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Abstract. Almost all types of N~ -fixing microorganisms are found in lowland rice fields. 
The resulting N fertility has permitted moderate but constant productivity in fields where 
no N fertilizer is applied. Current and potential technologies for utilizing biological N 2 
I-~xation in lowland rice production are reviewed in terms of potential, current usage, 
and limiting factors. 

Legumes and azolla have been traditionally used as green manure in parts of Asia, 
permitting yields of 2-4 t/ha. To a limited extent, straw incorporation favors hetero- 
trophic biological N 2 f'txation. Recently, inoculation with blue-green algae has been 
claimed to increase yields by about 10%. Using non-symbiotic N~-fixing systems is still 
experimental. 

Utilization of biological N2 fixation as an alternative or additional N source for rice is 
severely limited by technological, environmental, and socioeconomieal factors. 

Rice is the staple food of  approximately one half of  the world's people. 
About  75% of the 143 million hectares of  ricelands are lowlands where rice 
grows in flooded fields during all or part o f  the cropping period. 

Lowland rice can be grown on the same land year after year without N 
fertilizer and produce moderate but constant yields. In contrast, upland rice 
yields decline over time if no N feYtilizer is applied. The continuing N fertility 
in lowland rice fields has been attributed to higher N2 fixing activity coupled 
with slower decomposition of  organic N compounds under poorly aerated 
conditions [ 15]. 

N is usually the limiting factor to produce high yields. The green 
revolution in rice production is based on fertilizer--responsive rice varieties. 
In Asia, one of  the constraints to high yields is the limited availability and 
high prices of  N and P fertilizers. In 1978 fertilizer use in tropical Asian 
countries averaged 3 0 - 5 5  kg NPK/ha arable land [92].  The idea of  utilizing 
biological N2 fixation (BNF) as an alternative or supplementary source of  N 
for rice is not new. N~-fixing green manures have been used for centuries in 
some rice growing areas, and research on biofertilizers, including algal and 
bacterial inoculants, began in the early 1930s. 

*Maitre de Recherches ORSTOM (France). Visiting Scientist at 1RRI. 
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Biological N2 fixation in flooded soft systems was reviewed by Buresh et 
al. [15]. Processes and ecology of BNF in rice soils were reviewed by 
Watanabe [147] and Watanabe and Brotonegoro [152]. An extensive study 
of quantitative data was presented in Lowendorf's review [75]. New 
knowledge of BNF in flooded rice fields was summarized by Watanabe and 
Roger [159]. 

This paper intends to describe the potential for practical utilization of 
BNF technology by rice farmers rather than to discuss mechanisms and N~ 
fixing agents. After a short summary of the properties of the lowland rice 
field ecosystem as a site for BNF, emphasis is placed on technologies, their 
potential and current usage, and the technological, environmental, and socio- 
economical factors that limit adoption. Although most legume green manures 
are grown in upland conditions before lowland rice, we found it appropriate 
to include legume green manuring in our discussion. Straw incorporation, 
seldom considered in previous reviews, is also discussed. 

I The wetland rice field ecosystem as a site for B N F  

A Agronomic characteristics of  lowland rice fields 

Wetlands (lowlands) were defined by Cowardin et al. [23] as '1ands where 
saturation with water is the dominant factor determining the nature of soft 
development and the types of plant and animal communities. Flooding the 
soft has many advantages for rice production: 
- it provides a continuous water supply to the crop; 
- it changes the pH of alkaline and acidic softs towards neutrality or slight 

acidity which is favorable for rice growth; 
- it diminishes the incidence of soft sickness and outbreak of soft borne 

diseases usually observed under continuous monocropping in upland softs; 
- it depresses weed growth, especially C4 type grasses; 
- i t  favors BNF, giving flooded softs a higher spontaneous fertility than 

upland softs; 
- irrigation water supplies nutrients such as Ca, Si, and K; and 
- bunded rice fields act as water reservoirs and prevent soft erosion. 

B Different sites for BNF in rice fields 

Principal environmental characteristics of lowland rice fields are determined 
by: flooding, the presence of dee plants, and agricultural practices. 

Flooding of the soft soon creates anaerobic conditions in the reduced 
layer, a few millimeter beneath the soft surface. Flooding and rice plants tead 
to the differentiation of five major environments differing by their physico- 
chemical and trophic properties and the energy sources for BNF: floodwater, 
surface oxidized soft, reduced soft, rice plants (submerged parts and rhizo- 
sphere), and subsoil (Fig. 1). 
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Figure 1. Diagram of environments and N 2-fixing components in a rice field ecosystem. 
N~ fixing bacteria: 1) associated with the roots, 2) in the soil, 3) epiphytic on rice, 4) 
epiphyric on weeds, blue-green algae: 5) at soil-water interface, 6) free floating, 7) at 
air-water interface, 8) epiphyti c on rice, 9) epiphytie on weeds, azolla: 10 

The floodwater is a photic, aerobic environment where aquatic com- 
munities of producers (algae and aquatic weeds) and consumers (bacteria, 
zooplankton, invertebrates, etc.) provide organic matter to the soil and 
recycle nutrients ~. 

The oxidized soil layer is a photic aerobic environment with a positive 
redox potential [161], a few miUimetres thick, where NO~, Fe ÷3 , SO42 , and 
CO2 are stable and where algae and aerobic bacteria predominate. 

The reduced soil layer is nonphotic anaerobic environment where Eh 
is predominantly negative [161], reduction processes predominate, and 
where microbial activity is concentrated in soil aggregates containing organic 
debris [145]. 

The xice plant comprises two major subenvironments: submerged plant 
parts and the thizosphere. In floodwater, basal portions of rice shoots and 
aquatic weeds are colonized by epiphytic bacteria and algae. Epiphytism is 
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important in deepwater rice where the submerged plant biomass is very high 
[115]. The rhizosphere is a nonphotic environment where redox conditions 
are determined by the balance of oxidizing and reducing capacities of rice 
roots and where production of carbon compounds by roots provides energy 
sources for microbial growth. 

The soft beneath the plow pan is aerobic in well-drained soils and anaerobic 
in poorly drained soils. It has microbial activity in the upper layer and its role 
in providing N to rice should not be underestimated [143]. 

Although those five major environments can be macroscopically dif- 
ferentiated, they are more or less continuous and heterogeneous. Floodwater 
and surface soil can be considered as a continuum where algae become 
benthic in night and float in day and epipelic organisms such as chironomids 
migrate between the two. The activity of soil fauna induces the formation of 
microaerophilic sites in anaerobic soil, whereas organic matter debris may 
provide some anaerobic microenvironments in floodwater. Agricultural 
practices dedifferentiate these environments mainly through mechanical dis- 
turbances. As Dommergues [32] wrote, flooded rice soil is far from being 
uniformly reduced and should be regarded as a complex system formed by 
the juxtaposition of microenvironments that are oxidation reaction sites or 
reduction sites. 

C N2-fixing microorganisms in wetland rice fields 

As a result of the differentiation of macro- and microenvironments that differ 
by redox state, physical properties, light status, and nutritional sources for 
the microflora, all major N2-fixing groups can and do grow in the lowland 
rice field ecosystem. Those are free living and symbiotic autotrophs, 
symbiotic heterotrophs, and aerobic, facultative anaerobic, and anaerobic free 
living heterotrophs (Table 1). The floodwater, the submerged plant biomass, 
and the aerobic soil layer are sites of photodependent N2 fixation. Hetero- 
trophic N2 fixation develops preferentially in nonphotic environments: the 
soil aggregates that contain organic debris and the rhizospere. 

From an ecological point of view, N 2-fixing organisms in rice fields can be 
classified as: 
- three groups of autotrophs comprising photosynthetic bacteria, free living 

blue-green algae (BGA), and azolla, and 
- three groups of heterotrophs comprising N2-fixing bacteria in the soil, 

N2 -fixing bacteria associated with rice, and legume green manures. 

D Evidence and quantification of BNF in lowland rice fields 

A summary of data on N uptake by rice crops in nonnitrogen plots of long- 
term fertility trials [154] indicates that in the absence of N fertilizer, a 
rice crop uses an average 40-50 kg N/ha. In most of those experiments soil 
N did not decrease, indicating that used N is compensated for by mechanisms 
among which BNF is most important. 
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Quantification of BNF during the crop cycle has been tried, unfortunately 
the methods were inaccurate and controversial. Nitrogen balance experiments 
give only the sum of N gains and losses. In field experiments the contribution 
of subsoil is generally not estimated [154], and in pot experiments the con- 
tribution of phototrophs may be overestimated [115]. The limitations of the 
acetylene reduction assay and lSN methods were summarized by Watanabe 
and Roger [159]. 

Long term fertility experiments show that N balance between losses and 
inputs through BNF and other minor N sources range from 20 to 70 kg N/ha 
and per crop in plots receiving no N fertilizer [154]. Evaluation of photo- 
dependent BNF, compiled by Roger and Kulasooriya [115], ranged from 
very little to 80kgN/ha per crop and averaged 27kgN/ha per crop. An 
extensive compilation of quantitative estimates of BNF in lowland rice fields 
is in Lowendorfs [75] review. He summarized the data as ranges of fixed 
N/ha per crop as: legumes, 25-61 kg/ha; BGA, 0.2-39; azolla green manure, 
25-121; azolla dual crop, 2-75; and soil and rhizosphere fixers, 1.2-18.3. 

E Available and potential technologies 

Potential for a significant agronomical N contribution has been proved for 
five of the six major groups of N2 -fixing organisms in lowland rice fields. The 
potential of photosynthetic bacteria has not been assessed. Among those 
five groups, only N~-fixing legume and azolla green manures are being used 
purposefully as a N source for rice. Heterotrophic N2 fixers are favored by 
straw incorporation but that technology is not used to increase BNF. A 
technology for rice fields inoculation with BGA has been developed in some 
countries but is not used by farmers to a noticeable extent. Technology to 
enhance the activity of heterotrophs associated with rice roots is unavailable. 

II Technologies used by farmers 

A Legume green manures 

The potential of legume green manures for rice was early recognized. In 
1936 the International Institute of Agriculture [49] 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 [93] from the proceedings of international meetings in 
1952, 1953, and 1954. Since then, less attention has been given to legumes in 
rice production than to other sources of BNF. Lowendorf [75] wrote that 
legumes were mentioned in only a few paragraphs of the proceedings of the 
International Rice Research Institute (IRRI) symposium on Nitrogen and 
Rice [69, 94]. However, emphasis on legumes was increased at the recent 
IRRI symposium on Organic Matter and Rice [66, 106, 126, 139, 160]. 
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1 Potentialities. Based on reported N contents in legume green manure 
crops, (Table 2) it appears that one crop accumulates on average 100 kg N/ha. 
Highest values have been reported for Sesbania spp: 146kgN/crop for S. 
sireceda [40],  202kg for S. sesban [51],  and 267kg in 52d  for S. rostrata 

[114].  Sesbania rostrata forms N2-fixing nodules on the roots and the 
stems, and has 5 - 1 0  times more nodules than most legumes. Because of  its 
stem nodules, it can fix N under waterlogged conditions and when the N 
content of  the medium is high, giving it exceptionally high potential for BNF 
[34, 35] .  Assuming that between 50 and 80% of N accumulated in legumes 
originates from BNF [39] it appears that legume green manures could 
provide 5 0 - 8 0  kg N to a rice crop. 

Because N availability to rice may vary with the kind of  green manure, 
a better evaluation o f  green manure potential is to compare them with N 
fertilizers. Incorporating one legume crop is equivalent to applying 30 to 
80 kg fertilizer N (Table 3). 

Table 2. Legume green manures as a N source. [Data from 11, 40, 51, 52, 149]. 

Species N content (% fresh weight) 
of a crop 
(kg/ha) 

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 129 0.30 
Crotalaria juncea 105 - 
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 122 0.32 
Sesbania aculeata 96 0.36 
Sesbania rostrata 267 - 
Sesbania sesban 100 0.39 
Sesbania sesban 202 - 
Sesbania microcarpa 87 0.50 
Sesbania sirececa 146 -- 

Average value 114 0.37 
c.v. % 43 29 

The effects of  incorporating a legume green manure on rice yield and soil 
properties have been thoroughly documented by field experiments in many 
countries [93].  The relative efficiency of  different legume species and 
comparisons with chemical fertilizers were discussed by Singh [126]. In 
China, which has a long history of  green manuring, Wen Oi-Xiao [160] 
reported that on average, applying 1 ton (fresh weight) of  winter green 
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Table 3. Experiments comparing legume green manures and N fertilizers 

Incorporated N fertilizer 
green manure needed for 
(1 crop) the same yield 

(kg/ha) 

Reference 

Crotalaria ]uncea 75 11 
Sesbania aculeata 50 11 
Sesbania (leaves) 40 20 
Sesbania (20 kg N) 30 136 
Sesbania aculeata 60 10 
Sesbania acuIeata 65 -70 133 
Vigna radiata 80 87 
Green gram 60 85 
Daincha 75 26 
1 crop green manure 30-80 93 
(average) 

manure to rice will increase yield by 30-80 kg, depending on soil fertility, 
rate of application, and rice cultivar. The N utilization rate was estimated to 
be about 30%. Pandey and Morris [93] estimated legumes potentialities to 
be 100 kg grain yield increase per ton of greenmanure incorporated (winter, 
spring, and summer green manures). Rinaudo et al. [114] reported a record 
yield increase from S. rostrata. Incorporated as a 52-d-old crop before trans- 
planting, it increased rice yield by 3.7 t/ha over the control. Applying 60 kg N 
as ammonium sulfate increased yield by 1.7 t/ha over the control. About 33% 
of the N accumulated by S. rostrata was transferred to the crop. 

Tiwari et al. [133] reported that wheat crop following a rice crop with 
green manure registered a 54% increase in grain yield compared with the 
wheat crop that followed rice with no green manuring, indicating residual 
effects. 

Besides increasing rice yield and N content of the grain [133], incorpor- 
ating legume green manures is thought to have additional beneficial effects 
such as increasing soil N and organic matter content [1"22], available Zn 
[48], hydraulic conductivity, water holding capacity, and aggregate stability 
of the soil [12]. Another possible beneficial effect is trying up mineralized 
soil N, thus preventing its loss by denitrification, volatilization, or leaching 
when land is fallow [75]. 

2 Methods o f  utilization. In areas where rainfall is the primary water source 
in wet season, legumes may be intersown with rice shortly before harvest, 
grown through dry season, and incorporated when soil is prepared for the 
next crop [16, 43]. Although those legumes must be drought tolerant, the 
economic value of legume green manures is less affected by drought than that 
of grain legumes because green manure is not strongly dependent on drought 
sensitive reproduction processes. 
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Where two rice crops are grown or where rainy season is long enough, a 
green manure can be grown just before rice and incorporated before trans- 
planting. In North Vietnam, Sesbania is planted about 60 d before harvesting 
spring rice and is incorporated, with rice straw, 2~-mo later before the 
summer rice crop. Sesbania biomass is 5 -7  t/ha, fresh weight, equivalent to 
25-35kg  N. For spring rice, farmers prefer azolla, which supplies more 
N [501. 

Leaves and cuttings of perennial plants grown along field borders, and even 
wild legumes collected nearby have been used as green manure and applied 
at or after planting [126]. Devoting fields to green manure production is 
uncommon. However, Chaff [16] wrote that 1 ha of Sesbania could provide 
10ha of rice with 6 .7 -9 .0 t  of green manure or 40-50kg  N/ha. Growing a 
cash crop that is harvested for grain and then incorporated into the soil is 
another green manure alternative [139]. However, under such conditions, 
soil N may be depleted if more N is removed in the harvest than was fixed 
[75]. 

Legumel utilization may be improved in integrated management as 
reported by Wen Qi-Xiao [160]. Using 1,250kg (fresh weight) of milk 
vetch (Astragalus sinicus) as swine fodder increased the swine's weight by 26 
kg. Applying the resulting excreta to rice as fertilizer increased grain yield by 
27kg. Applying milk vetch directly similarly increased rice yield. In that 
combination, 2-step green manure utilization was more profitable. 

3 Present usage Despite their potential to increase yield, use of leguminous 
green manures has decreased in recent years. 

China is the only country where legumes are still widely used. In a review 
of utilization of organic materials in rice production in the tropical and sub- 
tropical zone south of the Huai River (the center of rice production in 
China), Wen Qi-Xiao [160] wrote that the total area of leguminous green 
manure crops and azolla in that region had increased from 2.45 million ha in 
1952 to 8.35 million ha in 1979 representing an additional 346000t  N. In 
1980, Chen [21 ] reported that green manure was planted on 20- 50% of the 
total farmland in Jiangsu, Zhejiang, Jiangxi, Huuan, and Husei provinces. 
Total green manured area was estimated to be 10 million ha. Although total 
green manure used for rice production in China has increased since 1949, 
their relative contribution to N fertilization decreased [160]. The higher the 
level of intensive agriculture the lower is the ratio of organic manure to 
chemical fertilizers and the higher the proportion of farm yard manure in 
organic manure. Hectarage of green manure tends to increase where soil 
fertility is low and decreases where soil fertility is high. 

In other countries, green manure use seems to have become incidental. 
About 100,000 ha of S. sesban are estimated to be grown annually for 
summer rice in northern Vietnam, when azolla cannot be used because of 
high pest incidence and high temperatures [50]. 
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In India, Singh [126] reported that 20-30%of several rice growing areas 
were planted to legume green manure at mid century but that recently green 
manuring has decreased with increased cropping intensity and ready fertilizer 
availability. Although green manuring and green leaf manuring are well- 
known to farmers, they have not been extensive in India since organic 
fertilizers were introduced [ 139]. 

Since 1955 a spectacular decline in green manuring has also been observed 
in Japan [ 149]. 

4 Limiting factors. Many reasons have been given to explain the decline and 
the non acceptance of green manuring by farmers in South and Southeast 
Asia. 

In temperate climates some detrimental effects of green manuring have 
been reported. Watanabe [149] attributed the decline of green manures in 
Japan to: 
- possible rice growth reducti0n caused by anaerobic decompositionofgreen 

manure; 
- lack of synchronization between N release and Plant N needs which 

depresses growth at early stages and causes excessive growth, detrimental 
to yield at later stages; 

- soil degradation, and; 
unpredictability of the amount of N applied. 
An important limiting factor is the bulkiness of green manures and resulting 

incorporation difficulties. Nitrogen content in legumes varies from 0.2 to 
0.6% (Table 2) therefore the fresh weight corresponding to 50 kg N/ha varies 
from 10 to  26 t. Large scale incorporation of such a large and more or less 
lignified biomass using animal draft power and traditional implements is 
difficult. In developed countries high wage rates and lacking manpower may 
be limiting. One of the reasons for the abandonment of organic manure in 
Japan is the decreasing labor available for farming in combination with the 
fact that about 90% of rice farmers are part-time farmers [66]. 

There are other socioeconomic limitations. Legume green manures are not 
appealing because they do not directly yield food or cash. Also, green 
manures are poorly competitive or not competitive where commercial N 
fertilizer is available. Assuming an average yield of 15 kg grain/kg applied 
N, the cost of inorganic N fertilizer relative to rice price is very favorable 
[163]. Furthermore, many governments have a fertilizer subsidy policy 
and made cheap credit available for farmers to buy N fertilizer. The cost of 
green manure seed and necessary land preparation are unfavorable, given the 
limited yield response obtained from the green manure [93]. If there is 
residual soil moisture after rice harvest, farmers prefer to grow food legumes, 
peanut, maize, millet, onion etc. and apply to inorganic fertilizers for the 
next rice crop [139]. Economics often favor a food cash crop over green 
manure. 
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If N fertilizer is unavailable it is most frequently to subsistence farmers, 
with small land holdings, who cannot afford to release land to green manure 
production and prefer growing a food crop. In some areas where no N 
fertilizer is available and organic manure was traditionally applied to rice, 
green manure is now applied to vegetable cash crops rather than to rice 
[1341. 

There are also incidental limitations. In certain areas of India indiscriminate 
cattle grazing because of inadequate social control makes farmers reluctant 
to grow a green manure crop [139]. 

5 Conclusion. In terms of fixed N, legumes have tremendous potential and 
there is a large range of drought or submergence adapted green manure 
species. Within the aquatic legumes, stem-nodulated species (S. rostrata, 
Aeschynomene indica, Neptunia oleracea) represent a further step in 
adaptation to waterlogging and nitrogen fixation in soil with high level of 
combined nitrogen [42]. Despite this potential, green manuring is not 
widespread and has even declined in recent years. As indicated by Pandey 
and Morris [93] that trend should evoke cautious and thoughtful research. 

The same authors concluded that green manuring has realistic potential 
where the subsistence component of the farm-household complex is high. 
Such areas are frequently rainfed with no available N fertilizer. They wrote 
that BNF by a green manure, and conservation of NO; mineralized in dry 
season may be economically viable if production costs can be kept low, and 
if the green manure does not compete with marketable or subsistence crops. 
This finding indicates two possibilities - one is to grow a drought tolerant 
green manure early in dry season - the other is to grow, early in rainy season, 
a fast-growing excess-water tolerant green manure species. 

Because legume green manures must be cultivated under very different 
agroclimatic conditions, selection should be done for diverse environmental 
tolerance, rapid growth, spontaneous nodulation, and high N2-fixing ability. 
Additionally, technologies should be developed for specific crop cycles. For 
example, optimum time for incorporation before flooding is required to avoid 
denitrification losses. However, this time must also coordinate N demand of 
rice with green manure N release, which varies by the nature and state of 
green manure. Therefore, factors such as green manure species, C:N, lignin 
content, age at incorporation, and delay between incorporation and planting, 
must be considered. 

As pointed out by Morris and Pandey [87] total reliance on organic 
fertilizers is unrealistic when considering modem, high yielding, N responsive 
rice varieties. Inorganic N must be applied to obtain desirable high yields. 
Under such conditions the inorganic N component is of major significance 
because application timing is more flexible. 

It appears that despite a high N2-fixing potential, green manure usage, 
known to many farmers, has been abandoned for various reasons. However, 
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green manuring with fast growing, naturally nodulating species, adapted to 
specific environmental conditions may be important in some cropping 
patterns. Therefore, considering their present usage, legumes may be con- 
sidered as an underutilized N source in rice production. 

B Azolla 

Azolla is a symbiosis between an aquatic fern of the AzoUa genus and a N:. 
fixing blue-green alga,Anabaena azollae. Because of its rapid growth and high 
N content azolia has been used as green manure in rice culture for centuries in 
northern Vietnam and southern China. Utilization of azolla in those areas was 
generally ignored by scientists in other countries until the mid-1970s. Since 
then information gathered by visitors to and from China and Vietnam, 
articles and reviews [76, 86, 148] have stimulated interest and research on 
azoUa. A book on azolla as a green manure was written in 1982 by Lumpkin 
and Plucknett [77] and a Primer on azoUa by Khan in 1983 [67]. Besides 
its utilization as green manure, azolla also is used as swine and poultry feed [74] 

1 Potential. Growth rate, maximum biomass, N2-fixing activity, and rice 
yields in experiments comparing azolla utilization with fertilizer application 
estimate the potential of azolla for rice production. Growth rates were sum- 
marized by Becking [9]. He showed that doubling time varies between 2 and 
10 d for most species. Growth follows an approximate logistic curve until 
maximum biomass is reached. Growth rate declines as plant density increases 
[4]. Maximum biomasses and N:-fixing rates were summarized by Kikuchi 
et al. [68]. Maximum biomasses ranged from 0.8 to 5.2 t dry matter/ha and 
averaged 2.1 t dry matter/ha and averaged 2.1 t/ha (n = 13; c.v. = 57%). N 
content ranged from 20 to 146kgN/ha and averaged 70kgN/ha (n = 17; 
c.v. = 58%). N2-fixing rate ranged from 0.4 to 3.6kgN/ha per day and 
averaged 2 kg N/ha per day (n = 15, c.v. = 47%). 

In 1 yr, N fixed by continuous azolla culture, repeatedly ha;vested, can be 
as high as 500 (A. pinnata) [151] and 1200kgN/ha (A. filiculoides) [72]. 
When grown dual cropped with rice, azolla can accumulate from 25 to 170 kg 
N/ha in 60d [68] which may exceed the N requirement of rice. Azolla 
N2-fixing activity per unit area is similar or higher than that of legume 
pastures. 

International azolia field trials conducted for 4 consecutive years in 19 
sites and 9 countries by the International Network on Soil Fertility and 
Fertilizer Evaluation for Rice (INSFFER) network [53, 54, 55, 57] have 
shown that: 

1 Incorporating one crop of azoUa grown before or after transplanting 
was equivalent to split application of 30 kg fertilizer N. 

2 Incorporating two crops of azolla grown before and after transplanting 
was equivalent to split application of 60 kg fertilizer N. 
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3 Increase in rice yield per unit weight of azolla incorporated was 
roughly proportional to the response of rice to chemical fertilizer at 
the same site. 

4 Spacing of rice plants (20 x 20 cm vs 10 x 40 cm) did not significantly 
affect azolla growth and rice yield. 

2 Methods of utilization. China and Vietnam are the only countries with a 
long history of azolla cultivation extending back to the 1 l th century in 
Vietnam [25] and at least to the Ming dynasty (1368-1644 A.D.) in China 
[77]. 

In China, azolia is used from 37 °N (Shandong) to 19°N (Hainan). Because 
strains used grow best at a 25 °C average daily temperature, azolla usually is 
grown in late spring (May to June) in the north and early spring (March to 
April) in the south. Most frequently it is grown for about 1 mo, then incorpo- 
rated before transplanting. To a lower extent, the wide-narrow row spacing 
for transplanted rice [74] is used to grow azolla with rice, which permits 
several incorporations during the crop cycle. In some places, azolla is grown 
before and after transplanting. 

In Vietnam [50] azolla is used in the northern provinces where spring and 
summer rice are grown with adequate irrigation. Azolla only is used for spring 
rice because in summer it grows poorly and insect incidence is severe. Straw 
incorporation and legume green manuring are used for summer rice. 

About 2 -3  mo before transplanting, azolla is collected from natural 
environments by specialists, and is multiplied in government azolla farms at 
regional and district levels. Inoculum is sold to cooperatives and farmers who 
propagate it in the fields from November to February, when conditions are 
favorable for its multiplication. As in China, azolla production and utilization 
is done two ways; as green manure incorporated before transplant- 
ing, and as an intercrop incorporated after transplanting. Azolla grown before 
transplanting is fertilized with P, K,,and farmyard manure. Recommended 
applications are: 2.2 kg P/ha every 5 d, 4kg K/ha every 10 d, and 500-1000 
kg/ha farmyard manure every 5 -10  d. When chemical fertilizers are unavail- 
able, ash is substituted. Intercropped azolla usually is not fertilized but if 
superphosphate is available one application of 4.5 kg P/ha per crop is recom- 
mended. 

Azolla is inoculated in the field at 300-500 kg fresh weight/ha with farm- 
yard manure. To facilitate vegetative multiplication, fronds are broken using 
a special tool. Azolla is collected before heavy rains to protect it from being 
washed from the fields. When attacked by insects, azolla is collected l and 
placed under water for 15 h to kill insect larvae. Sixteen to 20 d after inocul- 
ation the field is covered with about 20 t of azolla, half of which is collected 
in mounds and composted by covering it with soil. The remaining half is 
grown for 7 -10  more days after which the field is again fully covered. Half 
of the second crop and the compost are incorporated in the soil. Rice is 
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transplanted and the remaining half of the second azolla crop keeps on 
growing. Seven to ten days after transplanting, the field is covered and again 
half of the third crop is hand-and-foot incorporated between the rows. Some- 
times a 4th crop is grown and incorporated. 

This technology produces, on average, 40 t/ha per rice crop (fresh weight) 
of azolla, equalling 80 kg N/ha. It requires application of 0.5 t fresh azolla 
inoculum, 2 - 3  t farmyard manure, 20-30  kg P, and I 20 kg K/ha. Average 
annual rice yield in the Red River Delta is 5 -7  t. The winter crop, with 
azolla, yields 3 to 5 t/ha, and the summer crop, without azolla, yields 2 t or 
less/ha. 

The azolla technology used in Vietnam is labor-intensive and might be 
improved by changing the transplanting method, thus permitting easy azolla 
incorporation with a rotary weeder. 

3 Current usage. Data concerning the extent of azolla use in China a~e con- 
troversial. FAO [38] estimated that azolla is grown in over 6.5 million ha of 
rice lands in China. In contrast, Liu Chung-Chu [74] reported that 1.34 
million ha were planted to azolla in 1979, which was slightly less than 5% of 
the total rice area. According to Liu Chung-Chu, azolla is used in rice-growing 
regions from the South Yantze River to northeast China (40 ~N) and in the 
Hanchung Basin of Shensi in the west. Data reported by Lumpkinand 
Plucknett [77] indicate that azolla is cultivated as a green manure on only 
2% of China's harvested rice area and for about 5% of its spring rice crop. 

In Vietnam, in 1980, azolla was used in the northem and north central 
provinces on  about 500 000ha, about 14% of the irrigated rice growing area 
and 9% of the total rice area [50]. On the Red River Delta, azolla is grown 
for 40-60% of the irrigated spring rice [77]. 

In countries other than China and Vietnam, azolla use is incidental and 
limited. In the Philippines, farmers adopted azolla as green manure on more 
than 5000ha in South Cotabato in 1981 [68]. In 1983 it was used on 
26 000ha, although all the areas are not necessarily suitable for azoUa growth. 
In Gambia, spontaneously growing azolla is incorporated as a green manure 
[108]. 

4 Limiting factors. A first requirement for azolla use is water availability and 
control. Azolla cannot withstand desiccation. Water should be in the field 
throughout cultivation. Additionally, because azolla grows from:vegetative 
multiplication, inocutum must be maintained in nurseries all year and 
multiplied for distribution before field inoculation and multiplication. Those 
two requirements imply that an irrigation network and a network for 
inoculum conservation, production, and distribution are prerequisites for 
azolla utilization. This also imply that azolia adoption by farmers first 
depends on a governmental policy to establish such networks. 
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High temperatures retard azolla growth. Cool weather is a key to successful 
azolla utilization in Vietnam and China. However, successful growth of A. 
pinnata was observed at high temperatures in north Senegal [138]. Although 
azolla growth slows at temperatures higher than 30 °C, the major detrimental 
effect in relation to high temperature and humidity is the resulting high 
incidence of insect and fungus pests. 

Among nutrients, P is most important. Success in spreading A. pinnata in 
South Cotabato, Philippines, was mainly due to a high level of available P in 
the soil. Watanabe and Espinas [157] reported that 25 ppm (Olsen P)in the 
soil is optimum for azolla and that P absorbing capacity of the soil should be 
less than 440rag P/100 g soil. Such conditions are quite rare in rice soils and 
P fertilization for azoUa growth usually is needed. 

Economics of azolla use are very important. The technology used in 
Vietnam and China is labor intensive and could not be adopted in most rice 
growing countries. Kikuchi et al. [68] studied the economics of azolla use in 
the Philippines in South Cotabato, where azolla spreaded spontaneously and 
no P fertilizer and little labor were needed. They concluded that in that area 
economic return from azolla adoption, including cost savings in chemical 
fertilizers and weed control, was more than $35/ha at 1981 prices. Economic 
return from savings on inorganic fertilizer was about $10. 

However, the authors clearly indicated that conditions in the studied area 
were exceptionally favorable and should be viewed realistically. They indic- 
ated that the economic potential of azolla is greatest where the opportunity 
cost of labor is low, and calculated that labor cost for azolla use becomes 
critical where agricultural wage rates approach $2/d. Insect control was 
also an important economic limitation. If more than 200g carbofuran/ha 
(active ingredient) is needed to control insects, economic benefits are 
eliminated. 

5 Conclusion. Azolla is N2-fixing organic manure with similar N potential 
to that of legume green manures. It is easier to incorporate than other organic 
manures and grows well with rice in flooded conditions. Environmental and 
technological limitations are important but can be managed. Problems arising 
from inoculum conservation, multiplication, and transport could be solved to 
a large extent if azolla could be propagated from spores. AzoUa sporulates but 
no method is knownl to induce sporulation. Possible use ofA. filieuloides 
sporocarps for oversummering is being tested in China [72]. Temperature 
limitations and P requirements can be reduced by selecting cold or heat 
tolerant strains with low P requirements and by using P fertilizer. Labor costs 
do not apply in many rice growing countries. Among green manures, azolla is 
still less utilized than legumes but, contrary to legume use, azolla use is 
reported to be increasing, and many countries are evaluating it for popular- 
ization. 
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C Straw application 

Straw incorporation is a traditional agricultural practice which has been 
primarily used to add nutrients and organic matter to the soil. A large volume 
of field data elucidates the effectiveness of organic amendments for increasing 
N fertility of rice soils. Beneficial effects on BNF were first demonstrated in 
small scale laboratory experiments [8, 100, 112, 162]. During the first 
Nitrogen and rice symposium at IRRI, Matsuguchi [81] presented data 
indicating that the root-free soil layer was the most important site for N 
fixation in a Japanese rice field. Additional research suggested that organic 
debris were an important site for heterotrophic BNF [145] and that straw 
application benefited photodependant BNF [83]. 

As a cultural practice, straw incorporation should be considered as an 
integrated management in which the beneficial effect on N fixation is only 
one of the components. 

Rice straw contains about 0.6% N, 0.1% P, 0.1% S, 1.5% K, 5% Si, and 
40% C. Because it is available on site in amounts varying from 2 to 10 t/ha, 
it is a convenient source of plant nutrients. Ponnamperuma [97] wrote that 
total nutrient content of ~ straw in India, Philippines, and Sri Lanka in 1979 
was more than twice that of chemical fertilizers used on rice in those 
countries. Straw also contains sugar, starches, celluloses, hemicelluloses, 
pectins, lignins, fats, and proteins (about 40%, as C, of the dry matter) that 
provide substrates for microbial metabolism (including N2-fixing micro- 
organisms) in the soil. 

Long-term experiments indicate that straw incorporation in lowland rice 
fields increases organic C and N, and available P, K, and Si. Straw is a slow 
release source of nutrients for rice. Undecomposed straw releases less N 
initially but more N later, than decomposed straw [20]. Peak absorption of 
N from incorporated straw was at middle plant growth stage. Plants recovered 
25% N from straw after 130 d [20]. 

The yield advantage from straw incorporation rather than straw burning or 
removal is about 0.4 t/ha per season, and increases with time as soil fertility 
improves [97]. 

1 Potential for BNF 

a Evidence o f  the process 

In a 5 yr drum study with 3 soils, N increase from straw incorporation was 
computed to be 40kg/ha per season, about 10kg/ha per season more than 
the straw's N content. The extra N probably came from BNF by heterotrophs 
and phototrophs [97, 56]. 

b Effect on heterotrophic anaerobic BNF 

In the early 1940s Jensen [62] wrote that when cellulosic material is added 
to soil 'a certain degree of anaerobiosis is necessary to bring about an active 
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fixation: (of N). This was confirmed by Mayfield and Aldworth [84]. Using 
I cm diameter, sandy clay loam soft aggregates amended with 2% wheat straw, 
they found that the only N2-fixing bacteria that developed were anaerobes or 
facultative anaerobes, whether the aggregates were incubated under aerobic 
or anaerobic conditions, and that acetylene reducing activities (ARA)were 
similar under both conditions. Yoneyama et al. [162] reported that ARA of 
waterlogged soils was stimulated by incorporating rice straw at a relatively 
early stage of decomposition. Straw decreased the inorganic N and redox 
potential, making the environment favorable for anaerobic N~-fixing bacteria. 
BNF was stimulated only when soils were waterlogged. 

c EffectonotherN2-fixingorganisms 

The beneficial effect of straw applications is not limited to anaerobic hetero- 
trophic fixers, but also applies to aerobic heterotrophs and phototrophs. 

Straw application (5 and 10t/ha) was reported to enhance Azotobacter 
populations in submerged rice soil [101]. Magdoff and Bouldin [79] using a 
waterlogged sand matrix supplemented with a small amount of soil and 
mineral nutrients and enriched with cellulose, found fixation to be 10 to 15 
times greater in the upper 2 to 3 mm of soil than in the lower layers. They 
suggested that products of anaerobic decomposition may be an energy source 
for aerobic BNF when brought under aerobic conditions by diffusion. Reddy 
and Patrick [105] observed a four fold increase of N2 -fixing activity in soils 
incubated under light after straw incorporation (0.4%). Similar results did 
not occur in darkness. However, the authors indicated that the increase in BNF 
in fight incubated straw-enriched samples was unrelated to algal growth. 

Matsuguchi and Yoo [83] measured ARA of straw fraction, root fraction 
and soil 7 w after transplanting in a soil with 8 t incorporated straw/ha. In the 
0- 1 cm surface layer, photodependent and photoindependent ARA of straw 
were roughly 1000-fold and 100-fold higher than those in the soil fraction. In 
deeper layers the trend was similar. The same authors compared the effect on 
BNF of deep placement and topdressing of 8 t rice straw/ha in two soils. In 
all cases straw stimulated BNF. Stimulation was more marked for photo- 
dependent ARA in the 0-1 cm surface layer than for photoindependent ARA 
in the whole profile. Topdressing rice straw induced higher photodependent 
ARA and better rice growth than deep placement. Photodependent ARA in 
the topdressed straw was 103-fold more than in the soil fraction and was 
enhanced by N and herbicide application [83]. 

d Effect in the presence o f  N fertilizers 

There are reports that straw incorporation may significantly reduce the 
inhibitory effect of N fertilizer on BNF. 

Ammonium sulfate suppressed BNF with 5 t incorporated straw/ha but 
was not inhibitory with 10 t/ha [102]. Rhizosphere soil from plots receiving 
3-6  t rice straw/ha exhibited more pronounced nitrogen fixing activity than 
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the control. Forty to 80 kg mineral N/ha did not inhibit BNF with 6 t 
straw/ha [17]. Kalininskaya et al. [65] reported a maximum rate of BNF 
(ARA and lSN) with N fertilizer and high straw application rates. They also 
reported that applying 100 to 200kgN/ha did not inhibit BNF in the pre- 
sence of straw [63]. 

On the other hand, Charyulu and Rao [19] reported that the inhibitory 
effect of ammonium sulfate increased with N concentration in small scale 
experiments with four soils enriched with 1% cellulose (Table 4). Similar 
results were presented by Rao [100]. 

e Quantification of f ixedN 

When analyzing experiments conducted to evaluate BNF in soils after straw 
(and other carbon sources) incorporation, it appears that all experiments are 
laboratory incubations of small samples of a few grams of soil (Table 4). In 
many experiments the quantity of straw incorporated was much higher than 
incorporation in the field. Assuming 300 t soil/ha, 3 t of straw incorporated 
per hectare equals 0.1% whereas 1-2% were commonly used in the experi- 
ments and sometimes as much as 20% (w/w) was incorporated [111 ]. 

Such experiments are hardly representative of the field conditions and seem 
to substantially overestimate amount of fixed N. For example, Charyulu et al. 
[18], using 5 g soil samples enriched with 0.5% rice straw, reported values 
ranging from 200 to 740#g N fixed/g ofsoilin 100 d. Assuming 3000 t soil/ha 
of rice field, the above values correspond to 600 to 2220 kg N fixed/ha in 
100 d. Under waterlogged conditions with 1 to 2% straw, 10 to 70#g N/g soil 
were found to be fixed in 28 d [112], which equals 30-210 kg N fixed/ha in 
28 d. High activity (45 mmol C2 H:/g dry soil per h) were reported by Durbin 
and Watanabe [36] 4 d after incorporating 14 mg rice straw/g dry soil. 

Results of larger scale expeiments show that a few mg N are fixed per gram 
of straw incorporated. Using lSN, Rao [102] estimated that BNF by free- 
living bacteria in a flooded rice field was 7 kg N/ha in unamended soil and 25 
kg N/ha in amended soil (5 t straw added; 3.6 mg N fixed per gram of straw). 
In saline takyr soils of Kazakh, BNF productivity was estimated as 5-10mg 
N/g of applied straw [64]. Balance experiments by App and collaborators 
showed that about 5.5 mg N was fixed per gram of straw added [56]. 

When pooling data from Table 4 it appears that efficiency of heterotrophic 
BNF varies from 0.08 to 7.07 mg N fixed per gram of substrate (mainly 
straw) added. The average value of the 35 listed data is 2.39 mg N fixed per 
gram of substrate added, in about 1 mo. 

2 Straw management in rice growing countries. Rice straw can be utilized 
or disposed by: 
- direct return to the soil either as organic matter, with or without pre- 

liminary composting, or as ash after burning; 
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- indirect return to the soil after such uses as bedding for cattle, mushroom 
culture, or mulch for a crop after rice; 

- use as feed, fuel, or household roofing material; or 
- industrial uses such as for paper, rope, bags, mats, or packing material. 

The status of straw handling in rice growing countries was reviewed by 
Tanaka (131) who distinguished four major groups: 

- countries where the major concern is to dispose of straw with 
- minimum labor and where it is burned or incorporated - (USA, Southern 

European countries, Japan); 
- countries where there is a belief that recycling organic matter makes soil 

more productive and where straw is harvested at the ground level and 
returned to the soil mainly as compost (China, Vietnam); 

- countries where straw is mainly used as feed or fuel (India, Egypt); and 
- countries where rice is frequently harvested at a rather high level and 

where much of the straw is returned to the soil, but although unintention- 
ally (Malaysia, Indonesia, Philippines). 
Tanaka's [131] survey indicated that burning is the most frequent straw 

removal-use practice. Araragi and Tangcham [3] reported that in Thailand, 
Burma, Philippines, Indonesia, and Malaysia, most rice straw is burned before 
starting the next cultivation. Straw incorporation is widely practiced only in 
China and before the summer rice crop in Vietnam. In some areas the straw is 
spread on the field and partially decomposed on moist soil or under water to 
facilitate incorporation. Heaping straw in mounds at threshing sites in the 
field is common in the Philippines and Indonesia. Straw decomposes slowly, 
largely aerobically, and is spread and easily incorporated at the beginning of 
the next season. This practice, however, reduces planted area and causes large 
nutrient losses by N denitfification, leaching, and C mineralization. 

3 Limiting factors. Straw incorporation is an uncommon agricultural 
practice. Reasons are comprised of detrimental effects and socioeconomic 
factors. 

a Detrimental effects 

Adding straw to soils with high SO)2 and/or low in active Fe and Mn, such 
as acid sulfate soils and degraded saline soils may favor formation of H2S, 
which is highly toxic to rice. Adding straw to neutral to alkaline soils, may 
markedly depress water soluble Zn, probably because of increased pCO2, 
which leads to the formation of insoluble Zn CO3. An increased HCO-~ con- 
centration in the soft solution also affects Zn root-to-shoot transport [162]. 
Yield of rice varieties susceptible to Zn deficiency has decreased after straw 
incorporation [58]. 

There are few reports on the effect of straw incorporation on BNF in 
relation to the release of toxic compounds such as organic acids and phenolic 
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compounds. Phenolic compounds produced by decomposing rice straw 
inhibited the growth of and acetylene reduction by Anabaena cylindrica 
[109].. Such compounds also inhibited strains of Rhizobium leguminosarum 
and R. ]aponicum and reduced BNF by legumes in situ. This may explain the 
great reduction in soybean yields following rice that are observed in Taiwan 
when rice stubble is left in the field [110]. 

b Socioeconomic factors 

Straw management is traditional, as are other agricultural operations. Where 
straw is utilized for definite purposes (feed, fuel, etc.) management changes 
cannot be expected without a demonstrated economic advantage. Straw is 
bulky and requires substantial labor to incorporate. Additionally, uniform 
incorporation with low power equipment is difficult. Where two rice crops 
are grown, straw disposal should be rapid and burning is the easiest method. 
Economics do not always favor incorporation of undecomposed straw. In a 
survey of straw management in the Philippines, Marciano et al. [80] observed 
that farmers do not follow practices that maximize the benefits of straw 
incorporation, despite the demonstrated beneficial effect on yield and soil 
fertility. Because incorporation of undecomposed straw is labor and power 
intensive in peak labor periods of land preparation and because the necessary 
time for decomposition before transplanting may delay crop establishment, 
Philippine farmers adopt management practices that require little labor, i.e., 
bum, stack/decompose, and stack/bum. Benefits of incorporating undecom- 
posed straw were perceived by farmers to be uncertain and generally limited. 
Marciano et al. [80] calculated that 7-17% yield increase is necessary to make 
undecomposed straw incorporation more attractive to farmers than current 
practices. Incremental costs of incorporating undecompsed straw probably 
frequently exceeded the expected benefits, therefore farmers had little 
financial incentive for adoption. 

4 Conclusion. Straw incorporation is an agronomic practice that returns 
significant quantities of nutrients to the soil and increases heterotrophic and 
autotrophic BNF. Data indicate that 2-3 kg N can be fixed per ton of straw 
incorporated. Limitations are primarily socioeconomic. 

III Developing technologies 

A Free livingBGA 

Among the N:-fixing microorganisms, only BGA can generate photosynthate 
from CO2 and water. This trophic independence makes BGA especially 
attractive as a biofertilizer. The agronomic potential of BGA was recognized 
in 1939 by De [28] who attributed the natural fertility of tropical rice fields 
to N2-fixing BGA. Since then many trials have been conducted to increase 
rice yield by algal inoculation. Literature on BGA and rice was reviewed by 
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and BGA in tropical soils was reviewed by 

1 Potential. Potential of BGA as a N source for rice can be described in three 
different ways: 
- evaluation of BGA biomass and N content, 
- measurement of N2-fixing activity, and 

field experiments measuring BGA productivity and rice yield. 
Records of BGA biomasses were summarized by Roger and Kulasooriya 

[115]. Fresh weight estimates range from a few kg to 16 t/ha and dry weight 
estimates from a few kg to 480 kg/ha. However, because of the variable dry 
matter, 0.5-5%; ash, 5-70%; and N, 2-13% contents of BGA field samples 
[58] such data are of little significance. Recent evaluations of artificially 
produced BGA blooms indicated standing biomass of N2-fixing strains 
culminating at 150-250 kg dry weight/ha on an ash free basis, equalling 10-  
20kg N/ha [59]. Those values may be considered to be the maximum standing 
biornass that can be expected in a rice field at blooming time. However, 
they underestimate the value for BNF, which is the result of the activity of a 
standing biomass and its turnover. No data are available on nutrient turnover 
rate from field-growing BGA. 

Another way to roughly estimate BGA potential is to assume that all C 
input in the floodwater and surface soil is through BGA (which is an over- 
estimation). Saito and Watanabe [120], estimated an input of 0.6t  C in 
phytoplankton/crop per ha. Using that estimate and assuming a BGA C:N 
ratio ranging from 4 to 16 [58], the potential contribution of N2 -fixing BGA 
could be 37 to 150 kg N/ha per crop. 

BNF by BGA has been most frequently studied by the acetylene reducing 
activity method, which may provide erroneous results [75]. ARA variations 
during the day and the growing cycle can be rapid and important, and 
moreover, ARA has a log-normal distribution [118]. Therefore, many 
replicates and very frequent measurements are needed to satisfactory measure 
total ARA. 

However, this tedious work will provide an imprecise evaluation of the N2- 
fixing activity (NFA) because the conversion factor of acetylene-N is not con- 
stant and must be determined [95]. Few reliable estimations of ARA have 
been published, and the number of measurements and replicates have been 
generally too low. Reported data on BNF related to BGA varied from a few 
to 80 kg N/ha and averaged 27 kg/ha per crop [115]. 

Field experiments on algal inoculation (algalization) provide indirect 
information on the overall potential of BGA. The most frequently used 
criterion for assessing the effects of algalization has been grain yield. Results 
of field experiments conducted mainly in India report an average 14% yield 
increase over the control corresponding to about 450 kg grain/ha per crop, 
where algal inoculation was effective. A similar increase was observed with 
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and without N fertilizers. Because BNF is known to be inhibited by inorganic 
N the beneficial effect of algalization in the presence of N fertilizers was most 
frequently interpreted as resulting from growth-promoting substances 
produced by algae or by a temporary immobilization of added N, followed by 
a slow release through subsequent algal decomposition that permitted more 
efficient crop N utilization. Such interpretations have yet to be demonstrated. 

Grain yield measurements suggest that algalization produces both a 
cumulative and residual effect. This was attributed to a build-up of organic N 
content and the number of BGA propagules in the soil, which facilitated the 
reestablishment of the BGA biomass. Several reports indicate an increase in 
organic matter and organic N. Algalization was also reported to increase 
aggregation status of the soil [125], waterholding capacity [127], and 
available P, total microflora, Azotobacter, Clostridium, and nitrifiers [47]. 

Thus, it appears that the potential of BGA has not been clearly quantified. 
Biomass measurements indicate that BGA have less potential than legumes 
and azoila. Comparison with N fertilizers indicated that algal inoculation may 
be equivalent to the application of 25-30kg N/ha [142] but nothing is 
known about the relative importance of fixed N and other possible effects 
(auxinic effect, P solubilization, effects on soil properties and microflora, 
etc.) in the reported yield increase. 

A classical statement in the reports on BGA inoculation is 'although the 
yields obtained in inoculated plots were higher, the difference between the 
yields of plots using and not using BGA was no t  significant'. This indicates 
that: the response to algal inoculation varies, the response is small, and the 
experimental error is larger than the response. The most common design for 
BGA inoculation experiments has been 4 x 4 m plots with 4 replicates which 
usually gives a coefficient of variation higher than 10% and a minimum 
detectable difference of 14.5% [44]. Such a value agrees with the average 
increase in yield reported after algal inoculation and confirms that a relatively 
low yield increase can be expected from this practice. 

2 Methods of utilization. Research on methods for using BGA in rice 
cultivation, emphasizes algal inoculation (algalization) alone or together with 
agricultural practices favoring the growth of inoculated strains. This arose 
from the earlier belief that N2-fixing strains were not normally present in 
many rice fields. It appears now that results concerning the occurrence of 
N2-fixing BGA in rice fields are controversial. Watanabe and Yamamoto 
[146] found that only 5% of 911 soil samples from Asia and Africa harbored 
N2-fixing species. Venkataraman [141] reported that 33% of 2213 soil 
samples from rice fields in India contained N2-fixing strains. Okuda and 
Yamaguchi [90] reported the presence of N2-fLxing strains in 71% of the 
samples they collected in Japan. Reynaud and Roger [107] found Nz-fixing 
strains in 95% of the samples they collected in Senegal. In a survey of 40 rice 
fields in Thailand, Matsuguchi et al. [82] found BGA in all soils. In an 
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ongoing survey of the Phillipine rice soils, we found N2 -fixing strains in all of 
the 79 samples collected (unpublished). N2-fixing strains most probably are 
more common in rice fields than was previously thought. Unsuitable survey 
methodology, especially sampling method, probably caused the low values 
recorded [117]. Therefore, research should equally emphasize inoculation 
and indigenous strain enhancement. 

a Algal inoculation 

The methodology of BGA inoculum production was reviewed by Watanabe 
and Yamamoto [146] and Venkataraman [140]. Methods of field application 
were reviewed by Venkataraman [142]. Inoculum production in artificially 
controlled conditions was developed mainly in Japan where algalization is 
not used. Inoculum production under artificially controlled conditions is 
efficient but expensive. Open air soil culture, developed in India, is more 
simple, less expensive, and easily adoptable by the farmers. It is based on the 
use of a multistrain starter inoculum ofAulosira, Tolypothrix, Scytonema, 
Nostoc, Anabaena, and Plectonema provided by the 'All India Coordinated 
Project on Algae' [1]. The inoculum is multiplied by the farmer in shallow 
trays or tanks with 5-15cm water, about 4kg soil/m 2, 100g triple super- 
phosphate/m 2 , and insecticide. If necessary, lime is added to correct the soil 
pH to about 7.0-7.5. In 1 to 3 w, a thick mat develops on the soil surface 
and sometimes floats. Watering is stopped and water in the trays is allowed to 
evaporate in the sun. Algal flakes are scraped off and stored in bags for use 
in fields. Using that method, the final proportion of individual strains in the 
algal flakes is unpredictable, but it is assumed that, because the inoculum is 
produced in soil and climatic conditions similar to those in the field, dominant 
strains will be the best adapted to the local conditions. The recorded rates 
of production of algal flakes in the open air soil culture range from 0.4 to 
1.0 kg/m 2 in 15 d, indicating that in 2-3  mo a 2 m 2 tray can produce enough 
algal material to inoculate a 1 ha rice field. For transplanted rice, the algal 
inoculum is generally applied 1 w after transplanting. When rice is direct- 
seeded, seeds can be coated by mixing the algal suspension and 2-3 kg 
calcium carbonate per 10-20 kg seed and air-dried in the shade. 

Recommendations for field application of dried algal inoculum (algal 
flakes) given by the All India Coordinated Project on Algae [ 1 ] indicate that: 

- 8-10 kg of dry algal flakes applied 1 w after transplanting is sufficient to 
inoculate 1 ha, a larger inoculation will accelerate multiplication and 
establishment in the field; 

- algalization can be used with high levels of commercial N fertilizer, but N 
application should be reduced by 30%; 

- to benefit from the cumulative effect of algalization the algae should be 
applied for at least three consecutive seasons; and 

- recommended pest-control measures and other management practices do 
not interfere with BGA establishment and activity in the fields. 
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b Methods to enhance indigenous BGA growth 

The growth of N2-fixing BGA in rice fields is most commonly limited by low 
pH, P deficiency, and grazer populations. Application of P and lime has 
frequently increased growth, particularly in acidic soils [153]. Increased BGA 
biomass has also been reported after insecticide application [46]. 

Recently, surface straw application was reported to benefit BGA growth 
and photodependent ARA [119]. This may be due to an increase of CO2 in 
the photic zone, a decrease of mineral N and O2 concentration in the flood- 
water, and the provision of microaerobic microsites by the straw. Increased 
CO2 availability and low N concentration favor the growth of N2 -fixing BGA. 
Low O2 concentration in the photic zone may increase specific N2-fixing 
activity. 

3 Current usage. Most of applied research on algal inoculation is conducted 
in India where a national program has been developed, the All-India Co- 
ordinated Project on Algae. To a lesser extent, applied research is also con- 
ducted in Burma, China, and Egypt. 

Reports on the adoption of algal technology are controversial, but even 
considering the most optimistic evaluations, use of algal inoculation is 
restricted to very limited hectarage in a few Indian states and in Burma. 

In a review on adoption of biofertilizers in India, PiUai [96] wrote: 'Apart 
from the work carried out at Research Stations very little organized work on 
development of the material for being adopted by the farmers has been taken 
up, especially in areas where it could be of potential benefit.' 

In a review on biofertillzers, Subba Rao [129] wrote that the production 
capacity of BGA flakes in India was around 40 t/yr, which was approximately 
0.01% of the total inoculum requirement for the country (40 t will inoculate 
4 000 ha). 

From the most recent extensive report on BGA field trials published by 
the Agricultural Economics Research Center of the Um~versity of Madras 
[135], it appears that despite an official radio and print publicity campaign, 
BGA use remains at the trial level and that in many cases inoculated algae 
did not multiply. Therefore, it seems appropriate to consider that this 
technology is more at an experimental level of large scale field testing than 
at a popularization stage. 

4 Limiting factors. The major limiting factor to adopt algal inoculation is the 
lack of reliable technology for recommendation to farmers. Inoculum 
establishment is sporadic and the reasons for failure are frequently not 
known. 

In reviewing BGA literature, it is surprising to observe the imbalance 
between the different topics. Taxonomy, morphology, micromorphology, 
physiology, and enzymology are highly documented and test tube BGA 
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growth has been studied extensively. However, field studies are rare, most 
probably limited by lack of suitable methodology. Therefore, BGA ecology is 
still poorly understood. 

The physiological characteristics of N2 fixation desirable for strains 
suitable for field inoculation are known [128], but the selection of 'Super N2- 
Fixing Strains' is meaningless unless they survive, develop, and fix N2, as 
programmed, in rice fields. 

As indicated by Gibson [41], virtually nothing is known of the attributes 
permitting introduced strains to colonize the various hostile environments 
to which they will be exposed. Similarly, the factors permitting the establish- 
ment of an N2-fixing bloom of inoculated or indigenous strains still are 
unknown. 

Low pH, low temperatures, and P deficiency limit BGA growth. However, 
because in some soils algalization is inefficient despite the addition of lime 
and phosphate [90], pH and available P are not the only limiting factors, but 
texture, organic matter content, CEC of saturated extracts, and total N are 
probably not important [130]. Grazing by invertebrate populations is an 
important biotic limiting factor [45]. Other possible limiting mechanisms 
such as antagonism, competition, etc. have been suggested, but their role is 
unclear. Low temperatures, heavy rains, and cloudy weather also have been 
reported to limit the inoculum establishment [115]. 

Inoculum quality also may be a limiting factor. In published methods of 
inoculum production, no tests of composition and viability have been 
included. We have shown that the density of colony-forming unit in BGA 
inocula may vary from 103 to 107/g of dry inoculum and that in 
some cases N2-fixing strains are not dominant [59]. Some commercial 
inoculants also have been reported to have limited potential for BGA popul- 
ation enhancement [132]. Therefore, special attention must be paid to 
inocula quality. 

Economics apparently do not limit BGA utilization. In a study of the 
economics of BGA use of 40 farmers in Tamil Nadu [135], no significant 
difference was found in the average per hectare cost of cultivation between 
crops using ($247) and not using ($246) BGA. The average return of BGA 
utilization was $4/ha. 

When needed, grazer population can be controlled with inexpensive 
natural insecticides [46]. 

5 Conclusion. Blue-green algae seems to be a possible N source in neutral to 
alkaline soils with moderate to high P availability and low grazer incidence. 
BGA have less potential in terms of N2-fixed than legumes or azolla, but 
need very limited additional inputs. Their usage is limited by technological 
problems governing inoculum quality and establishment and by generally low 
yield increases attributable to algal inoculation. 
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B Heterotrophic BNFassociated with the rice plant 

In 1929, Sen [124] reported the presence of N2-fixing bacteria in rice roots, 
but his observation was overlooked. In 1961, Dobereiner and Ruschel [31] 
studied the growth stimulation of N2-fixing bacteria in the rhizosphere of 
lowland rice. Their observations led to Dobereiner's idea that non-nodulated, 
non-leguminous plants can fix N through bacteria associated with roots [30]. 
The association between roots and bacteria was called rhizocoenosis. 

In 1971, Rinaudo and Dommergues [113] and Yoshida and Ancajas 
[164] demonstrated N2-fixing activity of wetland rice roots by using 
sensitive acetylene reduction assays. It was confirmed by XSN2 incorporation 
[37, 60, 166] and N balance studies [2]. The basal portion of shoots also is 
a site of heterotrophic BNF [156]. Various groups of N2-fixing bacteria 
were isolated from the same root samples using a non-selective medium [150] 
and a spermosphere model [5]. Ohta and Hattori [89] described an oligo- 
trophic N2-fixing bacteria that is abundant in rice roots. Bacteria genera 
isolated from rice roots are Azospirillum [70], Bei/erinkia [31] ,Pseudornonas 
[7], Enterobacteria [71], Klebsiella [71], Flavobaeterium [5],Alealigenes 
[99], and Agromonas [89]. The N2 -fixing ability of the association has been 
proved, some major N2-fixing organisms have been identified, and there have 
been some field and laboratory studies. However, there are many uncertainties 
about heterotrophic BNF in the rice rhizosphere, Major concerns of current 
research are: quantification of N2 fixation, interactions between plant and 
bacteria, and varietal differences in the ability of rice to enhance associative 
BNF. Heterotrophic BNF in tropical soils was reviewed by Yoshida and 
Rinaudo [165]. 

1 Potential. In early studies, excised root assays were used to estimate 
potential N2 fixation rate [144]. However, that technique was neither 
quantitative nor semiquantitative [ 137]. In situ or undistribed core assays are 
now used to measure ARA associated with plant [167]. 

In many assays ARA was highest at or near rice heading stage [6, 13,121] 
and ranged from 0.3/amol C2H4/plant per hour in temperate regions [121, 
165] to 2/amol C:H4/plant per hour in the tropics [6, 162]. Assuming (1) 
that ARA measured at heading stage continues for 50 d, (2) an acetylene/N 
conversion rate of 3:1, and (3) a plant density of 25/m 2 , the estimated N2- 
fixing rate would be 0.8- 6 kg N/ha per cropping season. Extrapolation from 
lSN incorporation experiments ranges from 1.3 to 7.2 kg N/ha per cropping 
season [37, 60, 166]. 

A rough estimation of the maximum value of heterotrophic N2 fixation in 
the rhizosphere can be calculated using estimated C flow from the roots, but 
no data are available for rice. Sauerbeck and Johnen [123], growing wheat 
from the seedling to maturity under a4CO2, estimated that C respired by 
microorganisms in the rhizosphere and converted to microbial biomass 
accounted for 4-5  times the remaining root C at harvest. Using this value and 
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and 0.2t C/ha of roots at harvest [120], 1.0t C/ha is estimated to pass 
through the microbial biomass in the rhizosphere. Assuming that all C is 
used for N2ffixation (which does not happen) and 40mg N as fixed/g C 
consumed, 40kg N/ha would be the theoretical maximum of associative 
BNF. 

Based on actual and potential estimates on N2' fixation, it may be said that 
the potential of associative BNF is the least among N2 -fixing agents discussed 
in this paper. 

2 Possible utilization methods. Manipulations of rice varieties and root- 
associated bacteria are possible methods to enhance heterotrophic BNF. 

a Varietal differences 

There are several reports on the varietal differences in the ability to support 
associative BNF (Nfs character). The differences were genetically analyzed by 
Iyama et al. [61]. Nothing is known, however, about the physiological basis 
of the apparent varietal differences. Dommergues [33] reported mutants with 
higher Nfs character than parents. In a pot experiment, 90 rice varieties 
grown in flooded conditions, including wild Oryza species, were screened for 
the ability to stimulate N gains by Kjeldahl assays [58]. The methodology 
used estimated gains due to heterotrophs and phototrophs. Varietal dif- 
ferences were found, and maximum N gains were 8 times the minimum gains. 
Correlation coefficients of N gains were high with total N uptake, total dry 
matter production, and daily dry matter production. This indicated that 
vigorously growing rice plants stimulated more BNF (character NFs). 

b MicroClora manipulation 

Inoculation of N2-fixing bacteria has been reported to increase growth and 
yield of rice [104]. As with BGA, interpreting the results is difficult in the 
absence of experimental data on inoculum establishment and its N2-fixing 
activity. Here again the relative importance of N2 fixed and other possible 
inoculation effects must be evaluated. Results obtained by O'Hara et al. 
[88] who inoculated Nil + and Nif- strains of AzospMllum on maize, 
indicated that observed growth stimulation was not because of N2 fixation. 
Watanabe and Lin [158], using the lSN dilution method, observed no dif- 
ference in lSN abundance between rice plants inoculated with AzospMllum or 
Pseudomonas sp. and non inoculated plants despite growth stimulation by 
inoculation. 

3 Prospect. The idea of breeding varieties higher in Nfs is attractive because 
it would enhance BNF without additional cultural practices. However, a 
prerequisite to Nfs breeding is the availability of a rapid screening technique. 
Acetylene reducing activity was used for most of varietal screenings, however, 
it is time consuming because it needs several measurements during the plant 
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growth cycle. Additionally, the high variability of the measurements may 
mask varietal differences, lSN dilution may be used for screening and genetic 
studies, but for that purpose, reference varieties with low N2 fixation 
stimulation ability must be identified. 

N balance studies have shown that vigorously growing varieties tend to 
have high associative N2 fixation ability. If this trait, a characteristic of 
traditional tall indica rices, is essential, the dilemma comes in choosing 
between the high yielding character associated with short satured plant 
types and the N2 fixation stimulating trait associated with tall stature. How- 
ever, IR42, a high yielding variety, high in stimulating N2 -fixation gives hope 
of possible selection for high yielding, high N2-fixing varieties [58]. 

Another approach is microflora manipulation. If the positive effect of 
inoculation on plant growth is at least partly because of enhanced BNF, the 
selection or the improvement of N2-fixing strains is the first possibility. N2- 
fixing ability of bacteria isolated from rice may be enhanced by recombinant 
DNA techniques. The idea to develop derepressed N2 -fixing bacteria in which 
BNF is not suppressed by NH~ appears to be attractive. However, it is not 
known if such derepressed bacteria can compete with non N~-fixing 
ammonium utilizing microflora. A related problem is how to select com- 
petitive strains with the ability to live in the rhizosphere of inoculated plants. 
A better knowledge of root bacteria relationships is a prerequisite to this 
work. 

No cultural practice are known to enhance the associative BNF process. 
Associative BNF seems to be lower in acidic soils [22, 27] and to be less 
sensitive to N fertilizer application than other N2-fixing systems [155 ]. 

In the next few years, associative BNF may be understood by using a 
simple system like monoaxenic culture. Enormous effort will be needed to 
develop intentional utilization and enhancement of the process. As Postgate 
[98] stated, ~yet it would be as foolish to abandon the project of establish- 
ing productive rhizocoenoses with cereals as it was to expect such an 
association to mature in just a couple of years of research.' 

IV General conclusion 

Spontaneous BNF has permitted moderate but constant rice yield, around 
2 t/ha, without N fertilization. Through traditional management practices 
such as green manuring with legumes or azolla, BNF contribution to soft 
N fertility has been substantially enhanced, thus producing higher yields 
(2-4g/ha). Although all groups of N2-f'zxing microorganisms have been 
shown to inhabit rice fields, and their possible agronomic use has been 
demonstrated, technologies available for popularization are still limited to 
practices based on the production of a large biomass followed by its 
incorporation, namely legumes, azolla, and straw incorporation. 
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Legumes and azolla have best known potential as N2-fixers in rice fields, 
with recorded 50-100 kg N fixed/ha per crop. Current usage of separate-crop 
legumes is decreasing. Use of azolla, grown with rice, is increasing. Legume 
use is limited by socioeconomic factors whereas azolla technology is limited 
by socioeconomic and environmental factors. Straw incorporation, besides 
providing soil nutrients, increases heterotrophic BNF by 2 - 4  kg N/t of straw 
incorporated. Its use is limited by socioeconomic factors. 

Other N2-fixing systems are unused or little-used by farmers. Free living 
BGA have less potential than legumes and azoUa (around 30kg N/ha per 
crop) but their use is promising because little additional labor is required. 
However, algal inoculation is still at a research level in most of the rice 
growing countries. Factors involved in yield increase reported after algal 
inoculation, factors leading to the establishment of a bloom, and the general 
ecology of BGA in rice fields are still poorly understood. Therefore, algal 
inoculation cannot be confidently recommended yet. 

There are evidences that some rice varieties promote heterotrophic BNF. 
However, ilo technology has yet been developed to utilize heterotrophic 
N2 fixation associated with rice. The overall impression from experiments 
design to enhance the process by inoculation is not one of a great success. 

Biological N2 fixation has potential where N fertilizer is unavailable. Data 
on hectarage of rice grown without fertilizer are not available, but assuming 
that there is a correlation between water management and fertilizer use and 
considering that only about 30% of riceland in Southeast Asia is irrigated, it 
appears that the hectarage of nonchemically fertilized rice may represent a 
very large area. 

A common characteristic of the BNF technologies currently adopted 
by farmers is intensive labor use. They are most often used under socio- 
economic conditions where labor intensive practices are economically feasible 
or where economics is not a major factor. In the future it is unlikely that 
BNF could be an exclusive N source for producing high yields under 
economically feasible conditions. 

However, this does not mean that BNF technology has potential only where 
N fertilizer is unavailable or unaffordable, and that BNF will only produce 
low to moderate yields. Most probably the future of BNF in rice cultivation is 
in integrated management. A better knowledge of the microbiology and the 
ecology of rice fields will encourage high rice yields through a more efficient 
usage of chemical fertilizers and the simultaneous utilization of BNF. 

When considering that: 
- the efficiency of nitrogenous fertilizers is 30-50% or less [24] ; 
- a large part of N not recovered in rice is lost; and that 
- N fertilizer is applied so that it inhibits major components of the N2 -fixing 

biomass, 
it appears that it is not a fine tuning of N fertilizer management in lowland 
rice that is needed but drastic changes in present fertilization concepts. Urea 
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deep placement [29], which significantly decreases losses of N by volatiliza- 
tion and does not  inhibit photodependent BNF [116] is a good example of 

the kind of technology that must be developed for integrated management of 
BNF and chemical fertilizers. 

When considering current usage by farmers, it appears that BNF is purpose- 

fully used in only a small percentage of rice fields in a few countries and that 

rice farmers are far from realizing its potential. This underutilization is due to 

ecological and socioeconomic factors and lack of technology development 

and knowledge. On a short-to medium-term basis, BNF has underexploited 
potential where N fertilizers are not  available or affordable. On a long term 

basis, BNF integrated management should permit high yields with lower N 
fertilizer application. 

References 

1. All India coordinated project on algae (1979) Algal biofertilizer for rice, India 
Agric Res Inst. New Delhi, 61 pp 

2. App A, Watanabe I, Alexander M, Ventura WV, Daez C, Santiago T and De Datta 
SK (1980) Nonsymbiotic nitrogen fixation associated with the rice plant in flooded 
soils. Soil Sci 130:283-289 

3. Araragi M and Tangcham B (1979) Effect of rice straw on the composition of 
volatile soil gas microflora in the tropical paddy field. Soil Sci Plant Nutr 25(3): 
283-295 

4. Aston PJ (1974) Effect of some environmental factors on the growth of Azolla 
filiculoides Lam. pp 124-138. In Orange River Progress Report. Institute for 
Environmental Sciences, Univ. O.F.S., Bloemfontein South Africa 

5. Bally R, Thomas-Bauzon D, Heulin T and Balandreau J (1983) Determination of 
the most frequent N2-fixing bacteria in a rice rhizosphere. Can J Microbiol 29: 
881-887 

6. Barraquio WL, De Guzman MR, Barrion M and Watanabe I (1982) Population of 
aerobic heterotrophic nitrogen-fixing bacteria associated with wetland and dryland 
rice. Applied Environ. Microbio143(1): 124-128 

7. Barraquio WL, Ladha JK and Watanabe I (1983) Isolation and denitrification of 
N~ -fixing Pseudomonas associated with wetland rice. Can J Microbio129:867-873 

8. Barrow NJ and Jenkinson DS (1962) The effect of waterlogging on fixation of 
nitrogen by soil incubated with straw. Plant and S oil 16(2): 258-262 

9. Becking JH (1979) Environmental requirements of Azolla for use in tropical rice 
production, pp. 345-373. In Nitrogen and Rice, The International Rice Research 
Institute, Los Banos, Philippines 
Beri V and Meelu O (1981) Substitution of N through green manure in rice. Indian 
Farming. May 1981 
Bhardwaj SP, Prasad SN and Singh G (1981) Economizing N by green manures in 
rice wheat rotation. Ind J Agric Sci 51:86-90 
Biswas TD, Roy MR and Sahu BN (1970) Effect of different sources of organic 
manures on the physical properties of the soil growing rice. J Ind Soc Soil Sci 18: 
233-242 
Boddey RM and Ahmed N (1981) Seasonal variations in nitrogenase activity of 
various rice varieties measured with in situ acetylene reduction technique in the 
field. In Associative N~-fixation, Vol. 2:220-229, Vose, PB and Ruschel AP eds, 
CRC press 
Bremner JM and Shaw K (1958) Denitriflcation in soil. Part I. Methods of investiga- 
tion, J Agr Sci 52:40-52 
Buresh RJ, Casselman ME and Patrick WH Jr (1980) Nitrogen fixation in flooded 
soil systems, a review. Adv Agron 23:149-192 

10. 

11. 

12. 

13. 

14. 

15. 



71 

16. Chari RV (1957) Agricultural development in Madras State. World Crops 9:33-37 
17. Charyulu PBBN, Nayak BN and Rao VR (1981) 15N incorporation by rhizosphere 

soil: influence of rice (O. sativa) variety, organic matter and combined nitrogen. 
Plant and Soil 59(3):399-406 

18. Charyulu PBBN, Ramakrishna C and Rao VR (1978) Facultative symbiotic 
nitrogen-fixing associations in rice soil in India. Proc Indian Acad Sci 87 B(10): 
243 -246 

19. Charyulu PBBN and Rao VR (1979) Nitrogen fixation in some Indian rice soils. 
Soil Sci 128(2):86-89 

20. Chatterjee BN, Singh RJ, Pal A and Maiti (1979) Organic manures as substitutes for 
chemical fertilizer on high yielding rice varieties. Indian J Agric Sci 49(3):188- 
192 

21. Chen S (1980) Green manures in multiple cropping systems in China. Soils and 
Fertilizer Institute, Liaoning, Academy of Agricultural Sciences, China, Quoted by 
Pandey and Morris, 1983 

22. ChoUtkul W, Tangcham B, Sangtong P and Watanabe I (1980) Effect of phosphorus 
on N 2-fixation measured by field acetylene reduction technique in Thailand long 
term fertility plots. Soil Sci Plant Nutr 26:291-299 

23. Cowardin LM, Carter V, Golet FC and LaRoe ET (1979) Classification of wetland 
and deepwater habitats of the United States. Fish and Wildlife Service, U.S. Gov't. 
Printing Office, Washington, D.C. 103 pp 

24. Craswell ET and De Datta SK (1980) Recent development in research nitrogen 
fertilizers for rice. IRPS no 49. The International Rice Research Institute, Los 
Banos, Philippines 

25. Dao The Tuan and Tran Quang Thuyet (1979) Use of Azolla in rice production in 
Vietnam, pp. 395-405. In Nitrogen and Rice, The International Rice research 
Institute, Los Banos, Philippines 

26. Dargan KS and Chillar RK (1975) Central Soil Salinity Research Institute, Karnal, 
India Annual Report 53-54,  quoted by Venkataraman 1984 

27. Daroy ML and Watanabe I (1982) Nitrogen fixation by wetland rice grown in acid 
soil, Kalikasan Philipp J Biol 11(2-3):339-348 

28. De PK (1939) The role of blue-green algae in nitrogen fixation in rice fields. Proc R 
Soc Lond 127 B, 121-139 

29. De Datta SK, Fillery IRP and Craswell ET (1983) Results from recent studies on 
nitrogen fertilizer efficiency in wetland rice. Outlook in agriculture 12(3): 125-134 

30. Dobereiner J and Day JM (1975) Nitrogen fixation in the rhizosphere of tropical 
grasses, pp 39-56. Stewart WDP ed In Nitrogen fixation by free-living micro- 
organisms, Cambridge Univ Press 

31. Dobereiner J and Ruschel AP (1962) Inoculation of rice with N2-fixing genus 
Beijerinckia Derx. Rev Brasil Biol 21:397-407 

32. Dommergues Y (1978) Microbial activity in different types of microenvironments 
in paddy soils, pp 451-466. In Environmental Biogeochemistry and Geomicro- 
biology, Vol 2, Krumsbein WE ed Ann Arbor Pub Michigan 

33. Dommergues Y (1978) Impact on soil management and plant growth. In Inter- 
actions between non-pathogenic soil microorganisms and plants, pp 443-458, 
Dommergues Y and Krupa S, eds Elsevier 

34. Dreyfus BL and Dommergues YR (1980) Non inhibition de la fixation d'azote 
atmospherique chez une legumineuse a nodules eaulinaires, Sesbania rostrata. CR 
Acad Sci Paris, D 291:767-770 

35. Dreyfus BL and Dommergues YR (1981) Nitrogen-fixing nodules induced by 
Rhizobium on the stem of the tropical legume Sesbania rostrata. FEMS Microb 
Letters 10:313-317 

36. Durbin KJ and Watanabe I (1980) Sulfate-reducing bacteria and nitrogen fixation 
in flooded rice soils. Soil Biol Biochem 12:11-14 

37. Eskew DL, Eaglesham ARJ and App AA (1981) Heterotrophic N~-fixation and dis- 
tribution of newly fixed nitrogen in a rice-flooded soil system. Plant Physiol 68: 
48-52  

38. FAO (1978) China: azolla propagation and small-scale biogas technology, FAO 
Soils Bulletin No 41 



72 

39. Fried M, Danso SKA and Zapata F (1983) The methodology of measurement o fN 2 
fixation by nonlegumes as inferred from field experiments with legumes. Can J 
Microbiol 29:1053-1062 

40. Ghose RLM, Ghatge MB and Subramanyan V (1956) Rice in India - Indian Council 
of Agricultural Research, New Delhi 

41. Gibson AH (1981) Some required inputs from basic studies to applied nitrogen 
fixation research, Pages 6-7.  In Current perspective in nitrogen fLxation. Gibson A 
and Newton WE eds, Australian Academy of Science 

42. Gibson AH, Dreyfus BL and Dommergues YR (1982) Nitrogen fixation by legumes 
in the tropics, pp. 37-73. In Microbiology of tropical soils and plant productivity, 
YR Dommergues and HG Diem eds, M Nijhoff and W Junk 

43. Gomez AA and Zandstra HG (1977) An analysis of the role of legumes in multiple 
cropping systems. In Exploiting the legume-rhizobium symbiosis in tropical agricul- 
ture. Vincent JM, Whitney AS and Bose J eds, University of Hawaii, USAID 

44. Gomez KA (1972) Techniques for field experiment with rice, International Rice 
Research Institute, Los Banos, Philippines 

45. Grant I and Alexander M (1981) Grazing of blue-green algae (Cyanobacteria) in 
flooded soils by Cypris (Ostracoda), Soil Sci Soc Amer J 45:773-777 

46. Grant IF, Tirol AC, Aziz T and Watanabe I (1983) Regulation of invertebrate 
grazers as a means to enhance biomass and nitrogen fixation of Cyanophyceae in 
wetland rice fields. Soil Sci Soc Amer J 47:669-675 

47. Ibrahim AN, Kamel M and E1-Sherbeny M (1971) Effect of inoculation with alga 
Tolypothrix tenuis on the yield of rice and soil nitrogen balance. Agrokem Talagtan 
20:389-400 

48. ICAR (1977) Indian Council of Agricultural Research. New Delhi, India. Annual 
Report for 1977 

49. International Institute of Agriculture (1936) Use of leguminous plant in tropical 
countries as green manure, as cover and as shade, pp 64-68 

50. International Rice Research Institute (1982) Report on the INSFFER Azolla 
study tour in Vietnam, 20 Jan-Feb 1982, IRRI, Los Banos, 66 pp 

51. International Rice Research Institute (1963) Annual Report for 1962 
52. International Rice Research Institute (1966) Annual Report for 1965 
53. International Rice Research Institute (1980) Reports on the 1st trial of Azolla in 

rice INSEFER 1979, Los Banos, Laguna, Philippines 
54. International Rice Research Institute (1981) Reports on the 2nd trial of Azolla in 

rice INSFFER 1980, Los Banos, Laguna, Phftlipines 
55. International Rice Research Institute (1982) Reports on the 3rd trial of Azolla in 

tiee INSFFER 1981, Los Banos, Laguna, Philippines 
56. International Rice Research Institute (1982) Annual Report for 1981 
57. International Rice Research Institute (1983) Reports on the 4th trial of Azolla in 

rice INSFFER 1982, Los Banos, Laguna, Philippines 
58. International Rice Research Institute (1983) Annual Report for 1982 
59. International Rice Research Institute (1984) Annual Report for 1983 
60. Ito O and Watanabe I (1980) Fixation of dinitrogen-15 associated with rice plant. 

Appl Environ Microbiol 39:554-558 
61. Iyama S, Sano Y and Fujii T (1983) Diallel analysis of nitrogen fLxation in the 

rhizosphere of rice. Plant Sci Letters 30:129-135 
62. Jensen HL (1941) Nitrogen fixation and cellulose decomposition by soil micro- 

organisms. III. Proc Linnean Soc N S Wales 66:239-249 
63. Kalininskaya TA, Miller UM, Belov UM and Rao VR (1977) lSNitrogen studies of 

the activity of non symbiotic nitrogen fixation in rice field softs of Krasnodar 
Territory. Izv Akad Nauk USSR Ser Biol 4:565-570 (in Russian) 

64. Kalininskaya TA, Petrova AN, Nelidov SN, Miller YM and Belov YM (1980) Nitrogen 
fixation in Kazahk SSR, USSR, saline takyr softs under rice cultivation. Izv Akad 
Nauk SSR Ser Biol 0(5):747-753 (in Russian) 

65. Kalininskaya TA, Rao VR, Volkova TN and Ippolitov LT (1973) Nitrogen-fixing 
activity of soil under rice crop studied by acetylene reduction assay. Mierobiol 42: 
426-429 



73 

66. Kanazawa N (1984) Trends and economic factors affecting organic manures in 
Japan. pp 557-567 In Organic Matter and Rice, The International Rice Research 
Institute, Los Banos, Philippines 

67. Khan MM (1983) A primer on Azolia production and utilization in agriculture - 
UPLB - PCARRD - SEARCA, Los Banos, Philippines 143 pp 

68. Kikuehi M, Watanabe I and Haws LD (1984) Economic evaluation of Azolia use in 
rice production, pp 569-592 In Organic Matter and Rice, The International Rice 
Research Institute, Los Banos, Philippines 

69. Koyama T and App AA (1979) Nitrogen balance in flooded rice soils, pp 95-104 
In Nitrogen and Rice, The International Rice Research Institute, Los Banos, 
Philippines 

70. Ladha JK, Barraquio WL and Watanabe I (1982) Immunological techniques to 
identify Azospirliinm associated with wetland rice. Can J Microbiol 28(5):478- 
485 

71. Ladha JK, Barraquio WL and Watanabe I (1983) Isolation and identification of 
nitrogen-fixing Enterobacter cloacae and Klebsiella planticola associated with rice 
plants. Can J Microbiol 29:1031-1038 

72. Li Shi Ye (1984) Azolla in the paddy fields of eastern China, pp 169-178, In 
Organic Matter and Rice, The International Rice Research Institute, Los Banos, 
Philippines 

73. Li ZX, Zu SX, Mao MF and Lumpkin TA (1982) Study on the utilization of eight 
Azolla species in agriculture (in Chinese), Zhangguo Nongye Kexue 1:19-27 

74. Liu Chung-chu (1979) Use of Azolla in rice production in China, pp. 375-394, In 
Nitrogen and Rice, The International Rice Research Institute, Los Banos, Philippines 

75. Lowendorf HS (1982) Biological nitrogen fixation in flooded rice fields. Corneli Int 
Agric Mimeogr 96, Nov 1982, 75 pp 

76. Lumpkin TA and Plucknett DL (1980) Azolia: botany, physiology and use as a 
green manure. Economic Bot 35 (2): 111 - 153 

77. Lumpkin TA and Plucknett DL (1982) Azolia as a green manure, Westview Tropical 
Agriculture Series, Westview Press, Boulder Co, USA 230 pp 

78. Lynch JM and Harper HT (1983) Straw as a substrate for cooperative nitrogen 
fixation. J Gen Microbiol 129:251-253 

79. Magdoff FR and Bouldin DR (1970) Nitrogen fixation in submerged soil-sand- 
energy material media and the aerobic-anaerobic interface. Plant and Soil 33:49-  
61 

80. Marciano UP, Mandac AM and Flinn JC (1983) Rice straw management in the 
Philippines. Paper presented at the 14th Annual Scientific Meeting of the Crop 
Science Society of the Philippines, 2 -4  May 1983. IRRI, Los Banos, Philippines 

81. Matsuguchi T (1979) Factors affecting heterotrophic nitrogen fixation in sub- 
merged soils, pp 207-222), In Nitrogen and Rice, The International Rice Research 
Institute, Los Banos, Philippines 

82. Matsuguchi T, Tangcham B and Patiyuth S (1974) Free-living nitrogen fixers and 
acetylene reduction in tropical rice fields, Jpn Agric Res Q 8(4), 253-256 

83. Matsuguchi T and Yoo ID (1981) Stimulation of phototrophic N 2 fixation in 
paddy fields through rice straw application, pp 18-25, In Nitrogen cycling in 
South-East Asian Wet Monsoonal Ecosystems, Wetselaar R, Simpson JR and 
Rosswall T eds, Canberra, Austral Acad Sci 

84. Mayfield CI and Aldworth RL (1974) Acetylene reduction in artificial soil 
aggregates amended with cellulose, wheat straw and xylan. Can J Microbiol 20: 
1503-1507 

85. Meelu OP and Rekki RS (1981) Mung straw management and nitrogen economy in 
rice culture. Int Rice Res Newsl 6 (4)21 

86. Moore AW (1969) Azolla: biology and agronomic significance. Bot Rev 35:17-35 
87. Morris RA and Pandey RK (1983) Integrated nitrogen management. The Inter- 

national Rice Research Institute, Internal Program Review Jan 21, 7 pp 
88. O'Hara GW, Davey MR and Lucas JA (1981) Effect of inoculation of Zea mays 

with AzospMllum brasilense strains under temperate conditions. Can J Microbiol 
27:871-877 



74 

89. Ohta H and Hattofl T (1983) Agromonas oligotrophica gen. nov., a nitrogen fixing 
oligotrophie bacterium. Antonie van Leeuwenhoek 49:429-446 

90. Okuda A and Yamaguchi M (1952) Algae and atmospheric nitrogen fixation in 
paddy soils. II. Relation between the growth of blue-green algae and physical or 
chemical properties of soil and effect of soil treatments and inoculation on the 
nitrogen fixation. Mere Res Inst Food Sci 4:1-11 

91. O'Toole P and Knowles P (1973) Efficiency of acetylene reduction (nitrogen 
fixation) in soil: effect of type and concentration of available carbohydrate. Soil 
Biol Biochem 5:789-797 

92. Palacpac AC (1982) World rice statistics. The International Rice Research Institute, 
Los Banos, Philippines 152 pp 

93. Pandey RK and Morris RA (1983) Effect of leguminous green manuring on crop 
yields in rice-based cropping systems. Paper presented at the International Rice 
Research Conf. April 23-28, 1983, International Rice Research Institute, Los 
Banos, Philippines 

94. Patnaik S and Rao MV (1979) Sources of nitrogen for rice production, pp 25-44. In 
Nitrogen and Rice, The International Rice Research Institute, Los Banos, Philippines 

95. Peterson, RB and Burris RH (1976) Conversion of acetylene reduction rates to 
nitrogen fixation rates in natural populations of blue-green algae. Anal Biochem 73 : 
404-410 

96. Pillal KG (1980) Biofertilizers in rice culture. Problems and prospects for large scale 
adoption. AICRIP publ no 196 

97. Ponnampernma FN (1984) Straw as a source of nutrients for wetland flee. pp 117- 
136 In Organic Matter and Rice, The International Rice Research Institute, Los 
Banos, Philippines 

98. Postgate J (1980) Nitrogen fixation in perspective, pp 423-435 In Nitrogen 
fixation, Stewart WDP and Gallon JR eds, Academic Press 

99. Qui YS, Zhou SP and Mo XZ (1981) Study of nitrogen fixing bacteria associated 
with rice root. I. Isolation and identification of organisms. Acta Microbiologica 
Sinica 21:468-472 

100. Rao VR (1976) Nitrogen fixation as influenced by moisture content, ammonium 
sulphate and organic sources in a paddy soil. Soil Biol Biochem 8:415-448 

101. Rao VR (1977) Effect of organic and mineral fertilizers on Azotobacter in flooded 
rice fields. Curt S ci 46(4): 118-119 

102. Rao VR (1980) Changes in nitrogen f'Lxation in flooded paddy field soil amended 
with rice straw and ammonium sulfate. Riso 28(1):29-34 

103. Rao VR, Kalininskaya TA and Miller UM (1973) The activity of non symbiotic 
nitrogen fixation in soils of rice field studied with lSN. Mikrobiologiya 42:729-734 

104. Rao VR, Nayak DN, Charyulu PBD and Adhya TK (1983) Yield response of rice 
to root inoculation with Azospirillum. J Agrie Sci UK 100(3):689-691 

105. Reddy KR and Patrick WH Jr (1979) Nitrogen f'txation in flooded soil. Soil Sci 
128(2):80-85 

106. Rerkasem K and Rerkasem B (1984) Organic manures in intensive cropping system. 
pp 517-531. In Organic Matter and Rice, The International Rice Research, In- 
stitute, Los Banos, Philippines 

107. Reynaud PA and Roger PA (1978) N2-fixing algal biomass in Senegal rice fields. 
Ecol Bull, Stockholm 26:148-157 

108. Reynaud PA (1982) The use of Azolla in West Africa. pp 565-566 In Biological 
Nitrogen Fixation Technology for Tropical Agriculture, Graham PH and Harris 
SC eds, Call, Colombia 

109. Rice EL, Chi-Yung Lin and Chi-Yung Huang (1980) Effect of decaying rice straw 
on growth and nitrogen fixation of a blue-green alga (Anabaena cylindrica). Bot 
Bull Acad Sin 21(2): 111-118 Taipei 

110. Rice EL, Chu-Yung Lin and Chi-Ying Huang (1981) Effect of decomposing rice 
straw on growth and nitrogen fixation by Rhizobium. J Chem Ecol 7(2):333-344 

111. Rice WA and Paul EA (1972) The organisms and biological processes involved in 
asymbiotic nitrogen fixation in waterlogged soil amended with straw. Can J Micro- 
biol 18:715-723 



75 

112. Rice WA, Paul EA and Wetter LR (1967) The role of anaerobiosis in asymbiotic 
nitrogen fixation. Can J Microbiol 13: 829 -  836 

113. Rinaudo G and Dommergues Y (1971) The validity of acetylene reduction method 
for the determination of nitrogen fixation in rice rhizosphere. Ann Inst Pasteur 
121:93-99  

114. Rinaudo G, Dreyfus B and Dommergues YR (1981) Sesbania rostrata green manure 
and the nitrogen content of rice crop and soil. S oil Biol Biochem 15:111 -113  

115. Roger PA and Kulasooriya SA (1980) Blue-green algae and rice. The International 
Rice Research Institute, Los Banos, Philippines 112 pp 

116. Roger PA, Kulasooriya SA and Crasweil ET (1980) Deep placement: a method of 
nitrogen fertilizer application compatible with algal nitrogen fixation in wetland 
rice soils. Plant and Soil 57 :137-142  

117. Roger PA and Reynaud PA (1982) Free living blue-green algae in tropical soils, pp 
147-168.  In Microbiology of tropical soils and plant productivity, Dommergues Y 
and Diem H eds, Martinus Nijhoff La Hague 

118. Roger PA, Reynaud PA, Rinaudo GE, Ducerf PE and Traore TM (1977) Log- 
normal distribution of acetylene-reducing activity in situ. Cah ORSTOM Set Biol 
12:133-140 (in French, English summary) 

119. Roger PA, Tirol A, Grant I and Watanabe I (1982) Effect of surface application of 
straw on phototrophie nitrogen fixation. Int Rice Res Newsl 7(3): 16-17  

120. Saito M and Watanabe I (1978) Organic matter production in rice field flood water. 
Soil Sci Plant Nutr 24(3) :427-440 

121. Sano Y, Fujii T, Iyama S, Hixota Y and Komagata K (1981) Nitrogen fixation in 
the rhizosphere of cultivated and wild rice strains. Crop S ci 21:758-761 

122. Sanyasiraju M (1952) Role of organic manures and inorganic fertilizers in soil 
fertility. Madras Agfic J 39:132-139 

123. Sauerbeck D and Johnen B (1976) Der Umsatz yon Pflanzenwurzeln im Laufe der 
Vegetationsperiode und dessert Beitrag zur Bodenatmung. Z. Pflanzenern Bodenk 
90:315-328 

124. Sen MA (1929) Is bacteria associations a factor in nitrogen assimilation by rice 
plant? Agric J India 24:229-232 

125. Shield LM and Duffel LW (1964) Algae in relation to soil fertility. Bot Rev 30 :93 -  
128 

126. Singh NT (1984) Green manures as source of nutrients in rice production, pp 2 1 7 -  
228 In Organic Matter and Rice, The International Rice Research Institute, Los 
Banos, Philippines 

127. Singh RN (t961) Role of blue-gxeen algae in nitrogen economy of Indian agri- 
culture. Indian Council of Agric Res New Delhi, 175 pp 

128. Stewart WDP, Rowel P, Ladha JK and Sampaio MJA (1979) Blue-green algae 
(Cyanobacteria) - some aspects related to their rnle as sources of fixed nitrogen in 
paddy soils, pp 263-285 In Nitrogen and Rice, The International Rice Research 
Institute, Los Banos, Philippines 

129. Subba Rao NS (1982) Biofertilizer - interdisciplinary science reviews. 7(3) :220-  
229 

130. Subramanyan R, Manna GB and Patnaik S (1965) Preliminary observations on the 
interaction of different rice soil types to inoculation of blue-green algae in relation 
to rice culture. Proc Indian Acad Sci Sec B 62(4):171-175 

131. Tanaka A (1973) Methods of handling the rice straw in various countries. Int Rice 
Comm Newsl 22(2): 1 -20  

132. Tiedman AR, Lopushinsky W and Larsen HJ (1980) Plant and soil responses to a 
commercial blue-green algae inoculant. S oil Biol Biochem 12:471-475 

133. Tiwari KN, Pathak AN and Haft Ram (1980) Green manuring in combination with 
fertilizer nitrogen on rice under double cropping system in an alluvial soil. J Ind 
Soc Soil Sci 28:162-169 

134. Trebuil G (1983) Le systeme de raise en valeur agricole du milieu et son evolution 
recente dans la region de Sathing Pbra - Sud Thailande Juillet 1983 - 101 pp + 
annexes. Universite Prince de Songala - Project de recherches sur les systemes de 
production agricole. Publ No 2 



76 

135. University of Madras (1982) Blue-green algae as a source of bio-fertilizers in 
Thanjauur district - Tamil Nadu. Res Study No 74 of the Agric Econ Res Center, 
Multigr 79 pp 

136. V'aehhani MB and Murthy KS (1964) Green manuring for rice. ICAR Res Report 
Ser No 17 Ind Council Agric Res New Delhi 50 pp 

137. Van Berkum and Bohlool BB (1980) Evaluation of nitrogen fixation by bacteria in 
association with roots of tropical grasses. Microbiol Rev 44:491-517 

138. Van Hove C, Diara HF and Godard P (1982) Azolia in West Africa, AzoUa project. 
WARDA 

139. Venkataraman A (1984) Development of organic matter-based agricultural systems 
in South Asia. pp 5 7 - 7 0  In Organic Matter and Rice, International Rice Research 
Institute, Los Banos, Philippines 

140. Venkataraman GS (1972) Algal biofertilizers and rice cultivation. Today and 
Tomorrow's Printers, Faridabad (Haryana) 75 pp 

141. Venkataraman GS (1975) The role of blue-green algae in tropical rice cultivation. 
pp 207-218 In Nitrogen fixation by free-living microorganisms, Stewart WDP ed, 
Cambridge Univ Press 

142. Venkataraman GS (1981) Blue-green algae for rice production - A manual for its 
promotion. FAO Soils Bull No 46 102 pp 

143. Ventura W and Watanabe I (1984) Dynamics of nitrogen availability in lowland 
rice soils: the role of subsoil and effect of moisture regimes. Phil J Crop Sci 9(2): 
135-142 

144. Von Bulov JWF and Dobereiner J (1975) Potential for nitrogen fixation in maize 
genotypes in Brazil. Proc Natl Acad Sci USA 72:2389-2393 

145. Wada H, Panichsakpatana S, Kimura M and Takai Y (1979) Organic debris as micro- 
site for nitrogen fixation. Soil Sci Plant Nutr 25(3):453-456 

146. Watanabe A and Yamamoto Y (1971) Algal nitrogen fixation in the tropics. Plant 
and Soil (special volume), 403-413 

147. Watanabe I (1978) Biological nitrogen fixation in rice soils, pp 465-478  In Soils 
and Rice, The International Rice Research Institute, Los Banos, Philippines 

148. Watanabe I (1982) Azolla-Anabaena symbiosis - its physiology and use in tropical 
agriculture, pp 169-185.  In Microbiology of tropicals soils, Dommergues YR and 
Diem HG eds, Nijhoff M and Junk W 

149. Watanabe I (1984) Use of green manures in Northeast Asia. pp 229-234  In 
Organic Matter and Rice, "The International Rice Research Institute, Los Banos, 
Philippines 

150. Watanabe I and Barraquio WL (1979) Low levels of fixed nitrogen required for 
isolation of free-living N 2 -fixing organisms from rice roots. Nature 277:565-566 

151. Watanabe I, Berja NS and Del Rosario DC (1980) Growth of Azolla in paddy fields 
as affected by phosphorus fertilizer. Soil Sci Plant Nutr 26:301-307 

152, Watanabe I and Brotonegoro S (1981) Paddy fields, pp 241-263 In Nitrogen 
Fixation, Vol 1 Ecology, Broughton WJ ed, Clarendon Press, Oxford 

153. Watanabe I and Cholitkul W (1982) Nitrogen fixation in acid sulfate paddy soils. 
Trop Agric Res Ser No 15:219-226 

154. Watanabe I, Craswell ET and App AA (1981) Nitrogen cycling in wetland rice fields 
in south-east and east Asia. pp 4 - 1 7  In Nitrogen cycling in south east Asian wet 
monsoonal ecosystem. Wetselaar Red ,  Austral Aead Sci Canberra 

155. Watanabe I, De Guzman MR and Cabrera DA (1981) The effect of nitrogen fertilizer 
on N 2 fixation in paddy field measured by in situ acetylene reduction assay. Plant 
and Soil 49 :135-139 

156. Watanabe I, De Guzman MR and Cabrera DA (1981) Contribution of basal portion 
of shoot to N z fixation associated with wetland rice. Plant and soil 59:391-398 

157. Watanabe I and Espinas C (1985) Relationship between soil phosphorus availability 
and azoUa growth. Soil Sci Plant Nutr 31, (in press) 

158. Watanabe I and Lin C (1984) Response of wetland rice to inoculation with Azospi- 
rillum lipofer.um andPseudomonas sp. Soil Sci. Plant Nutri., 30:117-124 

159. Watanabe I and Roger PA (1984) Nitrogen fixation in wetland rice fields, pp 237- 
276 In Current development in biological nitrogen fixation Subba Rao ed Oxford 
and IBH Pub Co. 



77 

160. Wen Qi-Xiao (1984) Utilization of organic materials in rice production in China. pp 
45-56 In Organic Matter and Rice, The International Rice Research Institute, Los 
Banos, Philippines 

161. Yamane I (1978) Electrochemical changes in rice softs, pp 381-398 In Soils and 
Rice, The International Rice Research Institute, Los Banos, Philippines 

162. Yoneyama T, Lee KK and Yoshida T (1977) Decomposition of rice straw residues 
in tropical softs. IV. The effect of rice straw on nitrogen fixation by heterotrophiv 
bacteria in some Philippines soils. Soil Sci Plant Nutr 23:287-295 

163. Yoshida S (1981) Fundamentals office crop science. 267 p. The International Rice 
Research Institute, Los Banos, Philippines 

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

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

166. Yoshida T and Yoneyama T (1980) Atmospheric dinitrogen fixation in the flooded 
rice rhizosphere as determined by the lSN isotope technique. Soil Sci Plant Nutr 
26:551-559 

167. Yoshida T, Yoneyama T and Nakajima Y (1983) In situ measurement of atmos- 
pheric dinitrogen fixation in rice rhizosphere by the N-15 isotope method and 
acetylene reduction method. Jap J Soil Sci Plant 54:105-108 


