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SUMMARY

The review summarizes quantitative estimates of biological N fixation (BNF) in
ricefields and the current status of the utilization of Nz-fixing organisms as biofertilizer in
rice cultivation. Heterotrophic bacteria in rice rhizosphere and the bulk of soil, cyanobacteria,
either free-living or in symbiosis with Azolla, and legume green manures are considered with
regard to their potential for increasing rice yield, the current status of their utilization by
farmers, and the prospects for use with regard to the identified limiting factors.

BNF has been the most effective system for sustaining production in low-input
traditional rice cultivation. On the other hand, the utilisation of Ny fixing organisms in
intensified rice production systems encounter serious limitations. The utilization of free-
living microorganisms (heterotrophic bacteria and cyanobacteria) is refrained by their
moderate potential and technological problems, especially the non establishment of
inoculated strains. Azolla and legumes used as green manures have a high potential as N
source, but their utilization is severely limited by socio-economic factors,
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1. INTRODUCTION

More than half the world population is dependant upon rice, which occupied 145
millions hectare of land in 1988 for a global production of 468 million tonnes. In about 75%
of rice land rice grows in flooded conditions during part or all the cropping period.

Flooding changes the chemistry, microbiological properties, and nutrient supply
capacity of soil. It leads to the differentiation of a range of macro- and micro-environments
differing by their redox, physical properties, light status, and nutrient sources for the
microflora. As a result, all No-fixing groups can and do grow in ricefields: indigenous
heterotrophic bacteria --in soil and associated with rice--, photosynthetic bacteria, and
cyanobacteria; and introduced Azolla and legumes for green manure (Fig. 1). This explains
why traditional wetland rice cultivation has been extremely sustainable: because of BNF, a
moderate but stable yield has been maintained for thousands of years without without N
fertilizer addition and without deterioration of the environment (Bray 1586).
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Fig. 1. Macro-environments of the wetland ricefield ecosystem and Na-fixing organisms.

The oldest technologies utilizing N,-fixing organisms in ricefields are the incorporation
of legumes and Azolla as green manures. Legume have been traditionally used in most rice
growing countries; the rediscovery of stem nodulating species (Dreyfus and Dommergues
1981) has renewed interest in their potential as green manure in wetlands. The use of Azolla
dates back to the 11th century in Vietnam and the 14th century in China (Lumpkin and
Plucknett 1982). The Na-fixing symbiont of Azolla was identified by Strasburger'in 1873 but
progress in Azolla biotechnology (i.e. recombination and sexual hybridization), is recent (Wei
etal. 1986, Lin er al. 1988, Lin and Watanabe 1988). _ o

The agronomic potential of Np-fixing cyanobacteria was recognized in 1939 by De,
who attributed the natural fertility of wetland ricefields to BNF by these organisms. Research
on cyanobacterial inoculation of rice fields was initiated in Japan by Watanabe ez al. (1951)
and then continued in India (Venkataraman 1981). Research on cyanobacteria agroecology in
ricefields developed during the last decade (Roger 1991).

Although the presence of Np-fixing bacteria in rice roots was reported as early as 1929
by Sen, the study of the potential of No-fixing heterotrophs started in 1971, when Rinaudo
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and Dommergues, and Yoshida and Ancajas, using the acetylene reduction assay (ARA),
- demonstrated that some BNF is associated with wetland rice roots. Early inoculation trials
were reported by Dobereiner and Ruschel (1962) with Beijerinckia, and by Sundara ez al.
(1962) with Azotobacter. Most of the reports on bacterial inoculation of rice fields (40 of 44),
however, have been published since 1976. Between 1976 and 1981, most of the trials were
with Azotobacter. Since 1983, most trials have been with Azospirillum. Research on BNF in
the rice rhizosphere has also revealed differences in the ability of rice genotypes to stimulate
associative BNF and N uptake (Ladha et al. 1988c). This suggests that N utilization by rice
can be improved by selection and breeding of varieties that can stimulate the development of
a more efficient associated microflora. v o .

Reviews related with BNF in ricefields deal with its estimation and contribution to N
balance (Roger and Ladha 1992), agronomic use of Njy-fixing biofertilizers (Roger and
~ Watanabe 1986), and the microbial management of wetland ricefields (Roger et al. 1993).
Specific reviews on Nz-fixing organisms in ricefields deal with heterotrophs (Yoshida and
Rinaudo 1982), BNF associated with straw (Ladha and Bonkerd 1989), rice varietal
differences in stimulating BNF (Ladha er al. 1988c), cyanobacteria (Roger 1991), Azolla
(Watanabe 1982), and legume green manures (Ladha er af. 1988b, Ladha er al. 1992).

This paper summarizes quantitative data on BNF estimates in wetland rice fields and
consider for each of the major groups of Nz-fixing organisms, indigenous or introduced in
ricefields, the Np-fixing potential, the potential to increase rice yield, the current status of
their utilization, and the prospects with regards to identified limiting factors.

2. ASSESSMENT OF BIOLOGICAL N;-FIXATION IN RICEFIELDS
2.1. Methods for measuring BNF in riceficlds

They are three major approaches to estimate BNF during a crop cycle:
» balance studies in long-term fertility experiments, or in pot experiments conducted over
several crop cycles. :
¢ integrating short term measurements performed at intervals during the crop. This
approach can be .used with acetylene reducing activity (ARA) and short-term 5N
incorporation measurements to determine BNF by specific agents. Only ARA has been
used for field studies at the crop cycle level.
+ determination of the maximum biomass of the N3-fixing agent and the % N derived from
the air (Ndfa) of this biomass. To avoid underestimating N3 fixed, this requires that the
agent studied buit its maximum biomass with little turnover. Therefore, it has been used
only with rice and macrophytic green manures (Azofla and legumes).
ARA measurement, despite recognized limitations, is still the most popular method. It was
used in about 2/3 of the 38 quantitative BNF studies related to rice published since 1985
(Roger and Ladha 1992). Methods where composite and/or standardized samples collected in
situ are incubated under controlled laboratory conditions have been developed to overcome
limitations due to the heterogeneous (log-normal) distribution of photodependant N,-fixers
and the greenhouse effect that develops in enclosures used for incubation in situ. Roger et al.
(1991) drew general conclusions on sampling strategies for a given accuracy.

15N incorporation has been used for short-term studies to assess BNF by various agents,
to identify active sites in soil or rice plant, and 10 establish the C,H2/N; conversion factor in
cyanobacteria and Azolla (Watanabe and Roger 1985b, Eskew 1987).

The 5N dilution method is attractive because one sampling can provide an estimate of
BNF in plants integrated over time. With aquatic Ny fixers, fast changes in 3N enrichment of
the floodwater over time results in large errors in estimating % N derived from the
atmosphere (Ndfa) (Witty 1983). This can be solved by the sequential addition of 1N in water
. (Kulasooriya er-al. 1988) but the method is not widely used. This method cannot be used with
cyanobacteria because the N level in water sufficient for growth of nonfixing control algae
may inhibit cyanobacteria growth directly or through competition (Roger and Ladha 1992).
D[iffcgrgncc in natural N abundance (3'5N) was used to estimate Ndfa in Azolla (Yoneyama et
al. 1987). o ' ‘ ' :
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Table 1. Bibliographic study of N-balance estimates in wetland ricefields *
(after Roger and Ladha 1992)

1a. Major statistics of the set of data analyzed:

Number of data: 211 Unit: kgN ha-! crop cycle-!
Minimum: -102 : Maximum: 171 _

Mean: 24.2 Median: 27.0

Standard deviation: 33.1 Coefficient of variation: 136 %

1 b. Histogram of the data.

Count
70

60

S0

40

-120 -90 -60 -30 O 30 60 90 120 150 180
Balance (kg N ha~'crop™!)

1 c. Effect of various factors on N-balance

Factor Number Mean Standard  Level of significance
of data (kgN ha-! crop cycle'l) error of the difference

N-fenilizer application

- 166 29.7 25.4 1%
+ 45 40 47.6
Planted versus unplanted
+ 193 26.5 -30.7 1%
- 18 -0.5 462
Effect of soil exposure to light (all data)
+ . 197 25.0 339 not significant
- 14 13.2 13.8
Effect of soil exposure to light (treatments wher no N-fertilizer was applied)
+ 152 312 - 257 1%
- 14 132 138
1 d. Correlation between N-fertilizer applied and N-balance(kg N ha -1;
Inorganic N-ferilizer: - r=-0.320 (p> 1%)
Organic N-ferilizer: =-0.157 (p> 1%)
Inorganic and organic N-fertilizer:: r=-0.365(p> 1%)

* The set of duwa is temptatively exhaustive. Data originate [rom pot and field experiments. Data from pot
cxperiments are extrapolated in kg N ha! crop cycle'! buscd on the surface of the pots.
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2.2. Estimation of total BNF in wetland ricefields from N balances

Nitrogen balances is currently the only method that provides an estimate of total BNF in
ricefields, but the value is underestimated because N losses cannot be taken estimated.
Balance studies in the field encounter additional difficulties, as compared with pot
experiments, because of sampling errors, unaccounted subsoil contribution, and losses by
leaching. Therefore, after early measurements in long-term field experiments (summarized by
Greenland and Watanabe 1982), there has been an increased interest in pot studies (App et al.
1986, Santiago-Ventura et al. 1986, Singh and Singh 1987, Trolldenier 1987).

Table 1 analyses 211 N-balance estimates compiled from the literature (Roger and
Ladha 1992). Values range from -102 and +171 kg N ha'! crop cycle’! and average 24 kg N
ha'! (Table 1a). Ninety per cent of the values are comprised between -60 and +90 kg N ha!
(Table 1b). Extreme values are from pot experiments conducted over a single crop (Willis
and Green 1948) whereas other values are from experiments conducted for at least three crop
cycles. N-balance is influenced by N-fertilizer application, the presence of rice, and light
availability (Table 1c).

An average positive balance of about 30 kg N ha! crop cycle”! was obtained when no
N-fertilizer was used. This shows that the average potential of BNF in nonfertilized fields can
ensure, on a long-term basis, a yield of about 1.5t ha'! (assuming that, on the long-term, all
N fixed is absorbed by the rice plant and 50 kg grain is produced per kg N absorbed).

Balance becomes negligible when N-fertilizer is applied (4kg N ha"! crop cycle). This
results from the two known processes of BNF inhibition by N-fertilizer and N losses by NHj
volatilization and/or nitrification/denitrification (Roger er al. 1987a). A highly significant
negative correlation is found between balance value and the quantity of N-fertilizer applied
(Table 1d). A lower significance of the correlation observed whith organic manures (p =
0.05) as compared with inorganic manures (p = 0.01) is in agreement with the observation
that N from organic manures is lesss susceptible to losses than N from inorganic fertilizers,

Mean balance valués estimated in the presence and in the absence of light (Table 1¢)
indicates that, on an average, photodependunt BNF contributes 2/3 of the balance.

Table 2. Ranges of estimates of N fixed by various agents in wetland ricefields (kgN ha-
‘ I crop-1) and theoretical maximum pofential (after Roger and Ladha 1992).

Maximal theoretical values and
hypothesis

Organism Reported values

BNF associated with

1-7 kg N ha! crop -
rice rhizosphere

40 kg N ha-t crop -1
If ail thizospheric bacteria are Ng fixers, C flow
through the rhizosphercis 1 tha! crop™?, and C

efficicacy is 40 mg N fixed g C!

BNF associated with
straw

2-4 kg N vl straw

35 kg N ha! crop -1
applied

If5 tof straw is applicd and 7 ing N are fixed g
! of straw

heterotrophic BNF
(total)

‘| Cyanobacteria

1-31 kg N hat crop - 60 kg N ha! crop -

I all C input (2 t crop™!) is used by No-fixers
70 kg N hafcrop -}

1T the photosynthetic aquatic biomass is
composed cxclusively of Np-fixing

cyanobacteria (C/N = 7) and primary production
is 0.5 1 C ha! crop!

0-80 kg N ha! crop -1

Azolla

20-150 kgNha! crop“i

in experimental plots,
10-501in field trials

224 kg N ha! crop -!

If Azolla maximum standing crop is 140 kg N
ha'!, two Azolla crops arc grown per rice crop,
and Ndfa is 80%

Legume green manures

20-190 kgNha! crop-

212 kg N ha'! crop -!
10265 kg N ha'! is accumulated in 50-60 d and
Ndfa is 80%
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3. HETEROTROPHIC N2-FIXATION
31. Estimations of heterotrophic BNF

Total heterotrophic BNF estimated from N balance in unfertilized planted pots covered
with black cloth averaged 7 kg N ha-1 (App et al. 1980). In similar trials, Trolldenier (1987)
found balances negatively correlated with the amount of N applied. Extrapolated values
averaged 19 kg N ha-? crop-! with 65 kg N ha-!, - 0.3 with 112 kg N, and -14 with 146 kg N.
Using available N of a stabilized N-labelled soil as control, Zhu et al. (1986) estimated that,
when no N-fertilizer was applied and photodependent BNF was refrained, heterotrophic BNF
contributed 16-21 % of rice N, or 11-16 kg N ha-1 crop-1.

BNF associated with rice rhizosphere is usually highest at or near heading stage. ARA
ranges from 0.3 pmol CH4 plant-! h-! in temperate regions to 2 umol C;H4 plant-! h-! in the
tropics (Roger and Watanabe 1986). Assuming (1) that ARA measured at heading lasts for 50
days, (2) an ethylene/ N ratio of 4:1, and (3) a plant density of 25 m-2, the estimated Nj-
fixing rate would be 0.8-6 kg N ha-! crop cycle'l. The theoretical maximum associative BNF
can be calculated by asswning that all rhizospheric bacteria are Ny fixers and they use all C
flux in rhizosphere (1t ha! crop cycle™!) with a high efficiency of 40mg N g1 C. This would
be equivalent to 40 kg N ha-! crop-! (Table 2). But bacterial enumerations in rice rhizosphere
often show a ratio higher than 10 between Na-fixing and total bacteria.

BNF associared with siraw. Early estimates of BNF after straw incorporation range
from 0.1 to 7 (mean 2.1) mg N g'straw added, in 30 days (Roger and Watanabe 1986). Most
data originate from laboratory incubations in darkness of soil enriched with 1 to 100% straw
(average 22%) which simulates composting rather than the field sitvation where straw left is
always less than 1% soil dry weight. Morcover, dark incubation allows heterotrophic BNF
only, whereas straw incorporation also may significantly increase populations and Nj-fixing
activity of photosynihetic bacteria and cyanobacteria (Ladha and Bonkerd 1988). Estimates
of BNF in field experiments with straw are not available, but a few semi-quantitative data and
laboratory data suggest that straw might increase BNF by 2-4 kg N ! applied (Ladha and
Bonkerd 1988).

These data suggesting that the N-potential of associative BNF is the lowest aniong the
N,-fixing agents discussed in this review (Table 2).

32. Potential of heterotrophic BNF fur agronomic utilization

No method adoptable by farmers has been yet designed to enhance on purpose
heterotrophic BNF in ricefields. Indeed the incorporation of straw or organic matter favors
heterotrophic BNF associated with organic debris, but the purpose of this management is to
replenish organic matter and nutrients in soil, BNF promotion being only an additional effect.

Research has mostly aimed at promoting associative BNF by inoculating of selected
strains of N-fixing bacterin. More recently it was found that there is a potential for selecting
and breeding rice varieties more efficient in stimulating associative BNF (Ladhaet al. 1988c).

321. Rice inoculation with Na-fixing heterotrophs.

Genera of Np-fixing bacteria isolated from the rice rhizosphere include Agromonas,
Alcaligenes, Aquaspirillum, Azospirillum, Beijerinckia, Citrobacter, Enterobacter,
Flavobacterium, Klebsiella, and Pseudomonas (Roger and Watanabe 1986). Strains most
frequently isolated using exudates of rice seedlings as carbon source were
Enterobacteriaceae, Azospiritlum spp., and Pseudomonas paucimobilis (Bally et al. 1983,
Omur et al. 1989, Thomas-Bauzon et af. 1982). Since Ny-fixing heterotrophs were isolated
from rice rhizosphere many trials have been conducted 1o increase yield by dipping seeds in
bacterial cultures or coating them with various carriers, dipping seedlings in cultures,
inoculating nursery soil and/or the field, and foliar application.

Table 3 analyses data from 23 articles reporting 210 trials of bacterial inoculation of
rice. Most studies reported grain (and sometimes straw) yield. But yield data are difficult to

interpret without information on inoculum establishment and Np-fixing activity by inoculated
plants.
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Table 3. Bibliographic study of the effect of bacterial inoculation on rice yield.2
(adapted from Roger er al. 1993)

Grain vield Straw yield  Harvest index N efficiency
control  difference difference  (grain/swaw) (kg grain/kg N)
tha tha % % Control  Inoc.  Control  Inoc.
All data (123 field experiments, 87 pot experiments)
Mean 4.0 05 198 15.9. 0.66 0.69 187 19.1
Stdev - 1.6 05 250 16.2 0.20 0.22 17.1 - 13.7
Maxi 11.1 24 1250 66.7 1.12 1.20 78.0 547
Mini - 1.0 -1.5 -326 -20.9 0.10 0.10 -200 -12.0
nb.ofdata 121 . 121 210 - 130 130 130 60 59
Field experiments (123)
Mean 3.99 0.52 1435 15.06 0.57 0.57 187 19.1.
Stdev - 1.64 052 14.14 ' 14.88 0.17 0.17 171 138
Maxi 11.09 235 59.63 64.84 0.86 0.88 780 547
Mini 1.00 -1.50 -25.00 -7.49 0.25 0.25 -200 -12.0
Count 121 121 123 51 ] 51 60 59 -
Inoculation with Azotobacter (40 field experiments, 18 pot experiments)
mean - 39 04 166 © 13.3 0.52 0.54 185 17.0
stdev 1.6 05 204 15.5 0.20 0.21 189 123
nb.of data 40 40 - 58 28 28 28 26 23
Inoculation with Azospirillum (83 field experiments, 11 pot experiments)
mean 4.1 0.6 152 16.0 0.62 0.62 18.8 214
stdev 1.7 05 183 133 0.21 0.2 160 14.8
nb. of data 81 81 94 45 - 45 45 - 34 33
Inoculation with other bacteria (58 pot experiments, no field experiment)
mean - 306 17.1 0.75 0.81
stdev , 34.2 18.5 0.15 0.15 _
nb.ofdata 0O 0 58 57 57 57 0 0

Histogam and statistics of yield differences between inoculated and noninoculated
treatments

Count Observations: 121
40 - Minimum: ° -1.50

' Mean: - ' 0.52

30 - Maximum: 2.35

Median: 0.41

20 - Standard Deviation: 0.52

Coeff. of Variation: 10}

-5 -10 -05 00 05 10 15 20 25
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From published data (Table 3), the average effect of inoculation is a 19.8% increase in
grain yield, but the response varies from -33% to +125%.
Average increase is significantly higher in pot experiments (27.6%) than in the field (14.4%).
Field experiments show an average increase in yield (+14.4%) that is close to the minimum
detectable difference (14.5%) which can be expected from the experimental design most
commonly used (16-m? plots, with 4 replicates) (Gomez 1972). Thus, experiments with no
statistical analysis should be inte -~reted with caution. In field experiments, the relative
differences in grain yield between inoculated and noninoculated plots is also highly variable,
ranging from -25 10 + 69% (coefficient of variation: 100%). The distribution of the values is
very asymetrical, and the median (11%) is a better index of the average effect of inoculation
than the mean. The histogram, which exhibits an abrupt raise of the first class of positive
values, strongly suggests a bias. At least, it indicates that unsuccessful trials were often not
reported. .
The strain nature might influence the inoculation effect, but average effects of
Azotobacter (+16.6%) and Azospirilium (+15.2%)(Table 3) do not statistically differ. The
higher increase observed with other bacteria is, probably, because these experiments were
only conducted in pots.

The beneficial effect of bacterial inoculation can be attributed to a combination of (1)
increased associative BNF |, (2) production of PGRs that favor rice growth and nutrient
utilization, (3) increased nutrient availability through solubilization of immobilized nutrients
by inoculated bacteria, and (4) competition of inoculated strains with pathogens or
detrimental bacteria in the rhizosphere. The relative importance of these four components has
not yet been determined.

Current estimates of BNF in rice rhizosphere are insufficient to explain the average 0.5
t ha-tincrease in yield reported in field experiments. Assuming that all N fixed is absorbed by
the plant, such a yield increse would at least require an increase in BNF by 10 kg N ha-!
crop-!. But no data demonstrate a murked and durable increase of BNF in inoculated rice.

The hypothesis that PGR production by inoculated bacteria increases nutrient
absorption does not agree with the absence of significant difference in N fertilizer efficiency
between control plots (18.7 kg grain per kg N applied) and inoculated plots (19.1 kg) in field
experiments (Table 3).

Field inoculation experiments show a relutive increase in grain yield (14.3%) similar to
that of straw yield (15.1%). Similar harvest index values (grain yield/straw yields) observed
in the controls and inoculated plots (0.66 and 0.69) indicates that the effect of inoculation
probably takes place early in the crop cycle during the vegetative phuse.

Little information is available on the establishment of inoculated strains. In most cases,
the range of variations of the number of microorganisms were too low to be significant
(Roger er al. 1993). Unllizing a marker strain of Azeospirillum lipoferum resistant to
streptomycin and rifampicin, Naysk er al. (1986) found survival of the strain for 50 to 70
days but no establishment. Inoculated Azospiriilum were about 500 times less abundant than
putative indigenous populations of Azospirillum but inoculation increased the dry weight and
total N of the plant.

Trials have been conducted to select the most efficient combination of a Np-fixing
bacterial strain and a specific rice cultivar. Heulin ef al. (1989) used a two-step process in
which bacterial strains were first isolated from the rhizosphere of actively Nj-fixing rice
plants. Strains were then tested with rice cultivars using a gnotobiotic system known as the
spermiosphere model (Thomas-Buuzon er al. 1982) in which an axenic rice seedling is grown
in darkness in a Pankurst tube on a medium without C and N source. This approuach has
produced both erratic increases in yield (Charyulu ef al. 1985) and significant increases (6 to
21%) which were higher at the highest level of N-fertilizer (76-96 kg N/ha) (Omar er al.
1989). If the validity of the method is confirmed, its potential for practical utilization will
strongly depends upon the degree of specificity required to select an efficient bacteria for
given agro-ecological conditions.

62



322. Utilization of varietal differences in promoting associative BNF

The existence of varietal differences in the ability to support associative BNF was
demonstrated by N balance studies (App et al. 1986), ARA measurements (Tirol-Padre er al.
1988), and N isotope ratios (Watanabe er al. 1987). Differences were genetically analyzed by
Iyama ef al. (1983). The plunt traits associated (p < 0.01) with associative BNF determined
by Ladha er al. (1988) were, by decreasing importance : dry weight of roots and submerged
portions of the plant at heading, dry weight of shoots at heading, N uptake at heading, and N
uptake at maturity. Using plant traits and a short-term ARA assay, Ladha ef al. (1987)
established a ranking for BNF and N utilization of 21 rice genotypes, which was fairly
reproducible in two consecutive dry season trials. Nothing is known, however, about the
physiological basis of the apparent varietal differences. The idea of breeding varieties with
higher No-fixing potential is aitractive because it would enhance BNF without additional
cultural practices. However, a prerequisite is the availability of a rapid screening technique.
Even short-term ARA assays (Tirol-Padre et al., 1988) are time-consuming and do not allow
the screening of a large number of genotypes. 13N dilution could be used for screening and
genetic studies, but reference varieties with low BNF stimulation ability must first be
identified.

33. Prospects

So far, the results of bacterial inoculation experiments are inconsistent. Reported
increases in yield have not beea refated with an increase in BNF. Usually inoculated strains
did not clearly establish. Therefore reasons for yield increases reported in some cases are still
unclear. The potential of methods aiming at selecting the most efficient combination of a Nj-
fixing bacterial strain and a specific rice cultivar needs (1) further confirmation and (2) the
determination of the degree of specificity required, which will determine the feasabitity for
practical use. Current knowledge is insufficient to establish inoculations methods that can be
used by rice fanmers. , _ _

The existence of varietal differences in promoting associative BNF offers a promising
way of taking advatage of heterotrophic BNF. This potential can be better utilized if screning
takes into account both the ability to stimulate BNF and to utilize soil N (Ladha er al. 1988c). -

4. FREE-LIVING CYANOBACTERIA

, Cyanobacteria are photosynthetic prokaryotic microorganisms, which reproduces
vegetatively only. They used to be classified with algae as blue-green algae. Morphologically
cyanobacteria can be classified into (1) unicellulur and filamentous forms, and (2) scum-,
mat- or macrocolony-forming groups. Physiologically they can be classified into Na-fixing
and non-Na-fixing forms. ’

41. Potential of cyanobﬁctcria-as a biofertilizer for rice

N2 fixation by cyanobacteria has been almost exclusively estimated from ARA.
Estimates published before 1980 range from a few to 80 kg N ha-! crop-1 (mean 27 kg)
(Roger and Kulasooriya 1980). About 180 crop cycle measurements in experimental plots at
IRRI (Roger er al. 1988) show extrapolated values ranging from 0.2 to 50 kg N ha-! crop-1
and averaging 20 kg in no-N control plots, 8 kg in plots with broadcast urea, and 12.kg in
plots where N was deep-placed (Figure 2). The bimodal histogrum shows the combination of
a log-normal distribution on the left side, corresponding to plots where BNF was inhibited,
mostly by N-fertilizer application, and a-bell shaped distribution on- the right side,
corresponding to plots where a significant BNF developed. BNF was negligible in 75% of the
plots where urea was broadcast (Roger er al. 1988). L

Biomass measurements provide a rough estimate of the Nj-fixing potential of
cyanobacteria because they bloom only when the pholic zone is depleted of N and most of
their N can be assumed to originate from BNF. Inubushi and Watinabe (1986) estimated that
cyanobacteria in *N-labeled plots had about 90% Ndfa. However, biomass measurement may
underestimate N2 fixed beciuse the turnover of the algal biomass is not taken into account.
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Fig. 2. Study of 180 estimates of the average photodependent ARA
during a crop cycle in experimental plots at IRRI
(adapted from Roger et al. 1988, 1990 a, and unpublished data).

1. Histoeram of pooled daia?

Number of data
60

50

— —— - N S way +—t
Q S0 100 150 200 250 300 350 400 430 500
Mean ARA ( umol CoHo/m? per h)

r T T v v 1 7T T T T T T T 1 T 1 1 T T 1

O 5 10 15 20 25 30 35 40 45 SO
Estimated fixed nitrogen (kg/he per crop cycle)

2. Avernge ARA during the crop cvele and rice yvield according 1o N-fertilizer management®,

Treatment Average acetylene reducing activity Grain yield
‘ : “(pmiol CyHy m2 hY) © (thal)
« Control {(No N applied) 195+ 14 40820.10
« 38 kg N ha"! broadcast at transplanting 80+ 13 482+0.12
+17 kg N ha-! at panicle initiation
« 55 kg N ha-! deep-placed at transplanting 116 %16 5.78%£0.09

a: Each of the 180 values is the average of 9-13 daily measurcments performed at intervals during a crop cycle.
Each daily measurement was performed on a composite sample of 13 core samples comprised of the fist cm of
soil and Meodwater.

The left part of the histogram corresponds mostly to plots where N-[ertilizer was broadcast in the floodwater.
The right part of the histogram corresponds mestly to control plots where no N-fertilizer was applicd and plots
whereN-fertilizer was deep-placed.

b Each value is the average of 6O data,

A visible growth of cyanobacteria usually corresponds to less than 10 kg N ha'l, a
dense bloom may correspond to 10-20 kg N ha'! ; larger biomasses (20-45 kgN ha-!) are
recorded only in experimental microplots or in inoculum production plots (IRRI 1986, Roger
et al. 1985ab, 1987 ab). More than two blooms of Nj-fixing cyanobacteria-is a rare
occurrence during a crop cycle. Therefore 20-30 kg N ha-! per crop seems a reasonable
estimate of photodependent BNF when a dense cyanobacterial growth is visible.

The theoretical maximum BNF by cyanobacteria can be calculated by assuming that the
photosynthetic aquatic biomass is composed exclusively of Nj-fixing cyanobacteria (C/N =
7) and primary production is 0.5 t C ha'! crop-l. This would be equivalent to 70 kg N ha'!
crop-t (Table 2).
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Table 3. Compilation of estimates of nxtrogen recovered from biofertilizers by rice
(addpted from Roger et al 1977a, Biswas 1988, et Dxekmcmn etal. 1991).

" emaneee Studied materxal ----- Fauna? Experiment %N recovercd Reference -
- Nature ' State - - design - Surface Soil
T o ’ applied incorporated
“Cyanobacteria , . _
Anabaena © 7 fresh  ? pot 37 52 Wilson et al. 1980
Nostoc ’ dry - pot 14 -28 - Tiroletal 1982
" dry + insitu 23 23 "
e frais - pot - - 38 . :
'Anabaena - fresh - pot 24 44  Grant and Seegers
" fresh  + pot 25 30 1985
Anabaena dry - pot - 35- 40 Mian & Stewan 1985
Mean 25 36
Aquatic macrophytes . o : '
Eichornia sp. . . fresh  + . in situ - 25 . Shieral. 1980
Azolla pinnata fresh  + insitu- - 26 Watanabe er al. 1981
A. caroliniana fresh  + in situ 12/14 26 Ito et Watanabe 1985
A. caroliniana dry ? pot - 34 Mian & Stewart 1985
A. caroliniana fresh '+ in situ - 32 Kumarasinghe et al. 1986
Mean o 13 29 ‘
Le;,umes : . S - :
Sesbania rostrata * fresh + in situ --n 32 Biswas 1988
e - fresh + in situ — .49 Biswas 1988
ww fresh  + in 'situ --- . 42  Diekmann et al. 1991
Aeschynomene fresh + in.situ - 47 Diekmann et al. 1991
afraspera .. fresh  + insite - 40. Diekmann et al. 1991
Mean . . S o o e 42

a: +:presentin the soil ; - : absent.

Recovery of cyanobacrerza N by rice, csnmated from studies thh 15N Iabelled strains,
averages 30% and varies from 13 to 50%, depending on the nature of the material, the
method of application, and the presence or absence of soil fauna (Table 4). Recovery was
highest with fresh cyanobacteria mcorpordted into a soil depleted of fauna (Grant and Seegers
1985). .

Posszb_le beneficial effects of cydnobdcreria other than provision of N include (1)

" competition with weeds, (2) increased soil organic matter content and aggregation, (3)

excretion of organic acids that incredse P availability to rice, (4) decrease of sulphide injury’
in sulfate reduction-prone soils by increased O; content and plant resistance to sulfide, and

(5) production of plant growth regulators (PGR) that enhance rice growth. But this last aspect

still needs to be demontrated because (1) cyanobacteria extracts may also negatively affect

rice germination (Pedurand and Reynaud 1987), and (2) as Metting and Pyne (1986) pointed -
out, despite the numerous reports on algal PGR effects, none shows the isolation and

characterization of a microalgal PGR

42, Algal moculahon tec_hnulo;,y and its current status

Expcnmental cyanobacteua inoculation of ricefields initiated in Japan by Watanabe et
-al (1951) was subsequently abandoned there. Applied research on cyanobacteria inoculation
has been conducted mostly in India where the All-India Coordinated Project on Algae was
initiated in 1977 and, to a lesser extent, in Burma, Egypt and China. A similar technique of
inoculum production in shallow open-air ponds is used in India, Egypt, and Burma
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{Venkataraman 1981). A multistrain starter inoculum produced from laboratory cultures is
propagaled, on the spot, in trays or microplots with 5-15 cm water, about 4 kg soil m2, 100 g
superphosphate m-2, and insecticide. When necessary, lime is added to adjust soil pH to 7.0-
7.5. In 1-3 weeks, an algal mat develops which is then allowed to dry Algal flakes are
scraped off and stored for further use at 10 kg ha-l.

Table 5 presents the analysis of 634 field experiments. The difference in yield between
inoculated and noninoculated plots is very variable (C.V. > 100%). Because of the
asymmetrical data distribution, the median grain yield (257 kg ha'!) was considered a better
index of the average effect of inoculation than the mean (337 kg ha'!). While the difference in
average yield between inoculated and noninoculated plots was significant at p < 0.01, only'17
% of the 634 individual observed differences were statistically significant.

Table 5. Bibliographic study of the effect of cyanobacterial inoculation on rice yielda.
{from Roger 1991)

1. Major statistics of the data
Difference between control and inoculated plots

Absolute Relative
(kg ha'l) (%)
Number of observations 634 634
Maximum 3700 168.2
Mintmum -1280 -19.3
Average 337 i1.3
Median 257 7.9
Standard deviation 398 16.0
Coefficient of variation 118 141

2. Histogram of the data

Number of data
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pa— — —
1

o ° T Y . I
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Difference in yield between inoculated and noninoculated fields (t/ha)
2 Data compiled from 41 references listed in Roger 1991.
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This indicates a small and variable response of yield to algal inoculation and also an
experimental error frequently larger than the response. When interpreting data from the
literature, it should also be kept in mind that unsuccessful trials have often not been reported.
When they were mentioned, it was usually without quantitative data that could explain the
possible reason for failure. For example, a report of a multilocation trial (Pillai 1980)
indicates that notwithstanding the 22 sets of data presented, "the results from many other
locations in South India, Deccan, and the Konkan rchon were not received because of the
failure of multiplying cyanobacteria at these locations.”

. Cyanobacteria inoculation is currently used on a trial-and-error basis. Methods to

estimate the chance of success of inoculation in a given agroecosystem are unavallable‘
because the factors underlying yield increases associated with successful algal inoculation are
not clearly understood or quantified. No published study reporting a significant increase in
yield after cyanobacterial moculanon includes estimation of inoculum quality, BNF
measurement, or biomass estimates.

Reports on the adoption of algal inoculation are somewhat controversial, but even with
the most optimistic evaluations, adoption seems to be restricted to a limited area in a few
Indian states, in Egypt, and possibly in Burma. In 1985, Roger et al. reported that algalization
was adopted in only two states of India (Tamil Nadu and Uttar Pradesh) where inoculated
fields constituted a small percentage of the total area planted to rice. Farmers' limited
acceptance of algalization probably reflects the low and erratic increases in yield obtained.

43. Prospects

Methods for utilizing cyanobacteria in rice cultivation need to be reconsidered in view
of the results of the agroecological studies of the last decade:

* Because of the earlier belief that N;-fixing cyanobacteria were not common in many
rice soils, research has focused on inoculation. However, surveys have shown that they are
ubiquitous in rice soils at densities averaging 5 104 cm-2 (Roger et al. 1987b).

.« The study of the ratio of indigenous heterocystous cyanobacteria in 102 soils (1st cm
of soil over one ha) to heterocystous cyanobacteria contained in the recommended dose of 22
soil-based inocula (10 kg ha-1) showed that in 90% of the cases, indigenous cyanobacteria
were more abundant than cyanobactcnd in the inoculum (Roger et al. 1987b). :

« Results also show the infrequent establishment of nonindigenous strains inoculated in
various soils, even when grazers were controlled {(Grant et al. 1985, Reddy and Roger 1988,
Reynaud and Metting 1988). While cyanobacteria inoculated in five soils persisted for at least
1 month, their growth was rare (one out of 10 cases). Blooms developed on all soils when
grazers were controlled, but were mostly of indigenous strains (Reddy and Roger 1988).

This suggests that attention should be paid to practices that enhance the growth of
indigenous strains already adapted to the environment. Their growth is most commonly
limited by low pH, P deficiency, grazing, and broadcasting of N-fertilizer. Cultural practices
that alleviate these limiting factors often favor cyanobacteria growth.

Liming is known to favor cyanobacteria growth (Roger and Kulasooriya 1980) but is rarely
"economically feasible.

Many reports show that P application stimulates photodependent BNF and cydno-
bacteria growth (Roger and Kulasooriya 1980). But efficiency is low (2.3 g N g! P)
(Cholitkul et al. 1980). Split application is more efficient than basal application (IRRI 1986).

Controlling grazers especially ostracods, enhances cyanobacteria growth (Grant et
al.1985). 1t can be achieved with conventional pcsncxdes but,their cost is prohibitive for the
result achieved. Pesticides of plant origin might be more economical. Wetting and drymg at
select times is an alternative way of controlling grazers in wetland soils.

The study of different methods of N-fertilizer application has shown that surface
broadcast application of N-fertilizer, which is widely practiced by farmers, inhibits
photodependent BNF (Table 2) and causes N-losses by ammonia volatilization (Roger ez al.
1980, Fillery er al. 1986). In contrast, the deep-placement of N-fertilizer decreases its
inhibitory effect on cyanobacteria and reduces N-losses by volatilization (Fig. 3). Delaying
N-fertilizer application could also possibly allow the growth of a No-fixing algal bloom at the
early stages of the crop, but the resulting effects on N- losses from fertilizer applied in an
algal-rich water are unknown.
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Fig. 3. Dynamics of Na-fixing cyanobacteria during a crop cycle (IRRI 1991).
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* Scale: O=no visible growth; 10= full coverage of the floodwater

While the effectiveness of those practices in increasing cyanobacteria growth and/or
ARA has been established, no experiment has yet quantified the relative contribution of the
increased cyanobacteria activity and the direct effect of the practice to yield increase, when
observed.” Ny '

The ubiquity of Nj-fixing cyanobacteria in rice soils does mean that inoculation is
unnecessary. Inoculating indigenous strains--able to establish---might be useful because P
accumulation by the propagules of the inoculum (produced with high levels of P) gives them
an initial advantage over the indigenous propagules which are usually P-deficient (Roger et
al. 1986). Since spore germination is photodependent (Reddy 1983), inoculated propagules
applied on the soil surface might germinate better than the indigenous ones mixed with the
soil. Inoculation with indigenous strains is likely to be useful after an upland crop grown
before rice or after a long dry fallow because the low density of natural population density
may lead to a lag of several weeks before. No-fixation becomes significant. In fact, the
positive effects of cyanobacteria inoculation observed with the method recommended in India
could be due to indigenous strains, because when inoculum is multiplied on the spot in
shallow trays or plots, it is' probable that strains present in the local soil may outgrow the
original isolates even before inoculum is added to the field. :

In the absence of knowledge on factors that allows foreign strains to establish in a field,
the agronomic potential of cyanobacteria inoculation is probably limited to indigenous strains
used in agroecosystems favorable to cyanobacteria growth when inoculation allows to speed
up the formation of an Na-fixing bloom early in the crop cycle. Soil properties, climatic
conditions and cultural practices needed for such conditions to occur probably limit the
usefulness of cyanobacteria inoculation to a small percentage of the world's ricefields."

5. SYMBIOTIC CYANOBACTERIA: AZOLLA

Azolla is an aquatic fern which harbors the symbiotic N,-fixing cyanobacteria
Anabaena azollae. It has been used as agreen manure in rice cultivation in Vietnam and
China for centuries. Spontaneous development of Azolla in ricefields is much less frequent
than that of free-living cyanobacteria, which are ubiquitous. Azolla usually needs to be
inoculated and grown when used as green manure.
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51. Potential as a biofertilizer for rice

BNF by Azolla has usually been estimated from biomass measurement and the
assumption that most of Azolla N originates from BNF. Recent measurements show an
average Ndfa of 75% in Azolla (Table 6).

The N potcntxal of Azolla was summarized by Roger and Watanabe (1986) from data
obtained mostly in experimental plots. The N content in maximum standing crops ranged
from 20 to 146 kg ha-! and averaged 70 kg ha-! (n = 17; c.v. = 58%). No-fixing rate ranged
from 0.4 to 3.6 kg N ha-1 d-1 and averaged 2 kg N ha-l d-1(n = 15, c.v. = 47%). The
maximum N potential of Azolla, calculated from maximum bimass recorded in experimental
plots and assuming that two crops of Azolia with a Ndfa of 80% are grown per rice crop is
224 kg N-1 crop cycle-! (Table 2). But, in a field trial at 37 sites in 10 countries, productivity
was lower than in experimental plots (Watanabe 1987). Biomass was 5-25 t fresh weight ha-l
(10-50 kg N ha-1) forAzella grown before or after transplanting (average 15 t ha-1 or 30 kg
N). Comparisons with inorganic fertilizers showed that one crop of Azolla incorporated
before or after transplanting was equivalent to the application of 30 kg N ha'! as urea (Table
7).

N recovered by rice from 15N-labeled Azolla incorporated into the soil was 20-34%. As
with cyanobacteria, availability decreased when Azolla was surface applied {Tuble 3).

Besides providing N 1o the rice crop, Azolla has several other admnmnes Because of
its lower K absorption threshold in floodwater than rice, Azolla becomes a source of K for
rice when incorporated (Liu 1987). Azolla also e.nhances the utilization of P fertilizer
(Sampaio et al. 1984), decreases weed incidence (Diara et al. 1987, Lumpkin and Plucknett
1982), reduces water ev '1ponmon (Diara and Van Hoove 1984), and improves soil structure,
which is important where rice is grown sequentially with an upland crop (Roychoudhury et
al. 1983).

Table 6. Azolla N derived from bivlogical Na-fixation (after Watanabe er al. 1991)

Reference Non-fixing control Ndfa % Notes
Kumarasinghe er al. Salvinia 92 + 15 mg N/microplot
{1985) " 79 +75 mg N/m xcrop‘ot
" 76 + 150 mg N/microplot
Lemna [Salvinia 81-83 plamcd
" 82-79 unplanted
You C.B. eral. Lemna 40-59
(1987) " 63-71 labelled Azolla
Kulasooriya er al. Salvinia /Lemna 52-55 unplanted, + 40ppm N
(1988) 58-64 planted, + 40ppm N
Watanabe et al. Lemna {Spirogyra 86-93 3 Azolla crops
(1990) Lemna §0-81 after one crop of rice
Average 74

Table 7. INSFFER Azafla trials at 37 sites in 10 countries (after Watanube 1987).

Treatment Yield (t/ha) Index
1 Control, no N, no Azolla : 3.00 100 ¢
2 30 kg N/ha, 3 split applications 3.65 121b
3 60 kg N/ha, 3 split applications 4.24 141 a
4 Azolla incorporated before transplanting 3.73 124 b
5 Azolla incorporated after transplanting 3.67 122 b
6 Azolla inoculuied but not incorporated 3.61 120 b
7 Combination of treatments 2 and 4 4.15 138 a
.8 Combination of treatments 2 and § 4.07 135a
9 - Azolla incorporated before and after transplanting  4.09 136 a
Standard error between and within sites 0.05
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Table 8. Evolutibn of Azolla utilizalion in rice cultivation.

« Countries where Azollg has been used by rice farmers:

China:
before 1978: > 6.5 million ha (FAO 1978) \
before 1979: 1.34 million ha (Liu Chung Chu 1979)
before 1980: 0.7 million ha (Lumpkin and Plucknett 1982)
1987: ; decrease of use as green manure,
reseach on Azolla as animal feed  (Liu Chung Chu 1987)
1989: reseach on Rice-fish-Azolla (FAO 19388)
and beginning of adoption (Liu Chung Chu 1988)
Vietnam:
in 1980: about 500 000 ha (Roger and Watanabe 1986)
since 1980: use has been continuously decreasing
Philippines:
m 1981: adoption on 5,000 ha (Kikuchi er al. 1984)
in 1986: 84,000 ha (Azolla Workshop, IRRI 1987)
since 1986: use has been continuously decreuasing

» Countries where Azollg has been tested for adoption:
Brasil, India, ltaly, Pakistan, Senegal, Sri Lanka, Thailand.

«In 1992 Azolla is probably used in less than 1% of the rice growing urea.

5.2. Current usage

Estimates of the extent of Azolla use (Table 8) show a marked decrease during the
1980s in Vietnam and China, where it has been a traditional technology. During the same
period, Azolla has been tested in Brazil, India, Pakistan, Philippines, Senegal, Sri Lanka, and
Thailand. Philippine is the only country were adoption was sufficient to be quantified during
the 1986 Azolla Workshop (IRRI 1987). In this country, farmers adopted Azolla on 5,000 ha
in South Cotabato in 1981 (Kikuchi er al. 1984); success was due mainly 10 a high level of
available P in the soils und a short dry season. Azolla utilization extended to 26,000 ha in
1983, und 84,000 ha in 1985 (Mabbayad 1987). Since then, Azolla use has not progressed in
the Philippines and has probably decreased.

Decrease in Azolla use in China has been autributed to the advent of available, cheap
sources of urea and potash, and the changing governmental economic policy which has led to
the disbanding of many agriculiural communes and the reallocation of labor (Roger et al.
1993). This has also been observed for legume green manures (Stone 1990). However,
interest in Azolla use as fish and animal feed, primary producer in rice-Azolla-fish culture,
mineral scavenger, and depollutant has increased in China (Liu ChungChu 1987). World use
is now a fraction of the estimated 2 million hectares of rice that were fertilized with Azolla in
China and Vietnam in the late 1970s (Roger and Watanube 1986).

5.3. Limiting factors for Azolla use and possible remedies

The optimum temperature for most Azolla species (20-30 2C) is below the average
temperature in the tropics. Cool weather is a key 1o successful Azolla cultivation in Vietnam
and China. High temperature associated with humid conditions favors Azolla pests and
diseases that limit Azolla growth in humid tropics. P application is required in most soils for
growing Azolla. Azolla technology is labor intensive and therefore has economic limitations.

Water conirol and maintenance of inoculum. Azolla cannot withstand desiccation and
requires water in the field throughout its cultivation cycle. Because Azolla is propagated
vegetatively, inoculum must be maintained in nurseries year-round and multiplied for
distribution before field cultivation. Those requirements imply that an irrigation network and
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a network for inoculum conservation, production, and distribution are prerequisites for Azolla
use. This also implies that Azolla adoption by farmers first depends on a government policy
to establish such networks (Roger and Watanabe 1986). Problems in inoculum conservation,
multiplication, and transport could be solved if Azolla could be propagated from spores. A
method for utilizing sporocarps for inoculum conservation has been developed in China but
‘the growth of sporophytes was too slow to meet the inocum requirement in the field; 160 kg
fresh weight ha-1 sporocarps yielded 16 to 21 t fresh weight ha-! of Azolla in 52 days (Lu
ShuYing 1987). Conditions for sporocarp formation and germination are incompletely
understood. Low temperatures stimulated sporulation in the tropics (Kannaiyan and Rains
1985). Germination of spores of Azolla filiculoides required 1) mixed cultivation of mature
megasporocarps and microsporocarps, 2) sunlight, and 3) an average daily temperature of 20-
30 2C. Increase in temperature within this range shortened the period of germination (Xiao
QingYuaner al. 1987). o

Need for P-fertilizer. P application is required in most soils for growing Azolla.
Reported threshold values of P deficiency are 0.4% dry weight in Azolla , 0.15 ppm in
floodwater, and 20 ppm available Olsen P in soil (Ali and Watanabe 1986). A, pinnara can
grow satisfactorily without P application when the available Olsen P in the soil is higher than
30 ppm and P sorption capacity lower than 1500 mg P,0s per 100 g (Watanabe and Ramirez -
1984). Such P-rich soils are uncommon. Azolla doubling time estimated in a growth test on
972 Philippine soils was less than 5 days (moderately suitable soil) in 40% of the samples and
less than 3.5 days (highly suitable) in only 13% of the samples, showing that P fertilization of
Azolla would be required in many soils (Callo er al. 1985). This was confirmed by the
observation that 80% of field-grown Azolla have a P content below 0.4% and a N content
below 4% (Watanabe er al. 1990). . o o ~ - ,
To be economically feasible, P fertilization requires a ratio of N fixed to P applied that is
greater than the ratio of the prices of the corresponding fertilizers. Basal application of P
might have a low efficiency and be economically infeasible, while split P application has an
efficiency of 5-10 g Nj fixed per g P applied (Watanabe er al. 1988b). Phosphorus
fertilization limited to the inoculum production plot permits the P-enriched Azolla to multiply
6 to 7 times without P application in the main field and ensures a high efficiency of P applied
(Watanabe ez al. 1988b). o -

Pests. Although commercial pesticides effectively control Azolla pests, their application’
is not economically feasible in the field (JRRI 1986) and should be limited to inoculum
production (Mochida 1987). Pesticides of plant origin might be economically feasible for
field use. Alternate drainage and irrigation, cultivation in wet field or with a thin water layer,
and reduced application of organic manures, may help controlling Azolla pests (Zhang
Zhuang-Taer al. 1987). ’ ' E '

Temperature requirement. The optimum temperature for most Azolla species (20-30 ¢C)
is below the average temperature in the tropics (Lumpkin 1987). Cool -weather is a key to
successful Azolla cultivation in Vietnam and China. Temperature limitations can be reduced
by selecting cold- or heat-tolerant strains. Among strains tested at IRRI, A. microphylla #418
was most tolerant of high temperature (37 °C day/29 °C night) (Watanabe er al. 1992), -

Economics. Technologies used in Vietnam and China are labor intensive and therefore,
have economic limitations. Kikuchi er al. (1984) studied the economics of Azolla use in the
Philippines in South Cotabato, where Azolla spread spontaneously and no P-fertilizer and’
little labor were needed. Economic return from Azolla adoption, including cost savings in
chemical fertilizers and weed control, was more than $35 ha-! at 1981 prices. However,
conditions in the study area were exceptionally favorable and should be viewed realistically.
The authors concluded that the economic potential of Azolla is greatest where the opportunity
cost of labor is low, and that labor cost becomes critical where wage rates approach $2 day-1.

"Insect control was also an important economic limitation. If more than 200 g carbofuran ai
ha'! was needed to control insects, benefits were eliminated. In areas of the Philippines where
conditions for Azolla growth were not favored by an exceptionally high level of available P,
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economics were not in favor of Azolla use (Rosegrant et al. 1985). It is clear that a case study
in the Philippines is not enough to allow definite conclusions regarding Azolla economics,
which may vary according to socio-agricultural systems. Economic calculations should also
consider the long-term benefits of Azolla as an organic fertilizer with the concomitant
increase in soil organic matter and fertility, instead of only those costs directly comparable to
commercial N-fertilizer prices. The economics of integrated rice-fish-Azolla culture might be
more favorable and should be considered.

54, Prospects

Azolla has a N-potential similar to that of legumes but is easier to incorporate and
grows well with rice in flooded conditions. Environmental, technological, and economic
factors limit its use. Problems in inoculum conservation, multiplication, and transport could
be solved if Azolla could be propagated from spores. Temperature limitations and
requirements for P can be reduced by selecting cold- or heat-resistant strains with low P
requirements, and by split application of P-fertilizer, limited or not to inoculum production.

Azolla strains exhibit a wide range of behavior with regard to environmental factors, P
" requirement, N7 fixation, productivity, etc. The ability to combine favorable characters such
as resistance to high temperature and pests, low P requirement, and erect growth (permitting
higher productivity) would allow strains to be designed for specific conditions. For this
purpose, recombination of algal and plant symbionts and sexual hybridization between Azolla
species proved feasible (Table 10). Anabaena from A. filiculoides was recombined with A.
microphylla and vice versa. Megasporocarps of each species were freed of their algal
symbiont (Lin Chang and Watanabe 1988), then an indusium of the other Azolla species,
containing the corresponding Anabaena, was placed on the alga-free megasporocarps;
symbiosis was thus established with the newly forming sporophyte (Lin Chang et al. 1988).
The formation of Azolla hybrids requires that macro- and micro-sporocarps be obtained.
Sporulation of many strains.can be observed under natural conditions (Payawal and Paderon
1986) but no method has been yet designed to induce sporulation at will. This is a major
limiting factor for Azolla hybridization. Hybrids of A. microphylla (female parent) and A.
filiculoides have been obtained (Wei WenXiong er al. 1986). The IRRI biofertilizer
germplasm contains 23 hybrid strains obtained by algal transfer and 85 obtained by sexual
hybridization, some of which exhibit improved characters (Watanabe et al. 1992). ' »

The key economic costs in Azolla use are those of P application, labor, and pest control,
Economic limitations are important and need further evaluation but calculations should also
_ consider the long-term benefits of Azolla on soil fertility. Azolla has a potential not only as a
green manure but as a multipurpose biofertilizer that can be a weed suppressor, a K source.
through its ability to concentrate this element, an animal feed, and a primary producer in rice-
fish-Azolla culture (FAO 1988). This potential may renew interest in Azolla use. '

Table 10. Biomass, N3 fixing activity and N content of two Azolla’ spécies énd their
: hybrid grown for 28 days at two temperature ranges
(Watanabe et Santiago- Ventura, IRRI, personal communication).

Espéce : température  Poids frals ~ ARA % N
A. microphylla - 37%29°C 1400 31 38
microphylla x filiculoides 37%29°%C 1100 34 50
A. filiculoides 37%29°C 300 0.4 1,5
A. filiculoides - 26%18°C 1800 46 - 52
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Table 11. N accumulated by legumes used as green manure in rice cultivation

1. Crops grown until maturity. (from Roger and Watanabe 1986),

Species Nitrogen accumulated

' (kg ha) (% fresh weight)
Astragalus sinicus 108-123 0,35-0,47
Canavalia ensiformis 98 _ - 0,47
Cassia mimosoides 97 0,44
Crotalaria anagyroides 98 0,33
Crotalaria juncea 105-129 0,30
Crotalaria quinquefolia. - 88 : 0,19
Dolichos biflorus ' 89 0,58
Gycine koidzumii 71 0,42
Phaseolus sp. - 0,28
Phaseolus lathyroid ' 90 -
Phaseolus calcaratus - 42 0,22
Sesbania aculeata 96-122 0,32-0,36
Sesbania rostrata 267 - '
Sesbania sesban . ~ . 100-202 0,39
Sesbania microcarpa 87 0,50
Sesbania sirececa = 146 o -
Average 114 0,37

2. N accumulated in crops grown for a definite time

(calculated from data tabulated by Buresh et DeDatta 1991)

Dry weight N accumulated
_ cthat kg ha'l kg ha! day"!
110 crops of 16 species grown for 30 to 178 days (average 52 days)
Mean . 4.3 99 1.9
Maximum - 133 267 5.1
Minimum 0.2 7 02
32 crops of 11 species grown for 30 to 45 days (average 40 days).
Mean » 25 63 1.6
Maximum C 67 143 32
Minimum A 0.2 : -7 o 02

6. LEGUME GREEN MANURES

A range of legumes has been used as green manure in rice cultivation (Table 11)
Potentialities of legume green manures (LGM) for rice were early recognized. In 1936 the
International Institute of A griculture reported that: "application of green manure may involve
great progress in rice growing by ensuring yields higher than those at present attained”.
Similar statements were recorded by Pandey and Morris (1983) from the proceedings of
symposia in 1952, 1953 and 1954. Then, it seems that less attention was paid to LGM in rice
production. They were mentioned in only a few paragraphs of the proceeding of the
symposium on "Nitrogen and Rice” held in 1979 at IRRI. The discovery of stem-nodulating
legumes (Deyfus and Dommergues 1981, Alazard and Duhoux 1987) able to grow, fix Na,
and develop'large biomasses under waterlogged conditions and the concern for agricultural
sustainability have renewed the interest of the scientific community in LGM for wetland rice.
,;\9§g;11posium held at IRRI in 1987 was devoted to green manure in rice farming (IRRI
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6.1. Potential to increase rice yield

BNF by legume green manure (LGM) used for rice has usually been estimated from
total N measurement and the assumption that 50-80% of accumulated N is Ndfa. Values of N
accumulated in traditional LGM crop summarized by Roger and Watanabe (1986) average
114 kg ha-1 (Table 11). Those values were most often for a crop grown until maturity, which
is rarely done with a LGM.

Valucs listed by Buresh and DeDatta (1991) (T able 11) show that in 30-45 days a LGM
accumulate 7 to 143 kg N ha-! (mean 63). Values published after 1985 average 133 kg N ha-l
(Ladha er al. 1988b). Ranges in kg N ha-1 are 40-225 for stem nodulating legumes, 33-115 for
grain legumes, and 24-39 for perennial trees. Assuming 50-80% Ndfa, one LGM crop can fix
an average 1.0-1.6 kg N ha-1 d-1 or 60-100 kg N ha-! in 50-60 d. i

Several studies have shown the high N,-fixing potential of some stem nodulatmg
legumes (Table 12). Usmg 15N dilution, Pareek et al. (1990) estimated that Ndfa in 25-d
Seshania spp. was 50% in dry season (DS) and 75% in wet season (WS). Lower values (30-
50%) were reported by Rinaudo er al. (1988), and N'Doye and Dreyfus (1988) for 53- to 63-
d-old §. rostrata, probably because they used an uninoculated S. rostrata as control. A few
estimates of BNF by S. rostrata as a pre-rice LGM are available from small-scale balance
studies. Rinaudo et al. (1988) reported a gain of 267 kg N ha-! after incorporating a 52-d
crop. In a [45-d Sesbania-rice (WS)/55-d Sesbania-rice (DS)] sequence, Ladha et al. (1988b)
estimated that Sesbania fixed 303 kg N ha-1 year-1 when umnoculdted and 383 kg N when
inoculated with Azorhlzobumz

Beside N and other nutrient provision to the crop, the beneficxal cffccts of LGM
mcorporatxon that have been reported include:

* improvement of soil properties especially (1) total N and org'mlc matter conlent (2)
available Zn, (3) water holding capacity, and (4) soil aggrcgauon (Bccker et al. 1988
Bouldin 1988) )

» control of some rice pests, in particular nematodes (T dble 13), and

« immobilization of nitrogen nitrified during dry fallows, that would otherwise be lost by
denitrification when soils are reflooded.

Table 12. Estimates of N fixed by two stem nodulating legumes
grown under flooded conditions.

Day =~ Growth duration Ndfa* N fixed Method _ Reference .
length {days) % (kg/ha) of measurement
Sesbania rostrata ‘ . ' ’ ‘
long 56 38 - BNdik ~ Rinaudo et al. 1988
long 60 36-51 83- 10915N dil. Ndoye and Dreyfus.
S 1989 o
long 56 88 175 ARA/‘5N2 Becker et al. 1990
short 56 83 70 - . e
long 25 76 10 5N dil. Pareek ef al. 1990
long 45 88 140 - -
long 65 94 458 --- S e
short - 25 - 53 7 - ---
short 45 71 100 --- -
short 65 86 324 -— .
Aeschynomene afraspera .
long 56 77 145 ARA/I5N, Becker er al. 1990
‘short 56 68 - 105 - C -
Mean 70 '

* Nitrogen derived [rom the air.
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Table 13. Effect of culture and/or incorporation of Sesbania
on rice nematodes and rice yield (after Prot er al. 1992)

Control T1 T2 T3
15t crop Rice Rice Sesbania Sesbania
incorporation of culture and culture and
LGCM exportation incorporation
imported from T2 1o T1
2nd crop Rice . Rice Rice Rice

Nematodes (nb. dm-3 of sol)

before 1st crop 860 a 1024 a 755a 750 a
at 1St harvest 766 a 1055 a 9b 12b
at 27 harvest 766 a 621 ab 446 ab 352b
Yield of the 274 crop (t ha'l) )

22¢ 3.2bc 29c¢d 40a

Estimutes of yield increase due to LGM range from 30 to 100 kg grain per ton of LGM
incorpotared (Roger and Watanabe 1986). Incorporating one 40-60 day old culiure of
Sesbania or Aeschynomene may increase yield by about 1 t ha-! (Fig. 4a) and is equivalent to
the application of 50 to 100 kg fertilizer N ha-! (Ladha er al. 1988b; Becker e al. 1988).
Nitrogen efficiency (kg grain produced per kg N applied) of LGM decreases with the quantity
of N applied and is similar to that of urea (Fig. 4b).

62. Current utilization

Despite their potentiality, a setback of leguminous green munures has been observed
during the last years. China is the only country where legumes are still used. The total area of
LGM crops and Azolla in the major rice producing areus in China regions had increased from
2.45 millions ha in 1952 to 8.35 millions hectare in 1979, representing about 346,000 t N. In
1980 the planting area of green manure in some provinces (Jiangsu, Zhejiang, Jiangxi, Hunan
and Husei) was about 20-30% of the total furmland. The 1otal area of green manured fand was
estimated to 10 millions ha (Roger and Watanabe 1986). Recent data show a clear setback of
LLGM use in China (Fig. 5). A spectacular setbuck of green manuring has also been observed
in Japan since 1955 (Watanabe 1984).

In other countries, usage of green manure seems to have become incidental. About
100,000 hectares of Sesbania sesban were estimated to be grown each year in northern
Vietnam in the early 1980's for the summer rice crop, when Azolla cannot be utilized because
of the high incidence of pests in relation with high temperatures (Roger and Watanabe 1986).

In India, Singh (1984) reported that in several ru,c growing areas 20-30% of soils were
planted to LGM at mid century but that green manuring received a setback with the increase
in cropping intensity and the low cost and ready availability of fenilizer during the last
decades. Whereas green manuring is well known to farmers, these practices are no longer
extensive in India since the introduction of inorganic fertilizers (Venkataraman 1984),

6.3. Limiting factors

Reasons for decline and constraints associated with LGM use were reviewed by Roger
and Watanabe (1986), Guarrity and Flinn (1988) and Becker et al. {(1988a).
Somie detrimental effects have been rcponcd mainly in temperite condition. Watanabe
(1984) atributed the setbuck of green manures in Japan to:
1) possible growth damage to rice due to unuerobic decomposition of the LGM
2) unmatching between N release and N needs of the plant leading to grow lh depression at
earlier stages and excessive growth, detrimental to yield, at later stages,
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Yield (t/ha) with green manure incorporation

y=0.71373 + 1.2407x R%=0870
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Fig. 4. Elfet ont rice yield of 42 to 59-day oldSesbania and Aeschynomene as green
manure.  a: effect on rice yield; b: nitrogen efficiency
(drawn from data by Ventura et al. 1987, Diekmann er al. 1991, Becker 1990, Furoc and
Morris 1989, and Biswas 1988).
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Fig. 5. Utilization of green manures in China bet'{yeen 1950 and 1988 (after Stone 1990)

3) degradation of the soil, and
4) unpredictability of the amount of N apphed :
One other factor is the lack of draft or man power. Nitrogen content in legumes vary
from 0.2 to 0.6% therefore the fresh weigh corresponding to' 50 kg N/ha vary from 10 to 26
tons f.w. Incorporation of such a biomass, given animal draft power and traditional
implement is difficult on a large scale. In developing countries the wage rate and the lack of
man power may be limiting. One of the reasons for the abandon of organic manure in Japan is
the decrease of the amount of labor available for farming because about 90% of rice farmers
are part-time farmers,

There are also incidental reasons. For example, in certain areas of India indiscriminate
cattle grazing due to inadequate social control is a reason for the reluctance of the farmer to
raise a green manure crop (Venkataraman 1984).

However, major limitations are socio-economical. First, it is clear that legume green
manure are not appealing because they do not yield food or cash directly. Then there are
many economical limitations. In situations where N fertilizer is available, assuming an
average yield of 15 kg grain per kg N applied, the cost of inorganic N fertilizer relative to the
price of rice is very favorable. Furthermore, many governments have adopted a fertilizer
subsidy policy and made cheap credit available for farmers to buy N fertilizer. On the other
hand, the costs of green manure seed and land preparation are not favorable. If there is
residual moisture in the soil, after the harvest of the rice crop, the economic advantage is very
often in favor of a catch ¢rop of legumes, ground nut, maize, millet, onion etc. and o resort to
application of inorganic fertilizers for the next rice crop (Venkataraman 1984).

Situations where N fertilizer is not available is most frequently that of subsistence
farmers, with small land holdings, who cannot afford to release land used for food or forage
crops to green manure cultivation and therefore prefer to grow a catch crop. In some areas
where no N fertilizer is available and organic manure was traditionally applied to rice, green
manure is now applied preferentially to vegetable cash crops rather than to rice food crop.

Furthermore, the increased availability of inorganic fertilizers and low cmphasxs on GM
by research and extension have contributed to the decline in LGM use.
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7.4. Prospects

The sustamablllty issues together with the discovery of stem-nodulating legumes have
revived scientist interest in green manuring. The formation of stem nodules has been reported
in 25 species of the genera Sesbania, Aeschynomene, and, possibly, Neptunia. Stem-
nodulating legumes exhibit adaptation to waterlogged or water-saturated conditions of
growth. Their symbiotic bacteria cannot be accommodated into the existing Rhizobia
classification. Two new additional genera have been proposed: Azorhizobium and
Photorhizobium. Some of their strains exhibit unique properties such as the ability to fix Ny
under free-living conditions or a photosynthetic activity of bacterial type. Positive effects of
stem inoculation on growth were observed in greenhduse and pot experiments. In the field,
response seems limited to dry season and/or upland condition. The application of K and P
stimulate nodulation and BNF. N-fertilizer at field level of application does not inhibit BNF
in situ and a low dose had generally a stimulatory effect (Ladha et al. 1992).

Data on N accumulated in 40-55 days in a LGM crop show a higher N potential of
stem-nodulating LGM than of traditional LGM. Fast-growing, high-nodulating, and erect
species producing enough biomass have a potential as LGM in wetland areas. §. rostrata, A.
afraspera, and A. nilotica have been reported as most promising. Ranges in kg N ha-1 are 40-
225 for efficient species. !N dilution and @ 13N studies showed that Ndfa of 45-55 day-old S.
rostrata was about 70% and increased to 90% at 65 days. Field experiments show that stem-
nodulating LGM offer a better N potential for wetland rice than traditional LGM do.

Photoperiod sensitivity limits the utilization of S. rostrata while A. afraspera seems to
be considerably less photoperiod sensitive (Becker 1990). The non availability of seeds of
stem-nodulating legumes currently limit their adoption by farmers. Also many of the
socioeconomic factors that lmm the use of traditional LGM use also will limit that of stem-
nodulating LGM.

* Conditions for economical use of legume green manures are that (1) there is no
alternative for a more profitable crop, (2) legume establishment does not require soil
preparation and is inexpensive, (3) LGM productivity is stable in time, (4) man power and
adequate implements are available for incorporation, and (5) there is no concurrence with
man power needed for rice transplanting (Garrity et Flinn 1988). In particular, Nj fixation by
a LGM (and conservation of NO3 mineralized during the dry season) may be an economically
viable proposition if production costs can be kept low, and if the green manure does not
compete with marketable or subsistence crops.

8. SUMMARY AND CONCLUSION

Recent methodological progress in measuring BNF in ricefields includes improved
strategies for sampling and a better understanding of the potential of the N dilution methods
(labeled substrate and natural abundance). 15N dilution, using available soil N as control, is
promising for screening rice varieties for their ability to promote associative BNF.

BNF by individual systems can be estimated more or less accurately (Table 2). Estimates
for Azolla and legumes are based on biomass measurements combined with Ndfa
determination and are probably more reliable than estimates for indigenous fixers based
mostly on indirect methods (ARA) or balance in small-scale trials. Total BNF in ricefields
has been estimated from balance experinients, however, it has not yet been estimated by
measuring simultaneously the activities of the various components in situ. As a result, the
relation between the different No-fixing systems, especially indigenous ones, are not fully
understood and it is not clear if their activities are independent or related. A method to
estimate in situ the contribution of N fixed to rice nutrition is still not available. Dynamics of
BNF during the crop cycle is known for indigenous agents but the pattern of fixed N
availability to rice is known only for a few green manure crops. As a result, BNF in models
of N cycling in wetlands, is either not taken into account or taken into account as a non-
dynamic input (Roger and Ladha 1992).

Nitrogen is usually the limiting factor to high yields in rice fields. Therefore, the use of
BNF as an alternative or supplementary source of N for rice has been the major approach in
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microbiological management of wetland rice. Whereas Np-fixing green manures have been
used for centuries in some rice-growing areas, research on cyanobacterial and bacterial
inoculants for wetland rice is relatively recent, being initiated in the early 1950s for free-
living cyanobacteria and in the 1960s for rhizosphere bacteria.

Currently, most bacterial strains tested for inoculation have been Np-fixing forms, but
ARA, 5N, and N balance studies have not provided clear evidence that the promotion of
growth and N uptake was due to increased BNF. Therefore, several authors refer to the
production of PGRs to explain the beneficial effect of bacterial inoculation. No experiment
has yet supported this hypothesis. If it is verified that the ability of inoculated strains 10
produce PGRs is more important than their Nz-fixing ability, it is clear that screening of
bacterial strains for inoculation should not be limited to N»-fixing strains. The few data
available on strain establishment showed that, in most cases, inoculated strains disappeared
or established themselves for various periads of time, but did not multiply. That would limit
the effect of inoculation 1o the earlier growth stage of the plant, a hypothesis that agrees with
the absence of an inoculation effect on harvest index. Given the current status of knowledge
on bacterial inoculation of rice, no definite conclusion regarding the potential of this
technology cuan be drawn.

_ The selection and breeding of rice according to the variety's ability to stimulate an
associative microflora that promotes BNF and soit N utilization is still Jimited by the absence
of an efficient screening method. The relatively low Nj fixation potential of associative BNF
is not a hindrance to this promising approach, whose major advantage is that the N potential
is inherent to the plant and thus requires no additional cultural practice by the farmer.

Biomass estimates, ARA measurements, and inoculation experiments indicate that free-
living cyanobacieria have a moderate potential of about 30 kg N ha-! crop cycle-! which may
trunslate to # yield increase of 300-450 kg ha-l. However, the technology for cyanobacteria
inoculation has not progressed beyond the experimental stage of lurge-scale field testing. As
long as cyanobacteria inoculation is applied on a trial-and-error basis, it will have little
chance of success. Recent developments indicate that the whole principle of cyanobacteria
inoculation should be reconsidered. Foreign strains usually do not establish and more
attention should be paid 1o promoting indigenous strains. Cultural practices to enhance their
growth are known but environments where those practices can be efficient and economically
viable are probably limited. In-depth agroecological research is required before cyanobacteria
technology can be substantially improved.

With regard to the rapid progress in genctic engineering, one can speculate on the
possibilities to select or design efficient Np-fixing strains of cyanobacteria and bacteria for
inoculation. In the long term, penetic engineering may contribute to the micrabiological
management of wetland rice fields, but it is not yet known if and how engineered strains can
establish and/or compete with the indigenous microflora.

Azofla has proved useful as a N biofertilizer in some rice-growing countries. Like
legumes it has a high N potential, but is easier to incorporate and grows well with rice under
flooded conditions. Environmental, technological, and economic factors {imit Azofla use.
Recent progress in strain hybridization and recombination has opened new ways to alleviate
some environmental and nutritional limitations. Socioeconomic limitations are important and
are probably increasing, as shown by the setback of Azolla in China and Vietnam where it
was traditionally used. However, recent studies have shown that Azolla has a potential not
only as a green manure but as a multipurpose biofertilizer. These limiting factors and the
potential of Azolla as a multipurpose crop, which may revive interest in its use, will decide
the extent of its future utilization.

Leguminous green manures have traditionally been used in many rice-growing
countries. Estimates of N accumulated in a traditional prerice LGM crop range from 42 to
202 kg N ha-1. Assuming 50-80% Ndfa, one average crop can fix 50-80 kg N ha-1. Despite
this potential, a strong setback of LGM use has been observed during the last decades. In the
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1980s, China was the only country where LGM were noticeably used, but this use has been
continuously declining. In other countries, the use of LGM seems to have become incidental.
Main reasons for the setback or the nonacceptance of LGM by rice farmers include (1) some
detrimental effects on rice and soil, reported mainly in temperate areas, (2) the lack of draft or
manpower for incorporation and (3) socioeconomic limitations. LGM are not appealing
because they do not yield food or cash dxrectly Where N fertilizer is available, green
manuring is usually more expensive than inorganic N. Situations where N fertilizer is not
available concern mostly subsistence farmers, with small holdings, who cannot afford to
release land used for food or forage crops to LGM and prefer to grow a cash crop. :
During the last decade the discovery of the high Ny-fixing potential of some ﬂood-
resistant stem-nodulating legumes has revived the interest of rice scientists in LGM. Field
experiments show that stem-nodulating LGM offer a better N potential for wetland rice than
traditional LGM do. However, many of the socioeconomic factors that limit the use of
traditional LGM use also will limit that of stem-nodulating LGM. N fixation by a LGM (and
conservation of NO3 mineralized during the dry season) may be an economically viable
proposition if production costs can be kept low, and if the green manure does not compete
with markctable or subsistence crops. : '

BNF in rice fields has been the most effective system for sustaining producnon in low-
input traditional cultivation. The general impression when considering the management of
Na-fixing organisms in ricefields is that 40 years after the first inoculation expenmcnts the
agronomic potential of BNF is underutilized and its intentional use is decreasing. -~ ‘

~ Considering that rice obtains most of its N from the soil, regardless of the amount of
chemical N fertilizer applied, concerns in recent high- input, intensive rice cultivation aré
sustainability of high yields and the possible environmental impacts of intensive management
on soil fertility. Knowledge on this aspect is still limited, but the key roles of the thizosphere,
the photosynthcnc aquatic blomdss, and their Na-fixing components in maintaining the
fertility of rice soils under intensive culnvanon havc been recognized and need further study
(Watanabe et al. 1988). '

An additional 300 million tonnes of rice will be needed in 2020 to reet the need of 2
fast-growing human populanon This requires a 65% production increase within 30 years
without much expansion of actual cultivated area (IRRI 1989). But increased rice production
should not be at the expense of future generations and should fulfill the concept of
sustainability. A major challenge is mamgmg pests and nutrients in ways that reduce
agrochemical use. Increased use of inorganic fertilizer is inescapable, but, as pointed out by
Postgate (1989), a parallel return to greater exploitation of BNF, still responsible for
providing 60-70% of the new N in the biosphere, seems common sense. Currently,
intentional use of BNF in wetland ricefields concerns only a few percent of the global rice-
growing area. Designing economically viable methods for utilizing N2-fixing organisms in
rice cultivation still remains a major challenge for scientists.

9.  REFERENCES

- Alazard D, Duhoux (1987) Nxtrog,cn flxmg stem nodules on Aeschynomene afraspera Biol
Fert. Soils 4: 61-66. .

Ali §, Watanabe I (1986) Response of Azolla to P, K, Zn in different wetldnd rice soils in
relation to chemistry of floodwater. Soil Sci. Plant Nutr. 32:239-254.

App AA, Watanabe I, Alexander M, Ventura W, Daez C, Santaguio T, Dedatta SK (198())
Nonsymbxouc nitrogen fixation associated with the rice plant in flooded soils. Soil Sci.

" 130:283-289. .

App AA, Watanabe 1, Santiago-Ventura T, Bravo M, Daez-Jurey C (1986) The effect of
cultivated and wild rice varieties on the nitrogen balance of flooded soil. Soil Science 141
448-452.

Bally R. Thomas- Bauzon D, Heulin T, Balandreau J (1983) Determination of the most
frequent No-fixing bacteria in a rice rhxzosphere Can. J. Microbiol. 29: 881-887. :

Becker M, JK Ladha, OttowJC (1988) Stem-nodulating legumes as green manure for lowland ‘
rice. Phil. J. Crop Sci. 13 (3) 121-127.

80



Becker M (1990) Potential use of the stem-nodulating legumes S. rostrata and A. afraspera

- as green manure for lowland rice. Ph.D. thesis. Justus-Liebig University, Giessen, FR.G.

Biswas TK (1988) Nitrogen dynamics and *N balance in lowland rice as affected by green
manure and urea application. Ph.D., Thesis. Indian Agric. Res. Inst,, New Delhi, India.

Bouldin DR (1988) Effect of green manure on soil organic matter content and nitrogen
availability. pp. 152-163. in "Sustainable agriculture: Green manure in rice farming. IRRI
PoBox 933, Manila, Philippines.

Bray F (1986) The Rice Economics. Technology and Deve]opmcm in Asian Societies. UK.
Basil Blackwell Inc., 254 p

Buresh RJ,.De Datta SK (1991) Nitrogen dynamics and management in rice-legume cropping
systems. Advances in Agronomy. 45:1-59.

Callo DP, Dilag RT, Necesario RS, Wood DM, Tagulog FC, Gapasin DP, Ramirez CM,
Watanabe 1 (1985) A 14-day Azolla adaptability test on farmer's fields. Philipp. J. Crop
Sci. 10 (3) 129-133,

Charyulu P B B N, Fourcassie F, Barbouche AK, Rondro Harisoa L, Omar AMN, Weinhard
P, Marie R, Balandrcau J (1985) Field incculation of rice using in vitro selected bacterial
and plant genotypes. In Azospirillum HI: Genetics, Physiology, ecology, W Klingmiiller
(Ed.). Springer Verlag, pp. 163-179.

Cholitkul W, Tangcham B, Sangtong P, Watanabe 1 (1980) Effect of phosphorus on Na-
fixation measured by field acetylene reduction technique in Thailand long term fertility
plots. Soil Sci Plant Nutr 26: 291-299.

De PK (1939) The role of cyanobacteria in nitrogen fixation in rice ﬁclds Proc. R. Soc.
Lond. 127 B: 121-139.

Diara H F, Van Hoove C (1984) Azolla, a warter saver in irrigaied rice fields? Pages 115- 118
in Practical application of Azolla for rice production. Siiver WS, Shrodcr EC, eds,,
Nijhoff/ W Junk pub.

Diara H F, Van Brandt H, Diop A M, Van Hove C (1987) Azolla and its use in rice culture in
West Africa. Pages 147-152 in Azolla utilization, IRRI, P.O. Box 933, Manila,
Philippines.

Diekmann KH, De Datta SK, Quow JCG (1991) 3N balance in Jowland rice involving
various soil N fractions as affected by green manure and urea amendment. Plant Soil (in

ress).

Dogeremerj Ruschel AP (1962) Inoculution of rice with No-fixing genus Beijerinckia Derx.
Rev. Brasil. Biol. 21: 397-402.

Dreyfus BL, Dommergues YR (1981} Nitrogen-fixing nodules induced by Rhizobitm on the
stem of the tropical legume Sesbania rostrata. FEMS Microbiol. Letter. 10:313-317.

Eskew DL (1987) Use of 15N in N2 fixation and N-cycling studies of Azolla pp. 233-239 in
Azolla utilization. The International Rice Research Institute , Po Box 933, Manila,
Philippines

FAQ (1978) Azolla propagation and small-scale biogas technology. FAO Soils Bull. 41

FAQ (1988) The Rice-Azolla-Fish system, RAPA Bulletio Vol. 4,37 pp

Fillery IRP, Roger PA, De Daua SK (1986) Ammonia volatilization from nitrogen sources
applied to rice fields: 11. Floodwater properties and submerged photosynthetic biomass.
Soil Sci. Soc. Am. 3. 50: §6-91.

Furoc RC, Morris RA (1989) Apparent recovery and physiological efficiency of nitrogen in
Sesbania incorporated before rice. Agron. J. 81:797-802.

Gomez KA (1972) Techniques for field experiments with rice. IRRI PO Box 933, Manila,
Philippines. 46 p

Garrity DP, Flinn JC (1988) Farm-level management systems for green manure crops in
Asian rice environments. pp 111-129 in Green manure in rice farming. IRR! PO Box 933,
Manila, Philippines.

Grant IF, Seegers R (1985) Tubificid role in soil mineralization and recovery of algal
nitrogen by lowland rice. Soil Biol. Biochem. 17: 559-563.

Grant IF, Roger PA, Watanabe | (1985) Effect of grazer regulation and algal inoculation on
photodependent nitrogen fixation in a wetland rice field. Biol Fert Soils 1: 61-72.

Greenland DJ and Watanabe (1982) The continuing nitrogen enigma. Trans Internat Congress
Soil Sci, New Delhi 5:123-137

81



Heulin T, Rahman M, Omar A.M.N, Rafidison Z, Pierrat JC, Balandreau J (1989)
Experimental and mathematical procedures for comparing Nj-fixing efficiencies of
rhizosphere diazotrophs. J. Microbiol. Methods 9: 163-173.

Inubushi K, Watanabe I (1986) Dymmxcs of available N in paddy soils. . Mineralized N of
chloroform- fumigated soil as a nutrient source for rice. Soil Sci. Plant Nutr. 32: 561-577.

IRRI (1986) Annual report for 1985. PO Box 933, Manila, Philippines.

IRRI (1987) Azolla utilization, PO Box 933, Manila, Philippines.

JIRRI(1988) Green manure in rice farming. 377 pp. -

IRRI (1990) IRRI toward 2000 and beyond. PO Box 933, Manila, Philippines, 72pp.

Iyama, S., Sano, Y., and Fujii, T. (1983). Diallel analysis of nitrogen fixation m the
rhlzosphere of rice. Plant Sci. Letters 30: 129-135.

Kannaiyan §, Rains D W (1985) Studies on the influence of temperature on sporulation in

Azolla, National Acad. Sci. Letters 8:229-231.

Kikuchi M, Watanabe I, Haws LD (1984) Economic evaluation of Azolla in rice productlon
pp. 565- 592 in Orgamc matter and rice. IRRI, PO Box 933, Manila, Philippines. o

Kulasooriya S.A.; Senviratne P.R.G.; De Silva W.S.A.G.; Abcysekera S.W.; Wijesundara C,;
De Silva A. P. Symbxosst 151- 166 1988. .

Ladha JK, Boonkerd N (1988a) Biological mtrogen fixation by heterotrophic and
phototrophic bacteria in association with straw. In Proc. 1st Int. Symp. on Paddy Soil
Fertility, Chiangmai, Thailand Dec 6-13, 1988. pp 173 - 187. ISSS. :

Ladha } K, Pareek R P, Becker M (1992) Stem-nodulationg Legume-Rhizobium symbxosxs
and its agronomic use in lowland rice. Advances in Soil Science 20:148-192,

Ladha JK, Watanabe I, Saono S (1988b) Nitrogen fixation by leguminous green manure and
practices for its enhancement in tropical lowland rice. p 165-183/n Sustainable
Agriculture: Green Manure in Rice Farming. IRRI, PoBox 933, Manila, Philippines.

Ladha JK, Tirol A, Punzalan GC, Watanabe 1 (1987) N2-fixing (CoHj-reducing) activity and
plant growth characters of 16 wetland rice varieties. Soil Sci. Plant Nutr. 33: 187-200.

Ladha JK, Tirol-Padre A, Punzalan GC, Watanabe 1, De Datta SK (19880) Ability of wetland
rice to stimulate biological nitrogen fixation and utilize soil nitrogen. Pages 747-752 in.
Nitrogen fixation, Hundred years after. Bothe, de Bruijn, Newton eds, Gustave Fischer .

Lin Chang, Liu Chung -Chu, Zeng De-Yin, Tang Long-Fei, Watanabe 1 (1988) Reesta-
blishment of symbiosis to Anabaena-free Azolla. Zhungguo Kexue 30B (7) 700-708.
Lin Chang, Watanabe I (1988) A new method for obtaining Anabaena-free Azolla. New

Phytol. 108:341-344.

Liu ChungChu (1987) Reevaluation of Azolla utilization in agricultural production, pp 67 76
in Azolla utilization. IRRI PO Box 933, Manila, Philippines.

Liu ChungChu (1988) The Rice-Azolla-Fish system. RAPA Bulletin Vol 4: 1988. Food and
Agricultural Organization of the United Nations, Bangkok, Thailand. 37p. -

Lu Shu-Ying (1987) Method for using Azolla filiculoides sporocarp to culture sporophytes in
the field. pp. 26-32 in Azolla utilization. IRRI PO Box 933, Manila, Philippines.

Lumpkin TA (1987) Environmental requirements for successful Azolla g érowth pp. 89-97 m_
Azolla uiilization. IRRI, PO Box 933, Manila, Philippines..

Lumpkin TA, Plucknett DL (1982) Azolla asa green manure. Westview Troplcdl Agr:culture
Series, Westview Press, Boulder Co, USA. 230 p.

Mabbayad BB (1987) The Azolla program of the Philippines. Pages 101-108 in Azolla

utilization. IRRI, P.O. Box 933, Manila, Philippines.

Metting B, Pyne JW (1986) Biologically active compounds from microalgae. Enzyme and
microbial technol. 8 (7) 385-394.

Mochida O (1987) Pests of Azolla and <.ontrol practices. Text book for the training course on
Azolla use. Fujian Acad Agric Sci and IRRI, Fuzhou, PRC, June 1987. 60 p.

Nayak DN, Ladha JK, Watanabe 1 (1986) The fate of marker Azospirillum lipoferum
inoculated into rice and its effect on growth, yield and N fixation of plants studied by
“acetylene reduction, N3 feeding and N dilution techniques. Biol. Fert. Soils 2: 7-14.

Ndoye 1, Dreyfus B (1988) N> fixation by Sesbania rostrata and Sesbania sesban estimated
using N and total N difference methods. Soil Biol. Biochem. 20: 209-213.

Omar AMN, Heulin T, Weinhard P, Alaa El Din MN, Balandreau J (1989) Field inoculation
of rice with in vitro selected plant growth promoting rhizobacteria. Agronomie 9:803-808.

82



Pandey RK, Morris RA (1983) Effects of leguminous green manuring on crop yields in rice-
based croppping systems. Paper presented at the Internat. Rice Res. Conf. April 23-28,
IRR1, Po Box 933, Manila, Philippines.

Pareek RP, Ladha JK, Watanabe 1 (1990) Estimation of N5 fixation by Sesbania rostrata and
S. cannabina in lowland rice soil by 15N dilution method. Biol. Fert. Soils 10:77-88. .

Payawal P C, Paderon E M (1986) Sporocarp formation and spore germination of Azolla
strains in the Philippines. Philipp. Agric. 69:633-643.

Pedurand P, Reynaud PA (1987) Do Cyanobacteria enhance germination and growth of rice ?
Plant and Soil 101: 235-240.

Pillai KG (1980) Biofertilizers in rice culture. Problems and prospects for large scale
adoption. AICRIP publication no 196

Postgate J (1990) Fixing the nitrogen fixers. New Scientist Feb, 3, 57-61.

Prot ] C, Rahman M L (1992) Nematode ecology and management in rice ecosystems in
south and southeast Asia. Paper presented at the Int. Rice Res. Conf., 21-25 April 1992,
IRRI, P.O. Box 933, Manila, Philippines. (in press).

Reddy PM (1983) Role of chromatic lights in germination of the spores of blue-green algae.
Arch. Hydrobiol. Suppl. 67: 299- 304,

Reddy PM, Roger PA (1988) Dynamics of algal populations and acetylene reJuung, activity
in five soils inoculated with cyanobuacieria. Biol. Fert. Soils 6:14-21.

Reynaud PA, Metiing B (1988) Colonization potential of Cyanobacteria on temperate
irrigated soils of Washington State, USA. Biol. Agric. Hortic. 5: 197 - 208,

Rinaudo G, Alazard D, Moudiongui A (1988) Stem-nodulating legumes as green manure for
rice in West Africa. In Green manure in rice farming. pp 97-109. IRRI, PO Box 933,
Manila, Philippines

Rinaudo G, Dommergues YD (1971) Validité de l'estimation de la fixation biologique de
I'azote dans la rhizosphere par lIa méthode de réduction de I'acetyléne. Ann. Institut Pasteur
121:93-99.

Roger PA (1991) Reconsidering the utilization of cyanobacteria in wetland rice cultivation.
pp 119-141 in Biological Ny fixation associated with rice production, S.K Dutta and C.
Sloger eds., Oxford and IBH Pub., New Delhi.

Roger PA, Grant IF, Reddy PM (1985) Blue-green algae in India: a trip report. Int. Rice Res.
Inst., Los Bafios, Philippines, 93 p

Roger PA, Grant IF, Reddy PM, Walanubc 1 (1987a) The photosynthetic aquatic biomass in
wetland rice fields and its effects on nitrogen dynamics. pp. 43-68 in Efficiency of
nitrogen fertilizers for rice. IRRL, PO Box 933, Manila, Phitippines.

Roger PA, Kulasooriya SA (1980) Cyanobactena and rice. IRR1, POBox 933, Manila,
Phlhppmes 112 p.

Roger PA, Kulasooriya SA, Tirol AC, Craswell ET (1980) Deep placement: A method of
nitrogen fertilizer apphcauon compatible with algal nitrogen fixation in wetland rice soils.
Plant Soil 57: 137-142.

Roger PA, Ladha JK (1992) Biological nitrogen fixation in wetland rxchelds estimation and
contribution to nitrogen balance. Plant and Soil 141: 41-55.

Roger PA, Jimenez R, Santiago-Ardales S (1991) Methods for studying blue-green algae in
ricefields: distributional ecology of the organisms, sampling strategies and estimation of
abundance. Int. Rice Res. Paper Series, IRRI, P. O. Box 933, Manila, Philippines

Roger PA, Reddy PM, Remulla-Jimenez R (1988) Photodependant acetylene reducing
activity (ARA) in ricefields under various fertilizer and biofertilizer management. /n
Nitrogen fixation: hundred years after. p 827. Eds. Bothe H, de Bruijn F ], Newton W E,
Gustav Fischer pub.

Roger PA, Santiago S, Reddy PM, Wamnabc 1 (1987b) The abundance of heterocysious
cynobacterm in rice soils and inocula used for application in ricefields. Biol Fert Soils 5:
98-105

Roger PA, Tirol A, Ardales S, Watanuabe I (1986) Chemical cdmposition of cultures and
natural samples of No-fixing blue-green ulgae from ricefields. Biol. Fert. Soils 2: 131-146.

Roger PA, Watanabe 1 (1986) Technologies for utilizing biological nitrogen fixation in
wetland rice: potentialities, current usage, and limiting factors. Fert. Res. 9: 39-77.

Roger PA, Zimmerman W1, Lumpkin T (1993) Microbiological management of wetland rice
fields. pp.417-455in Mcmng B ed,, Soil Microbial Technologies. Marce! Dekker pub.

83



Rosegrant MW, Roumasset JA, Balisacan A. (1985) Biological technology and agricultural
policy: an assessment of Azolla in Philippine rice production. Amer. J. Agric. Econ. 67:
726-732.

Roychoudhury P, Pillai G R, Pandey S L, Krishna Murti G § R, Venkataraman G S (1983)
Effect of blue-green algae on aggregate stability and rice yield under different irrnigation
and nitrogen levels. Soil Tillage Res 3:61-66. _

Sampaio M ] A, Fiore M F, Ruschel A P (1984) Utilization of radioactive phosphorus (32P)
by Azolla-Anabaena and its transfer to rice plants. Pages 163-167 in Practical application
of Azolla for rice production. Silver WS, Shréder EC, eds., M Nijhoff/ W Junk pub.

Santiago-Ventura T.; Bravo M.; Daez C.; Ventura W. Watanabe L; App A.A. Plant Soil 93:
405-411, 1986.

Sen MA (1929) Is bacteria association a factor in nitrogen assimilation by rice plant ? Agric.
J. India 24: 229, : '

Singh NT (1984) Green manures as a source of nutrients in rice production. Pages 217-228 in

Organic Matter and Rice. IRRI, Po Box 933, Manila, Philippines.

Singh A L, Singh P K (1987) Nitrogen fixation and balance studies of rice soil. Biol. Fert,
Soils 4:15-19. : '
Stone B (1990) Evolution and diffusion of agricultural technology in China. Pages 35-93 in
NG Kotle ed. Sharing innovation, global perspectives of food, agriculture and rural

development. IRRI PO Box 933, Manila, Philippines.

Sundara WVB, Mann HS, Puaul NB, Mathur SP (1962) Bacterial inoculation experiments
with special references to Azotobacter. Indian J. Agric. Sci. 33: 279-290.

Thomas-Bauzon D, Weinhard P, Villecourt P, Balundreau J (1982) The spermosphere model.
Its use in growing, counting, and isolating Ny-fixing bacteria from the rhizosphere of rice.
Can. J. Microbiol. 28: 922-228. v

Tirol-Padre A, Ladha JK, Punzalan G, Watanabe 1 (1988) A plant sampling procedure for
acetylene reduction assay to detect rice varietal differences in ability to stimulate Na
fixation. Soil Biol. Biochem, 20: 175-183. '

Troldenier G (1987} Estimation of associative nitrogen fixation in relation to water regime
and plant nutrition in a long-term pot experiment with rice. Biol. Fert. Soils 5, 133-140.
Venkataraman G5 (1981) Cyanobucteria for rice production. A manual for its promotion.

FAQ Soil Bull. n® 46. 102 p. '

Venkataraman GS (1984) Development of of organic matter-based agricultural systems in
South Asia. Pages 57-70 in Organic Matter and Rice. IRRI, Po Box 933, Manila,
Philippines. v ‘

Ventura W, Mascarinia GB, Furoc RE, Watanabe I (1987) Azolla and Sesbania as
biofentilizers for lowland rice. Philipp. J. Crop Sci. 12:61-69,

Watanabe A, Nishigaki §, Konishi C (1951) Effect of nitrogen fixing blue green algae on the
growth of rice plant. Nature (London) 168: 748-749. :

Watanabe 1 (1982) Azolla-Anubaena symbiosis, its physiology and use in tropical agriculture.
pp. 169 -185in Microbiology of tropical soils, Dommergues Y, Diem H eds. M Nijhoff ed.

Watanabe 1 (1984) Use of green manures in Northeast Asia. pp 229-234 In: Organic malter
and rice. IRR1 PoBox 933, Manila, Philippines. _

Watanabe 1 (1987) Summary report of the Azolla program of the International Network on
Soil Fertility and Fertilizer Evaluation for Rice. pp. 197-205 in Azolla utilization. IRRI,
PO Box 933, Manila, Philippines. 296 p.

‘Watanabe I, Ramirez C (1984) Relutionship between soil phosphorus availability and Azolla
growth. Soil Sci. Plant Nutr. 30: 595-598, :

Watanabe I, Roger PA (1985) Use of 15N in the study of biological nitrogen fixation in paddy
soils at the International Rice Research Institute. pp. 81-98 in Proc. Consultant Meeting,
FAO/IAEA Joint Project on Azolla and Blue-green algae. IAEA technical document.

Watanabe I, De Datta SK, Roger PA (1988) Nitrogen cycling in wetland rice soils. pp 239-
256 in Advances in N Cycling in Agricultural Ecosystems, Wilson JR ed, C.A.B. Internat.

Watanabe I, Lapis M, Oliveros R, Ventura W (1988b) Improvement of phosphate fertilizer

application to Azolla. Soil Sci. Plant Nutr. 34 (4) 557-569, '

Watanabe 1, Roger P A, Ladha J K, Van Hove C (1992) Biofertilizer germplasm collections

‘ at IRR1, IRRI, P.O. Box 933, Manila, Philippines. 66 p.

84



Watanabe I, Yoneyama T, Padre B, Ladha JK (1987) Difference in natural abundance of 13N
in several rice varieties: application for evaluating N; fixation. Soil Sci. Plant Nutr. 33:
407-415.

Watanabe I, Yoneyama T, Talukdar H, Ventura W (1991) The contribution of atmospheric
N; to Azolla spp. growth in flooded soils Soil Sci. Plant Nutr. 37, 101-109.

Wei Wen-Xiong, Jin Gui-Ying, Zhang Ning (1986) Preliminary report on Azolla
hybridization studies (in Chinese). Bull Fujian Acad. Agric. Sci. 1: 73-79.

Witty (1983) Estimating Ny fixation in the field using 15N-labelled fertilizer: some problems
and solutions. Soil Biol Biochem 15:631-639

Xmo QingYuan, Shi YanRu, Yang Guangli, Peng KeLin (1987) Germination of Azolla
- filiculoides Lam. sporocarps and factors affecting their growth. Pages 33-38 in Azolla
utilization. IRRI, P.O. Box 933, Manila, Philippines. 296 p.

Yoneyama T, Ladha JK, Watanabe 1 (1987) Nodule bacteroids and Anabaend natuml SN
enrichement in the legume-rhizobium and Azolla-Anabaena symbiotic systems. J. Plant
Physiol. 127: 251-259.

Yoshida T, Rinaudo G (1982) Heterotrophic N7 fixation in puddy soils. In Microbiology of
Tropical Soils and Plant Productivity. pp 75- 107. Dommergues YR and Diem HG eds. M
Nijhoff and W Junk.

Yoshida T, Ancajas RR (1971) Nitrogen fixation by bacteria in the root zone of rice. Soil Sci.
Soc. Am. Proc. 35: 156-157.

Zhang ZhuangTa, Ke YuSi, Ling DeQuan, Duan BingYuan, Liu XiLian (1987) Utilization of
Azolla in agricultural production in Guangdong Province, China. Pages 141-145 in
Aczolla utilization. IRRI, P.O. Box 933, Mauila, Philippines.

Zhu ZL, Chen DL, Zhang SL, Xu Y.H. (1986) Soils (China) 18: 225-229,



