodwater as molecular nitrogen or combined or both, contributes to
nutrition of deepwater rice (Watanabe et al., 1981). Direct evidence
of N.-fixation associated with deepwater rice was obtained by

15exposing submerged parts of a plant to N_ for 9 days. The
15highest enrichments of N were found in submerged nodal roots and

leaf sheaths where BGA grow epiphytically. During the 9 days period 8
mg-N was fixed by the plant and at maturity, about 40% of the fixed N
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was found in parts of the plants not directly exposed to N_
(Watanabe and Ventura, 1982).

In shallow water-rice, epiphytic BGA make only a small
contribution to the nitrogen input, whereas, in deepwater rice they
produce a substantial nitrogen input which is especially important
because in this cropping system nitrogen fertilizer is seldom applied.

5 ALGAL INOCULATION IN RICE FIELDS

BGA were among the first N -fixing agents recognized to be
active in flooded rice soils. Many trials have been conducted to
increase rice yield by inoculating the soil with BGA. This practice,
also called algalization, a terminology introduced by Venkataraman
(1966), has been reported to have a beneficial effect on grain yield
in different agroclimatic conditions. However, some reports also
indicate failure of algalization. The conclusions of the review of
Roger and Kulasooriya (1980) on algalization are summarized hereafter.

5.1. Methodology of the experiments

Most experiments on algalization have been on a "black box"
basis, where only the last indirect effect (grain yield) of
algalization was observed and the intermediate effects were not
studied. There is little information on the qualitative and
quantitative variations of the N -fixing algal flora and the N
balance in inoculated paddy soils. Pot and field experiments have
been conducted, usually on a single crop. The relative increase in
grain yield over the control was on average 28% in pot experiments and
15% in field experiments. The better growth of BGA in pot experiments
is probably attributable to the reduction of climatic disturbance and
to the mechanical effect of the pot walls, where BGA frequently seem
to grow preferentially and profusely. Pot experiments may therefore
only be suitable for qualitative studies, since they overestimate the
effects of BGA inoculation. Most of the field experiments on the
other hand, were conducted in only one growing season and may
underestimate the effects of algalization since the advantages of a
slow N release from dead BGA may not be apparent in the first
algalized crop.
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5.2. Effect of algalization on the rice plant

Algalization may affect plant size, nitrogen content, and the
number of tillers, ears, spikelets, and filled grains per panicle.
The most frequently used criterion for assessing the effects of
algalization'has been better grain yield. Results of field
experiments conducted mainly in India report an average yield increase
of about 14% over the control, corresponding to about 450 kg grain
ha per crop, where algal incoulation was effective. A higher
grain yield increase was observed when algalization was in combination
with lime, P and sometimes molybdenum application. Unfortunately it
is not possible to separate the direct effect of PK fertilizers on
rice from its indirect effect upon the growth of indigenous or
introduced algae. The effects of algalization used with N fertilizers
are controversial. Since biological N fixation is known to be
inhibited by inorganic N the beneficial effect of algalization in the
presence of N fertilizers was most frequently interpreted as resulting
from growth-promoting substances produced by algae or also by a
temporary immobilization of added N followed by a slow release through
subsequent algal decomposition permitting a more efficient utilization
of N by the crop.

5.3 Effect of algalization on soil properties and microflora.

Grain-yield measurements suggest that algalization produces both
a cumulative and residual effect. This was attributed to a build up
of both the organic N content and the number of.BGA propagules in the
soil, facilitating the reestablishment of the BGA biomass. Several
reports indicate an increase in organic matter and organic N.
Algalization was also reported to increase: aggregation status of the
soil (Shield and Durrel, 1964), water-holding capacity (Singh, 1961),
available P, and total microflora, Azotobacter, Clostridia, and
nitrifiers (Ibrahim et al., 1971).

5.4. Limiting factors for algalization

Among the possible limiting factors responsible for the failure
of algalization-only pH and available P,content of the soil have been
studied. Since in some soils, algalization is inefficient in spite of
the addition of lime and phosphate (Okuda and Yamaguchi, 1952),
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available P content is probably not the only factor limiting the
effect of algalization. On the other hand, texture, organic matter
content, CEC of saturated extracts, and total N are probably not
important limiting factors (Subrahmanyan et al., 1965). Among the
biotic factors that can possibly limit EGA inoculum growth, grazing by
the Zooplankton has been already mentioned. Other possible mechanisms
involved such an antagonism, competition, etc. have been cited, but
their role is not clear. Low temperatures, heavy rains, and cloudy
weather have also been reported to limit the establishment of the
inoculum.

S.S. Algalization technology

The methodology of EGA production has been reviewed by Watanabe
and Yamamoto (1970) and Venkataraman (1972). The methods of field
application have been reviewed by Venkataraman (1981). Methods of
inoculum production in artificially controlled conditions have been
developed mainly in Japan where algalization is not used. Producing
the inoculum in artificially controlled conditions is well defined but
relatively expensive. On the contrary, the open air soil culture,
used in India, is simpler, less expensive and easily adoptable by the
farmers. It is based on the use of a starter culture that is a
multistrain inoculum of Aulosira. Tolypothrix. Scytonema. Nostoc.
Anabaena and Plectonema, provided by the "All India Coordinated
Project on Algae" (1979). The inoculum is multiplied by the farmer in

_2shallow trays or tanks with 5-15 cm water, about 4 kg soil m , 100
_2g triple superphosphate m and insecticide. If necessary, lime is

added to correct the soil pH to about 7.0-7.5. In 1 to 3 weeks, a
thick mat develops on the soil surface and sometimes floats. Watering
is stopped and water in the trays is allowed to dry up in the sun.
Algal flakes are then scraped off and stored in bags for use in the
fields. With such a method, the ultimate proportion of individual
strains in the algal flakes is unpredictable. It is assumed that,
because the inoculum is produced in soil and climatic conditions
similar to those in the field, dominant strains will be the most
adapted to the local conditions. The recorded rates of production of
algal flakes in the open air soil culture range from 0.4 to 1.0 kg
-2 2m in IS days, indicating that a 2 m tray can produce in 2-3

months enough algal material to inoculate 1 ha of rice field. For
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transplanted rice the algal inoculum is generally applied 1 week after
the transplanting. When rice is sown, seeds can be coated by mixing
the algal suspension and 2-3 kg calcium carbonate per 10-20 kg seed
and air-dried in the shade.

Recommendations for field application of dried algal inoculum
(algal flakes) given by "All Coordinated Project on Algae" (1979)
indicate that 8-10 kg of dry algal flakes applied 1 week after
transplanting is sufficient to inoculate 1 .ha; although a larger
amount will accelerate multiplication and establishment in the field.
Algalization can be used with high levels of commercial nitrogen
fertilizer, but reduction of the N dose by one third is recommended.
To benefit from the cumulative effect of algalization, the algae
should be applied for at least three consecutive seasons. Recommended
pest-control measures and other management practices do not interfere
with the establishment and activity of these algae in the fields.

6 RESEARCH NEEDS ON BGA IN RICE FIELDS

Looking at the literature on BGA, it is surprising to observe the
disequilibrium between the different topics. Taxonomy, morphology,
micromorphology, physiology and enzymology are highly documented
whereas ecology is still very poorly understood, most probably because
of methodological problems. Test tube grown BGA have been extensively
studied, and several desirable physiological characteristics of BGA
strains for field inoculation have been summarized by Stewart et al.
(1979) as follows: "Strains selected for use in the field should be
fast-growing and capable of fixing N under aerobic, microaerobic
and anaerobic conditions. They should also be able to grow
photoautotrophically and chemoheterotrophically. and store endogenous
carbohydrate reserves. They should evolve little H_ and liberate
nitrogen in excess of their requirements for optimum growth.
Cyanobacteria differ in whether or not they liberate extracellular
NH. on inhibition of glutamine synthetase. The ways in which4.—
glutamine synthetase of Cyanobacteria is regulated could be of
importance in strain selection". However the selection of "super
N_-fixing strains" has no meaning unless such strains are able to
survive, develop and fix nitrogen as programmed in the rice fields.
Information is available on inoculum production under laboratory and
outdoor conditions, but the successful field establishment of these
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available P content is probably not the only factor limiting the
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content, CEC of saturated extracts, and total N are probably not
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the Zooplankton has been already mentioned. Other possible mechanisms
involved such an antagonism, competition, etc. have been cited, but
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used in India, is simpler, less expensive and easily adoptable by the
farmers. It is based on the use of a starter culture that is a
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Project on Algae" (1979). The inoculum is multiplied by the farmer in
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added to correct the soil pH to about 7.0-7.5. In 1 to 3 weeks, a
thick mat develops on the soil surface and sometimes floats. Watering
is stopped and water in the trays is allowed to dry up in the sun.
Algal flakes are then scraped off and stored in bags for use in the
fields. With such a method, the ultimate proportion of individual
strains in the algal flakes is unpredictable. It is assumed that,
because the inoculum is produced in soil and climatic conditions
similar to those in the field, dominant strains will be the most
adapted to the local conditions. The recorded rates of production of
algal flakes in the open air soil culture range from 0.4 to 1.0 kg
-2 2m in 15 days, indicating that a 2 m tray can produce in 2-3

months enough algal material to inoculate 1 ha of rice field. For
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transplanted rice the algal inoculum is generally applied 1 week after
the transplanting. When rice is sown, seeds can be coated by mixing
the algal suspension and 2-3 kg calcium carbonate per 10-20 kg seed
and air-dried in the shade.

Recommendations for field application of dried algal inoculum
(algal flakes) given by "All Coordinated Project on Algae" (1979)
indicate that 8-10 kg of dry algal flakes applied 1 week after
transplanting is sufficient to inoculate 1 ha; although a larger
amount will accelerate multiplication and establishment in the field.
Algalization can be used with high levels of commercial nitrogen
fertilizer, but reduction of the N dose by one third is recommended.
To benefit from the cumulative effect of algalization, the algae
should be applied for at least three consecutive seasons. Recommended
pest-control measures and other management practices do not interfere
with the establishment and activity of these algae in the fields.

6 RESEARCH NEEDS ON BGA IN RICE FIELDS

Looking at the literature on B6A, it is surprising to observe the
disequilibrium between the different topics. Taxonomy, morphology,
micromorphology, physiology and enzymology are highly documented
whereas ecology is still very poorly understood, most probably because
of methodological problems. Test tube grown BGA have been extensively
studied, and several desirable physiological characteristics of BGA
strains for field inoculation have been summarized by Stewart et al.
(1979) as follows: "Strains selected for use in the field should be
fast-growing and capable of fixing N_ under aerobic, microaerobic
and anaerobic conditions. They should also be able to grow
photoautotrophically and chemoheterotrophically. and store endogenous
carbohydrate reserves. They should evolve little H? and liberate
nitrogen in excess of their requirements for optimum growth.
Cyanobacteria differ in whether or not they liberate extracellular
NH. on inhibition of glutamine synthetase. The ways in which4̂
glutamine synthetase of Cyanobacteria is regulated could be of
importance in strain selection". However the selection of "super
N -fixing strains" has no meaning unless such strains are able to
survive, develop and fix nitrogen as programmed in the rice fields.
Information is available on inoculum production under laboratory and
outdoor conditions, but the successful field establishment of these
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inocula seems to be sporadic. As pointed out by Gibson (1981)
virtually nothing is known of the attributes permitting introduced
strains to colonize the various hostile environments to which they
will be exposed. Recent studies have shown the importance of grazers
as a limiting factor for BGA growth. Neem cake or neem oil
application permits cheap control of microcrustaceans, but a similar
technology is needed for snails that graze on BGA.

Another important gap, is the mode of action of inoculated BGA.
In field experiments average yield increase in absence of nitrogen
fertilizers (14.6%) does not significantly differ from that in
presence of nitrogen fertilizers (14.3%). Since biological
N -fixation is known to be inhibited by inorganic N, the beneficial
effect of algalization in the presence of N fertilizers has been
most frequently interpreted as resulting from growth-promoting
substances produced by BGA. Such a hypothesis still needs to be
proved as algalization experiments have been conducted on a "black
box" basis, where only the last indirect effect (yield) of an
agronomic practice (algalization) was observed. No data area
available on nitrogen fixation and algal biomass measurements in an
inoculated paddy field. Therefore the relative importance of nitrogen
fixation by ihculated BGA in increasing the rice yield, compared with
other possible effects like auxinic effects, effects on soil
properties, increase of P availability etc. is still unknown.
Although it is claimed that BGA are widely used for rice production in
certain countries (India, Burma), it appears that algal technology is
still at a research level in most of the rice growing countries. This
is most proably due to insufficient knowledge, which does not permit
algalization to be recommended with confidence to the farmers. Singh
(1979) reported that the experiments conducted at CRRI have shown very
clearly that fresh algae inoculation is always better than dried algae
inoculation. However, due to the high water content of BGA, the
weight of a fresh inoculum is very high: a value of 750 kg/ha was
reported in a FAO Soils Bulletin on organic manure in China (1977).
Using fresh inocula for algalization reduces one of the main
advantages of this technology, that is the utilization of a stable,
easy to handle, non-bulky, dry inoculum. It is essential to achieve
the aim of reliable, dry inoculum to establish competitively in the
field. For such a purpose we need a better knowledge of the factors
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affecting i) the formation and the germination of algal spores and
propagules, ii) the establishment of algal inocula in situ.
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APPLICATION OF THE SERIAL DILUTION TECHNIQUE
TO ESTIMATE THE BIOMASS OF N2-FIXING BLUE-GREEN
ALGAE UNDER FIELD CONDITIONS

P.A. REYNAUD
Office de la recherche scientifique et technique

Outre-Mer (ORSTOM),
Dakar, Senegal

Abstract

The serial-dilution method developed to estimate algal biomass in
field samples is described. This method is illustrated by a transect
experiment in a dry rice field. It shows a log-normal distribution law
for algal material. The effect of taxon volume unit, enumeration and
sampling on the accuracy of the method is determined.

INTRODUCTION

The main problem in the measurement of the effect of inoculation
with blue-green algae in rice fields is to determine the principal
factors which might be involved in the inoculation effect. The review
by Roger and Kulasooriya (1980) indicates that most work on algalization
has been performed to compare the grain yield in treatments inoculated
or non-inoculated with algae. Experiments conducted on this "black box"
basis give no additional information on the qualitative and quantitative
development of the algal inoculum and of the phototrophic nitrogen—
fixing activity although these parameters are important and may have
explained why the algalization effect was positive, negative or
residual. To have a better understanding of the evolution of blue-green
algae during the rice cultivation cycle, it is necessary to estimate the
total algal biomass along the development of the crop from seedling
stage to harvest.

Algal abundance has been estimated by three principal methods:
direct observation, measurement of pigments, and plating techniques.
The direct microscopic examination is generally used for qualitative
determinations, whereas the pigment analysis does not indicate the
composition of the algal flora. Plating techniques, which are more
frequently used, are advantageous in providing both qualitative and
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quantitative information simultaneously, but the accuracy of such a
method depends on the dilution procedure.

The purpose of the present paper, is to describe an improved
serial-dilution method developed in our lab, to estimate algal biomass
in field samples.

I. METHOD

The experiment was conducted in a dry rice field just after
cropping; 57 samples consisting of three soil cores of one cm diameter
and about 1 cm depth each were collected along a transect of 18.5 m.
They were stored in closed and dry bottles under lab temperature.

Each sample was weighed, crushed and resuspended in 30 ml deionised
water and thoroughly stirred. Total nitrogen, protein concentration,
and pH of each suspension was measured. The suspension was diluted from
10 to 10 in glass tubes and one ml of each dilution was spread
onto a petri dish containing 30 ml of algal medium solidified with 1%

—4agar. We used the B6 11 medium (Alien and Stanier 1968) for the 10 ,
10 and 10 dilutions to enumerate the total algal constituants

—3 -4 -5and the BG 11 medium minus nitrogen with 10 ,10 , 10
dilutions to enumerate specifically nitrogen fixing blue-green algae.
For each dilution three petri dishes were used. Incubations were
conducted in a light chamber (500 lux, 30 C) for 21 days. Counts
were performed with a stereomicroscope WILD M5. The petri dish was
divided by a frame into 1 cm squares, and each square was examined under
a x 12 magnification. Enumeration of algal colonies was performed on
the entire surface of each petri dish.

II. RESULTS

A. Volume unit

In this method of enumeration each algal colony is presumed to
have arisen from a propagule which could either be a short piece of
filament or an akinete. To convert the algal numbers to biomass, it
is necessary to calculate the mean volume of this propagule unit and
the following method was adopted for this purpose. From these
enumerations, 14 principal taxons were identified (Table 1).

120



Several colonies belonging to each taxon were picked from the petri
dish and vigourously stirred for 10 minutes. With this suspension
we measured, under microscope, the size of a hundred pieces of
filament or the diameter of cell aggregates. From these
measurements, a volume unit was calculated for each taxon by
assuming that the form of the broken filaments corresponded roughly
to either a cylinder, sphere or cone. The value of each taxon
volume unit is thus specific to the algae collected in this
ecosystem but can be used for other ecosystems if the taxon is well
identified.

The relative error determined here for r=5% is closely related
to the ability to fragment the colonies and to the dispersion of
broken filaments during the stirring and diluting steps. For
instance the size of filaments of Nostoc punctiforme (relative error
= 9%) is more homogenous than those of filaments of Anabaena
.s_P_heri_ca (relative error = 20%) and the relative error of the
estimation of this taxon biomass would be higher than for N.
punctiforme.

B. Enumeration of taxons

Enumeration of taxons was normally conducted using two succesive
dilutions and the result was expressed as the mean of the six petri
dishes.

On the medium BG 11 minus nitrogen, eucaryotic algae and non
nitrogen fixing blue-green algae grew normally during the first
week, then their growth stopped and colonies became yellow
confirming their inability to fix N (Reynaud and Roger 1977).

For N2~fixing blue-green algae (N -fix B6A) there was a good
correlation between the number of colonies which developed, either
on medium with or without nitrogen source.

The use of the two media and three dilutions allowed us to:

- distinguish slow growing taxons 'from fast growing ones
- count each taxon as its optimal dilution
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- reduce possible competition between algal groups
- easily isolate each taxon.

Petersen (1932) pointed out that the dilution method was not
reliable for filamentous type and that some spreading types also do
not form individual colonies in the agar medium. To have an
estimation of these biomasses we have settled on a scale of the

2density of separation of filaments for these taxons on 1 cm of
agar plate; we have compared it with a direct enumeration of
filaments under microscope for a suspension of Lyngbva sp. Means of
triplicates estimations were identical with the two methods.

C. Biomass determination

The accuracy of algal estimation and in situ ARA measurements
depend upon the density of sampling and of the distribution law of
the variable. Earlier studies on the correlation between means and
variances of enumeration of soil microorganisms and in situ ARA
measurements, indicates that these variables have approximately a
log-normal distribution (Roger et al., 1977, Roger and Reynaud,
1978). The first implication of this law was that the confidence
interval and parametric statistical variable (i.e.: t variable of
Student Fisher) must be calculated using the logarithms of algal
enumerations or ARA measurements. The confidence interval was
dissymmetrical, its inferior limit was generally slightly lower than
that incorrectly calculated using the t variable of Student Fisher;
the upper limit was generally higher. The validity of the
logarithmic transformation must be checked by a method based on the
ratio between two correction coefficients established by Neyman and
Scott (1960) and programmed by Roger et al. (1978); transformation
is considered as valid when the ratio c~/c is included between
0.66 and 1.33.

The transect experiment is a good demonstration of the log—
normal distribution law for algal material. When variables such as
pH, weight of samples and N concentration in soils, are distributed
along the transect as a normal distribution, the log-normal
transformation is justifiable for 10 taxons out of 11 (Table 2). In
fact, Anabaena sphaerica has a c /c ratio of 3.465 depending of
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two very high values, but this ratio diminished to 0.988 with their
supression.

Most results are expressed as number of algae per gram of soil;
these data don't take into account algae present in the flood water
of submerged soils and do not permit extrapolation to the field
level. A more satisfactory way to evaluate algal population is to2determine the number of algae per cm , each core sample includes
the first centimetre of soil and the corresponding flood water
column. As the soil has been sampled in a dry area we compared the
two expressions: the precision was the same; the confidence interval
on the weight of 57 samples was 5%, r=5%.

On the transect the total algal biomass was estimated at 2970
kg/ha with a confidence interval of 10 (lower limit) and 19 (upper
limit) for r = 5%. As we have determined that there is no
autocorrelation function between algal material of two next samples
we have calculated the confidence interval with less and less
samples within 18.5 meters.

lower limit
57 samples
29 samples
19 samples
15 samples
12 samples

10
34
53
69
83

upper limit
19
25
32
35
39

The accuracy was very high with 57 soil samples (that is every
30 cm intervals), and since biological evaluations could tolerate an
accuracy of about 50%, it seems convenient in this transect to
collect a sample every meter.

The serial-dilution method, is currently used as a standard
procedure in our lab. This allows us to compare the algal biomasses
studied here with those of other areas in Senegal: on 97 soils
estimated: 21 are covered by less than 10 kg of algae, 57 between 10
and 100 kg, 18 between 100 kg and 10 tons and one by 12 tons. An
average dry weight is equal to 3.85% of fresh weight, on the average
of the dry weight 5.5% is nitrogen (Roger, Tirol and Watanabe,
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unpublished); thus, the algae supplied the rice field with 6.2 kg of
nitrogen.

CONCLUSIONS

The serial-dilution method is not an uni-versial technique for
the quantitative evaluation of the algal biomass: when there is a
thick algal bloom it is easier and more accurate to collect the
algae and measure the pigment concentration.

The method described in this paper is time consuming and could
lead to errors due to spore germination. However, it is useful in
its application to large scale studies of non-bloom forming algae
after their introduction to fields and for the identification of
dominant taxons. To compensate for the log normal distribution of
these organims, algal enumerations are best carried out on composite
samples prepared by mixing several surface soil cores removed from a
field.
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K) TABLE I

Taxons Shape and size measured Number of elements
measured

Volume unit
M 3

Pseudanabaena sp.
Narrow L.P.P. species
Lyngbya sp.
Anabaena ambigua
Anabaena vaginicola
Scytonema millei
Spirogyra spp.

Nostoc microscopicum
Nostoc punctiforme
Anabaena sphaerica

Calothrix spp.

Gloeothece samoensis
Unicellular green algae

Navicula sp.

Length and diameter of
cylindrical
trichomes

Trichomes length and
diameter of hemispherical
cells

Height and diameter of conical
trichomes
Diameter of cells aggregates

Double cone: length and diameter
of frustule

112
132
245
103
105
100
138

134
134
105

72

98
20

20

1.5010 ± 11 X
1.45103 + 17 X
1.35104 + 11 X
3.20103 + 20 X
8.13103 + 13 X

41.3010

4.9010

22 X
6.5010 + 24 X

5.1010 + 17 X
9 X

7.9010 + 20 X

1.0010 + 18 X

1.3410 ± 23 X
3.80101 + 15 X

3.5010 ± 10 X

Calculated volume unit and relative accurency to 95X confidence interval of principal taxons
determined in a Senegal rice-field.



Table 2

% Confidence interval

Taxons

Pseudanabaena sp.
Narrow L. P. P. strains
Lyngbya sp.
Total homocystous
Nostoc microscopium
Nostoc punctiforme
Total Calothrix sp.
Gloeothece samoensis
Anabaena ambigua
Anabaena vaginicola
Anabaena spherica
Scytonema mi Ile i
Total N2-fixing forms
Total algal biomass

Mean value
kg/ha

193
615
678

1664
4.8

23.2
198.9
94
35.7

100.3
104.4
43.2
632.5
2970

Lower Limit

6
22
3
7
4
3
9
21
13
118
960
14
6
10

Upper Limit

21
27
32
21
30
32
30
32
33
42
39
44
24
19

c'/c

1.032
1.099
0.880
1.034
0.857
0.807
0.792
0.891
0.823
0.840
3.465
0.970
0.987
1.029

Biomass estimations, confidence interval with a log-normal distribution,
valid when 0.66.< C'/C <1.33.
Means are obtained from 57 samplings on a paddy field transect in the
Fleuve region Senegal.
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EFFECT OF INOCULATING BLUE-GREEN ALGAE AND
Azolla ON RICE YIELD

S.A. KULASOORIYA
Department of Botany,
University of Peradeniya,
Peradeniya, Sri-Lanka

Abstract
Nitrogen fixing blue-green algae (BGA) and the Azolla-Anaebaena

symbiosis are potential alternative sources of nitrogen for lowland
rice production. A survey of the literature shows that on the
average, when BGA inoculation is effective, a rice yield increase of
14% (450 kg grain ha ) has been observed. However, in Sri Lanka no
significant increases in grain yield have been observed due to BGA
inoculation. Azolla inoculation in broadcast, transplanted, and
avenue transplanted rice gave yield increases of 12, 22 and 48%, and
was equivalent to 55 to 80 kg N ha as urea. Azolla was observed
to reduce weed growth by 53%. Azolla is easier to establish in rice
fields since it can be easily recognized with the naked eye, however,
BGA are better able to withstand periods of desication which occur in
rain-fed rice production. Most algalization experiments have been
performed on a "black box" basis where only the final grain yield has
been measured. Isotope experiments can play a vital role in
understanding the processes by which BGA and Azolla increase rice
yields.

INTRODUCTION

Nitrogen along with water management, has been referred to as the
key to the realization of yield potential of modern rice varieties
(Brady 1979). To supply this demand, synthetic nitrogen fertilizers
were liberally used in the 1960's due to their low cost, availability
and ease of application. With the energy crisis of the 1970's, the
potential danger of complete dependence on such fertilizers,
manufactured primarily from fossil fuel by-products, dawned upon the
scientific community dealing with crop production. It therefore
became apparent that alternative sources of nitrogen have to be sought
and a world-wide enthusiasm developed for biological nitrogen fixation.
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Whether synthetic, natural or biological, the conversion of the
inert dinitrogen molecule into a combined form initially requires
energy, although the overall process is exothermic. In this respect,
among the nitrogen fixing organisms and their associations, the
photosynthetic organisms, which utilize the almost inexhaustible
resource of solar energy, are more attractive than their heterotrophic
counterparts. Of the photosynthetic nitrogen fixers active in a rice
field ecosystem, the blue-green algae (BGA) and the Azo1la-Anabaena
symbiosis are more important than the photosynthetic bacteria, whose
nitrogen fixation is limited due to their absolute requirement for an
anaerobic environment for this process.

With the realisation of the importance of the nitrogen fixing BGA
in maintaining soil fertility in rice fields (De 1939, Singh 1961,
Watanabe 1959), attempts have been made to inoculate rice fields with
selected strains of these organisms, and this process has been termed
algalization (Venkataraman 1972). On the other hand, the use of
flzolla in rice has been a traditional practice in China and Vietnam
for centuries, but the scientific interpretations of the beneficial
effects of this practice is a very recent development.

This presentation is confined to experiments done on the
inoculation of BGA and Azolia into rice field, since other aspects of
algal and flzolla use in rice cultivation are discussed by the other
participants.

USE OF ALGAE

The effect of algal inoculation on rice has been studied
extensively in India and the results have been comprehensively
presented in several review articles (Venkataraman 1972 & 1979). A
manual for the production and utilization of BGA for rice is also now
available (Venkataraman 1981). Roger and Kulasooriya (1980) summarized
the literature on the effects of algalization on the grain yield of
rice in the presence and absence of additional treatments. From this
literature survey, it was possible to draw certain, general
inferences. It was observed that pot experiments gave better results
than field experiments (relative increase*of grain yield over
treatment is an average of 28% in pot experiments, compared to 15% in
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field experiments). This was possibly due to less climatic and
mechanical disturbances in the pot experiments. It may also be due to
preferential growth of algae in pots, which provide a moist, solid
substratum around a small area on to which algal filaments adhere and
grow profusely. Results from pot experiments should only be
considered as indicators of a potential and should not be extrapolated
directly to field conditions. From the results of published field
experiments, Roger and Kulasooriya (1980) concluded that on an
auerage, algal inoculation where effective, caused a relative increase
in grain yield of 14% over the comparable non-algalized treatments and
16% over the controls, and this increase corresponded to about 450
kg/per hectare of grain per crop.

Venkataraman (1979) reported results of extensive field
experiments conducted in India where the effect of algalization have
been investigated in the presence of different levels of chemical
fertilizer. From these results he concluded:

- In areas where chemical nitrogen fertilizers are not used,
algal inoculation can give the farmers the benefit of
applying 25-30 kg ftl/ha,

- Where N-fertilizers are used, the amount of N-fertilizer can
be reduced by about l/3rd through algal supplementation.

- Even at high levels of nitrogen, algal inoculation has a
beneficial effect.

The positive effect of algalization on grain yield at high
N-levels has been interpreted as due to the production of growth
promoting substances by the algae (Venkataraman 1972), but the
validity of this interpretation is open to question. Growth promoting
substances are produced even by non-nitrogen fixing BGA and field
inoculation with such algae in the presence of chemical N-fertilizers
should permit the assessment of the effect of growth promoters
produced by BGA, but so far such experiments have not been reported
(Roger & Kulasooriya 1980). Even if such experiments give positive
results, it would be difficult to attribute the beneficial effects
entirely to the production of biologically potent substances, unless
it can be shown conlcusively that those substances came from the added
algae. For instance, algal inoculation together with chemical
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IM-fertilizers may promote rapid algal growth, utilizing and
immobilizing the added nitrogen in organic matter, a good part of
which would have been otherwise lost due to leaching, ammonia
volatilization and denitrification. Subsequent death of these algae
and the slow release of the nitrogen in them may be compatible with a
more effective utilization by the crop, resulting in better yields.

While there are several reports of algae giving beneficial
effects, there are also reports indicating a failure of algalizatipn.
Even our own experiences from the field experiments with BGA in Sri
Lanka, are not very encouraging. We have examined the effects of soil
amendments such as addition of phosphorous, lime and molybdenum, which
enhance the growth of nitrogen fixing BGA, but the results of the
qualitative and the quantitative improvement of algal growth were not
positive. In our experiments we were also unable to record any
significant increases in grain yield. These experiments were
initially conducted at Peradeniya in Central Sri Lanka, where the rice
soils have a pH generally below neutrality, and such soils seldom
promote algal growth (Watanabe 1973, Yamaguchi 1976). We also
conducted a few algalization experiments at Maha Illuppallema (North
Central Province) and Ambalantota (Southern Province), in the dry
zones of Sri Lanka, where the soil reaction is near neutral. In these
localities, initial algal growth in the fields was encouraging, but
they produced only marginal increases in grain yield (Figure 1). From
this figure some beneficial effect can be noticed especially under low
levels of fertilizer nitrogen, but this is clearly depressed under
higher fertilizer treatments. The Ambalantota experiments also
revealed another interesting effect of algalization, which resulted in
higher numbers of filled grains per panicle, at all the fertilizer
levels examined (Table 1). Such results have been reported earlier
from India (Jalapathi Rao et al 1977), but we have not been able to
repeat this experiment or interpret this result.

On the whole our experiments with BGA have given only low yield
increases in rice, especially in comparison to our experiments with
Azolla.
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field experiments). This was possibly due to less climatic and
mechanical disturbances in the pot experiments. It may also be due to
preferential growth of algae in pots, which provide a moist, solid
substratum around a small area on to which algal filaments adhere and
grow profusely. Results from pot experiments should only be
considered as indicators of a potential and should not be extrapolated
directly to field conditions. From the results of published field
experiments, Roger and Kulasooriya (1980) concluded that on an
auerage, algal inoculation where effective, caused a relative increase
in grain yield of 14% over the comparable non-algalized treatments and
16% over the controls, and this increase corresponded to about 450
kg/per hectare of grain per crop.

Venkataraman (1979) reported results of extensive field
experiments conducted in India where the effect of algalization have
been investigated in the presence of different levels of chemical
fertilizer. From these results he concluded:

- In areas where chemical nitrogen fertilizers are not used,
algal inoculation can give the farmers the benefit of
applying 25-30 kg N/ha,

- Whore N-fertilizers are used, the amount of N-fertilizer can
be reduced by about l/3rd through algal supplementation.

- Even at high levels of nitrogen, algal inoculation has a
beneficial effect.

The positive effect of algalization on grain yield at high
N-levels has been interpreted as due to the production of growth
promoting substances by the algae (Venkataraman 1972), but the
validity of this interpretation is open to question. Growth promoting
substances are produced even by non-nitrogen fixing BGA and field
inoculation with such algae in the presence of chemical N-fertilizers
should permit the assessment of the effect of growth promoters
produced by BGA, but so far such experiments have not been reported
(Roger & Kulasooriya 1980). Even if such experiments give positive
results, it would be difficult to attribute the beneficial effects
entirely to the production of biologically potent substances, unless
it can be shown conlcusively that those substances came from the added
algae. For instance, algal inoculation together with chemical
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which would have been otherwise lost due to leaching, ammonia
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and the slow release of the nitrogen in them may be compatible with a
more effective utilization by the crop, resulting in better yields.
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effects, there are also reports indicating a failure of algalizatipn.
Even our own experiences from the field experiments with BGA in Sri
Lanka, are not very encouraging. Me have examined the effects of soil
amendments such as addition of phosphorous, lime and molybdenum, which
enhance the growth of nitrogen fixing BGA, but the results of the
qualitative and the quantitative improvement of algal growth were not
positive. In our experiments we were also unable to record any
significant increases in grain yield. These experiments were
initially conducted at Peradeniya in Central Sri Lanka, where the rice
scils have a pH generally below neutrality, and such soils seldom
promote algal growth (Watanabe 1973, Yamaguchi 1976). We also
conducted a few algalization experiments at Maha Illuppallema (North
Central Province) and Ambalantota (Southern Province), in the dry
zones of Sri Lanka, where the soil reaction is near neutral. In these
localities, initial algal growth in the fields was encouraging, but
they produced only marginal increases in grain yield (Figure 1). From
this figure some beneficial effect can be noticed especially under low
levels of fertilizer nitrogen, but this is clearly depressed under
higher fertilizer treatments. The Ambalantota experiments also
revealed another interesting effect of algalization, which resulted in
higher numbers of filled grains per panicle, at all the fertilizer
levels examined (Table 1). Such results have been reported earlier
from India (Jalapathi Rao et al 1977), but we have not been able to
repeat this experiment or interpret this result.

On the whole our experiments with BGA have given only low yield
increases in rice, especially in comparison to our experiments with
Azolla.
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USE OF AZOLLA

We examined the effect of Azolla grown under dual culture with
broadcast seeded, 20 x 20cms transplanted and avenue (15 x 30 x IScms)
planted rice and then manually incorporated. This resulted in grain
yield increases of 14, 22 and 48% over the .control plots with the
corresponding planting patterns, to which neither Azolla nor any
fertilizer nitrogen was added (Table 2). Field experiments at
Ambalantota were designed to examine the effect of Azolla on rice in
comparison to different levels of chemical N-fertilizers. These
experiments conducted during three consecutive rice growing seasons
have given positive results (Table 3 and Fig 2). Yala and Maha, are
the traditional rice growing seasons in Sri Lanka. The Yala season
extends from April to August and is relatively dry compared to the
Maha season which extends from October of one year to February of the
next year.

It can be seen from these results that the effect of two Azolla
incorporations during the rice cultivation cycle have given yield
responses equivalent to comparable plots that received 55 to 80 kg
l\l/ha of fertilizer as urea. The BGA treatment did not give a
significant yield increase.

We also evaluated the weedicidal effects of Azolla in the field,
and found that it could suppress weed growth as much as 53% (Table
4). So far we have been successful in the establishment of Azolla in
rice fields at Undugoda & Peradeniya (midcountry wet zone),
Ambalantota (low country dry zone) and Pannala (low country
intermediate zone) of Sri Lanka (Figure 3).

AZOLLA Vs BLUE GREEM ALGAE

From our present field experiments, Azolla therefore appears to
have a greater potential than BGA as a biofertilizer for rice in Sri
Lanka. Azolla also has a clear advantage over BGA in that the plant
can be seen with the naked eye and with an initial familiarity, can be
easily recognized by rice farmers. BGA on the other hand, are
difficult to distinguish from other field algae and need microscopic
observation for positive identification as species capable or
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incapable of nitrogen fixation. In this context, it would be easier
to transfer ftzolla technology to the farmers in developing countries.

While ftzolla has these advantages over BGA, its widespread use is
limited by the availability of water and its susceptibility to pest
attacks. The requirement for year round availability of controllable
water, which is necessary for ftzolla could be a serious limitation for
the spread of ftzolla technology in South East Asia where nearly 70% of
rice is still cultivated under rainfed conditions (Freney et al 1981).

In this regard, BGA is a better choice because they can withstand
periodic drying of fields by producing resistant akinetes and
hormogonia which germinate and initiate rapid growth immediately after
rewetting. BGA also grow better under neutral to alkaline conditions
and can withstand salinity better than ftzolla. Even in Sri Lanka, the
potential of BGA may be higher in the North where soils are calcareous
and alkaline and where profuse growth of N- fixing BGA occur
naturally in rice fields during the rainy seasons (Thirukkanasan et al
1977). However we have still not performed any algalization
experiments in this locality to investigate this potential. The
dramatic successes of improving the fertility of the alkaline "Usar"
soils in India by Singh (1961) is largely attributed to the ability of
BGA to colonize and grow on such adverse soils.

AVAILABILITY OF FIXED NITROGEN

Although there are reports of release of fixed nitrogen into the
media by algae growing under laboratory conditions (Fogg et al 1973),
most of the organic nitrogen in the algal cells becomes available to
the crop after the death and mineralization of the algal cells. It is
therefore important to realize that algalization often results in a
cummulative improvement of soil fertility and the effects of algal
inoculation increases year after year (Roger & Kulasooriya 1980).
Singh et al (1981) have reported on studies carried out in pot
experiments, with flooded rice soils to examine the availability of N
and P, after incorporation of BGA, ftzolla, organic, and farmyard
manure in comparison to ammonium fertilizer. The chemical fertilizer
released the N most rapidly (87% in 10 days) while ftzolla came

£second. Among the species of ftzolla tested, ft. pinnata released N
more rapidly than ft.filiculoides and ft.mexicana. ft.pinnata, (the
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Indian isolate) released 88% of its N as ammonium in 40 days whereas
the Vietnamese isolate released 77% during the same period. Compared
to these, BGA released only 38% of its nitrogen in 40 days. This
evidence also supports the concept that BGA would have a delayed
effect on a crop compared to other forms of inorganic and organic
fertilizers.

POSSIBLE AREAS FOR ISOTOPIC STUDIES

It has been pointed out that BGA added to rice fields are
subjected to various environmental and biotic factors (Roger &
Kulasooriya 1980), which may limit their growth. The importance of
thoroughly investigating the ecology of BGA in rice fields has been
emphasised (Roger & Reynaud 1979 and Roger & Kulasooriya 1980)
primarily with a view to properly understand their exact role in
benefitting the associated crops. Unfortunately most algalization
experiments have been carried out on a "black box" basis, where only
the grain yield has been measured as a final index. This is primarily
due to difficulties in estimating algal growth and nitrogen fixation
quantitively under field conditions. Under such circumstances a
failure of algalization cannot be explained, and even the successes
are difficult to interpret with a degree of accuracy sufficient to
assign the positive effects only to algal activity. The use of
isotopes can play a vital role in the understanding of both
photosynthesis and nitrogen fixation by BGA and Azolla under field
conditions. Data obtained from such studies would be invaluable in
improving biofertilizer technologies with the prospect of exploiting
these organisms more profitably in rice cultivation.

Another area for isotopic studies would be the qualitative and
quantitative analysis of the Azolla and algal nitrogen during
mineralization in rice soils. These would not only enable us to have
a clear view of the intermediate degradatory products, but would also
pave the way for innovations of new procedures for biofertilizer use.

It has been pointed out that the rice crop seldom recovers more
than 30-40% of the fertilizer-N added (Freney et al 1981), and this
has been largely attributed to the various losses of field applied
nitrogen (Watanabe et al 1981). It is generally believed that losse's
during mineralization of organic nitrogen are much less, especially
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when such organic matter is incorporated in the soil. However, losses
through ammonia volatilization due to drastic increases in pH as a
result of algal activity have been reported (Watanabe & App 1979) and
N-losses during the mineralization of surface blooms of algae may also
be high, but no data are available on these processes.

The potential N-input by BGA and Azolla into rice fields has been
generally calculated by two methods:

1. Measuring the biomasses of these organisms and calculating
the total IU on the basis of the N in them.

2. Measuring nitrogenase activity (frequently by ARA) and
extrapolating the results to field levels.

The inherent limitations in the ARA method and the inaccuracies
in the extrapolation of such data have been pointed out by Watanabe &
Cholitkul (1979) who stressed the need for N studies in rice
fields.

All these factors warrants the launching of a coordinated
programme of isotopic studies on nitrogen fixation in rice producing
countries, many of which are in the third world, where unfortunately
facilities for such studies are limited and unlikely to be forthcoming
in
14,

15in the near future. These studies should include the use of l\l and
C to understand the basic metabolic processes in the nitrogen

fixing organisms, autotrophic, heterotrophic and symbiotic, that play
a vital role in maintaining soil fertility in rice fields. The use of
32P may unravel several poorly understood aspects of P metabolism in
these organisms whose widespread use is limited to a large extent by
this gap in knowledge.

In this manner new innovations may be developed, leading to
better exploitation of these organisms, resulting in less dependence
on fossil-fuel based chemical fertilizers, which are fast becoming a
luxury beyond the reach of poor peasant farmers in many developing
countries.
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Table 1.

Number of filled grains per panicle in algalized and non-algalized

treatments. (1980-81 liana Season. Arabalantûta, Sri Lanka) .

Treatment

Rice only

P. ON

P. 20N

P. 40N

P. 60N

P. 80N

non-algalized algalized

88. 4 95. 9

94. 0 99. 9

105.7 107.3

106. 6 108. 2
i

108. 1 110. 3

109:%9 112. 9

Table-2
Grain yield and straw yield oi rice grown in three planting
patterns at Peradeniya*

Treatment

Planting
pattern

Broadcast seeded
seeded

Transplantedat at

20cm x 20 cm

Transplanted in
avenues

Azolla

t-

+

-t-

«*
Grain yield

t ha" */• increase

1-44
1-64 14V.

2-25

2-74 22V.

2-07
3-04 47V.

cv= 2.86V.

Straw yield

t ha V» increase

2-77
3-45 25V.

2-56

3 10 21V.

2-47
3-41 39V.

cv = 13-5V.

# mean oi 4 replicates
t wet zone

139



To ble-3
Elfect of Azollo and Blue Green Algae (BGA) on rice
(dual culture and two incorporations ol Azolla after transplanting of rice)
Grain yield data for 3 consecutive seasons (1981- 82)
Rice variety -At 16 (3 1/2 months)

Season
Treatment

Rice only

F^ON

F-20N

F.40N

F-6ÖN

F.80N

F-ÎOON

F.10N BGA
F. ION Azolla- Pd
F ION Azolla- Dk
F ION Azolla -Bk

Grain yield (t ha"1 )

1981
Yala

3 -74 a

3-99b

4-55cd

4-79d

509e

527f

5-56g
4-11b

5-39fg
5-46 f g
5-26ef

cv=6-2V.)

1981- 82
Maha

3 -89 a

4-16b

4-39b

4 59b

538c

550C

59lc
3-94ab
5-81C
-
-

(cv= 9-2V.)

1982
Yala

*•*
3-98a

4-3lb

454bc

463bcd

4£7cde

5O4ef

5-29f
-

A 92 de
-
-

(cv=^V.)

percentage increase
over F. ON

1981
Yala

-

0

14V.

20V.

27V.

32V.

39V.

3V.
35V.

37V.
32V.

1981-82

Maha

-

0

5V.

10V.

29V.

32V.

42V.
-

39V.
-
-

1982

Yala

-

0

5V.

7V.

13V.

17V.

23V.

-
UV.
-
-

1 Yala season-April to Aug.
Maha season- Oct. to Feb. .

* F-Conc. super phosphate(60kgP CLhd1) ahd Muriate of Potash(75kgKOha)
fertilizers. b

* * Mean of 4 replicates - any two means followed by the same letter are
not significantly different at 5V. level

Pd - Peradeniya isolate. Dk-Deb6kkawa isolate. Bk-Bangkok isolate
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Effect of Azolla on weed growth

Planting
pattern

Broadcast

seeded

Random
transplanting

Avenue

transplanting

20 cm x 20 cm

transplanting

Azolla

•

•

*

»

Peradeniva expt.
-1*g.plot '/»suppression

35-0
23-3 34V.

n.d.

1006

55-6 45V.

74-3

48-6 35V.

Ambalantota expt.
-1*g.plot '/.suppression

n.d.

384
180 53V.

510

297 42V.

699

331 52V.

n.d.-not determined

* Dry weight ol weeds at 30 days after transplanting of rice
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Rice F* ON P 20N P 40N P 60N F 80N
only

kg N ha" &a Urea fertilizer

P* - 75kg P2o ha as Cone. Super Phosphate and 45kg K20 ha as
Muriate of potash. All algalizeà plots received Sodium molybdate
at the rate of 250g ha-1.

Figure 1. Grain yield of an algalization experiment. (1980-81 Maha Season,

Ambalantota, Sri Lanka).
(percentage values are the increase of yield by algalization
over the fertilizer nitrogen controls)
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6-0

5-5

1981 (April-A uç) Y

1981-82(Ocl-Mar) Y

1982 ( April-Auç) Y

A-138« 0-014X

4.069«0-018X
4-305«0-009X

CHEMICAL FERTILIZER (UREA) N LEVEL (N kg ho)

FIGURE 2- Estimated linear relationship between gram yield and chemical
fertilizer (Urer ) N levels for three consecutive seasons

Figures in parenthesis indicate the performance of the Azofla
incorporated treatments m terms of kg N in the form of
fertilizer

( Treatments are given m table 3)
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Col ombo

25 50 km

DRY ZONE

-*Maha Illuppall

INlERMEDlj£ ZONE
|

Ambatantota

Figure 3 . Experimental sites in Sri Lanka where Azolla pinnata was
grown in rice fields of différent climatic zones.
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RECOMMENDATIONS

The Meeting stressed on the importance of blue-green algae and
Azolla in increasing rice yields* These organisms are known to fix
atmospheric N, which can then be used by rice plants, thereby
cutting down on expensive fertilizer N required to produce high yields
of this crop. The potential of Azolla and blue green algae has been
demonstrated mainly through yield responses obtained in field trials,
with and without Azolla and blue-green algae.

Valid estimates of N? fixed by blue-green algae and Azolla in
the field over a growing season are, however, scarce. This is,
because methods used so far have been unreliable. Isotopic
techniques, which will be of great value for estimating N. fixed in
the field over the entire growing period of a rice crop, have not been
exploited. The Meeting therefore strongly recommended the use of
isotopes to quantify N. fixed by the blue-green algae and Azolla in
rice fields. In addition, several physical, chemical, biological
factors and agronomic practices have been shown to affect algal and
Azolla growth in the field. Their possible effects on N_ fixed need

to be studied fully, and N in particular, offers a unique tool for
such investigations.

The benefit derived from these organisms comes through their use
as biofertilizers. They therefore have to undergo decomposition so as
to release the fixed N. for the growth of the rice plant. It is
thus essential to study how much of the N in these blue-green algae
and Azolla is made available for the rice crop, and how much of the
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residual N in the biofertilizer becomes available for subsequent rice
crops. In addition, several factors and management practices will
affect the rate and quantity of N released from these biofertilizers.
Isotopes of N provide the only direct and most sensitive method for
estimating how much N from mineralized biofertilizer under these
different environmental conditions becomes available for rice growth.

The Meeting documented the need for the isolation and selection
of highly efficient N« fixing strains of blue-green algae and Azolla
in an effort to maximise N.fixed. Again, the role of N in
assessing N« fixed by each of these strains was found to be great,
particularly under field conditions.

The participants recommended that FÀO and IAEA through their
Joint FAO/IAEA Division coordinate a Research Programme on the use of
nuclear techniques in studies of N cycling by blue-green algae and
Azolla in rice fields. As a beginning, however, it was recommended
that isotopic aided field studies should place more emphasis on Azolla
since at present, yield responses with Azolla have been more positive
than with blue-green algae. Also, it was advocated that until the
coordinated Research Programme could be initiated, the Seibersdorf

Laboratory should be encouraged to conduct preliminary studies, which
could form the basis for experiments to be conducted by participants
in such a coordinated research programme.

It was recommended that there should be a greater cooperation
between the Joint FAO/IAEA Division and advanced Laboratories
elsewhere, actively engaged in studies especially on the blue-green
algae and Azolla, so as to provide more information which would serve
as back-up for isotope-aided field studies.
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The Meeting further recommended that the reports presented by
participants, as well as the recommendations developed during the
meeting should be compiled into a non-priced document, and thus
facilitate its distribution to the scientific community of developed
and developing countries.

INOCULATION AND ESTABLISHMENT OF BLUE-GREEN ALGAE IN THE FIELD

The importance of N_-fixing blue-green algae in rice soils was
highlighted in 1939. Since then many trials have been conducted to
utilize these organisms to improve rice yields.

Information on blue—green algae and rice was recently summarized
by Roger and Kulasooriya (1980), and a manual for their practical use
was published by FAO (Venkataraman, 1981).

In paddy fields, blue-green algae can develop standing crops as
high as 500 kg ha" (dw) corresponding to 30 kg N ha~ . Estimates
for nitrogen fixation, mainly derived from acetylene reducing activity
measurements range from 0 to 80 kg N ha~ and average 30 kg N
ha . From reports on field experiments, conducted mainly in India,

it appears that algalization could on an average, provide a 14 %
increase in rice yield, corresponding to 450 kg ha~ of rice grain
per crop. Such an increase, which could still be higher, would have a
significant impact on rice production if this technology could be
improved to have a widespread applicability in other rice growing
countries.

Although it is claimed that blue-green algae are widely used in
countries such as India, Burma and Egypt for rice production, it
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appears that this technology is still at a research level in many rice
growing countries. This is due to an insufficient knowledge of the
systems which therefore does not permit algalization to be recommended
with confidence to the farmers. Information is available on inoculum

production under laboratory and outdoor conditions. However, the successful

field establishment of these inocula has been sporadic and little is known

about the factors influencing colonisation and development of
blue-green algae under natural conditions. Furthermore, little is
known about the mechanisms of rice yield increase due to inoculation;
most probably, the beneficial effect of blue-green algae is not only
due to their N^-fixing activity.

There are several gaps in our knowledge of these organisms under
field conditions and isotopic studies may profitably be used to
unravel some of these mysteries. These gaps are listed as follows:

Factors affecting the establishment of N«-fixing blue-green
algae inoculated in the field:

1) Climatic: light intensity, temperature
2) Physico-chemical: pH, phosphorus and changes induced by

the growth of rice.
3) Biotic: grazing by aquatic fauna; competition with

indigenous flora.
4) Agronomic practices: inoculation in relation to land

preparation, water management, agrochemicals.
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Inoculum Production:
i) Production of a low cost, active, viable and durable

inoculum in a form easy to handle,
ii) Selection of strains having good potential for

establishment and a high N2 fixing ability.
Isotopic studies may be useful for understanding biotic factors,

mainly grazing on N« fixation and N cycling, use of isotopes as
mutagenic agents for producing improved algal strains may also be
studied.

INOCULATION AND ESTABLISHMENT OF AZOLLA IN THE FIELD

Azolla
The potential of Azolla as a nitrogen fixing green manure for

rice has been "rediscovered" recently by scientists. Rice farmers in
China and Vietnam have used Azolla for centuries, but even in these
countries, the production and utilization of Azolla as an integral
part of organized rice production is relatively a recent development.

Information on Azolla was summarized by Lumpkin (1982) and in an
earlier FAO Soil Bulletin (1978) covering a study tour in China.
Field trials on Azolla have been conducted since 1979 in 8 countries
by the International Network on Soil Fertility and Fertilizer
Efficiency for Rice (INSFFER) which is coordinated by IRRI. One crop
of Azolla grown in rice fields increased the grain yield to the same

•̂jextent as that obtained by the application of 30 kg N. ha of
urea. The high potential of Azolla is shown in Vietnam, where grain
yields of 5.6 t ha are obtained during the spring crop with Azolla
as the sole source of N. However, such high yields warrant labor
intensive technology, and the economics need to be evaluated under
different agro-economic conditions.
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Widespread use of Azolla is limited by environmental and agronomical
factors, mainly water management, temperature, pH, phosphorus
availability and pests.

Main research needs are:

1) Presently, inoculum production is confined to vegetative
multiplication which results in problems of storage and
transport and also lead to a decrease in the productivity
of the strains. Factors inducing sporocarp formation and
spore germination are poorly understood. Such knowledge
is essential for producing an inoculum which is easier to
handle and store, and having a constant potential
productivity.

2) Screening of temperature tolerant, pest resitant, low
phosphorus requiring strains or species would increase
the chance of adopting Azolla technology in the tropics.

3) Comparison of the efficiency of Azolla application
through green manuring and dual cropping. Timing and
method of application under different cropping systems.
Isotopic methods can be very helpful for this purpose.

ESTIMATING BIOLOGICAL NITROGEN FIXATION BY AZOLLA AND
BLUE GREEN ALGAE

a) Use of 15N2 gas.

The earliest application of N. in N fixation studies was by
Burris and Miller (1941). This method has been used to provide direct
evidence for N„ fixation. The use of N_, however, involves
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the enclosure of plants for short durations in chambers supplied with
N enriched NZ gas (Witty and Day, 1978). Results obtained from

such studies, therefore, tend to be instantaneous and subject to
errors associated with extrapolating data in short term studies to a
growing season which involves diurnal, daily and seasonal variations
(Knowles, 1980). Due to these disadvantages this methodology seems
not to be appropriate for the evaluation of biological N2 fixation
by Azolla and/or blue green algae, under field conditions.

b) The Acetylene Reduction Technique.

The acetylene (CJEO reduction technique was developed as a
result of the finding by Schollhorn and Burris (1967) that N»
fixation is inhibited by acetylene, and furthermore, that acetylene is
converted to ethylene (C2H.) by nitrogenase (Dilworth, 1966). The
technique has been widely used as a measure of N. fixing activity.
The main disadvantage, however, is, that the method measures only a
short term enzyme activity, whose extrapolation to a whole growing
season involves many assumptions which are often not valid. The
acetylene reduction technique cannot therefore be recommended for
accurate estimation of N- fixation by the blue-green algae and

Azolla in the field.

In some simple experiments involving relative estimates, such as
screening a large number of N fixing blue-green algal strains, the
acetylene reduction technique, however, becomes handy, and easier than
most available methods.

c) Use of N enriched substrate.
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15 14Fried and Broeshart (1975) have demonstrated that the N/ N
ratio of N« fixing and appropriate non-N2 fixing controls grown on
N enriched substrates are different. This difference in the

isotopic composition is used as a quantitative measure of N. fixed
in various N2 fixing systems. The validity of the results strongly
depends on the selection of a suitable non-fixing plant, called
control or standard plant, which essentially has to absorb the same
N/ N ratio from the substrate as the fixer in the absence of

N2 fixed (Fried et al, 1983). In the case of Azolla the possible
standards could be:

1) Genotypes of Azolla, naturally free of Anabaena
2) Azolla treated with antibiotics to eliminate Anabaena
3) Other species of aquatic plants e.g. Pistia, Lemna

In the case of blue green algae, possible standards could be:

1. N2 fixing blue-green algae which have been prevented from
fixing N„ by the application of high doses of inorganic N
fertilizers

2. Genotypes of blue green algae unable to fix N-
3. Green algae, such as Spirogyra, which do not fix N-

The methodology for substrate labelling for these organisms has
to be investigated. There are several possibilities for applying
enriched N materials for N. fixation studies with the blue-green
algae and Azolla

These are:

(i) use of N enriched organic matter,
(ii) Use of 15N enriched fertilizers,
(iii) use of N enriched fertilizers together with a high

energy source, such as sucrose (Zapata and Wagner, 1982)
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RECOMMENDATIONS:

1. Preliminary field studies should be conducted to evaluate the
suitability of available methods of substrate labelling..

2. The suitability of different standard or control plants
should be studied.

FACTORS AFFECTING h\ FIXATION BY BLUE-GREEN ALGAE AND AZOLLA

Introduction

The factors affecting N_ fixation in Azolla and blue green
algae can be divided into 4 main groups. They are: (a) physical
factors, (b) chemical factors, (c) biological factors and (d)
agronomic factors. The effects of these factors on the N« fixation
by the blue green algae and Azolla are often different, and not well
understood.

(a) Physical factors.
Of the physical factors, climatic conditions cannot be

changed in the case of field experiments, although water management
and to some degree light intensity (depending on the growth stage of
the rice plant and cultural practice) can be manipulated. N
tracer would be a valuable tool for assessing N~ fixation under
different light conditions during the growth cycle of the rice plant.
Light affects photosynthesis, a process which supplies energy and
carbon skeletons for N« fixation. It is therefore important that
14CO. studies be conducted to evaluate the efficiency of different
strains of blue-green algae and Azolla to photosynthesize and the
contribution of this to N. fixation.
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(b) Biological factors.
The effects of pathogens, antagonistic activities of

other organisms and 'grazers' on the cycling of N in the rice
ecosystem can be assayed by means of N studies»

(c) Agronomic practices.
N studies can show what effect different agronomic

practices have on the quantity of Nj fixed in the rice system by the
blue-green algae and Azolla, as well as how these different practices
affect the release of N from incorporated organic materials.

CONCLUSIONS AND RECOMMENDATIONS:

(1) Of the factors affecting N« fixation, chemical and
biological factors, as well as agronomic practices can be manipulated
to maximize atmospheric N. fixation and N transfer from blue green

15 32algae and Azolla into the rice plant. (2) N and also P
studies should be employed to evaluate these processes in order to
increase the potential of these systems as biofertilizers. (3) In

14addition, C studies should be undertaken to assess the
contribution made by photosynthesis to N_ fixation by these systems.

TURNOVER OF NITROGEN AND ITS AVAILABILITY

INTRODUCTION

The nitrogen fixed by cyanobacteria is converted mainly into
cellular protein. In order for this nitrogen to be made available for
the growth of rice, it must first be degraded. The rate at which this
happens is dependent on the cyanobacterial species, the microbial
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composition of the paddy soil and environmental conditions. With
Azolla, which is particularly important, the rate of release is slower
when the carbon to nitrogen ratio and the silica content are high.

In order to better understand the release of the fixed nitrogen,
it is essential that these processes are investigated further under
field conditions. The use of N as a tracer will be an invaluable
tool in demonstrating the pathway of N from fixer to rice plants and
in manipulating the ecosystem to speed up the processes.

RESEARCH APPROACHES

1. Degradation Processes

Blue-green algae and Azolla cells are decomposed by
proteolytic enzymes released by bacteria and fungi (organic

N is also released during autolysis and attack by viruses,
myxobacteria and fungi). As the C:N ratio of blue-green
algae is realatively low, the proteolytic organisms release a
significant proportion of the nitrogen as ammonia.

Different species and strains of both Azolla and blue-green
algae differ in their susceptibility to decomposition. The

speed at which decomposition takes place determines the rate
at which the nitrogen is made available to the crop, and also
how much is available for various losses of N to occur.

There is little information available on this under field
conditions. We propose that both blue-green algae and Azolla
should be labelled with N and the fate traced in relation
to the following:

(a) Different strains and species
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(b) The C:N ratios of the cells
(c) Environmental-factors: soil chemistry, temperature

pH and water regime
(d) The interrelationships between N labelled cells

and proteolytic bacteria
(e) The effects of Si concentrations in Azolla
(f) The production of extracellular nitrogen.

2. Fate of degradation products

Ammonia is the main end product of the proteolytic and
deaminating activity of degrading bacteria. This is available to
rice, but there is competition from other processes. These include
volatilization, uptake by microbes, algae and weeds, adsorption onto
colloidal particles and nitrification.

3. Losses from the system
(a) Volatilization: such losses are increased by high

temperatures, wind speeds and high pH (caused by
photosynthesis of algal blooms). Although difficult, it
is possible to measure short term volatilization rates
with N. This could be done at a later stage of the
programme.

(b) Microbial growth: although the ammonia removed through
microbial and plant growth will ultimately be released
and become available for the growth of rice, there is no
guarantee that it will be made available at the time it
is needed.
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Uncontrolled growth of micro-organisms could have an
effect on the establishment of blue-green algae, Azolla
and rice, could promote anaerobiosis and cause the
proliferation of fungal pathogens.

(c) Nitrification: ammonia converted to nitrate by
nitrification represents a potential loss of N for the
system because:

i) nitrate is subject to denitrification.
ii) there is gaseous loss of NO during nitrification;

iii) nitrate is more readily leached than ammonia;

N can be used to study these processes and should be
employed in this project.

(d) Leaching: this is mainly a problem after nitrification
has occurred. Ammonium is less susceptible to leaching
because,it is adsorbed onto colloidal surfaces and
remains in the vicinity of rice roots. Tracer studies
with N should be able to quantify losses by this
process*

RECOMMENDATIONS:

An understanding of the processes involved in the turnover of
fixed nitrogen is essential if the potential of biofertilizer is to be
realised. N tracer studies should be employed for this purpose.

The main objective should be to study the release of the fixed N
from the Azolla or blue-green algae (biofertilizer) and measure its
availability to the rice plant.
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The processes involved in this release should also be studied.

The following major factors should be taken into account during
such studies:

1. Existing agronomic practices
2. Incorporation versus surface application of the

biofertilizer
3. The timing of the release of ammonia.
4. The residual effect of biofertilizer N on subsequent crops
5. Susceptibility to degradation should be a trait taken

into account during strain selection
6. Search for natural and mutant strains which liberate

ammonia and extracellular nitrogen.
7. The role played by the soil fauna.

8. The effects of pesticides on biodégradation.
9. The possible effects of growth promoting substances

(there is premature release of nitrogen when the inoculum
fails but the response of the plant is greater than that
due to nitrogen alone).
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