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Preface 

Sustainability is defined as “the successful management of resources for agriculture to satisfy changing 
human needs while maintaining or enhancing the quality of the environment and conserving resources” 
(Technical Advisory Committee of Consultative Group on International Agricultural Research). 
Economists view sustainability as the ratio of input to output, taking into account stock depletion. In 
agriculture, stocks include soil, water, nonrenewable energy resources and environmental quality. 
Industrially produced N fertilizer depletes nonrenewable energy resources and poses human and 
environmental hazards. In developing countries, importing N or building fertilizer plants requires scarce 
foreign exchange. Atmospheric n is virtually unlimited, but it must be converted to a plant-usable form 
through biological or nonbiological processes. 

Biological N fixation (BNF) is a vital component of agricultural sustainability. It can be a major N 
source in symbiotic systems such as legumes, or a minor source supplementing inorganic N in 
nonsymbiotic, nonlegumes such as cereals. Nonsymbiotic BNF is important in replenishing soil N 
depleted by crop removal or lost through leaching, volatilization, and denitrification in nonfertilized or 
moderately fertilized irrigated lowland rice where soil N is maintained naturally. Even heavily 
N-fertilized systems marked by high cropping intensity may experience soil N depletion. In these soils 
sustainability depends on symbiotic and nonsymbiotic BNF. 

Tremendous progress in BNF biochemistry and genetics has been made in the last 30 years, yet we 
are still hoping for breakthroughs in nif gene transfer from legumes to nonlegumes. Much more basic 
work is required. In the meantime, we should ask whether basic research is being pursued at the 
expense of applied research. Relevant basic research must continue. but of equal or greater importance 
is applied farm-level research. 

This book is a product of the symposium, Role of Biological Nitrogen Fixation in Sustainable 
Agriculture, jointly organized by the International Society of Soil Science and the International Rice 
Research Institute at the 13th International Congress of Soil Science, Kyoto, Japan. Papers on BNF in 
major crops and cropping systems were augmented by discussions of integrated cropping systems 
involving BNF, soil and N management, recycling of crop residues, and multipurpose legumes. Recent 
work on promising BNF systems and their potential for exploitation were discussed. There was also a 
presentation on donor perspectives on research priorities and funding. This present volume brings 
together extended versions of all technical papers presented, and a perspective paper on BNF for Sustainable 
Agriculture. 

J.K. Ladha 
Chairman of the Symposium 
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B. Ben Bohlool 
Dedication 

The BNF community throughout the world was saddened by the death of Dr. B. Ben Bohlool, 
University of Hawaii NifTAL Project Director, on 16 May 1991. This book is dedicated to his memory, 
in honor of the many contributions he made to this field. 

Ben was born in Tehran, Iran, in 1940. In 1971, he graduated with a Ph.D. in microbial ecology from 
the University of Minnesota at Minneapolis under Dr. E.L. Schmidt. His doctoral work focused on the 
use of immunofluorescence in the study of the ecology of Rhizobium japonicum in soils. Further 
post-doctoral research with Dr. Schmidt resulted in their formulation of the lectin hypotheses. This 
pioneering work suggested that lectins were a possible basis for specificity in the legume-rhizobia 
symbiosis. 

Ben dedicated his research career to understanding this nitrogen fixing symbiosis. In 1976, Ben joined 
the faculty of the University of Hawaii. His research there encompassed several major areas including 
the ecology of rhizobia in tropical soils, assessing the potential of fast-growing soybean rhizobia from 
China, and studying the host regulation of the legume-rhizobia symbiosis. During his tenure at the 
University of Hawaii, Ben was the recipient of the Alexander van Humboldt Fellowship, and spent six 
months with the molecular genetics group at Max-Planck Institute in Cologne, Germany. 

In 1985 Ben was appointed Director and Principal Investigator of the NifTAL (Nitrogen Fixation by 
Tropical Agricultural Legumes) Project. As NifTAL’s Director, Ben fostered his vision of the Project 
as both a dynamic research institute as well as a responsive resource for promoting BNF in agricultural 
development. He led the Project in developing international outreach and training activities, and was 
nominated for the World Food Prize for these efforts. Ben also remained active in research, and 
supported an international network of researchers in rhizobia1 ecology to study environmental effects 
on the occurrence, persistence, and performance of rhizobia in tropical soils. 

Ben is remembered by his friends and colleagues as an excellent and creative scientist. He was blessed 
with an insatiable curiosity, social gregariousness, and the ability to savor all aspects of life. Besides his 
own scientific contributions, Ben’s legacy includes the continuing work of his graduate students, and 
that of his colleagues promoting BNF for sustainable agricultural development. 
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Abstract 

The economic and environmental costs of the heavy use of chemical N fertilizers in agriculture are a 
global concern. Sustainability considerations mandate that alternatives to N fertilizers must be urgently 
sought. Biological nitrogen fixation (BNF), a microbiological process which converts atmospheric 
nitrogen into a plant-usable form, offers this alternative. Nitrogen-fixing systems offer an economically 
attractive and ecologically sound means of reducing external inputs and improving internal resources. 
Symbiotic systems such as that of legumes and Rhizobium can be a major source of N in most cropping 
systems and that of Azolla and Anabaena can be of particular value to flooded rice crop. Nitrogen 
fixation by associative and free-living microorganisms can also be important. However, scientific and 
socio-cultural constraints limit the utilization of BNF systems in agriculture. While several environmen- 
tal factors that affect BNF have been studied, uncertainties still remain on how organisms respond to a 
given situation. In the case of legumes, ecological models that predict the likelihood and the magnitude 
of response to rhizobia1 inoculation are now becoming available. Molecular biology has made it possible 
to introduce choice attributes into nitrogen-fixing organisms but limited knowledge on how they interact 
with the environment makes it difficult to tailor organisms to order. The difficulty in detecting 
introduced organisms in the field is still a major obstacle to assessing the success or failure of 
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inoculation. Production-level problems and socio-cultural factors also limit the integration of BNF 
systems into actual farming situations. Maximum benefit can be realized only through analysis and 
resolution of major constraints to BNF performance in the field and adoption and use of the technology 
by farmers. 

Introduction 

Chemical fertilizers have had a substantial im- 
pact on food production in the recent past, and 
are today an indispensable part of modern ag- 
ricultural practices. The Green Revolution of the 
past half-century was fueled by technologies 
heavily dependent on synthetic fertilizers. Rus- 
sell et al. (1989) estimate that in 1985, the use of 
38.8 million Mt of N fertilizer on cereals globally 
resulted in increased world cereal production of 
938 million Mt, more than half of the total cereal 
production in that year. They defined a relation- 
ship between world N fertilizer use on cereals 
(X) and mean world cereal yield (Y), between 
1956 and 1985, which could be expressed by the 
equation Y = 1202 + 13.3X, with R2 = 0.983 em- 
phasizing the major driving force of N fertilizers 
in food production today. 

There are, on the other hand, vast areas of the 
developing world where N fertilizers are neither 
available nor affordable. Furthermore, in most 
of these countries, removal of N fertilizer sub- 
sidies, due to balance of payment problems, 
have resulted in higher prices and lower supplies. 
Even in wealthier nations, economic and en- 
vironmental considerations dictate that biological 
alternatives which can augment, and in some 
cases replace, N fertilizers must be sought. The 
process of biological nitrogen fixation (BNF) 
offers this alternative. In this paper, we outline 
sustainability issues that dictate increased use of 
BNF and the constraints to optimal use of BNF 
in agriculture. 

The issue of sustainability in agriculture 

Sustainability is defined as ‘the successful man- 
agement of resources to satisfy changing human 
needs while maintaining or enhancing the quality 
of the environment and conserving resources’ 
(TAC, CGIAR, 1978). Economists measure sus- 
tainability as the ratio of output to input, taking 

into account stock depletion. Stocks in agricul- 
ture include soil, water, nonrenewable energy 
resources, and environmental quality. 

Modern agriculture is based on maximum out- 
put in the short term, with inadequate concern 
for input efficiency or stock maintenance 
(Odum, 1989). Nitrogen fertilizer ranks first 
among the external inputs to maximize output in 
agriculture. Input efficiency of N fertilizer is one 
of the lowest among the plant nutrients and, in 
turn, contributes substantially to environmental 
pollution. The continued and unabated use of N 
fertilizers would further accelerate depletion of 
stocks of non-renewable energy resources used 
in fertilizer production. The removal of large 
quantities of crop produce from the land addi- 
tionally depletes soil of its native N reserves. On 
the other hand, BNF, a microbiological process 
in the biosphere, converts atmospheric dinitro- 
gen into a plant-usable form through the micro- 
bial enzyme nitrogenase. Nitrogen input through 
BNF can help maintain soil N reserves as well as 
substitute for N fertilizer to attain large crop 
yields (Peoples and Craswell, 1992). 

Another issue which needs urgent attention is 
the decline in crop yields under continuous use 
of N fertilizers. The trend of the 1970s of in- 
creasing crop yields from fertilizer N addition 
has recently been slowed down both in the de- 
veloped (Plucknett and Smith, 1986) and in the 
developing countries (Barker and Chapman, 
1988; Byrlee, 1987). Odum (1989) indicated that 
a 4-fold increase in crop yield during the 1970s 
and 80s occurred at an 11-fold increase in fertil- 
izer N use in Georgia, USA. An analysis of 
several years’ data on rice yields from ex- 
perimental stations in Philippines, Indonesia and 
Thailand by Pingali et al. (1990) shows trends of 
stagnation or decline. 

Economic considerations: The fossil-fuel 
outlook 

The oil crisis of the 1970s and the current Middle 



East problems are constant reminders of the 
vulnerability of our fossil fuel-dependent agricul- 
tural and food production systems. As the price 
of oil increases, so does that of agricultural 
inputs, notably of N fertilizers. 

Industrial processes for the manufacturing of 
nitrogen fertilizer are heavily reliant on fossil 
fuel, utilizing a vast proportion of our energy 
supplies. Synthesis of compounds of nitrogen 
from N2 gas (the Haber-Bosch process) requires 
large quantities of hydrogen, usually obtained 
from natural gas, in addition to substantial 
amounts of energy to establish and maintain the 
conditions of high temperature and pressure re- 
quired for nitrogen to react with hydrogen to 
produce ammonia. In addition to the cost of 
production, a great deal of energy is also used 
for transportation, storage, and application of N 
fertilizer, all totalling to near 22,000 kilo calories 
of energy per kilogram of fertilizer-N processed, 
distributed, and applied (see Evans, 1975). 

Capital costs for construction of a medium-size 
N fertilizer factory alone exceed $100 million. 
Considering that most of the hardware and 
know-how for construction of the factory comes 
from industrialized nations, it is difficult to pro- 
mote expansion of the fertilizer manufacturing 
industry in developing countries strapped for 
hard currency. 

Environmental quality considerations: Health 
and ecological impacts 

The external costs of environmental degradation 
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and human health far exceed economic concerns. 
Nitrate in groundwater is a major health concern 
in the corn belt of the U.S., and other intensive- 
ly cultivated areas. Nitrogen in run-off and sur- 
face waters has led to extensive pollution and 
eutrophication of rivers and lakes. The gaseous 
oxides of nitrogen, derived from N fertilizers, 
are highly reactive and pose a threat to the 
stability of the ozone layer. Table 1, modified 
from Keeney (1982), summarizes the potential 
adverse impacts of excessive fertilizer N appli- 
cation. 

Production sustainability : Management of 
internal resources 

Long-term sustainability of agricultural systems 
must rely, as much as possible, on use and 
effective management of internal resources. Ni- 
trogen-fixing plants offer an economically attrac- 
tive and ecologically sound means of reducing 
external inputs and improving the quality and 
quantity of internal resources. Biological nitro- 
gen fixation can be a major source of N in 
agriculture when symbiotic N2-fixing systems are 
used; the amount of N input is reported to be as 
high as 360 kg N ha -1 (Table 2). On the other 
hand, the nitrogen contributions from non- 
symbiotic (associative and free-living) micro- 
organisms are relatively minor, thus requiring 
fertilizer N supplementation. 

Among symbiotic N,-fixing systems, nodulated 
legumes have been used in cropping systems for 
centuries. They can serve a multitude of pur- 

Table 1. Potential adverse environmental and health impacts of excessive N use (Keeney, 1982) 

Impact Causative agents 

Human health 
Methemoglobinemia in infants 
Cancer 
Respiratory illness 

Environmental health 
Environment 
Eutrophication 
Materials and ecosystem damage 
Plant toxicity 
Excessive plant growth 
Stratospheric ozone depletion 

Excess NO3 and NO2 in waters and food 
Nitrosamine illness from NO2, secondary amines 
Peroxyacyl nitrates, alkyl nitrates, NO3 aerosols, 
NO2, HNO3 vapor in urban atmospheres 

Excess NO3 in feed and water 
Inorganic and organic N in surface waters 
HNO3 aerosols in rainfall 
High levels of NO2 in soils 
Excess available N 
Nitrous oxide from nitrification, denitrification, 
stack emissions 
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Table 2. Estimates of dinitrogen fixed by different N2-fixing systems in agriculture 

N2-fixing system N2 fixed 
(kgN ha-1) 

References 

Free-living/associative 
Rice-blue green algae 
Rice-bacterial association 
Sugarcane bacterial association 

10- 80 crop -1 

10- 30 crop-1 

20-160 crop -1 

Roger and Ladha (1992) 
Roger and Ladha (1992) 
Urquiaga et al. (1989) 

Symbiotic 
Rice-Azolla 20-100 crop-1 Roger and Ladha (1992) 
Legume-Rhizobium 

Leucaena leucocephala 100-300 yr -1 Danso et al. (1992) 
Glycine max 0-237 crop -1 Keyser and Li (1992) 
Trifolium repens 13-280 crop-1 Ledgard and Steel (1992) 
Sesbania rostrata 320-360 crop-1 Ladha et al. (1990) 

Non-legume- Frankia Casuarina sp. 40- 60yr-1 Gauthier et al. (1985) 

poses in sustainable agriculture. They are used as 
primary sources of food, fuel, fiber and fertilizer, 
or, secondarily, to enrich the soil, preserve mois- 
ture and prevent soil erosion. They can also be 
used for windbreak, ground cover, trellis, 
hedgerow and shade, or as a source of resins, 
gums, dyes and oils. Some of the most ornamen- 
tal flowering plants in the tropics are legumes 
(see NAS 1979 for more detail). 

Some of the nodulated nonlegumes, notably 
species of Casuarina, are hardy nitrogen-fixing 
plants, which produce high-quality fuelwood on 
marginal lands, and have also been used for 
stabilizing sand dunes and eroding hillsides, as 
well as for reclaiming marshlands affected by 
fluctuating brackish/fresh water. The trees are 
useful for shade, windbreaks and hedges (for 
more detail see NRC, 1984). 

Of particular practical value in rice production 
systems is the nitrogen-fixing symbiotic water 
fern Azolla. Azolla in symbiosis with cyanobac- 
terium Anabaena azollae can fix 2-4 kg N ha" 
day-1 (Lumpkin and Plucknett, 1982). Recently 
other benefits of Azolla have been recognized: a) 
weed suppressor, b) K scavenger from flood- 
water, c) animal feed, d) fish feed, e) P 
scavenger in sewage-treatment plants, and f) 
suppressor of ammonia volatilization. (Watanabe 
and Liu, 1992). 

Associative and free-living microorganisms are 
believed to contribute to production sustainabili- 
ty of flooded rice production systems (Roger and 
Ladha, 1992). Approximately 50% of the N 
requirement of a flooded rice crop is met from 

the soil N pool (Bouldin, 1986) which is believed 
to be maintained through BNF by associative 
and free-living microorganisms (Koyama and 
App, 1979). Contributions from non-symbiotic 
N2 fixation in upland agriculture is generally not 
substantial (Kennedy and Tohan, 1992), al- 
though N2 fixation to the order of 160 kg N ha-1 

has been reported for sugarcane (Table 2). 

Constraints to utilization of nitrogen-fixing 
systems 

There are still many unknowns in the scientific 
understanding of N2 fixation. Research into the 
basic mechanisms of the process is an important 
goal for improving N2 fixation in the future 
(Ishizuka, 1992), but few, if any, of these un- 
knowns are constraining implementation of the 
existing BNF technologies. So much of the exist- 
ing knowledge is not being used, especially in 
developing countries, that it is essential to de- 
vote major efforts towards adoption of what is 
already known. 

There are major technical, socio-economic and 
human-resource obstacles to fuller implementa- 
tion of BNF technologies in cropping systems. 
The first can be addressed through comprehen- 
sive programs of basic and applied research. The 
latter two through education, training and pri- 
vate-enterprise development. 

Full utilization of, and maximal benefit from, 
BNF systems can be realized only through analy- 
sis and resolution of major constraints to their 



optimal performance in the field, and their adop- 
tion and use by the farmers. These can be clas- 
sified broadly into environmental, biological, 
methodological, production-level and socio- 
cultural constraints. 

Environmental constraints 

The revolution in modern molecular biology has 
made it possible to alter the genetic composition 
of living organisms and give them attributes de- 
sirable to man. However, our lack of under- 
standing of how organisms interact with and 
within their environments has made it difficult to 
tailor organisms to order. The question is no 
longer ‘can we genetically engineer beneficial 
organisms?’, but ‘what should we engineer them 
for?’. The challenge is to match the genetic 
potential of the living systems to the controlling 
parameters of the environment. 

An essential consideration in establishment of 
nitrogen-fixing systems is how they would re- 
spond to the adversities of the soil environment. 
A thorough understanding of the ecology of the 
various nitrogen-fixing systems is crucial to the 
successful application and acceptance of BNF 
technologies for sustainable productivity. 

The ‘Law of the Minimum’ states that plant 
productivity can be defined by a single limiting 
factor in the system. Amelioration of the limiting 
factor will increase productivity until another 
essential growth factor in the system becomes 
limiting. Therefore, no amount of biologically or 
chemically fixed nitrogen can increase produc- 
tion as long as some other factor is limiting 
growth. Several environmental factors that affect 
the performance of legume/rhizobia symbiosis 
(Alexander, 1985; Atkins, 1986) and actinorhizal 
(Frankia) symbiosis (Tjepkema et al., 1986; Tor- 
rey, 1978) have been studied. Gibson (1977), 
Munns and Francop (1982), Freire (1984) and 
Ladha et al. (1992) have reviewed the soil con- 
straints to symbiotic performance. Major consid- 
erations affecting either the microbe, the host, or 
their symbiotic interaction include soil acidity 
(Munns, 1977), other acid-related factors includ- 
ing aluminum and manganese toxicity, and cal- 
cium deficiency (Singer and Munns, 1987), phos- 
phorus (Almendras and Bottomley 1988; Cass- 
man et al., 1981; Helyar and Munns, 1975; 

BNF for sustainable agriculture 5 

Keyser and Munns, 1979; Leung and Bottomley, 
1987; Munns, 1979; Singleton et al., 1985), cal- 
cium (Beck and Munns, 1984, 1985), salinity 
(Singleton and Bohlool, 1983) and flooding 
(Ladha et al., 1992). Symbiotic activity within a 
plant community is also conditioned by the 
amount of N mineralized from organic sources 
(George et al., 1988). 

Watanabe and Liu (1992) have discussed the 
diverse environmental constraints which limit the 
optimum performance of azolla. They include P 
deficiency, sensitivity to drought and high tem- 
perature. 

One of the major obstacles to successful estab- 
lishment and effective performance of intro- 
duced N2-fixing systems is competition from na- 
tive organisms. This has been extensively dem- 
onstrated for legume inoculants, and is likely to 
be a serious problem for other exotic organisms 
in new environments. 

The complexities involved in competition for 
nodulation of legumes are numerous, as noted in 
the recent review by Dowling and Broughton 
(1986). Environmental influences such as soil 
temperature (Weber and Miller, 1972), or addi- 
tions of P and K (Almendras and Bottomley, 
1988) can alter competition patterns. 

The population size oc naturalized rhizobia 
affects the likelihood of inoculant establishment 
(Bohlool and Schmidt, 1973; Weaver and Fre- 
derick, 1974 a,b) and the magnitude of a legume 
crop’s response to applied rhizobia (Singleton 
and Tavares, 1986). The yield and nodulation of 
a promiscuous host cowpea ( Vigna unguiculata 
(L) Walp) can be increased with inoculation less 
frequently due in part to the population size and 
competitive ability of indigenous Brady- 
rhizobium sp. in tropical soils (Danso and 
Owiredu, 1988). However, the belief that tropi- 
cal legumes do not respond to rhizobial inocula- 
tion is a misconception based on faulty assump- 
tions and very little data (Singleton et al., 1991). 
Soybean, which has more specific rhizobial re- 
quirements, responds to inoculation with Brady- 
rhizobium rhizobia when first introduced into an 
area (Thies et al., 1991a). As the introduced 
rhizobia become naturalized, the yield response 
to inoculation is no longer observed in sub- 
sequent crops (Dunigan et al., 1984; Ellis et al., 
1984). Thies et al. (1991b) have recently used 
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indices of native rhizobial population size and 
the nitrogen status of the soil to develop ecologi- 
cal models for predicting the likelihood, and the 
magnitude, of legume response to rhizobial 
inoculation. 

Biological constraints 

What ultimately determines the success of a BNF 
practice is the genetic potential of the organisms 
and how that interacts with components of the 
environment. Figure 1 summarizes the data of 
Thies et al. (1991a) with legume inoculation. It 
compares the relative yield of uninoculated and 
inoculated legumes with that of N treatment 
(approximately 1000 kg of N per hectare, split 
100 kg N per week), for a total of 29 combina- 
tions of 9 legume species at 5 diverse sites. The 
N treatment is taken as the 100% full yield 
potential for each species. The difference be- 
tween uninoculated and inoculated plants repre- 
sents opportunities for increasing yield of 
legumes with existing knowledge and inoculation 
technology. The gap between yields of inocu- 
lated and fertilized plants represents the window 
of opportunity for improving symbiosis by gen- 

etic manipulation, environmental management, 
or both. 

A variety of biological factors may influence 
the expression of BNF in all nitrogen-fixing sys- 
tems. In symbiotic associations, both partners 
are subject to biological constraints, such as 
disease and predation which can directly or in- 
directly affect the amount of N fixed, as well as 
the quantity made available to other components 
of the cropping system. 

In general, and especially so in legumes, the 
amount of nitrogen fixed is directly related to the 
growth potential of the host in a particular sys- 
tem. When growth is limited, for example by 
disease, nitrogen fixation will be reduced accord- 
ingly. 

Methodological constraints 

The difficulty in identifying the N2-fixing organ- 
isms introduced into the field is one of the major 
obstacles to assessing the success or failure of the 
technology. This is relatively easier with sym- 
biotic legumes, since in most systems serological 
methods can be used to successfully identify and 
monitor the introduced rhizobia (for reviews, see 

Fig. 1. Comparative benefits from rhizobia1 inoculation and N application. Results summarized from Thies et al. (1991a) with 9 
legume species at five sites. 



Bohlool and Schmidt, 1980; Bohlool, 1987). 
With the advent of DNA probes for genetic 
analysis at the strain level (Holben et al., 1988), 
it is likely that this barrier will be removed for 
most BNF systems in the near future. 

Inoculant technology is well-developed for 
legume inoculants, but still in its infancy for 
actinorhizal and other BNF systems (Torrey, 
1978). Although there have been some successes 
in growing Frankia in pure culture (Callaham et 
al., 1978; Diem et al., 1982), it still remains a 
problem to produce inoculum on a large scale. 
Even for legumes, the scale of production, the 
availability of suitable carrier material, preserva- 
tion of germ plasm, and shelf-life of the finished 
product are serious constraints to use of inocul- 
ants, especially in developing countries. 

A major methodological constraint to BNF 
use is the lack of reliable techniques for measur- 
ing nitrogen fixation in the field. This is particu- 
larly true for perennial pasture legumes and trees 
(Danso et al., 1992). When non-fixing genetic 
isolines are available, the N difference method 
can be a reliable estimator of the contribution of 
BNF. Unfortunately, however, only for soy- 
beans, and to some extent for peas, have well 
characterized nod-nod isolines been reported. 
There are reports of nod-nod alfalfa, peanuts 
and chick peas, but these have not been studied 
as extensively. Several of the chapters in this 
volume cover the state of the art in methodolo- 
gies for BNF measurement and discuss the 
strengths and limitations of various measurement 
techniques. 

Production-level constraints 

The development of an efficient BNF system 
carries no certainty that it will be successfully 
incorporated into prevailing farming systems. 
There are several field-level production con- 
straints that limit the incorporation of BNF sys- 
tems into farming systems. 

Cereal crops dominate the agricultural land- 
scape in both the temperate and tropical worlds. 
Fitting legumes into these systems is a task of 
challenging complexity, notwithstanding their 
significant BNF benefits. More niches for 
legumes must be found within the major crop- 
ping systems, and numerous agronomic limita- 
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tions overcome, in order to exploit BNF’s direct 
and indirect contributions. 

Wide-scale production of leguminous crops 
has been particularly constrained in the humid 
tropics (Khanna-Chopra and Sinha, 1989). High 
precipitation and humidity during the rainy sea- 
son induce insect and disease epidemics that 
have so far proven difficult to control, thus creat- 
ing yield instability. Grain legume pods are also 
hygrophilic, and the seed deteriorates very rapid- 
ly in humid conditions (Shanmugasundaram, 
1988). Special harvest precautions are needed 
compared to the cereals. Also, most legume 
cultivars have indeterminant-plant characteris- 
tics. They tend to have a low grain-to-biomass 
ratio when produced in rainy, cloudy weather 
patterns. 

Due to these constraints, most legume produc- 
tion is undertaken in the wet-dry transition 
period at the end of the monsoon season, or 
during the dry-wet transition at the onset of the 
rains. These seasons are subject to great rainfall 
variability, resulting in alternating moisture 
stress or excess (George et al., 1992). Crop 
establishment is more difficult in the fluctuating 
moisture conditions, and grain yield and BNF 
contributions tend to be unreliable. 

In the humid uplands, where Ultisols and Ox- 
isols predominate on all three tropical conti- 
nents, severe acidity and phosphorus deficiency 
are characteristic problems (Sanchez, 1980). Un- 
less they can be alleviated through soil ameliora- 
tion with external nutrient sources, production of 
conventional grain legumes is not favored. The 
contribution of BNF on these soils is also ham- 
pered by the fact that nitrogen is often not the 
primary limiting nutrient. 

The approach of developing unconventional 
BNF systems for the domain of strongly acid 
soils is now receiving prominent attention. For 
sustaining intensive production, particular em- 
phasis is directed to BNF in alley-cropping sys- 
tems using leguminous trees or forages (Kang, 
1990). For fallow-rotation systems, which occupy 
vast areas, managed fallows of leguminous cover 
crops are being developed. Until recently, little 
research attention had been devoted to these 
practices. 

In the wetland rice production systems of the 
humid tropics, both leguminous green manures 
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and grain legumes have traditionally played a 
critically important BNF role (King, 1911). The 
contribution of both declined in recent decades 
as fertilizer-N use became widespread. Research 
is developing new species to better exploit the 
available cropping-system niches. One striking 
example is the introduction of stem-nodulating 
green manure species (Ladha et al., 1992) that 
are better adapted to waterlogged conditions. 
However, the typical agronomic constraints com- 
mon to all green manures remain as real barriers 
to adoption (Garrity, 1990). For most species, 
sustainable seed production is primary among 
them (Garrity et al., 1990), but successfully es- 
tablishing the crop, and incorporating it into the 
soil during land preparation for rice, must be 
done with an absolutely minimal cost (Pradhan, 
1988). Very little attention has been given to 
these critical agronomic issues. 

Although Azolla is a potential BNF system for 
wetlands, the technology suffers from many 
farm-level constraints which limit any wide- 
spread use by farmers. Major constraints are: 
difficulty in maintaining and distributing inocula 
round the year and susceptibility to insects and 
diseases. 

In the semi-arid tropics legumes occupy a 
more important role than in the humid tropics 
(Willey, 1979). They are commonly intercropped 
with cereals (Fujita et al., 1992): pigeon peas 
with sorghum in India, cowpeas with sorghum or 
maize in West Africa. The superiority of legume- 
cereal intercropping is well established for these 
long-duration annual crop associations. How- 
ever, the long-term viability of these systems is 
still uncertain, unless they can be more effective- 
ly subjected to sustained improvements in ag- 
ronomic efficiency. 

In the temperate zone, legume oilseeds, par- 
ticularly soybeans (Keyser and Li, 1992) and 
forages (Ledgard and Steele, 1992) are of major 
importance. Intensive agronomic research has 
assured their products as valued commodities. 
However, their indirect role as BNF suppliers to 
subsequent crops in rotations, although readily 
perceived by farmers, is discounted in practice. 
This occurs because of the lack of dependable 
quantitative measures of the actual N contribu- 
tion, season by season, at the field level. Conse- 
quently, farmers usually ignore the contribution 
of the prior legume N when they calculate N 

fertilizer applications to the following cereal. 
Unless better tools to estimate legume N contri- 
butions are perfected, legumes may be found to 
unintentionally accelerate nitrate leaching into 
the groundwater, thus creating negative environ- 
mental consequences. 

Socio-cultural constraints 

It is important to emphasize that the constraints 
to fuller adoption of BNF technologies are not 
solely scientific but include cultural, educational, 
economic and political factors. A successful 
BNF-based program, therefore, must involve, in 
addition to scientific research, efforts in training, 
education, outreach and technical assistance. 
Evaluations of socio-economical constraints are 
needed to publicize the benefits of BNF technol- 
ogy and provide advance warnings about poten- 
tial difficulties, facilitating their removal or cir- 
cumvention. 

Most farmers in developing countries do not 
know that legumes fix nitrogen in their root 
nodules. Yet traditional and modern farming 
systems of the tropics almost invariably include 
legumes. The legume cultivation results from 
recognition by farmers over many centuries that 
legumes are valuable components in farming sys- 
tems rather than from intentional exploitation of 
biological nitrogen fixation per se. 

The cost of inoculants is not usually a con- 
straint to their use by farmers who outlay capital 
for seed. Inoculant cost will seldom exceed 1% 
of the seed cost. For subsistence farmers who do 
not ordinarily purchase seed off the farm, the 
capital outlay for inoculant, albeit small, may be 
a disincentive to the use of inoculants. Cost 
becomes a more important consideration with 
granular forms of inoculant in which the rate of 
application is much higher than with seed- 
applied inoculant. 

BNF technology is a difficult technology to 
deliver by normal extension mechanisms. Thus a 
lack of illustrative and explanatory pamphlets 
and other aids, both for extension agents and 
farmers with whom they have contact, is also a 
constraint to implementation of BNF technology 
at the farm level. 

Furthermore, few of the senior administrators 
and decision makers who determine agricultural 
policy in developing countries are fully aware of 
the opportunities for legume-based BNF technol- 



ogy in the agriculture sector of their countries. 
Most policy-makers are aware of some of the 
attributes of legumes, but relatively few ap- 
preciate the role played by biological nitrogen 
fixation in legumes. Among those few an even 
smaller proportion recognizes that it may be 
essential to employ specific technologies to en- 
sure that nitrogen fixation occurs at all, let alone 
at a maximal rate. Thus, there is a need for 
educational material, especially developed for 
this clientele group, bringing to their attention 
the real need to adapt currently available tech- 
nology to the particular circumstances in which it 
is to be employed in their country. 

The task of training and educating persons to 
deliver BNF information and material has also 
been made difficult by the critical shortage of 
specialists with knowledge and interest in practi- 
cal and applied aspects of the technology. The 
mass exodus of microbiologists and plant biolog- 
ists from applied BNF to molecular biology and 
genetics has created a serious void in programs 
addressing BNF needs of sustainable agriculture 
systems in developing countries. 

National and international subsidies for nitro- 
gen fertilizers, in both developed and developing 
countries, have been a disincentive for farmers 
to use BNF products. However, as national 
debts rise and subsidies are phased out, BNF 
becomes more attractive and acceptable. Donor 
agencies should do more to educate and train 
in-country personnel to be able to respond to 
increasing demands for BNF, as sustainability 
and environmental issues demand biological al- 
ternatives to the use of industrial fertilizers. 

Crop subsidies and support programs are, in 
some countries, limited to cereal crops. The 
United States is a major example. This situation 
distorts the entire agricultural system. It provides 
a de-facto incentive to abandon legume-cereal 
crop rotations in favor of cereal mono-cropping. 
In countries where virtually no differential crop 
support is practiced, for example in Australia, 
exploitation of cereal-legume systems is a domi- 
nant feature of agriculture. 

Conclusion 

Fertilizer nitrogen has become a major input in 
crop production around the world. Farmers have 
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become increasingly dependent on off-farm sup- 
plies, which requires cash and may not always be 
available on time. The harmful effects on the 
environment of heavy use of N fertilizer are 
becoming more evident. Further, the fossil fuels 
which are used in the production of N fertilizer 
are becoming scarcer and more expensive. At 
the same time, the demand for food is going up 
as populations increase. Therefore, there is a 
great need to search for all possible avenues to 
improve biological nitrogen fixation and its use 
by farmers. There is a need of sustainable farm- 
ing which maintains soil fertility by using renew- 
able resources easily and cheaply available on 
the farm. Examples are: rotating cereal crops 
with legumes, recycling manure and other or- 
ganic wastes, and using chemical fertilizers mod- 
erately, but efficiently. 

A quantitative understanding of the ecological 
factors that control the fate and performance of 
BNF systems in the field is essential for promo- 
tion and successful adoption of these tech- 
nologies. We can no longer afford the time and 
expense of trial-and-error experimentation, 
which has been the hallmark of experimental 
agricultural sciences in the past. Future research 
will have to be directed towards approaches that 
generate information that is transferable from 
one site to another. Scientists from biophysical 
and socio-economical fields should work together 
to identify and eliminate farmers’ limitations in 
using BNF technology. 

Recently, research efforts on basic aspects of 
biochemistry and genetics of biological nitrogen 
fixation have increased considerably. Yet, we are 
still hoping for breakthroughs in nif gene transfer 
from legumes to nonlegumes. Much more basic 
work will still be required. However, in the 
meantime, we should ask whether basic research 
is pursued at the expense of applied research. 
Relevant basic research must continue, but of 
equal or greater importance is applied, farm- 
level research. 
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Abstract 

Inputs of biologically 
involving legumes and 
or from non-symbiotic 

fixed N into agricultural systems may be derived from symbiotic relationships 
Rhizobium spp., partnerships between plants and Frankia spp. or cyanobacteria, 
associations between free-living diazotrophs and plant roots. It is assumed that 

these N2-fixing systems will satisfy a large portion of their own N requirements from atmospheric N2, 
and that additional fixed N will be contributed to soil reserves for the benefit of other crops or forage 
species. This paper reviews the actual levels of N2 fixation attained by legume and non-legume 
associations and assesses their role as a source of N in tropical and sub-tropical ,agriculture. We discuss 
factors influencing N, fixation and identify possible strategies for improving the amount of N, fixed. 

Introduction 

Funding of research is, like science itself, subject 
to major shifts in thinking which wax, and some- 
times wane, as our knowledge advances. In re- 
cent years, a major factor influencing the ap- 
proach of donors to research funding has been 
the widespread international concern about en- 
vironmental pollution and the erosion of the 
agricultural resource base. This concern was 
crystallized in a report entitled ‘Our Common 
Future” (WCED, 1987) which strongly advo- 
cated sustainable development i.e. ‘development 
that meets the needs of the present without 
compromising the ability of future generations to 
meet their own needs’. Currently many govern- 
ments of both developing and developed coun- 
tries are embracing this policy. As a con- 
sequence, donor agencies are increasingly direct- 
ing research and development funds towards 
programs which specifically address the problems 
of pollution and natural resource degradation. In 
some developed countries, concern about en- 
vironmental pollution and the effects of farm 
chemical residues in food is affecting agricultural 
trade and marketing. 

Viewed in the context of this broadbrush poli- 
cy picture, research on biological N, fixation 
would appear to have much to contribute to the 
sustainability of agriculture. The promise of 
‘free’ nitrogen (N) from the atmosphere to en- 
hance productivity, the virtual elimination of risk 
of groundwater contamination by nitrate, the 
supplementation of human and animal diets with 
better-quality protein, and the provision of veg- 
etative cover to reduce the susceptibility of soils 
to erosion. 

This chapter focuses on the role of N,-fixing 

associations in tropical and sub-tropical agricul- 
ture, discusses the general framework within 
which research priorities are set, and considers 
some of the issues which influence the thinking 
of donor agencies. The opinions are coloured by 
the perception of an increased emphasis by 
donors on accountability and cost/benefit analy- 
sis in research programming. To some extent this 
emphasis reflects a disillusionment with science 
amongst sectors of the public and a certain ‘aid 
fatigue’ which is evident in some countries. 

The role of N2-fixing associations in agriculture 

The terrestrial flux of N from biological N2 fixa- 
tion has been calculated to range from 139- 
170 x 106 t N/yr (Burns and Hardy, 1975; Paul, 
1988). While the accuracy of these numbers 
might be questioned, they are nonetheless in- 
dicative of the importance of biological N, fixa- 
tion in the context of the global N cycle. While 
in absolute terms N, fixation is small compared 
with total soil N reserves (105,000 x 10 6 t N), it 
is at least several fold greater than inputs of N 
from N fertilizer (65 x 106 t N/yr; Paul, 1988). It 
would be expected that inputs of fixed N into an 
ecosystem would be derived from various sym- 
biotic systems involving for example: 

- Legumes/ Rhizobium spp., 
- Actinorhizal associations (e.g. Casuarina/ 

Frankia) or 
- cyanobacteria partnerships, (e.g. Azolla/ 

Anabaena, cycads/Nostoc, and lichens) 
in addition to numerous non-symbiotic systems 
where free-living diazotrophs fix N, while in 
association with plant roots, during decomposi- 
tion of crop residues, or as cyanobacteria crusts 



on soil. Considerable information is available on 
N2 fixation inputs from legume sources (e.g. 
Herridge and Bergersen, 1988; Ledgard and 
Steele, 1991; Peoples and Herridge, 1990), but 
although the biology of non-legume systems has 
been extensively studied (see Dommergues and 
Diem, 1982; Dart, 1986; Gibson et al., 1988; 
Skinner et al., 1989; Peters and Meeks, 1989), 
much less is known of the amounts of N, fixed in 
these associations because of the methodological 
difficulties in measuring it (Boddey, 1987; Chalk, 
1991; Sougoufara et al., 1990). The relative con- 
tribution of symbiotic N, fixation, or associative 
and free-living fixing systems to the global total 
was assessed by Paul (1988) to be in the order of 
70% symbiotic: 30% non-symbiotic. But in areas 
of arable agriculture, symbiotic N2 fixation by 
legumes is generally expected to be the dominant 
source of N input (possibly greater than 80% of 
the total; Burns and Hardy, 1975). 

Legumes have played an important role in 
traditional farming systems since ancient times, 
but the Haber-Bosch process and the advent of 
cheap N fertilizers led to the widescale abandon- 
ment of legume pasture leys and green manuring 
in Europe and North America. In recent times 
the use of Azolla and milk vetch ( Astragalus 
sinicus ) in China and Japan has declined because 
fertilizers are increasingly more widely available 
and the opportunity cost for labour is high. Some 
of the economic factors affecting farmer adop- 
tion of legume-ley farming systems in Australia 
have been analysed by McCown et al. (1988). 
They suggest that the recent decline in the use of 
pasture legume leys reflects changes in the 
economic circumstances of farmers. However, it 
was concluded that a greater use of ley systems 
could result if the relative prices and export 
markets for wool and wheat change. The object 
lesson is that farmers are motivated primarily by 
economic gain and will readily adopt biological 
N, fixation technology if it is economically ad- 
vantageous to do so. In developed countries, 
changes in macroeconomic and trade policy to 
reduce overproduction and excessive use of N 
fertilizers, in addition to the demand for ‘organi- 
cally-grown’ foods may ultimately result in a 
resurgence in use of N2-fixing associations in the 
farming systems of north America and Europe. 
Research funding agencies are monitoring these 
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trends and are increasingly taking into account 
the economic and farming systems perspective of 
technology options developed through research. 

It is in the tropical and sub-tropical regions of 
the World that the opportunities are greatest for 
the successful exploitation of N2-fixing systems, 
and it has been to these areas that a large 
proportion of international donor funds has been 
directed. 

Soils in upland areas of the humid tropics and 
sub-tropics are commonly leached and highly 
weathered and, after clearing and cultivation 
soon become low in both total and plant-avail- 
able N. With improper management, land in 
these regions is subject to high annual losses of 
N and to rapid degradation because of overgraz- 
ing and deforestation. This trend is widespread 
as cultivation intensifies in response to increasing 
human populations (Lal, 1989). Crop yields are 
often limited by N supply, and animal produc- 
tivity and fecundity are restricted by poor-quality 
forage. However, apart from high-return cash 
crops, N fertilizers are used only to a limited 
extent because of the low per-capita incomes and 
limited credit facilities of most farmers, and 
lack of effective infrastructures for fertilizer pro- 
duction and distribution (Wood and Myers, 
1987). 

When a N2-fixing association is used in agricul- 
ture it is presumed that it will satisfy all, or at 
least part, of its own N requirements from at- 
mospheric N2, and that fixed N surplus to its 
needs will subsequently accrue in the soil and 
benefit other crops. However, since the capacity 
to fix N2 is dependent upon many physical, 
environmental, nutritional and biological factors 
(Chalk, 1991; Gibson et al., 1982; Watanabe, 
1982), it can not be assumed that any N,-fixing 
system will automatically make large contribu- 
tions to the N cycle. In evaluating the role of 
N,-fixing systems in the tropics and sub-tropics, 
we direct most attention in this chapter to the 
legume/Rhizobium symbiosis because of its im- 
portance to agriculture and because of the 
wealth of information available. Non-legume as- 
sociations are included where reliable estimates 
of N, fixation have been reported. Readers are 
referred to other chapters in this volume for 
additional details on both symbiotic and non- 
symbiotic systems. 
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Role of legumes 

Legumes are widely used for food, fodder, 
shade, fuel and timber, as cover crops and for 
green manure. They are a feature of: 

i) Cropping systems: where legumes are 
grown in rotation or intercropped with 
cereals either as crops in their own right or 
as green manures. 

ii) Grazing systems: including extensive graz- 
ing of natural vegetation in semi-arid re- 
gions, intensive pastoral type of agricul- 
ture and 'cut-and-carry' systems. 

iii) Plantation systems: where legume cover 
crops, food crops or shade trees are grown 
in the inter-row space of tree crops such as 
cocoa, coffee, tea, rubber and oil palm. 

iv) Agroforestry systems: in which multipur- 
pose tree and shrub legumes are utilized in 
combination with crops and animals to 
increase the productivity and the sus- 
tainability of the farming system. 

Food legumes 

Plant sources commonly provide 90% of the 
calories and up to 90% of human dietary protein 
in tropical regions. Commonly consumed legume 
seeds contain 17-34% protein, and legume seeds 
and vegetables may contribute between 15-25% 
of the dietary protein intake. The wide variation 
in consumption of the various legume sources by 
humans is due to the broad spectrum of crops 
grown, and the importance of animals in the 
rural economy (Rachie and Roberts, 1974; Wi- 
jeratne and Nelson, 1987). 

Many different species are utilized as compo- 
nents of lowland and upland cropping systems 
(Table 1). Some species are grown widely as 
oilseeds (groundnut and soybean) or pulses 
(pigeonpea, chickpea, cowpea, green and black 
gram, common bean), but often crops have local- 
ized use (e.g. lablab bean, rice bean, bambarra 
groundnut, Kersting's groundnut). The distribu- 
tion of crop legumes is generally determined by 
their adaptation to particular climates and en- 
vironments (Rachie and Roberts, 1974; Wood 
and Myers, 1987). 

Examples of the levels of N2 fixation by food 
legumes are presented in Tables 2, 3, 7 and 11. It 

Table 1. Important food legumes produced in the tropics and 
sub-tropics a 

Genus Species Common name 

Arachis 
Cajanus 
Canavaliu 

Cicer 
Cyamopsis 
Glycine 
Kerstingiella 
Lablab 
Lens 
Macrotyloma 
Mucuna 
Pachyrhizus 
Phaseolus 

Psophocarpus 
Vigna 

Voandzeia 

hypogaea 
cajan 
ensiformis 
gladiata 
arietinum 
tetragonolba 
max 
geocarpa 
purpureus 
culinaris 
uniflorum 
pruriens 
erosus 
acutifolius 
lunatus 
vulgaris 
tetragonolobus 
aconitifolia 
angularis 
mungo 
radiata 
umbellata 
Unguiculata 
subterranea 

Groundnut 
Pigeonpea 
Jack bean 
Sword bean 
Chickpea 
Cluster bean 
Soybean 
Kersting's groundnut 
Lablab bean 
Lentil 
Horse gram 
Velvet bean 
Yam bean 
Tepary bean 
Lima bean 
Common bean, Kidney bean 
Winged bean 
Moth bean 
Adzuki bean 
Black gram 
Green gram 
Rice bean 
Cowpea 
Bambara groundnut 

a After Peoples and Herridge (1990). 

should be noted that these examples generally 
come from experiments in which the conditions 
for plant growth are quite favourable relative to 
those in farmers' fields. The values recorded may 
therefore be considered estimates of potential N2 

fixation under the various agricultural systems. 
Nonetheless, what becomes apparent from the 
data is that the range of levels of N2 fixation is 
large, and this appears to be unaffected by crop 
species or by the country in which the investiga- 
tion was undertaken. For individual species, the 
proportion of plant N derived from N2 fixation 
(P) range from 0.22-0.92 (groundnut); 0.10- 
0.88 (pigeonpea); 0.17-0.85 (chickpea); 0-0.95 
(soybean); 0.10-0.71 (common bean) and 0.08- 
0.89 (cowpea). These values resulted in amounts 
of N2 fixed ranging from 0-450 kg N ha-1. The 
levels of fixation were found to be dependent 
upon water supply, inoculation, crop rotation, 
applications of fertilizer-N, and soil N fertility. 
Clearly in those situations where there was low 
fixation, legumes would be exploiting soil N 
reserves rather than contributing to it. Soil N 
fertility will be lost and the potential benefit of 
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Table 2. Examples of estimates of the proportion ( P ) and amount of plant N derived from symbiotic N2 fixation for 
commonly-grown food legumes in tropical and sub-tropical systems 

Species Location Treatment Total N2 fixed Reference 
variable crop N 

(kg N ha -1 ) P Amount 
(kgN ha -1 crop -1 ) 

Groundnut Australia Water supply 171-248 0.22-0.53 37-131 Bell and Peoples a 

Cultivar 254-319 0.55-0.65 139-206 
Rotation 181-247 0.47-0.53 85-131 

Brazil Inoculation 147-163 0.47-0.78 68-116 Boddey et al. (1990) 
India Cultivar 126-165 0.86-0.92 109-152 Giller et al. (1987) 

Pigeon pea India Season 77-92 0.88 68-88 Kumar Rao et al. (1987) 

Soybean Brazil Site/season 112-206 0.70-0.80 85-154 Boddey et al. (1990) 
Hawaii Temperature 120-295 0.97-0.80 117-237 George et al. (1988) 
Indonesia Rotation 79-100 0.33 26-33 Sisworo et al. (1990) 
Thailand Cultivar 33-65 0.78-0.87 26-57 Sampet and Peoples” 

Cultivar 121-643 0.14-0.70 17-450 Rennie et al. (1988) 
Water supply 157-251 0-0.45 0-1 13 Kucey et al. (1988) 

Common bean Brazil Cultivar 18-71 0.16-0.71 3-32 Duque et al. (1985) 
Kenya Phosphorus 128-183 0.16-0.32 17-57 Ssali and Keya (1986) 

Cowpea Brazil Site/season 25-69 0.32-0.70 9-51 Boddey et al. (1990) 
Indonesia Rotation 67-100 0.12-0.33 12-22 Sisworo et al. (1990) 
Kenya Phosphorus 92-94 0.26-0.35 24-39 Ssali and Keya (1984a) 

Green gram Thailand Cultivar 71-74 0.89-0.90 64-66 Sampet and Peoples” 

Black gram Thailand Cultivar 125-143 0.95-0.98 119-140 Sampet and Peoples” 
a Unpublished data. 

including a legume in a cropping sequence will 
not be realised. 

A strong inverse relationship between the 
level of plant-available soil N (either present in 
soil or supplied as N fertilizer) and P is apparent 
in Tables 3 and 7. In almost all cases, P was 
reduced in the presence of increased soil N, 
resulting in generally lower amounts of N, fixed. 
The exception occurred when an increase in N 
yield with higher soil N was relatively greater 
than the reduction in P (data of Yoneyama et al., 
1990a, Table 3). The negative relationship be- 
tween plant-available soil N and P is arguably 
the single most important limitation to N2 fix- 
ation. 

Food legumes are not only grown in pure 
stands; they are also interplanted with other 
species in many parts of Africa, Asia and Latin 
America (see Fujita et al., 1991). Growing two 
or more species simultaneously in the same field 
intensifies crop production and more effectively 
exploits the environment. Combinations of crops 
are determined by the length of growing season 

and environmental adaptation, but usually early- 
and late-maturing crops are combined to ensure 
efficient utilization of the entire growing season 
(Ofori and Stern, 1987). The quantity of N, fixed 
by the legume (Table 4) in an intercrop depends 
on the species, morphology, legume density in 
the intercrop mixture, and crop management. 
Differences in the competitive abilities of the 
component crops for soil N can stimulate N, 
fixation in the intercrop (Table 4). Legumes of 
indeterminate growth with a climbing habit are 
generally most successful. 

Forages and green manures 

Productivity in tropical and sub-tropical regions 
depends not only on food crops, but also on 
livestock production. Farmers prefer to feed 
their animals at minimum or no cost except 
labor, often using them to utilize weeds and crop 
by-products (Little et al., 1989; Moong, 1986). 
The impact of inadequate nutrition on ruminant 
livestock under these conditions can be consider- 
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Table 3. Effect of soil mineral N and N fertilizers on crop N productivity and the proportion (P) and amount of crop N derived 
from N2 fixation 

Species Location Level Total N2 fixed Reference 
crop N 

Soil Fertilizer (kg N ha-1) P Amount 
mineral N N (kg N ha-1 

(kg N ha-1) (kg N ha-1) crop-1) 

Groundnut India - 0 196 0.61 120 Yoneyama et al. (1990a) 
100 210 0.47 99 
200 243 0.42 102 

Chickpea Australia 10 (to 120 cm) 114 0.85 97 Doughton, Saffigna 
326 194 0.17 33 and Vallis c 

0 109 0.80 87 Marcellos, Herridge 
50 110 0.55 60 and Peoples c 

100 104 0.29 30 

Soybean Australia 70 (to 120 cm) 
260 

India - 0 a 

0 b 
100 

- 
100 

Malaysia - 40 at sowing 
day 45 + further 20 as nitrate 

or 20 as urea 

Common Kenya - 10 
bean 100 

Cowpea Kenya - 20 
100 

India - 0 
100 
200 

230 
265 
63 

108 
89 

115 
169 
0.33 
200 

149 
158 

116 
137 
163 
138 
172 

0.34 78 Herridge et al. (1990) 
0.06 16 
0.29 18 Yoneyama et al. (1990a) 
0.26 28 
0.48 43 
0.24 28 
0.68 115 Norhayati et al. (1988) 

0.15 30 
79 

0.39 58 Ssali and Keya (1986) 
0.10 16 

0.53 62 Ssali and Keya (1984b) 
0.08 11 
0.77 125 Yoneyama et al. (1990a) 
0.67 92 
0.33 57 

a Uninoculated. b Inoculated. c Unpublished data. 

able. Deficiencies in forage protein contents 
have been known to affect the rate of growth 
and maturation of ruminants, and their effective- 
ness when used for draught-power. As a result, a 
diverse range of herbaceous and tree legumes 
are being utilized increasingly for forage in live- 
stock systems (Blair et al., 1990; Peoples and 
Herridge, 1990). Good-quality forage legumes 
can be either grazed, or harvested and hand-fed 
as a high protein supplement to grasses. Alterna- 
tively, legume leaves may be used to prepare 
protein concentrates suitable for monogastric 
animals (poultry and pigs), while the fibrous 
residues can be used as leaf cake for ruminants. 

Woody perennial legumes, however, can pro- 
vide more than animal fodder. Tree and shrub 
legumes are used to reclaim degraded waste- 
lands, to retard erosion, or provide shade, fuel- 
wood, mulch and green manure. The potential 

for the integrated use of these species is well 
illustrated in alley-farming systems. Alley crop- 
ping involves growing arable crops in the inter- 
spaces (alleys) between rows of planted trees or 
woody shrubs that are periodically trimmed and 
maintained as hedge rows. The leaf and twig 
prunings are added to the soil as green manure 
or mulch (Wilson et al., 1986). In the humid 
tropics, hedge rows are often grown along con- 
tours on slopes to decrease water runoff velocity 
and sediment transport capacity. Sediments trap- 
ped by the contour hedges facilitate the forma- 
tion of natural terraces (Lal, 1989). 

Cultivation of rubber ( Hevea brasiliensis ) and 
oil palm ( Elaeis guineensis ) represent important 
economic activities in many countries in the 
tropics. During the initial immaturity period 
(first 5-6 years after planting), the inter-row 
space (70-80% of the land area), may be sub- 
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Table 4. Effect of intercropping food legumes with cereals on the proportion (P) and amount of crop N derived from N2 fixation 

Species Location Intercrop Level Total N2 fixed Reference 
ratio N crop N 
legume:cereal fertilizer (kg N ha -1) P Amount 

(kg N ha -1) (kg N ha-1  crop-1) 

Rice bean Thailand 100 : 0 0 135 0.39 49 Rerkasem et al. (1988) 
75 : 25 129 0.63 81 
50: 50 67 0.84 56 
25 : 75 48 0.86 41 

200 178 0.32 57 
25 : 75 20 69 0.90 62 

200 60 0.51 32 

100:0 20 134 0.72 97 Rerkasem and Rerkasem (1988) 

Cowpea Australia 100 : 0 0 125 0.69 87 Ofori et al. (1987) 
71 : 29 89 0.66 59 

75 : 25 28 0.34 10 

66: 33 83 0.58 48 

Hawaii 100 : 0 60 0.30 18 van Kessel and Roskoski (1988) 

India 100:0 0 119 0.54 64 Patra et al. (1986) 

(60 to cereal rows) 

100 136 0.81 110 
62 : 38 25 122 0.59 72 

100 103 0.64 66 

Nigeria 100: 0 25 150 0.79 118 Eaglesham et al. (1981) 

jected to invasion by undesirable weeds that are 
costly to control and which harbour diseases and 
pests that can infest the developing saplings. 
Establishment of twining, perennial legume 
cover crops in the inter-row space is a common 
practice to restrict weed growth, control leaching 
and erosion in steep terrain, and as green ma- 
nure to return organic matter and N to the soil. 
Not only are the economic costs associated with 
weed and disease control minimized, but the 
trees also mature more quickly (Agamuthu and 
Broughton, 1985; Peoples and Herridge, 1990). 

The use of green-manure crops, however, is 
not restricted to long-term alley and plantation 
systems. Green manures are also widely used in 
short-term annual rotation sequences with crops 
such as rice (Buresh and De Datta, 1991; Ladha 
et al., 1988a). Green manures in these instances 
may involve both annual food legumes and 
perennial species. Because of the requirement 
for tolerance to flooding in rice-based systems, 
there has been recent interest in the use of 
Sesbania rostrata and species of Aeschynomene 
and Neptunia as green manures since all of these 
have the ability to produce nodules on both roots 
and stems, and can grow and fix N2 under 

flooded and dry conditions (see Roger and 
Ladha, 1991; Watanabe and Liu, 1991). 

Despite the large number of legume genera 
and species used for forage and green manure in 
the tropics and sub-tropics (Blair et al., 1990; 
Peoples and Herridge, 1990), there are relatively 
few estimates of N, fixation by herbaceous 
(Table 5) or woody species (Table 6) because of 
methodological difficulties in accurately measur- 
ing amounts of N, fixed in perennials with a large 
biomass (Danso et al., 1991; Peoples et al., 
1988). For this reason it is difficult to generalize 
about levels of N, fixation which might be expec- 
ted from forage and tree species. However, since 
the amounts of N, fixed will be mediated through 
P and N yield, the potential contributions by 
fixation to the N economies of agricultural sys- 
tems may be greater than those from crop 
legumes (Tables 2-4) because levels of P can be 
high (Tables 5 and 6) and the annual accumula- 
tion of N can be large. Particularly in tree 
legumes (Blair et al., 1990; Danso et al., 1991), 
levels of fixation are likely to be influenced by 
plant genotype, environmental adaptation, and 
management factors, such as frequency of cut- 
ting or grazing. 
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Table 5. Estimates of the proportion (P) and amount of legume N derived from N2 fixation for cover crops and herbaceous 
forage legumes in mixed-grass swards 

Species Location Legume N2 fixed Period of Reference 
N-yield measurement 
(kgN ha-1) P Amount 

(kg N ha-1) 

Centrosema pubescens Malaysia 299 0.50 150 annual estimate Agamuthu and Broughton (1985) 
Pueraria phaseoloides 
Desmodium intortum Australia 25-195 a 0.94 24-183 a annual av. Vallis et al. (1977) 
Lotononis bainesii (0.8-1.0 range) over 2 years 
Macroptilium atropurpureum 16-135 a 0.92 15-124 a 

Stylosanthes guyanensis (0.75-0.97 range) 
Trifolium repens 
Vigna luteola 
Macroptilium atropurpureum India 76-95 0.78-0.83 59-79 yr 1 Shivaram et al. (1988) 

Pueraria phaseoloides Malaysia 
28-48 0.84-0.87 23-39 yr 2 

(% legume in sward) 0-40 12 0.75 9 3 months Zaharah et al. (1986a) 
41-60 24 0.92 22 
61-80 44 0.86 38 
81-100 30 0.76 23 

Stylosanthes spp. Australia 2-86 0.83-0.92 2-75 yr 1 Vallis and Gardener (1985) 
2-34 0.60-0.88 2-20 yr 4 
3-102 0.73-0.90 3-84 yr 6 

(9-11 weeks regrowth) 
a Calculated from mean legume uptake of soil N and P value 

Table 6. Estimates of the proportion (P) and amount of plant N derived from N2 fixation for tree and shrub legumes 

Species Location Legume N2 fixed Period of Reference 
N-yield measurement 
(kg N ha-1) P Amount 

(kg N ha-1) 

Acacia spp. 

Aeschynomene afraspera 
A. indica 
Albizia falcataria 
Cajanus cajan 
Calliandra calothyrsus 
Desmodium rensonii 
Gliricidia sepium 

Leucaena leucocephala 

Sesbania cannabina 

S. grandiflora 
S. rostrata 

S. sesban 

a Unpublished data. 

Australia 
Philippines 
Senegal 
Mexico 
Philippines 
Thailand 
Philippines 
Australia 
Australia 
Indonesia 
Australia 
Mexico 
Philippines 
Malaysia 
Nigeria 
Tanzania 
Thailand 
Australia 
Philippines 
Indonesia 
Senegal 
Philippines 
Thailand 
Indonesia 
Senegal 

- 
- 
10-20 
- 

205 
- 
- 

79 

132 
- 

- 
- 

296-313 
288-344 

- 
- 

136-202 
127-199 
- 

214-230 
157-312 
- 
- 
54-100 

- 
0.52-0.66 
0.30 

- 
0.70 
0.75-0.94 
0.55 
0.65 
0.14 
0.68-0.84 
0.75 

0.60 
- 

0.58-0.78 
0.34-0.39 

- 
0.59-1.00 
0.70-0.93 
0.93 
0.79 
0.36-0.51 
0.88-0.91 
0.93-1.00 
0.84 
0.13-0.18 

12 
- 

3-6 
34 

143 
- 
- 
- 
11 

99 
13 

- 

- 
182-231 
98-134 

110 
- 

126-141 
119-188 
- 
83-109 

140-286 

- 
7-18 

annual estimate 

6.5 months 
annual estimate 
56 days 

90 days 
90 days 
60 days 
90 days 
annual estimate 

3 months 
6 months 
annual estimate 

seasonal av. 
45-55 days 
2 months 
2 months 
45-55 days 

2 months 
2 months 

Langkamp et al. (1979) 
Peoples, Almendras and Dart a 

Cornet et al. (1985) 
Roskoski et al. (1982) 
Becker et al. (1990) 
Yoneyama et al. (l990b) 
Peoples, Almendras and Dart a 

Peoples and Palmer a 

Peoples and Palmer a 

Peoples and Nurhayati a 

Peoples and Palmer a 

Roskoski et al. (1982) 
Peoples and Ladha a 

Zaharah et al. (1986b) 
Sanginga et al. (1989) 
Hogberg and Kvarnstrom (1982) 
Yoneyama et al. (1990b) 
Chapman and Myers (1987) 
Pareek et al. (1990) 
Peoples and Nurhayati a 

Ndoye and Dreyfus (1988) 
Pareek et al. (1990) 
Yoneyama et al. (l990b) 
Peoples and Nurhayati a 

Ndoye and Dreyfus (1988) 



Contribution of legume N to plant and animal 
production 

Direct transfer 
It is often assumed that a portion of the N2 fixed 
by an intercropped legume is made available to 
the associated non-legume during the growing 
season, or that direct transfer of N from forage 
legumes to companion grasses occurs in mixed 
pasture swards (Fujita et al., 1991; Haque and 
Jutzi, 198.5; Ofori and Stern, 1987). Decaying 
roots and nodules are thought to be important in 
this transfer of N. Although these organs gener- 
ally contain only a fraction of total plant N (see 
Buresh and De Datta, 1991), the proportion of 
the root system that might be decomposing dur- 
ing growth has not been estimated. Furthermore, 
the possibility of N exudation from living roots 
should not be ignored (Poth et al., 1986). 

Evidence of N transfer from legume to cereal 
has been obtained in some intercropping studies 
(Bandyopadhyay and De, 1986; Eaglesham et 
al., 1981; Patra et al., 1986), although not con- 
firmed in other investigations (Kumar Rao et al., 
1987; Ofori et al., 1987; Rerkasem and Rer- 
kasem, 1988; van Kessel and Roskoski, 1988). 
Similarly, there is little evidence of rapid N 
transfer in mixed pasture swards (Vallis et al., 
1977; Haque and Jutzi, 1985). Direct transfer of 
N from legume to non-legume therefore may not 
occur under all conditions, or might only occur 
slowly with time. 

Contribution of legume residues 
The total amount of N in a legume crop (Nl) 
comes either from N, fixation (Nf), or by uptake 
of mineral N from the soil. In food legumes, 
total N is partitioned either into the harvested 
seed (Nls) (proportion partitioned into seed de- 
scribed by the harvest index for N, NHI), or the 
vegetative parts (leaves, stem and nodulated 
roots), which generally remain as crop residues 
(Wood and Myers, 1987). The net potential con- 
tribution of N, fixation to the N balance of a soil 
following legume cropping may be considered as: 

Net N-balance = Nf - Nls (1) 

where Nf = (P x NI) (2) 

and Nls = (NHI x NI) (3) 
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Since leaf fall during crop legume develop- 
ment and the nodulated roots can each contain 
up to 40 kg N ha-1 (Bergersen et al., 1989; Bur- 
esh and De Datta, 1991; Chapman and Myers, 
1987; Kumar Rao and Dart, 1987), it is desirable 
that they are both included when determining N1 
to ensure an accurate estimate of the net N 
balance. However, often only standing shoot N 
data are available and so net N balances are 
likely to be underestimated. 

When the quantities of N involved in plant 
growth, in N2 fixation, and in the seed are 
calculated for food legume crops, it is apparent 
that the net N balance can be low and in some 
instances negative (Tables 7 and 11). Levels of 
fixation achieved by many crops in the field may 
be high, but are not always sufficient to offset 
the N removed with the harvested seed. Clearly, 
if food legumes are to contribute substantial 
amounts of N to the soil, P must be considerably 
greater than NHI. High-productivity crops such 
as soybean would require P values greater than 
80% to avoid a net loss of N from the system. 
The potential net contribution, however, may be 
even further diminished if crop residues are used 
as fodder for animals. Despite the wide range of 
net N balances summarized in Tables 7 and 11, 
reported benefits of tropical crop legumes to 
subsequent cereal crops are consistent and sub- 
stantial and may persist for several seasons 
(MacColl, 1989), regardless of whether the 
legume was grown in monoculture or inter- 
cropped (Table 8). Improvements in cereal yield 
following monocropped legumes lie mainly in the 
0.5 to 3 t ha-1 range, representing around 30 to 
3.50% increases over yields in cereal-cereal crop- 
ping sequences. Responses to previously inter- 
cropped legumes are more modest and yield 
improvements of only 0.34 to 0.77 t ha-1 have 
been measured. When the contribution of the 
legume was quantified as fertilizer-N equiva- 
lence, as much as 68 kg N ha-1 was required in 
the cereal-cereal sequence to achieve similar 
yield improvements (Table 8). 

If the benefits of crop legumes in rotations 
cannot be explained solely in terms of residual 
fixed N, then what are the sources of the benefits 
demonstrated in Table 8? Most certainly a num- 
ber of factors can operate, the relative impor- 
tance of each dictated by site, season and crop 
sequence. Extra yield from a rotation can result 
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Table 7. Net N balances for several legume crops following seed harvest 

Species Location Seed Total NHI c N2 fixed Net Reference 
yield a crop N b N balance e 

kg N ha -1 kg N ha -1 P Amount d 

kg N ha -1 crop -1 kg N ha -1 

Groundnut Ghana 54 128 0.42 0.79 101 + 47 Dakora et al. (1987) 
Thailand 116 245 0.47 0.61 150 + 34 Suwanarit et al. (1986) 

Pigeon pea India Early 39 f 72 0.50 0.10 7 - 32 Kumar Rao and Dart (1987) 
Medium 49 120 0.41 0.46 55 + 6 
Late 28 134 0.21 0.51 69 + 41 
maturity 

Soybean Australia 262 329 0.80 0.95 312 + 50 Chapman and Myers (1987) 
India 202 232 0.87 0.55 128 - 74 Chandel et al. (1989) 
Nigeria + 25 N g 204 255 0.80 0.89 227 + 23 Eaglesham et al. (1982) 

+ 100N 195 244 0.80 0.65 159 - 36 

Common bean Brazil 12 74 0.16 0.62 46 + 34 Ruschel et al. (1982) 

Green gram Australia 89 177 0.50 0.63 112 + 23 Chapman and Myers (1987) 
Thailand 32 61 0.52 0.60 37 + 5 Suwanarit et al. (1986) 

Cowpea Australia 80 125 0.64 0.69 87 + 7 Ofori et al. (1987) 
Ghana 65 226 0.29 0.89 201 + 136 Dakora et al. (1987) 
Nigeria + 25 N g 48 f 82 0.58 0.61 50 + 2 Eaglesham et ai. (1982) 

49 134 0.37 0.75 101 + 52 
+ 100N 54 f 94 0.57 0.30 28 - 26 

49 118 0.41 0.41 49 0 

81 182 0.44 0.63 + 34 
82 126 0.65 0.59 74 + 8 

102 f 155 0.66 0.59 91 - 11 Awonaike et al. (1990) 
115 

a N removed in seed, Nls. 
b Total crop N at seed harvest, NI. 
c Nitrogen harvest index = Nls/NI. 
d Amount of N, fixed, Nf = N1 x P. 
e Net contribution of legume residue N to soil = Nf - Nls. 
f Cultivar comparison. 
g Rate of N-fertilizer application (kg N ha -1 ). 

from: 
i) Improvements in soil structure following 

legumes (Hearne, 1986), or improvements 
in soil water-holding and buffering capaci- 
ty, and increased nutrient availability asso- 
ciated with incorporation of legume res- 
idues (Buresh and De Datta, 1991), 

ii) Breaking of cycles of cereal pests and dis- 
eases, and phytotoxic and allelopathic ef- 
fects of different crop residues (Sanford 
and Hairston, 1984), 

iii) Enhancement of soil microbial activity and 
possibly heterotrophic N2 fixation follow- 
ing addition of legume residues (Ladha et 
al., 1989), or 

iv) More nitrate remaining in the soil follow- 
ing a legume than after a cereal or other 

non-legume (Herridge and Bergersen, 
1988). This might be due to less nitrate 
being taken up by the legume, or result 
from a stimulation of mineralization rates 
under a legume crop. 

However, much of the unexpected benefits 
probably result from the use of a cereal-cereal 
rotation as the 'bench-mark' comparison for the 
performance of a legume-cereal sequence. Even 
when most of the N is removed in legume seed 
and there is little or no net gain of N by the soil 
(Table 7), a much higher loss of N would be 
expected from a non-leguminous/non-fixing crop 
when its seed is harvested (Nnfs). This can be 
illustrated by inserting the data of Ofori et al. 
(1987) for monocrop cowpea and maize into the 
equation (1) above: 
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Table 8. Grain yield responses of cereals to previous legume crops relative to a cereal-cereal cropping sequence 

Crop sequence Increase Relative N-fertilizer Reference 
in cereal increase equivalence 
yield (%) (kg N ha-1) 
(t ha-1) 

Legume - maize 
Pigeon-pea monocrop 

intercrop a 

Groundnut 
Soybean 
Green gram 
Groundnut 
Cowpea 
Groundnut 
Soybean 
Lablab bean 
Pigeon-pea 

Legume - rice 
Soybean 
Green gram 

Legume - sorghum 
Black gram 
Green gram 

Legume - wheat 
Pigeon-pea 
Black gram 
Green gram 
Cowpea 
Groundnut monocrop 

intercrop a 

Green gram monocrop 
intercrop a 

Cowpea monocrop 
intercrop a 

1.06 
0.77 
0.35 
0.48 
0.48 
0.85 
0.91 
0.72 
0.49 
1.96 
2.78 

0.80 
0.20 

3.68 
2.82 

0.27 
1.26 
0.65 
0.74 
0.75 
0.34 
1.60 
0.48 
1.00 
0.38 

353 
157 
25 
34 
34 
89 
96 
24 
16 
65 
89 

66 
17 

79 
61 

21 
98 
51 
58 
23 
10 
49 
15 
30 
11 

40 
20+ 

60 
60 
9 b 

7 b 

33 b 

67 c 

68 
68 

28 
12 
68 
16 
38 
13 

Kumar Rao et al. (1983) 

Suwanarit et al. (1986) 

Dakora et al. (1987) 

MacColl (1989) 

Chapman and Myers (1987) 

Doughton and MacKenzie (1984) 

Singh and Verma (1985) 

Bandyopadhyay and De (1986) 

a Intercropped with sorghum or maize in previous growing season. 
b Mean response over a 5-year period. 
c Pigeon-pea grown for 2 years before incorporation. 

Cowpea: Nf = 87 kg N ha-1 ; 
Nls = 80 kg N ha-1. 
Net N balance = 87 - 80 

= +7 kg N ha-1 

Maize: Nf = 0; Nnfs = 57 kg N ha-1. 
Net N balance = 0 - 57 

= -57 kg N ha-1 

While the real benefit of the cowpea is only 
7 kg N ha-1, the benefit to a following cereal, 
assesed by comparing yields of maize-cereal vs 
cowpea-cereal, would combine both the small 
contribution by the legume (+7) and the N loss 
through removal of maize cobs and seed (-57). 
Therefore the apparent benefit is 64 kg N ha-1. 

Care is also needed in the interpretation of N 
fertilizer equivalence data because fertilizer-use 
efficiencies can vary and fertilizer N may be 
subject to volatilization losses. This would inevit- 
ably overestimate the beneficial effects of 
legumes and make direct comparisons of data 
difficult. 

At the time of seed harvest and incorporation 
of legume residues in the soil, the total N in the 
plant is unevenly distributed between the differ- 
ent vegetative organs. These organs also differ 
from one another in the extent to which they 
release mineral N to the soil and ultimately, to 
following crops. The N transformations occur- 
ring during breakdown of crop residues are in- 
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fluenced by temperature, residue management 
and soil physical or chemical properties, and in 
rice cropping systems, will be dependent upon 
whether soils are flooded or remain aerobic 
(Buresh and De Datta, 1991). Decomposition 
may be modified by lignin and polyphenol con- 
tent (Palm and Sanchez, 1991; Vallis and Jones, 
1973), but it is tissue N concentration, C:N 
ratio, and soil water status which are the primary 
factors influencing the rate of mineralization and 
availability of legume N to a subsequent crop 
(Peoples and Herridge, 1990; Sisworo et al., 
1990). The potential for legume leaves to con- 
tribute N to a subsequent crop can be consider- 
able since they represent the single largest source 
of vegetative N remaining in the residue trash, 
and because their high N content and low C: N 
ratio favours mineralization. Field experiments 
(cited by Peoples and Herridge, 1990) with 15N- 
labelled soybean residues indicate that >30% of 
the shoot-N of a cereal crop planted immediately 
following incorporation of soybean trash can be 
derived from mineralisation of soybean leaf ma- 
terial (3.2% N). Soybean stems (1.6% N), on 
the other hand, contributed 6% of the cereal 
N, despite the fact that the amount of stem-N in 
the trash was one third of the N added as leaves. 
A notable feature of mineralization of N in plant 
residues is that after a short period of time the 
rate of mineralization is quite slow, regardless of 
the initial % N composition of the residues 
(Henzell and Vallis, 1977). Therefore, N in crop 
residues that is not mineralized during the first 
season becomes available only very slowly there- 
after (usually 4-10% per year) for successive 
crops. 

Combining the factors which influence the 
contribution of legume N to cropping systems, it 
is possible to derive a conceptual model to relate 
the transfer of fixed N, from a leguminous crop 
to the following crop (after Myers and Wood, 
1987): 

Contribution to a subsequent crop = 
N1 x P(1- NHI) x Fm X E (4) 

Where N1, P, and NHI are as defined previ- 
ously, Fm is the proportion of legume N miner- 
alized, and E is the efficiency of utilization of 
this mineral N. 

To maximize the contribution of legume N to 
a following crop, it is necessary to maximize N1, 
P, Fm, and E and minimize NHI. There is little 
control over the efficiency of use of the mineral 
N by a subsequent crop, but the other factors in 
the equation can be subjected to manipulation 
through different management strategies. Un- 
fortunately it is not always possible to optimize 
these factors for food legumes grown in tropical 
and subtropical farming systems (Myers and 
Wood, 1987). 

To maximize N yield and, therefore, N, fixa- 
tion, the legume crop should be grown in the 
most favourable growing period, i.e. the wet 
season or under irrigation. In most Asian areas 
the wet season, and irrigation in the dry season is 
reserved for cereal crops, particularly rice. As a 
result the food legume is commonly grown under 
the less favourable conditions of the late wet or 
dry season, and maximum yields are not 
achieved. Another reason for low yields is that 
farmers commonly apply much lower rates of 
fertilizers to legumes that to other crops, and it 
appears that in many countries food legumes 
must rely largely on the natural soil fertility 
(Craswell et al. , 1987). As a consequence, 
legume production can be seriously limited by 
nutrient deficiencies. 

If the legume is grown for seed, it is desirable 
to maximize yield and harvest index. This, in 
turn, maximizes NHI. The higher the value of 
NHI, the lower the amount of residual N to be 
returned to the soil. Often the Fm will also be 
low, because the quality of the residues is usually 
reduced by the mobilization and re-allocation of 
N to reproductive parts during seed filling and 
senescence (Peoples and Dalling, 1988). When a 
green manure crop is grown, however, the entire 
crop is returned to the soil. The quantity of N 
and the N concentration in the legume material 
returned is likely to be higher than when seed is 
removed from a food legume. As a consequence, 
decomposition might also be expected to be 
rapid and Fm high (Peoples and Herridge, 
1990). 

The N contents of legume green manures in 
rice and alley cropping systems can range from 
2-5% (Ladha et al., 1988a; Wilson et al., 1986) 
and the inputs of N can be considerable (Table 
9). Rates of N accumulation can be exceptionally 
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Table 9. Increase in cereal grain yield by green manure crops relative to unfertilized fallow 

Cereal Legume used Duration of Legume Increase Relative Reference 
as green manure green manure N input in cereal increase 

crop (kg N ha-1) yield (%) 
(days) (t ha) 

Rice Aeschynomene spp. 49 423-532 4.0-4.1 82-85 Alazard and Becker (1987) 
Crotalaria juncea 60 110 2.4 75 Beri et al. (1989) 
Cyamopsis tetragonoloba 60 87 2.1 66 
Glycine max 196 0.6 46 Chapman and Myers (1987) 
Sesbania aculeata 60 108 2.3 72 Beri et al. (1989) 
S. cannabina 94 1.0 77 Chapman and Myers (1987) 
S. rostra 52 267 3.8 181 Rinaudo et al. (1983) 
S. sesban 84 92 2.0 102 Palm et al. (1988) 
Vigna unguiculata 60 113 2.5 78 Beri et al. (1989) 

Maize Leucaena leucocephala 168 300 1.9 146 Sanginga et al. (1988) 
- 42 a 1.6 97 Kang (1988) 

Gliricidia sepium - 42 a 1.7 105 

80 1.6 160 
- 40 0.6 60 Haque and Jutzi et al. (1985) 

a N yield from hedgerow prunings during one season of alley-cropped maize. 

rapid (from 0.4 to 10.8 kg N ha-1 day-1; Table 
9). Studies of residue decomposition in alley- 
cropping systems suggest that 50% of the added 
legume N may be released within 1-9 weeks 
depending on initial N content and prevailing 
environmental conditions (Wilson et al., 1986). 
It is perhaps not surprising, therefore, to find 
substantial increases in yield of cereal crops fol- 
lowing green manures (Table 9), equivalent to 
50-120 kg fertilizer-N ha-1 (Beri et al., 1989; 
Ladha et al., 1988a; Sanginga et al., 1988). 
Clearly green manures can provide considerable 
amounts of N to the soil that can greatly benefit 
subsequent crops. However, if the green manure 
is grown in the place of an alternative cash- or 
food crop, the cost of this benefit will include a 
lost-opportunity cost over and above the expense 
of the labor and materials required for sowing 
and incorporation of the leguminous material. 
Green manure legumes (particularly flood-toler- 
ant species) make their greatest contribution in 
single-crop rainfed lowland systems where short- 
term waterlogging occurs during the transition 
between dry and wet season. Alternative crops 
cannot be grown in these areas and farmers are 
usually reluctant to apply inorganic fertilizers 
because of the adverse climatic conditions and 
lack of consistent fertilizer response. 

The benefits of green manuring also exceed 
the initial cost of legume establishment and 

maintenance in cover-crop systems in plantation 
estates. The return of N and organic matter from 
legume covers to soil and reduction of leaching 
losses of N in rubber and oil palm plantations 
inevitably lead to better growth by the trees, 
earlier commencement of harvesting and in- 
creased yield. The contribution of organic N in 
leaf litter from perennial legume covers during 
the 5-year immaturity period of rubber trees has 
been measured to be 250-400 kg N ha-1, and 
120 kg N ha-1 yr-1 has been measured in oil 
palm (Agamuthu and Broughton, 1985; Peoples 
and Herridge, 1990). Residual effects of cover 
crops, however, appear to be very much larger. 
Long-term trials have shown that trees would 
require at least 900 kg of fertilizer N ha-1  over 13 
years to achieve similar rubber yields to trees 
under legumes. Though shading out of the 
legume covers normally commences after about 
4 years, the net residual effect of the covers on 
rubber extends well into the 15th year of tap- 
ping, or up to the 20th year from planting. The 
long-term beneficial effect of legumes seems to 
result from improvements in soil physical prop- 
erties and the increased rooting and exploitation 
of the soil by trees, coupled with the slow decline 
of the cover crops as the trees mature and the 
progressive release of N and other nutrients from 
legume leaf litter (Agamuthu and Broughton, 
1985). 
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Of course legumes are also used as sources of 
green manure in situations other than intensive 
agriculture, or productive plantations. Native 
legumes are used to restore soil fertility in bush 
fallow/shifting cultivation systems, for instance, 
and tree legumes play an important role in re- 
generating degraded or erosion-prone land. Leaf 
and litterfall from stands of Leucaena in the dry 
tropics can annually contribute 10 t of organic 
matter to soil per ha, containing over 250 kg N 
(Sandhu et al., 1990). Although decomposition 
of this litter under generally harsh dryland condi- 
tions is likely to be slower than in the intensive 
agricultural systems described above, rates of N 
release to the soil will still largely be dependent 
upon litter C: N ratio. Therefore it would be 
anticipated that turnover rates for fruit litter and 
leaf (C: N ratios of 17-18) would be faster than 
for twigs or woody debris (C: N ratio >33). 
Nonetheless, up to 80% of the total litterfall N 
might be expected to be released to the soil 
annually (Sandhu et al., 1990), representing a 
major contribution to the cycling of N in de- 
graded and infertile environments. 

Contribution to livestock production 
The role of forage legumes in animal production 
is likely to be different under the contrasting 
management protocols used in the extensive 
grazing common in semi-arid Africa, the pastoral 
systems of Australia and Latin America, and the 
opportunistic browsing or cut-and-carry practices 
employed in Asia. Therefore, only the main 
quantitative aspects concerning the contribution 
of forage legumes to livestock systems will be 
discussed. Further details on the management of 
particular forage legumes and their contribution 
to the N economies of tropical and sub-tropical 
environments are described elsewhere (e.g. Blair 
et al., 1990). 

Legumes can improve ruminant productivity 
by increasing both potential stocking rates and 
annual liveweight gains. Linear relationships 
have commonly been found between animal per- 
formance and dietary intake of leguminous ma- 
terial or legume content in a pasture sward. Such 
responses may be attributed to increased forage 
production, and/or increased forage intake and/ 
or improved forage quality. 

Annual yields of N from forage legumes can 

be considerable (e.g. potential of >700 
kgN ha-1 yr-1 in tree legumes; Blair et al., 
1990) and appreciable amounts of organic N 
often accumulate in soils (Vallis, 1972). The 
improvement in soil-N status by forage legumes 
often leads to substantial increases in grass and 
total herbage yields. The inclusion of legumes 
can also help slow the progressive decline in 
animal carrying capacity and plant productivity 
which inevitably occurs as pastures age (Haque 
and Jutzi, 1985). 

Ultimately, ruminant production is dependent 
upon dry matter digestibility and intake. Intake 
is in turn controlled by the extent and rate of 
digestion in the rumen. A minimum level of 
protein (and energy) is required if microbial 
growth in the rumen is not to be limited. Under 
practical feeding conditions, a dietary intake of 
fodder of 1.15% N (7.8% crude protein) is 
necessary to provide maintenance ration and 
1.74% N is considered adequate to meet the 
protein requirements of beef cattle. Tropical 
grass species are often low in N content (Little et 
al., 1989). Although it is possible to maintain the 
level of grass N above the critical minimum value 
with N fertilizer, the rates of application re- 
quired (e.g. >400 kgN ha-1 yr-1) make this an 
unrealistic option. Rather, legumes whose 
foliage generally contain 2-4% N (Little et al., 
1989) are used as a high-protein supplement. 
Increasing the proportion of legume in the diet 
will not only improve both protein content and 
digestibility, but can also increase the voluntary 
intake of the entire diet. Furthermore, inclusion 
of legume in a pasture can raise the N content of 
the associated grasses (Bryan and Velasquez, 
1982). 

Role of non-legumes 

Actinorhizal plants 

Apart from legumes (and plants of the genus 
Parasponia; Trinick and Hadobas, 1990), which 
are nodulated by Rhizobium spp., about 200 
plant species covering 8 families and at least 17 
genera in the tropics and sub-tropics are nodu- 
lated by N2-fixing actinomycetes (Frankia). 
There are far fewer N2-fixing actinorhizal plants 



than N2-fixing legumes, but their numeric in- 
feriority is offset by their capacity to regenerate 
poor soils and stabilize eroding land surfaces, 
produce timber and fuelwood, and to shelter 
cattle and crops. Of all these actinorhizal as- 
sociations, possibly the Casuarinas have the 
greatest potential for agriculture (Dart, 1986). 

There have only been a few measurements of 
N2 fixation in Casuarina spp. Two field studies, 
conducted in Senegal in containers (1 m3) of 
N-deficient, fumigated soil (Gauthier et al., 
1985; Sougoufara et al., 1990), showed large 
responses to Frankia inoculation, with estimates 
of P ranging from 0.39 to 0.65 in 11- and 24- 
month-old plants (Table 10). Extrapolation of 
these data to a normal field density of 10,000 
trees ha-1 gave estimates of N2 fixation of be- 
tween 40-60 kg N ha -1 yr -1 and 400-440 
kg N ha-1 yr-1. Another study in Thailand calcu- 
lated values of P for mature Casuarinas either 
growing on farms, or as part of natural com- 
munities to range from 0.65 to 0.90 under many 
different environments and soil types (Table 10). 
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Azolla 

Azolla is a free-floating aquatic fern with a glob- 
al distribution which normally contains the 
heterocyst-forming N2-fixing cyanobacterium 
Anabaena azollae as a symbiont (Peters and 
Meeks, 1989). The ability to the assimilate N2 

enables Azolla to grow where N is limiting to 
other aquatic plants. In the tropics, Azolla may 
form thick mats on the surface of freshwater 
ponds, marshes, drainage ditches, and rice pad- 
dies, and it has long been used both as a weed 
suppressor and green manure in conjunction 
with labor-intensive lowland rice cultivation in 
Asia. Azolla may also be used as feed for cattle, 
pigs, ducks and fish, or be composted for dryland 
and vegetable crops (Watanabe, 1982; Watanabe 
and Liu, 1991). 

Under optimal cultural conditions, Azolla 
doubles its biomass within 2-3 days. Its dry 
matter contains 4-6% N, and one crop can 
accumulate 30-100 kg N ha-1 . Under ideal condi- 
tions, this might represent an annual N produc- 

Table 10. Estimates of the proportion ( P )  and amount of plant N derived from N 2 fixation by non-legume associations 

Species Location N yield N2 fixed Period of Reference 
(kg N ha-1) measurement 

P Amount 
(kg N ha-1) 

Symbiotic associations 
Casuarina spp. Senegal 

Thailand 
Azolla spp. Philippines 

Non-symbiotic associations 
Paspalum notatum Brazil 

Brachiaria decumbens Brazil 
B. humidicola 
B. ruzizensis 
Panicum maximum Brazil 
Kallar grass Pakistan 
Sugar cane Brazil 

Rice Philippines 
Japan 
Japan 

23-33 
623 
988 

- 
48 
- 

410 
112 
115 
98 

103 
- 
37-58 
18-19 

132 
152-294 
34 
4 

- 

a uninoculated. b inoculated treatment. 

0.39-0.55 9-18 
0.65 404 
0.44 440 
0.65-0.95 - 
0.83 40 
0.59-0.99 - 

0.08-0.11 
0.13 
0.40 
0.30 
0.10 
0.16-0.39 
0.41 a -0.54  b 

0.22-0.26 
0.44 
0.37-0.56 
0.32-0.35 
0.11-0.19 
0.10-0.31 

39 
14 
45 
29 
10 

15-32 
4-5 

59 
56- 163 
12 

- 

0.4-0.8 
- 

6.5 months Gauthier et al. (1985) 
1st year Sougoufara et al. (1990) 
2nd year 

Yoneyama et al. (1990b) 

Yoneyama et al. (1987) 
25 days Watanabe (1982) 

22 months Boddey et al. (1983) 
13 months Boddey and Victoria (1986) 
13 months Boddey and Victoria (1986) 

26 weeks Miranda et al. (1990) 
7 weeks Malik et al. (1988) 

60 days de Freitas et al. (1984) 
12 months Lima et al. (1987) 

250 days Urquiaga et al. (1989) 

120 days Yoo et al. (1986) 
100 days Fujii et al. (1987) 

2 crops Ventura and Watanabe (1983) 
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tion of 450-840 kg N ha-1 (Watanabe, 1982). 
With values of P ranging from 0.59 to 0.99 
(Table 10; see also Roger and Ladha, 1991), this 
represents quite a potential contribution to the N 
economies of rice-based agriculture. The growth 
and N2-fixing capacity of Azolla, however, can 
be affected by environmental variables, such as 
temperature, light, and humidity, or be influ- 
enced by lack of mineral nutrients (particularly 
phosphorus) , insect predation and pathogens, so 
it is uncertain whether this potential is often 
realised in farmers' paddies. 

The decomposition of Azolla is rapid and re- 
coveries of Azolla-N in subsequent rice crops can 
range from 33-69%, depending upon method 
and time of incorporation and the amount of 
Azolla applied (Kumarasinghe et al., 1986; Swat- 
dee et al. , 1988). These recoveries of N are 
comparable to fertilizer efficiency rates achieved 
with urea or ammonium sulphate in these 
flooded rice systems. 

Grasses and cereals 

At least 6 genera of diazotrophic (N2-fixing) 
bacteria have been isolated from the roots of 
grasses and cereals of agricultural importance 
(Boddey and Dobereiner, 1988). Yet despite 
more than 15 years of intensive study, the role of 
associative N2 fixation as a source of N in agricul- 
ture has remained a controversial issue (Michiels 
et al., 1989), due in part to perceived limitations 
in the methods used to quantify fixation. The 
acetylene-reduction assay has long been used as 
a means of demonstrating N2-fixing activity by 
roots of such species as maize ( Zea mays ) and 
sorghum (Sorghum bicolor) (Alexander and 
Zuberer, 1988; Dart, 1986), but is has only been 
in recent years that N balance and 15N tech- 
niques have provided convincing evidence that 
some forage grasses, sugar cane ( Saccharum 
spp.), and wet-land rice ( Oryza sativa ) can, 
under certain conditions, derive considerable 
amounts of N from associated N2-fixing bacteria 
(Boddey, 1987; Chalk, 1991). 

Forage grasses 
Measurements of N, fixation associated with C4 

grasses (Table 10) have largely been undertaken 
in Brazil with several important forage species, 

and in Pakistan with the salt-tolerant Kaller grass 
( Leptochola fusca ). Estimates of P range from 
0.08-0.13 for Paspalum notatum, to around 0.40 
for Brachiaria decumbens, Panicum maximum 
and Kallar grass (Table 10). Extrapolation from 
small-plot data suggest that associative N, fixa- 
tion may potentially contribute up to 30- 
40 kg N ha" annually to pasture productivity 
(Chalk, 1991). 

Sugar cane 
The experimental evidence for high inputs of N 
from associative N, fixation with sugar cane 
(Table 10), is consistent with field observations 
that high productivity can be maintained despite 
continuous cropping, minimal N-fertilizer inputs 
and periodic removal between 100-200 
kg N ha-1 with each cane harvest (Lima et al., 
1987). The range of estimates of P from 0.22- 
0.56, and the calculated contributions of between 
21 and 200 kg N ha-1 (Table 10) suggest that 
there may be opportunity to improve sugar 
cane's N2-fixing capacity through breeding (Ur- 
quiaga et al., 1989). 

Rice 
N-balance studies in pots (App et al., 1980) and 
acetylene-reduction assays on field-grown plants 
(Ladha et al., 1988b; 1989) have indicated mea- 
sureable contributions of associative N2 fixation 
in rice. Other studies have confirmed estimates 
of P as high as 0.35 (Table 10), but the wide- 
spread significance of associative fixation with 
rice in the field is difficult to evaluate since not 
all investigations have revealed N2-fixing activity 
(Chalk, 1991). There is, however, some evidence 
of varietal differences in the ability of rice to 
form effective N2-fixing associations (Ladha et 
al., 1988b), which might be exploited in future 
breeding programs. 

There is now unequivocal experimental evi- 
dence that indicates that non-legumes can fix 
agriculturally significant amounts of N, but often 
it has only been demonstrated under carefully 
controlled conditions, or been extrapolated from 
pot studies. In many instances, the actual micro- 
organisms responsible for N, fixation have not 
been isolated or identified, and it might be 
necessary for plants to be growing in im- 
poverished, N-deficient soil or under special en- 



vironmental conditions before they derive any 
net benefit from an association. 

It is difficult to asign to role to N2-fixing 
non-legumes in tropical and sub-tropical agricul- 
ture since there have been so few field measure- 
ments using reliable methodology. However, it 
would appear that the potential for consistent 
inputs from biological N2 fixation would be smal- 
ler for non-symbiotic systems than for symbiotic 
systems involving actinorhizal plants or Azolla 
because of the apparent tenuous nature of the 
associative N2-fixing process in species such as 
rice. Once the constraints to N2 fixation are 
understood and these organisms are more widely 
studied, the possibility exists to promote better 
utilization of non-legume associations to improve 
the capacity for N2 fixation in agricultural 
systems. 

Research priority setting 

Amongst the many factors to be taken into 
account in setting priorities, equity is a key 
factor for development assistance agencies be- 
cause the primary motivation for aid is the 
humanitarian consideration. In this context re- 
search on N2 fixation should be attractive be- 
cause it would seem to be especially appropriate 
for subsistence farmers who cannot afford, or 
have limited access to N fertilizers. On the other 
hand, it is interesting to note the assertion (Hub- 
bell, 1988) that most N2-fixation technology 
transfer is directed to large-scale farmers who 
may need it least. This dilemma arises from the 
fact that transfer of N2-fixation technology to 
poor upland farmers requires a great deal of 
education and effort by extension agencies. Fur- 
thermore, the provision of inoculants and other 
inputs may be difficult in upland areas because of 
poor infrastructure. 

Research priorities can be set in relation to the 
target farming system or agroecological zone. As 
discussed above, shrub legumes and trees pro- 
vide poor farmers with more than simply a valu- 
able source of N for infertile soils. They also 
stabilize soils on hillsides against erosion and 
supply feed for animals and fuelwood, thus eas- 
ing pressure on native forests (Craswell and 
Tangendjaja, 1985). Yet N2-fixing trees have 
been a relatively neglected field for research 
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despite their multipurpose uses. Taking into ac- 
count the socioeconomic environment of upland 
farmers in the tropics, low input technologies 
utilizing small inputs of phosphorus and/or 
mycorrhizal plants should be given high priority. 
In this regard, research should be designed on a 
farming-systems basis to develop a package of 
appropriate technology of which N2 fixation is 
only a part. 

In lowland systems with irrigation and good 
infrastructure, N fertilizers rather than N2 fixa- 
tion are likely to continue to be the main source 
of N for high-yielding rice crops. Priority should, 
however, be given to research which integrates 
both sources of N in ecologically sound systems 
which minimize pollution and maximize efficien- 
cy (Buresh and De Datta, 1991; De Datta and 
Buresh, 1989). Examples of such integrated N 
management might include the use of Azolla in 
urea-fertilized plots to reduce volatilization los- 
ses of applied fertilizer (Eskew and Kumarasin- 
ghe, 1990), or combining Azolla and fish in 
intensive rice-growing areas to increase produc- 
tivity while reducing the need for fertilizer and 
insecticide (Watanabe and Liu, 1991). Effective 
development of these and other innovative tech- 
nologies also requires multidisciplinary research 
conducted with a farming-systems perspective. 

Given the important considerations discussed 
above, the ultimate goal of most research on 
biological N2 fixation remains the enhancement 
of the contribution of this process to agricultural 
production and to human nutrition and welfare 
(Anderson et al., 1987). It is apparent from the 
data of Tables 2-10 that the measured benefits 
from N2 fixation in the tropics and sub-tropics 
are both variable and inconsistent. There re- 
mains, therefore, considerable opportunities for 
improvement. Strategies which might be used to 
enhance N2 fixation in legumes will be summar- 
ized in the following sections (see also Peoples 
and Herridge, 1990). Similar principles are likely 
to apply to other symbiotic systems and to non- 
symbiotic associations (Chalk, 1991; Sougoufara 
et al., 1990; Urquiaga et al., 1989). 

Strategies to enhance N2 fixation 

The level of N2 fixation (Nf) in any legume 
system is determined by both plant reliance upon 
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N2 fixation for growth (P) and plant N yield (Nl; 
see equation (2)). An increase in the amount of 
N2 fixed should be achieved by: 

i) Maximizing legume yield within the con- 
straints imposed by agronomic, nutrition- 
al, managerial, or environmental factors, 

ii) Reducing the amount of nitrate in the 
rooting zone through grazing manage- 
ment, timing of cropping, or soil and til- 
lage management, 

iii) Optimizing the numbers and effectiveness 
of rhizobia through strain selection and 
inoculation techniques, or through plant 
breeding for either promiscuous or selec- 
tive nodulation, or 

iv) Reducing the legume's sensitivity to the 
inhibitory effects of soil nitrate on nodula- 
tion and N2 fixation through plant breed- 
ing and selection, or through enhancing 
nodule initiation and development by in- 
creasing the populations of desirable 
rhizobia in the rooting zone. 

Crop and soil management 
Both yield and P can be influenced by manage- 
ment strategies which manipulate levels of soil 
mineral N. George et al. (1991) have described 
management practices which regulate soil N dur- 
ing the wetting/drying cycles in rice/legume 
cropping systems in the rainfed lowlands. Here 
we examine two important practices: 
(i) Tillage. Clean cultivation accelerates the 
oxidation of organic matter in soils and generally 
results in higher nitrate-N in the profile (e.g. 
Thomas et al., 1973). Cultivation may also de- 
crease the rates of denitrification, immobiliza- 

tion, and leaching of nitrate (Rice and Smith, 
1982; Thomas et al., 1973). For cereals under 
no-tillage, additional fertilizer-N may be re- 
quired to supplement the reduced soil nitrate-N, 
but for legumes, the lowered soil nitrate levels 
should result in enhanced N2 fixation. No-till 
systems can also modify and improve soil struc- 
ture to create more favourable soil moisture and 
temperature regimes for plant growth (Lal, 
1989). 

In cropping systems research involving soy- 
bean in sub-tropical Australia, nodulation and 
N, fixation were substantially improved under 
no-tillage, compared with the cultivated system 
(Table 11). The increased N, fixed resulted pri- 
marily from increased P, since yields were essen- 
tially unaffected by tillage practice. N balances 
were positive for both systems, although substan- 
tially higher for no-tillage. Similar results have 
been reported for several tillage trials in Thai- 
land (Rennie et al., 1988). 

(ii) Removal of plant or animal products. The 
quantity of soil nitrate available to a legume can 
be influenced by grazing management and recent 
cropping. Legumes grown immediately after a 
cereal crop can fix considerably more N than if 
grown in previously fallowed soil (e.g. Bergersen 
et al., 1989). This stimulation of N, fixation can 
be such that the net N balance following seed 
harvest in a soybean crop, for example, can be 
increased from -44 kg N ha-1 after fallow, to 
+39 kg N ha-1 in a precropped area (Bergersen 
et al., 1985). Thus with the proper choice of 
rotation, cropping systems can be managed for 
improved N2 fixation, although other factors 

Table If. N budgets for soybean grown with conventional cultivation or zero-tillage 

Tillage a Nodule mass b Crop N Seed N Fixed N c N balanced 

(mg/plant) 
(kg N ha-1) 

Cultivated 86 245 1.50 180 
(0.73) c 

+ 30 

No-tillage 139 264 152 232 + 80 
(0.88) 

a Values shown are means of four crops grown over three years (Hughes and Herridge, 1989). 
b Sampled between 40 and 46 days after sowing. 
c Assessed using the ureide method (Herridge and Peoples, 1990). 
d Fixed N - Seed N. 
c Values of P shown in parentheses. 



such as fallow storage of water in the soil and 
nutritional aspects would also be needed to be 
taken into consideration. In a different ap- 
proach, intercropping maize and ricebean was 
found to increase P above the levels attained by 
the monocropped legume due to competition 
with maize for soil N (Table 4). The net result 
was a higher total N yield of the intercrop (maize 
plus legume) relative to combined weighted N 
yield of maize and ricebean monocrops (Rer- 
kasem et al., 1988; Rerkasem and Rerkasem, 
1988). 

Similar strategies might also be envisaged for 
forage systems. Low levels of soil nitrate could 
be maintained and, hence, N2-fixing potential 
increased by growing legumes in competition 
with vigorous grasses rather than as pure pasture 
swards, or through regular removal of legumin- 
ous N via intensive grazing management or 
periodic ‘cut-and-carry’ practices. 

Rhizobia, inoculation and plant nodulation 
There are three major groups of legumes which 
can be distinguished on the basis of compatibility 
with a range of strains of Rhizobium (Peoples et 
al., 1989). At one extreme is a group of legumes 
which can form an effective symbiosis with a 
wide range of strains. Members of this group are 
nodulated by ‘cowpea-type’ rhizobia and these 
Rhizobium spp. are so widespread in tropical 
soils that such legumes seldom respond to inocu- 
lation. Yet even within this supposedly ‘prom- 
iscuous’ group there can be some host-strain 
specificity in terms of the symbiotic effectiveness 
of the associations formed (Gibson et al., 1982). 
At the other extreme are legumes with very 
specific rhizobia1 requirements. These specifi- 
cities are most relevant when the legume is 
introduced to new areas. Response to inocula- 
tion of these legumes is usually successful pro- 
vided adequate numbers of rhizobia are applied 
at sowing. The third and intermediate group of 
legumes nodulate with many strains of 
Rhizobium, but effectively fix N2 with only a 
limited number of them. In this case inoculation 
and nodulation failures are more frequent be- 
cause the inoculum strain is unable to compete 
with the ineffective, but established soil popula- 
tions of rhizobia. 

There are a number of conditions under which 
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soils may be devoid of Rhizobium capable of 
forming an effective symbiosis with a legume, 
and which may warrant inoculation (Peoples et 
al., 1989; Roughley, 1988): 

i) The absence of the same or a symbiotically 
related legume in the immediate past 
history. 

ii) Poor nodulation when the same crop was 
grown previously. 

iii) When the legume follows a non-legumin- 
ous crop in a rotation. 

iv) In land reclamation. 
v) When environmental conditions are un- 

favourable for Rhizobium survival (e.g. in 
very acidic or alkaline soils, under pro- 
longed flooding, or very hot, dry condi- 
tions prior to planting). 

Even when inoculation may be appropriate as 
a farming practice, it remains the exception 
rather than the rule. Exacting technology is es- 
sential for the production and distribution of 
inoculants (Roughley, 1988), and the success of 
inoculation in the field depends upon the proce- 
dure used, operator competence, the presence of 
toxic agrochemical, or be influenced by the soil 
environment (Brockwell et al., 1988; Date, 
1988). Acid soil factors are often notable in 
effecting survival of inoculant rhizobia. The 
selection and use of superior acid-tolerant strains 
can influence the establishment, persistence and 
competition by the introduced Rhizobium for 
nodule sites and ultimately increase legume yield 
(Date, 1988; Howieson et al., 1992; Moawad and 
Bohlool, 1984). 

In Australia and the U.S.A., legume inocula- 
tion has played a fundamental role in the estab- 
lishment of legume-based pasture and cropping 
systems, but less use has been made of inocul- 
ants elsewhere. In Latin America, only two 
countries use inoculants to any extent and even 
in Brazil, the largest producer of seed legumes, 
common beans are fertilized with N rather than 
inoculated (Freire, 1982). 

Inoculation responses in tropical soils appear 
confined to newly introduced legume species and 
to crops such as soybean which have specific 
Rhizobium requirements (Ayanaba, 1977). Typi- 
cally, responses to inoculation are substantial 
when soil nitrate is low, although if populations 
of infective rhizobia already exist in high num- 
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Table 12. Effect of inoculation on nodulation, N2 fixation and productivity of soybean grown in various backgrounds of soil 
nitrate and Bradyrhizobium japonicum a 

Treatment Nodule massc Pd Crop dry matter c Crop N e Seed yield 
(mg/plant) (t ha -1) (kg N ha-1) (t ha-a) 

B. japonicum free soil a 

Low nitrate 
uninoculated 
normal inoculation 
high inoculation 

High nitrate 
uninoculated 
normal inoculation 
high inoculation 

High B. japonicum soil b 

Low nitrate 
uninoculated 
normal inoculation 

0 
72 

334 

0 
4 

50 

129 
146 

0.11 
0.44 
0.61 

0 
0 
0.17 

- 
- 

4.9 
6.8 
7.0 

8.9 
8.0 
8.5 

9.8 
9.3 

66 
168 
195 

205 
196 
213 

258 
241 

1.7 
3.3 
3.0 

3.2 
2.9 
3.3 

2.2 
2.0 

a Derived from Herridge and Brockwell (1988). 
b Derived from Herridge et al. (1987). 
c Sampled either 62 or 70 days after planting. 
d Calculated by the ureide method according to Herridge and Peoples (1990). Values represent the mean of 4 sap samplings 
between days 70 and 109. 
e Sampled when shoot dry matter and N were at a maxima. 

bers in the soil, they present a formidable barrier 
to the establishment of inoculant Rhizobium 
strains and inoculation responses may not be 
apparent (Table 12). In high-nitrate soils, nodu- 
lation of, and N2 fixation by, inoculated plants 
can be expected to be severly suppressed (Table 
12). However, the establishment of populations 
of Rhizobium can be improved, and nodulation 
and N2 fixation increased in the presence of high 
nitrate by very high rates of inoculation (Table 
12; see also Brockwell et al., 1989). 

Multiple regression analysis of relationships 
between N2 fixation, P and rhizobia1 numbers 
and soil nitrate (Herridge and Brockwell, 1988) 
indicate that they can be highly correlated (r2 = 
0.80; Peoples and Herridge, 1990). This serves to 
illustrate the predictable and quantitative nature 
of N2 fixation and demonstrates the importance 
of the interaction between soil nitrate and rhizo- 
bial numbers in its regulation. 

Plant breeding and selection 
The challenge to improve the N2-fixation capaci- 
ty of the legumes through selection and breeding 
is complex because there are two components to 
consider: the rhizobia and the host plant. Al- 
though host genotype x strain interactions have 

been shown to occur with a number of agricul- 
turally important legumes (Graham and Temple, 
1984), many of the programs aimed at enhancing 
N2 fixation have chosen to ignore this complica- 
tion and have focused mainly on manipulation of 
the host. The objectives of breeding programs 
fall within three broad categories: 

(i) Breeding for plant varieties which more suc- 
cessfully exploit strains of Rhizobium used as 
inoculants or already present in soil. In the 
U.S. A., large populations of soybean Rhizobium 
have become established in soil with cropping, so 
that only a small proportion of nodules is formed 
on soybean by the inoculant, and yield responses 
are rare. Research programs (e.g. Cregan et al., 
1989) aim to produce soybean cultivars that by- 
pass the resident rhizobia in the soil to be nodu- 
lated by superior inoculant strains. A similar 
strategy was employed for groundnut by Namb- 
iar et al. (1984) who exploited host x strain 
specificity with cultivar Robut 33-1 and strain NC 
92 to obtain consistent yield responses (mean of 
16%) in soils containing high numbers of infec- 
tive rhizobia and where all uninoculated plants 
were well nodulated. 

A contrasting strategy is to develop varieties 



which can be effectively nodulated by the resi- 
dent soil rhizobia. Nangju (1980) observed that 
soybean genotypes from South East Asia nodu- 
lated successfully with the indigenous rhizobia in 
Nigeria, and, that U.S.-bred cultivars nodulated 
poorly without inoculation. Hybridization of the 
Asian and U.S. types has resulted in high-yield- 
ing lines capable of fixing large amounts of N 
without inoculation (Kueneman et al., 1984). 

(ii) Breeding for improved plant yield. Whilst it 
is possible to identify cultivars of legumes with 
increased plant yields and therefore increased 
N2-fixing potential (e.g. Hardarson et al., 1984; 
Kumar Rao and Dart, 1987), the real challenge 
is to select cultivars which maintain higher levels 
of N2 fixation and P at the same level of yield. 
Agronomic and environmental considerations 
may limit the size of individual plants and the 
duration of the crop must be taken into account. 

(iii) Breeding for nitrate tolerance. Nitrate is 
one of the most potent inhibitors of N, fixation 
(Table 3; Streeter, 1988). Development of sym- 
bioses where P is maintained at near-maximum 
levels in the presence of high soil nitrate could 
provide an important advance in the improve- 
ment of N2 fixation by legumes. 

Plant mutagenesis has been used to generate 
phenotypes exhibiting greater nodule mass under 
field conditions, or forming high numbers of 
nodules in the presence of nitrate (e.g. ‘super- 
nodulating’ soybean; Carroll et al., 1985). Ex- 
treme super-nodulating mutants can form up to 
ten-fold more nodules in both the absence and 
presence of nitrate, but this trait results in sub- 
stantial reductions in root and shoot growth, and 
despite higher P values, the mutants are only 
capable of fixing more N than the original wild- 
type parent under very high-nitrate conditions 
(Hansen et al., 1989). 

Another approach that has been considered is 
the selection of mutants with a reduced ability to 
utilize nitrate, i.e. lowered nitrate reductase ac- 
tivity (Carroll and Gresshoff, 1986; Nelson et al., 
1983). From biochemical characterizations of 
such mutants it would appear that legumes can 
contain several constitutive and nitrate-inducible 
nitrate reductase isoenzymes (Streit and Harper, 
1986), and a genotype completely lacking nitrate 
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reductase has yet to be reported. Nodulation and 
N2 fixation is still apparently sensitive to nitrate 
in those mutants already identified as having 
lowered nitrate reductase activities. 

Species differ considerably in their symbiotic 
tolerance to mineral N and sufficient natural 
variation may already exist among legume lines 
and cultivars, so that it might not be necessary to 
resort to mutagenesis procedures to induce fur- 
ther variation for breeding purposes (see Gibson 
and Harper, 1985; Hardarson et al., 1984). High 
N,-fixing soybean lines of Korean origin (Betts 
and Herridge, 1987; Herridge and Betts, 1988) 
have been used as donor parents in a breeding 
program in Australia (Peoples and Herridge, 
1990) and results to date indicate that nitrate 
tolerance may be under quantitative genetic con- 
trol with a broad-sense heritability of between 
0.24 and 0.72 (Rose et al., 1989). 

Trends in research funding 

The importance of biological N2 fixation in ag- 
riculture and in nature generally continues to 
justify considerable research on basic aspects of 
the process. This is reflected in the fact that of 
nearly 400 papers given at the 5th International 
Symposium on N, fixation, 90% were devoted to 
basic biochemical, physiological and ecological 
studies (Kokke and Shaw, 1984). The question 
of how this developing body of information can 
be put to practical use has vexed some donors 
and the balance and interaction between basic 
and applied research continues to be discussed 
(Henzell, 1988; Kokke and Shaw, 1984). Some 
policy-makers believe that the gap between the 
fundamental knowledge gained from basic re- 
search and its field application is widening and 
that more effort should be put into applied field 
research. Others feel that it is better to wait for 
further progress before forcing the pace of appli- 
cation. Perhaps the most important need is to 
ensure effective flow of information between 
basic and applied researchers. 

Molecular genetics holds much promise as a 
tool for enhancing biological N, fixation, but 
public-sector donors will carefully consider their 
role in relation to private-sector investment in 
what potentially could be profitable and patent- 
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able technologies before committing funds. New 
technologies for biological N2 fixation based on 
genetic engineering have, however, been slow to 
appear, despite considerable investment. Bering- 
er (1989) believes that still too little is known 
about genes and their interrelationships to cur- 
rently be able to manipulate them to produce 
superior organisms. He advocates the wider and 
better use of proven microbial inoculants before 
attempting to use untested ones. In this regard 
the widespread failure to effectively transfer the 
relatively simple Rhizobium inoculant technolo- 
gy to many developing countries is disturbing, 
because legume inoculation has been the most 
important practical contribution from research 
on N, fixation. The lack of availability of viable 
inoculants of effective strains of Rhizobium in 
the tropics continues to deny farmers a simple 
but profitable technology. More effort is needed 
to encourage Governments and private firms not 
only to produce and distribute inoculants, but 
also to institute efficient quality-control pro- 
grams (Roughley, 1988). 

Agricultural research priorities are currently 
being set in a dynamic agricultural, political and 
ecologically minded environment which re- 
searchers on biological N, fixation should take 
into account when framing research objectives. 
Above all research should be carefully focussed 
on important problems (Henzell, 1988). Increas- 
ingly economic analysis of potential benefits will 
be necessary to convince research donors to 
further invest in N2-fixation research. Consider- 
able economic returns have been demonstrated 
with appropriate application of inoculant (Brock- 
well et al., 1989), but other studies suggest that 
the direct economic impact of N, fixation re- 
search may be relatively small (Anderson et al., 
1987). 

Much has been learnt about the important 
process of biological N, fixation and much is 
understood about its potential benefits, particu- 
larly in tropical and sub-tropical regions where 
productivity is often constrained by N supply. 
The challenge however, remains to uncover 
more of its mysteries and to exploit more effec- 
tively what is already known so that N, fixation 
can be managed for the future benefit of 
humanity. 
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Abstract 

This paper 1) reviews improvements and new approaches in methodologies for estimating biological N2 
fixation (BNF) in wetland soils, 2) summarizes earlier quantitative estimates and recent data, and 3) 
discusses the contribution of BNF to N balance in wetland-rice culture. 

Measuring acetylene reducing activity (ARA) is still the most popular method for assessing BNF in 
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rice fields. Recent studies confirm that ARA measurements present a number of problems that may 
render quantitative extrapolations questionable. On the other hand, few comparative measures show 
ARA's potential as a quantitative estimate. Methods for measuring photodependent and associative 
ARA in field studies have been standardized, and major progress has been made in sampling 
procedures. Standardized ARA measurements have shown significant differences in associative N2 

fixation among rice varieties. 
The 15N dilution method is suitable for measuring the percentage of N derived from the atmosphere 

(% Ndfa) in legumes and rice. In particular, the 15N dilution technique, using available soil N as 
control, appears to be a promising method for screening rice varieties for ability to utilize biologically 
fixed N. Attempts to adapt the 15N dilution method to aquatic N2 fixers (Azolla and blue-green algae 
[BGA]) encountered difficulties due to the rapid change in 15N enrichment of the water. 

Differences in natural 15N abundance have been used to show differences among plant organs and 
species or varieties in rice and Azolla, and to estimate Ndfa by Azolla, but the method appears to be 
semi-quantitative. 

Recent pot experiments using stabilized 15N-labelled soil or balances in pots covered with black cloth 
indicate a contribution of 10-30 kg N ha-1 crop-1 by heterotrophic BNF in flooded planted soil with no 
or little N fertilizer used. 

Associative BNF extrapolated from ARA and 15N incorporation range from 1 to 7 kg N ha-1 crop-1. 
Straw application increases heterotrophic and photodependent BNF. Pot experiments show N gains of 
2-4 mg N g-1 straw added at 10 tons ha-1. 

N2 fixation by BGA has been almost exclusively estimated by ARA and biomass measurements. 
Estimates by ARA range from a few to 80 kg N ha-1 crop-1 (average 27 kg). Recent extensive 
measurements show extrapolated values of about 20 kg N ha-1 crop-1 in no-N plots, 8 kg in plots with 
broadcast urea, and 12 kg in plots with deep-placed urea. 

Most information on N2 fixed by Azolla and legume green manure comes from N accumulation 
measurements and determination of % Ndfa. Recent trials in an international network show standing 
crops of Azolla averaging 30-40 kg N ha-1 and the accumulation of 50-90 kg N ha-1 for two crops of 
Azolla grown before and after transplanting rice. Estimates of % Ndfa in Azolla by 15N dilution and 
delta 15N methods range from 51 to 99%. Assuming 50-80% Ndfa in legume green manures, one crop 
can provide 50-100 kg N ha-1 in 50 days. Few balance studies in microplots or pots report extrapolated 
N gains of 150-250 kg N ha-1 crop-1. 

N balances in long-term fertility experiments range from 19 to 98 kg N ha-1 crop-1 (average 50 kg N) 
in fields with no N fertilizer applied. The problems encountered with ARA and 15N methods have 
revived interest in N balance studies in pots. Balances are usually highest in flooded planted pots 
exposed to light and receiving no N fertilizer; extrapolated values range from 16 to 70 kg N ha-1 crop-1 

(average 38 kg N). A compilation of balance experiments with rice soil shows an average balance of 
about 30 kg N ha-1 crop-1 in soils where no inorganic fertilizer N was applied. 

Biological N2 fixation by individual systems can be estimated more or less accurately, but total BNF 
in a rice field has not yet been estimated by measuring simultaneously the activities of the various 
components in situ. As a result, it is not clear if the activities of the different N2-fixing systems are 
independent or related. A method to estimate in situ the contribution of N, fixed to rice nutrition is still 
not available. Dynamics of BNF during the crop cycle is known for indigenous agents but the pattern of 
fixed N availability to rice is known only for a few green manure crops. 

Introduction 

More than half of the world population is depen- 
dent on rice. The crop was planted to 14.5 million 
hectares of land in 1988, producing 468 million 

tons. About 75% of rice land are wetlands where 
rice grows in flooded fields during part or all of 
the cropping period. 

From the point of view of yield sustainability, 
traditional wetland rice cultivation has been ex- 



tremely successful. Moderate but stable yield has 
been maintained for thousands of years without 
adverse effects on soil (Bray, 1986). This is 
because flooding allows the establishment of en- 
vironmental conditions that maintain soil N fer- 
tility. In particular, flooding leads to the dif- 
ferentiation of a wide range of macro- and 
micro-environments that differ in their redox 
potential, physical properties, light status, and 
nutrient sources for the microflora. As a result, 
all groups of N2-fixing microorganisms find en- 
vironments suitable for their growth in wetland 
rice fields. Those include photosynthetic bacteria 
and blue-green algae (BGA) developing in the 
photic zone (floodwater, soil-water interface, 
and submerged plant biomass), heterotrophic 
bacteria in the soil and associated with rice, and 
Azolla and legumes used as green manure. 

An additional 300 million tons of rice will be 
needed in 2020 to meet the need of a fast- 
growing human population. This requires a 65% 
production increase within 30 years without 
much expansion of actual cultivated area (IRRI, 
1989a). However, increased rice production 
should not be at the expense of future genera- 
tions and should fulfill the concept of sus- 
tainability. A major issue is managing nutrients 
in ways that reduce agrochemical use. Increased 
use of inorganic fertilizer is inescapable, but, as 
pointed out by Postgate (1990), a parallel return 
to greater exploitation of BNF, still responsible 
for providing 60-70% of the new N in the bios- 
phere, is sensible. The development of economi- 
cally feasible technologies to increase the contri- 
bution of BNF to N nutrition of rice in highly 
productive systems is one major challenge faced 
by rice scientists. 

Biological N2 fixation in rice fields and its use 
have been reviewed by Watanabe and Roger 
(1984) and Roger and Watanabe (1986). Specific 
reviews deal with BGA (Roger, 1991), hetero- 
trophs (Yoshida and Rinaudo, 1982), BNF associ- 
ated with straw (Ladha and Boonkerd, 1988), 
rice genotypic differences in stimulating BNF 
(Ladha et al., 1988b), Azolla (Watanabe, 1982), 
and leguminous green manures (Ladha et al., 
1988c). The present paper reviews recent im- 
provements and new methodological approaches 
to estimate BNF in the wetlands, summarizes 
earlier and recent quantitative estimates, and 
discusses research needs. 
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Improvements and new methodological 
approaches 

There are currently three possible approaches in 
estimating BNF during a crop cycle. The first 
possibility is offered by N balance studies where 
balance is defined as the difference between 
easily measurable outputs (N in the exported 
parts of the plant and soil N at the end of the 
experiment) and inputs (N fertilizer applied and 
soil N at the beginning of the experiment). In 
such experiments, N losses by leaching, denitrifi- 
cation and volatilization, and atmospheric depo- 
sition are not recorded. Therefore such balance 
values usually provide an underestimation of 
BNF during the crop cycle. The second approach 
involves making and integrating short-term mea- 
surements at regular intervals during the crop 
cycle. This could be done with acetylene-reduc- 
ing activity (ARA) and short-term 15 N incorpo- 
ration measurements to determine BNF by 
specific agents or groups of organisms. Current- 
ly, only ARA has been used in field studies at 
the crop cycle level. The third approach is to 
determine the maximum biomass and the per- 
centage of N derived from the air (% Ndfa) of 
the N2-fixing agents. This method is valid when 
the organism being studied builds its maximum 
biomass with little turnover. In case of organisms 
with rapid turnover, such as BGA, the method 
may lead to a marked underestimation of the N, 
fixed. This method, therefore, has been used 
only for estimating % Ndfa in rice and mac- 
rophytic green manures (Azolla and legumes). 

Acetylene-reducing activity measurements 

Many variations of the acetylene reduction meth- 
od have been used for in-situ studies in rice fields 
and the associated methodological problems 
were reviewed by Watanabe and Cholitkul 
(1979). These include a) variability of the con- 
version factor of acetylene reduced to N, fixed, 
b) different diffusion rates and solubilities of 
acetylene and N2, c) incomplete recovery of the 
ethylene formed, d) disadvantage of short-term 
assays in assessing overall activity, and e) dis- 
turbance of the environmental conditions for the 
N2-fixing organism during assays. 

Recent studies confirm limitations that may 
make quantitative extrapolations risky. ARA 
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was linear with time with aquatic legumes 
(Ladha and Tirol-Padre, 1990) but not with as- 
sociative (Barraquio et al., 1986) and algal BNF 
(Roger et al., 1991). C2H2/N2 conversion factor 
values varied from 1.6 to 7.9 with Azolla, de- 
pending on species, PN2, assay duration, and age 
of culture (Eskew, 1987). With dense algal mats, 
it varied from 3.9 to 30, depending mostly on PN, 
used for incubation under 15 N2 (Roger et al., 
1991). But when PN2 was similar to that of air 
and when all other factors were similar to those 
used for C2H2 exposure, the C2H2/N2 ratio was 
close to the value of 4.4 derived from regression 
analysis by Peterson and Burris (1976). Most 
incubations are done under 10% C2H2 in the air, 
but ARA increases with up to 25% C2H2 in the 
air with thick BGA blooms (Roger et al., 1991) 
and associative BNF (Barraquio et al., 1986). In 
situ, the greenhouse effect in enclosures used for 
incubation reduced photodependent ARA of soil 
(Roger et al., 1991) and Azolla (Li et al., 1987). 

Despite its limitations, ARA was used in 
about 2/3 of the 38 quantitative BNF studies 
related to rice since 1985. To overcome the 
limitations and to obtain reproducible values, 
methods have been developed where composite 
and/or standardized samples collected in situ are 
incubated under controlled laboratory conditions 
(Barraquio et al., 1986; Roger et al., 1991). In 
field studies, emphasis has been on sampling 
strategies. 

Estimation of associative BNF 
Several methods have been developed for in situ 
measurement of ARA associated with the rice 
plant (Lee et al., 1977). Laboratory methods, 
such as water culture (Watanabe and Cabrera, 
1979) have been developed to overcome prob- 
lems encountered in field assays, especially those 
dealing with gas transfer. 

Earlier studies were mostly aimed at associa- 
tive BNF quantification. Then, emphasis has 
moved toward screening techniques based on 
ARA to examine variations in associative N, 
fixation among rice genotypes. Hirota et al. 
(1978) and Sano et al. (1981) developed a 
screening method that required assays under 
anaerobic conditions and was only suitable for 
pot-grown rice plants, but an immediate and 
linear ARA with time was obtained. Barraquio 

et al. (1986) developed a short-term laboratory 
assay using the root biomass and the adhering 
soil from cut plants incubated in the dark. The 
method is destructive but relatively simple, 
rapid, and reduces problems encountered in the 
whole-plant and excised root assays. 

In a subsequent study, Tirol-Padre et al. 
(1988) developed a sampling strategy for 
measuring differences among genotypes. A com- 
plete randomized block design with at least three 
blocks was recommended. ARA measurements 
were performed at heading for three consecutive 
days, taking several plants per genotype daily. In 
most trials, day-to-day variation in ARA for 
three consecutive days of measurements was not 
significant. There were also no significant differ- 
ences in ARA among plants sampled at 0800, 
1100, and 1600 h of the same day, but greater 
variability among three consecutive days of mea- 
surements was observed when sampling was 
done at 1100 and 1600 h. Sampling six plants 
day-1 for three consecutive days allowed detec- 
tion of a 40% difference (the least significant 
difference was 1.3 µmol plant -1 6 h -1 for short- 
duration varieties and 2.1 pmol for long-dura- 
tion varieties). Detecting a difference of 20% 
required a sampling of 20 plants d -1 for three 
consecutive days. 

Estimation of photodependent BNF 
To decrease variability among replicated mea- 
surements and to avoid the greenhouse effect 
usually observed in situ in the transparent enclo- 
sures used for incubation under acetylene, recent 
studies use composite samples of 7-13 soil cores 
incubated under constant and moderate tem- 
perature (about 25°C) and light intensity (about 
30 klux) (Roger et al., 1988; IRRI, 1989b). 

From a study of 440 groups of replicated mea- 
surements in plots where a wide range of ag- 
ronomic practices was used, Roger et al. (in 
IRRI, 1989b) drew general conclusions on 1) the 
distributional ecology of ARA, 2) the implica- 
tion for sampling density within a plot, and 3) 
the number of replicates needed for a given 
accuracy. The study of correlation between 
means and variances of the replicated measure- 
ments showed a slope of the regression curve 
close to 2 (Fig. 1), indicating a log-normal dis- 
tribution of the data (Roger et al., 1978). This 



Fig. 1. Correlation between means and variances of 442 
groups of ARA measurements in 5 replicated plots (4 x 4 m) 
(Roger et al., unpubl.). 

type of distribution was observed for 1) single- 
locus samples collected in the same plot and 2) 
single-locus and composite samples collected in 
replicated plots. 

In such a distribution, the accuracy of the 
mean of n measurements (Pe), defined as half of 
the confidence interval expressed as a fraction of 
the mean, is calculated as 

Pe = 1 (10 (tSy/ n ) - 10 -(tSy/ n ) ) 
2 (1) 

where t is the statistic of Student-Fischer, n is the 
number of replicates, and Sy is the standard 
deviation of the logarithms of the data (Roger et 
al . , 1978). 

Figure 2 presents a graphic representation of 
this function for values of Sy ranging from 0.2 to 
1.0. When Sy estimates are available from previ- 
ous measurements performed under similar con- 

Fig. 2. Accuracy of the mean of n replicated ARA measure- 
ments according to the number of replicates and the standard 
error of the logarithms of the data (sy). 
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ditions, this graph can be used to determine the 
number of replicated plots needed for a given 
accuracy or the number of subsamples needed 
for a given representativeness of a composite 
sample within a plot. Figure 3 summarizes 496 Sy 
values obtained from photodependent ARA 
measurements under a wide range of conditions. 
The median of 653 estimates of S, is 0.317. 
Applying this value to Equation 1 shows that the 
accuracy of averages of ARA measurements in 
replicated plots is usually low. For example, 
measurements in 10 replicated plots provide an 
accuracy of 0.5, for which the confidence interval 
is equal to the mean (Fig. 2). 

The utilization of composite samples markedly 
increases the representativeness of measure- 
ments within a plot. However, as shown in Fig- 
ure 2, on the average (i.e. Sy = 0.3), 10 core 
subsamples are needed for a representativeness 
of 0.5. A representativeness of 0.3 requires 26 
core subsamples and one of 0.2 requires 55 core 
subsamples. These data show that the number of 
subsamples collected from a plot is often de- 
termined by methodological limitations (i.e. the 
maximum number of subsamples that can be 
reasonably collected or handled) rather than a 
chosen accuracy. 

However, rather than the accuracy of a mean, 
the major concern in field experiments is the 
number of replicates needed to establish a sig- 
nificant difference between two means, X, and 
Xb. Assuming that na = nb, and Sya = Syb, the 
ratio Xa/Xb required to establish a significant 

Fig. 3. Histogram of 496 estimates of the standard error of 
the logarithms of replicated ARA measurements performed 
in 4 or 5 replicated plots using composite samples of 8 to 16 
soil cores, 2 cm in diameter. 
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difference between Xa and Xb ( p = 0.05) is given 
by 

(2) 

where n is the number of replicates, Sy is the 
variance of transformed data, and t 2n-2 is the t 
value of Student-Fischer statistic at (2n - 2) de- 
grees of freedom (Roger et al., 1978). Figure 4 
presents the calculation of Xa/Xb for 2 < n < 20 
and 0 < Sy < 1. The values of Xa/Xb correspond- 
ing to the median value of Sy(0.3) show that, on 
an average, 5 replicated plots will only permit to 
find significant differences between values whose 
ratio is about 3. Ten replicates would permit to 
establish a significant difference between two 
values whose ratio is two. 

Most field experiments on rice usually have 3 
or 4 replicates, which is adequate for normally 
distributed data such as rice yield, but might 
often be insufficient for estimating ARA with 
good accuracy. 

A coefficient of variation of 100% is observed 
among single-locus measurements because of 
their log-normal distribution. This coefficient of 
variation rapidly decreases in composite sam- 
pling when the number of subsamples increases. 
Therefore, the accuracy of the mean of measure- 
ments on composite samples in replicated plots 
depends mainly on the number of plots. In par- 
ticular, it does not improve when the value of 
the accuracy of the measurements in each plot 
decreases beyond the value of the accuracy that 

Fig. 4. Ratio (X1/X2) between two means of n replicated 
field ARA measurements ensuring a significant difference at 
p = 0.05 according to the number of replicates and the 
standard error of the logarithms of the data (sy). 

can be expected from the number of replicated 
plots. Therefore, the determination of the opti- 
mal number of subsamples to be collected in a 
plot should take into account accuracy or repre- 
sentativeness for the lower limit and the number 
of replicated plots for the upper limit. 

Interplot variability of daily ARA measure- 
ments cannot be reduced, but ARA values integ- 
rated for the crop cycle are less variable than 
daily values. 

These data show the importance of sampling 
strategies in performing field measurements of 
ARA. Such measurements are extremely tedious 
and an adequate sampling and measurement 
strategy can avoid either superfluous sample col- 
lection or measurements (that will not improve 
significantly the accuracy of the data), or mea- 
surements that have little chance of producing 
conclusive results. 

Estimation of BNF by aquatic legumes 
The ARA method has been widely used for the 
measurement of N2 fixation by root-nodulated 
upland legumes. The methodological aspects 
were discussed by Hardy et al. (1973) and Tur- 
ner and Gibson (1980). This method was recent- 
ly applied for aquatic legumes used as green 
manure in lowland rice, such as Sesbania rostrata 
(Ladha and Tirol-Padre, 1990). ARA measure- 
ment for such legumes may require special con- 
sideration because of their growth habit under 
submerged condition and their ability to produce 
root and stem nodules. Ladha and Tirol-Padre 
(1990) showed that when cut plants (aerial parts) 
were incubated in a plastic bag, ARA was linear 
from 0 to 2.5 h of incubation and did not signifi- 
cantly differ, regardless of whether incubation 
was under light or in the dark. ARA was highest 
in plants harvested between 1300 and 1600 h, 
and the optimum acetylene concentration was 
10-15%. A critical factor in assaying large num- 
bers of field-grown plants is the prolonged time 
interval between sampling and the assay. It was 
found that a 4-h interval between sampling and 
assay, compared with a 1-h interval, significantly 
reduced ARA. 

15 N2 incorporation 

N2 incorporation was used in short-term studies 15 

2 

2 
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to assess BNF by various agents, to identify 
active sites in the soil or rice plant, and to 
establish the C2H2/N2 conversion factor in 
BGA, Azolla (Eskew, 1987 Watanabe and 
Roger, 1982), and stem-nodulating legumes 
(Becker et al., 1990). 

15 N dilution method 

This method is attractive because a single mea- 
surement can provide an estimate of BNF integ- 
rated over time. It is used to estimate BNF in 
plants but not in soil. The major assumption is 
that the 15 N/ 14 N ratio of N absorbed from the 
soil and water in flooded conditions, is the same 
for the N2-fixing and the non-N2-fixing plant. 
This assumption is met when 15 N enrichment of 
soil N available to the N2-fixing system is con- 
stant during the experiment (this implies that 
15 N added is equilibrated with soil N and label- 
ing is constant throughout the soil) or when 
the N2-fixing and the non-N2-fixing plant have 
similar N uptake patterns (this implies that the 
ratio of soil N [S] to that of fertilizer N [F] 
assimilated by N2-fixing and non-N2-fixing plants 
are equal). 

The approach that ensures a constant 15 N/ 14 N 
ratio is promising in wetland rice fields in as 
much as it is easier to label soil and stabilize 15 N 
here than in upland soils; this is because the 
plow layer delineates an Ap horizon in which 
most roots are located and which is relatively 
easy to homogenize. Either a non-N2-fixing plant 
or available soil N (Zhu et al., 1984) can be used 
as control, but the validity of the control de- 
pends on the level of % Ndfa. 

To ensure a similar S/F uptake in the non-N2- 
fixing and N2-fixing plants, the approach requires 
a method to test S/F values in both plants. 
Wagner and Zapata (1982) attempted to in- 
directly determine S/F values by comparing the 
uptake of 35 S-labeled sulphate and indigenous 
soil sulphate. However, this method proved un- 
satisfactory because plants differ in their relative 
uptake of N to sulphate. Ledgard et al. (1985) 
estimated S/F in N2-fixing and non-N2-fixing 
plants by growing them in soils which received 
different levels of 15 N while keeping the amount 
of N constant. The proportions of S and F were 
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determined from the intercept and slope of re- 
gression between 15 N enrichment of plant N and 
added N. 

Pareek et al. (1990) quantified BNF by Ses- 
bania rostrata and S. aculeata in two subsequent 
crops. The first crop was grown in soil having a 
fast decline of 15 N in available soil N and the 
second crop was grown in soil having a slow 
decline of 15 N. Estimates were computed using 
1) three non-N2-fixing reference species, 2) 15 N 
enrichment of available soil N as reference, and 
3) the varying 15 N level technique. The study 
concluded that accurate estimates can be ob- 
tained after about 100 days of stabilization of 15 N 
applied to the soil under flooded, preferably 
planted conditions. The need for a control hav- 
ing similar S/F as that of the N2-fixing plant 
becomes less critical, if soil with a fairly good 
stabilization of 15 N is used. 

The accuracy of the 15 N dilution method is 
correlated with the proportion of N derived from 
BNF. This was shown by modelling the %Ndfa 
in relation to 15 N enrichment of N2-fixing and 
non-N2-fixing crops (Hardarson et al., 1988) or 
the S/F of N2-fixing and non-N2-fixing crops 
(Pareek et al., 1990). In their model, Hardarson 
et al. (1988) used an arbitrary value of 0.2 atom 
% 15 N excess in the N2-fixing crop and various 
assumed values of atom % 15 N excess in the 
non-N2-fixing crop with an error of ±10% for 
each atom % 15 N excess value. The model 
showed that when %Ndfa is low, small differ- 
ences in 15 N enrichment of the non-N,-fixing 
crop result in large changes in %Ndfa estimates. 
On the other hand, when %Ndfa is high, the 
error is low (Fig. 5). 

Whereas the 15 N dilution method was found 
suitable for estimating Ndfa in leguminous green 
manure and rice, trials with aquatic N2 fixers, 
such as Azolla and BGA, have shown that fast 
changes in 15 N enrichment in the water over time 
(Eskew, 1987), due in particular to losses by 
ammonia volatilization, result in large errors in 
%Ndfa estimation (Witty, 1983). These prob- 
lems can be solved, in the case of Azolla, by the 
sequential addition of 15 N in water (Kulasooriya 
et al., 1988). But, with BGA the N level in water 
sufficient for growth of the non-N2-fixing control 
algae may inhibit BGA growth directly or 
through competition (Roger, 1991). 
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Fig. 5. Estimated values of % N2 fixed in a plant containing 
0.2 atom % excess 20.02 SD and a range of assumed atom % 

N excess ±10% SD in nonfixing reference crop (after 
Hardarson et al., 1988). The bars represent the upper and 
lower limits of standard deviation of the estimates. 

15 

Difference in natural 15N abundance ( d 15N) 

The d 15N method uses the fact that soil has a 
higher d 15N than air and can serve as a naturally 
labelled medium. The method is advantageous 
because of the stable isotopic composition of N 
sources, but in situ a 15N gradient observed with 
soil depth can be a serious source of error. 
Growing plants in pots with well-mixed soil av- 
oids this problem (Watanabe et al., 1987). This 
method was used to test differences among rice 
plant organs and varieties, and to estimate Ndfa 
in Azolla (Watanabe et al., 1987, 1990; 
Yoneyama et al., 1987). It is currently supposed 
to be suitable only for semiquantitative estima- 
tions, but its potential for quantitative measure- 
ment has not been fully explored (Peoples and 
Herridge, 1990). 

Estimation of BNF by various agents 

Total heterotrophic BNF 

Total heterotrophic BNF estimated from the N 
balance in unfertilized planted pots covered with 

black cloth averaged 36 mg N crop-1 pot-1 or 
7 kg N ha-1 (App et al., 1986). In similar trials, 
Trolldenier (1987) found balances negatively 
correlated with the amount of N applied, ranging 
from -440 to +418 mg N crop-1 pot-1. Extrapo- 
lated values averaged 19 kg N ha-1 crop-1 with 
65 kg N ha-1, -0.3 with 112 kg N, and -14 with 
146 kg N. Using available N of a stabilized 15N- 
labelled soil as control, Zhu et al. (1984) esti- 
mated that when no N fertilizer was applied and 
photodependent BNF was controlled, hetero- 
trophic BNF contributed 16-21% of rice N, or 
11-16 kg N ha-1 crop-1. 

Associative BNF and varietal differences 

ARA associated with rice is usually measured at 
heading because it is highest at that stage. Data 
summarized by Roger and Watanabe (1986) 
range from 0.3 µmol to 2 µmol C2H4 hill-1 h-1. 
Ladha et al. (1987) screened 16 varieties and 
found activities ranging from 0.4 to 2 µmol C2H2 

hill-1 h-1. Assuming 1) that ARA measured at 
heading lasts 50 days, 2) a C2H2/N2 ratio of 
four, and 3) a plant density of 25 m-2, N2-fixing 
rate would be 1-5 kg N ha-1 crop-1. Extrapola- 
tions from 15N incorporation experiments range 
from 1.3 to 7.2 kg ha-1 crop-1 (Roger and 
Watanabe, 1986). Differences in the ability of 
rice varieties to support associative BNF were 
suspected from N balance experiments in pots 
with soil exposed to light (App et al., 1986). 
Varietal differences in associative BNF were 
shown by ARA assays (Ladha et al., 1987, 
1988b) but little is known about their physiologi- 
cal basis. The idea of breeding varieties higher in 
associative BNF is attractive, because such var- 
ieties would enhance BNF without requiring ad- 
ditional cultural practices. However, a rapid 
screening technique is needed. 

BNF associated with straw 

Early estimates of BNF after straw incorporation 
range from 0.1 to 7 mg N fixed g-1 straw added 
(mean 2.1) in 30 d (Roger and Watanabe, 1986). 
Most data originate from laboratory incubations 
of soil in the dark with 1-100% straw added 
(average 22%). Such experiments simulate com- 
posting rather than the field situation where 
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straw left is always less than 1% of soil dry 
weight. Moreover, dark incubation allows 
heterotrophic BNF only, whereas straw incorpo- 
ration also favors photodependent BNF (Ladha 
and Boonkerd, 1988). Recent greenhouse and 
field experiments show that straw application 
may significantly increase populations and N2- 
fixing activity of photosynthetic bacteria and 
BGA (Ladha and Boonkerd, 1988). However, 
pot experiments by Santiago-Ventura et al. 
(1986) showed N gains of 2-4 mg N g-1 straw 
added with no difference when soil was exposed 
to light or kept in darkness. Quantitative esti- 
mates of BNF in field experiments with straw are 
not available, but a few semiquantitative data 
and laboratory data suggest that straw might 
increase BNF by 2-4 kg N t-1 applied. 

Blue-green algae 

N2 fixation by BGA has been almost exclusively 
estimated from ARA. Data published before 
1980 vary from a few to 80 kg N ha-1 crop-1 

(mean 27 kg) (Roger and Kulasooriya, 1980). 
About 200 crop cycle measurements in ex- 
perimental plots at IRRI (Roger et al., 1988) 
show activities of the same order: 0-1200 µmol 
C2H2 m-2 h-1 for daily values and 20-500 µmol 
C2H2 m-2 h-l for average ARA during a crop 
cycle. Extrapolated values (assuming C2H2/ 
N, = 4) ranged from 0.2 to 50 kg N ha-1 crop-1 

and averaged 20 kg in no-N control plots, 8 kg in 
plots with ,broadcast urea, and 12 kg in plots 
where N was deep-placed. ARA was negligible 
in 75% of the 60 plots where urea was broadcast 
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(Roger et al., 1988). As N2-fixing BGA usually 
bloom only when the photic zone is depleted of 
inorganic N, most of their N can be assumed to 
originate from BNF. Inubushi and Watanabe 
(1986) reported that BGA in 15N-labeled plots 
had about 90% Ndfa. A BGA bloom usually 
corresponds to less than 10 kg N ha-1, a dense 
bloom may contain 10-20 kg N ha-1 (Roger, 
1991). However, estimates of BGA biomass do 
not allow the N2 fixed to be quantified, because 
no data are available on the turnover of the algal 
biomass. 

Azolla 

BNF by Azolla has usually been estimated from 
biomass measurement and the assumption that 
most of Azolla N originates from BNF. The N 
potential of Azolla was summarized by Roger 
and Watanabe (1986) from data obtained mostly 
in experimental plots. The N content in maxi- 
mum standing crops ranged from 20 to 
146 kg ha-1 and averaged 70 kg ha-1 (n = 17; 
C.V. = 58%). N2-fixing rate ranged from 0.4 to 
3.6 kg N ha-1 d-1 and averaged 2 kg N ha-1 d-1 

(n = 15, C.V. = 47%). However, data from a 4- 
year field trial at 37 sites in 10 countries show 
lower productivities in full-scale trials than in 
experimental plots (Watanabe, 1987). Biomass 
was 5-25 t fresh weight ha-1 (10-50 kg N ha-1) 
for Azolla grown before or after transplanting 
(average 15 t ha-1 or 30 kg N). 

Recent experiments focus on Ndfa determina- 
tion (Table 1). Using the 15N dilution method 
with Lemna and Salvinia as non-N2-fixing con- 

Table 1. Ndfa in Azolla estimated by 15N dilution a 

Authors Reference plant Ndfa % Remarks 

Kumarasinghe et al. (1985) Salvinia 92 + 15 mg N/tray 
Salvinia 79 +75 mg N/tray 
Salvinia 76 +150 mg N/tray 
Lemna/Salvinia 81-83 with rice 
Lemna/Salvinia 82-79 
Lemna 40-59 
Lemna 63-71 labelled Azolla 

Salvinia/Lemna 58-64 
Lermna/Spirogyra 86-93 3 crops of Azolla 
Lemna 80-81 after a rice crop 

You C.B. et al. (1987) 

Kulasooriya et al. (1988) Salvinia/Lemna 52-55 without rice, 40 ppm N 

Watanabe et al. (1990) 

without rice 

with rice, 40 ppm N 

a After Watanabe, 1990. 
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trols, Watanabe and Talukdar, and Kumarasing- 
he (unpublished data cited by Eskew, 1987) 
estimated that 80-85% Azolla N was Ndfa. 
Using similar controls and applying 15 N-labelled 
urea at 3-day intervals for 14 days, Kulasooriya 
et al. (1988) found 51-61% Ndfa and BNF of 
10-14 kgN ha -1 in 14 days. Using the d 15 N 
method, Yoneyama et al. (1987) estimated that 
59-99% of N of the strains tested was Ndfa. 
Anabaena-free A. filiculoides and the Lemna 
control had a similar d 15 N which was not in- 
fluenced by the water level (flooded or saturated 
soil). 

Leguminous green manure 

BNF by leguminous green manure (LGM) used 
for rice has usually been estimated from total N 
measurement and the assumption that 50-80% 
of accumulated N is Ndfa. Values of N accumu- 
lated in a root-nodulating pre-rice LGM crop 
summarized by Roger and Watanabe (1986) av- 
erage 114 kg N ha -1 . Highest values (146- 
267 kg N ha -1 in 52 d) were observed for Ses- 
bania. Values published after 1985, which in- 
clude several stem-nodulating legumes, average 
133 kg N ha -1 (Ladha et al., 1988c). Ranges in 
kgN ha -1 are 40-225 for aquatic LGM, and 
33-115 for grain legumes. Assuming 50-80% 
Ndfa, one LGM crop can fix an average 1.0- 
1.6 kgN ha -1 d -1 or 60-100 kgN ha -1 in 50- 
60 d. 

Using 15 N dilution, Pareek et al. (1990) quan- 
tified the contribution of BNF to total N of S. 
rostrata and S. cannabina grown up to 65 days in 
the dry season (short days) and the wet season 
(long days). At 25 days, the percentage of total 
N obtained from the atmosphere by both species 
was 50% during the dry season and 75% during 
the wet season. The contribution by BNF in- 
creased with age of the plant and ranged from 70 
to 95% at 45-55 days. Although the %Ndfa in 
the two species were similar, S. rostrata showed 
substantially higher fixation than S. cannabina, 
and the difference was more pronounced in the 
wet season. This was attributed to the difference 
in total N uptake by the two species. The esti- 
mates of BNF per plant were converted to N, 
fixed per hectare by assuming a plant density of 
500,000 ha -1 . At 45 days, the dry-season crop of 

S. rostrata had fixed 100 kg N ha -1 and the wet- 
season crop 140 kg ha -1 , while the values for S. 
cannabina were 78 and 119 kg ha -1 , respectively. 
The daily N gain was 17 kg ha -1 between 45 and 
55 days in the wet-season crop. Almost similar 
% estimates of Ndfa by S. rostrata were reported 
by Yoneyama et al. (1990) using natural abund- 
ance 15 N dilution. Based on 15 N2-calibrated 
ARA, Becker et al. (1990) reported %Ndfa of 
80 and 70% by 8-week-old S. rostrata and Aes- 
chynomene afraspera, respectively. The %Ndfa 
did not differ in both species when grown at 
different times of the year. 

On the other hand, Rinaudo et al. (1988) and 
Ndoye and Dreyfus (1988) reported a much 
lower contribution from N2 fixation, ranging 
from 30 to 50% by 53- to 63-day-old S. rostrata. 
A possible reason for the lower estimates is that 
they used non-inoculated S. rostrata as a refer- 
ence plant. 

A few estimates of BNF by S. rostrata as a 
pre-rice LGM are available from small-scale bal- 
ance studies. Rinaudo et al. (1988) reported a 
gain of 267 kg N ha -1 after incorporating a 52-d 
crop. In a 45-d Sesbania-rice (WS)/55-d Ses- 
bania-rice (DS) sequence, Ladha et al. (1988a) 
estimated that Sesbania fixed 303 kg N ha -1 

year -1 when uninoculated, and 383 kg N when 
inoculated with Azorhizobium. 

Nitrogen balance and BNF contribution in 
wetland rice 

Nitrogen balances in long-term fertility ex- 
periments listed by Greenland and Watanabe 
(1982) ranged from 19 to 98 kg N ha -1 crop -1 

(average 51 kg) in 9 fields with no N fertilizer. 
In 4 fields with N fertilizer, the average was 
-1.5 kg N ha -1 crop -1 . With rice grown alter- 
nately with an upland crop, the average was 
44 kg N ha -1 year -1 in 3 fields with no N fertil- 
izer and -29 kg N in 2 fields with applied urea. 
At two Philippine sites, App et al. (1984) found 
no decrease in total soil N after 24 and 17 crops, 
respectively. Calculations based on yields and 
known inputs suggested that two crops year -1 

resulted in balances of 79 and 103 kg N ha -1 

year -1. 
Compared with pot experiments, balance 
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Table 2. Effect of various factors on N balance a 

Factor No. of Mean Standard Level of significance 
observations (kg N ha-1 crop 1) deviation of the difference 

No inorganic N 
With inorganic N 
Planted 
Unplanted 
Light 
Dark 
No N, Light 
No N, Dark 

166 
45 

193 
18 

197 
14 

152 
14 

29.7 
4.0 

26.5 
- 0.5 

25.0 
13.2 
31.2 
13.2 

Coefficients of correlation between balance and N Applied (n = 211): 
Inorganic N Organic N 
r = -0.320** r = -0.157* 

25.4 
47.6 
30.7 
46.2 
33.0 
13.8 
25.7 
13.8 

0.000** 

0.001** 

0.108 ns 

0.011* 

Total N 
r = -0.365** ~~ 

a Analysis of data compiled from: Ando (1975); App et al., (1980, 1084, 1986); De and Sulaiman (1950); Firth et al. (1973); 
Greenland and Watanabe (1982); lnatsu and Watanabe (1969); Konishi and Seino (1961); Koyama and App (1979); 
Santiago-Ventura et al. (1986); Singh and Singh (1987); Trolldenier (1987); and Willis and Green (1948). 
177 values obtained in pots were extrapolated to kg N ha -1 crop-1 on an area basis. 

studies in the field encounter additional difficul- 
ties because of sampling errors, unaccounted 
subsoil contribution, and losses by leaching. 
Therefore, there is renewed interest in pot 
studies (App et al., 1986; Santiago-Ventura et 
al., 1986; Singh and Singh, 1987; Trolldenier, 
1987). In a 4-crop experiment comparing organic 
N (Azolla and BGA) and urea, Singh and Singh 
(1987) found positive N balances ranging from 
13 to 163 mg N crop-1 pot-1. Balances were high- 
est (133-163 mg Ncrop-1 pot-1) in pots that re- 
ceived 60 kg organic N ha-1, and lowest (13- 
29 mg) in pots that received 30-60 kg N ha-1 as 
urea. Balance in the control was 51 mg N crop-' 

In a second experiment comparing the effects 
of soil exposure to light, presence of rice, and 
flooding in nonfertilized plots, N balance ranged 
from 78 to 103 mg crop-1 pot-1 in fallow pots not 
exposed to light and from 243 to 
277 mg crop-1 pot-1 in planted pots exposed to 
light. The N balances reported by Singh and 
Singh (1987) in flooded pots exposed to light (51 
and 277 mg N crop-1 pot-1) cover a similar 
range than 89 values reported by App et al. 
(1986) (70-260 mg N crop -1 pot -1, average 
153 mg). Extrapolating values of App et al. 
(1986) shows N balances ranging from 16 to 
70 kg N ha-1 crop-1 (average 38 kg) in unfertil- 
ized planted pots exposed to light. Santiago- 

Ventura et al. (1986) reported balances of about 

pot-1. 

100 mg N crop-1 pot-1 in pots exposed to light 
and receiving no or low levels of N fertilizer. 
With high levels of N fertilizer, the balance was 
not significant. 

Figure 6 and Table 2 summarize the balance 
measurements in rice soils. Data are from 14 
reports, including both field and pot studies. To 
allow for comparisons, data from pot experi- 

Fig. 6. Histogram of 211 N balance values from field and pot 
experiments dealing with rice. Data compiled from: Ando 
(1975); App et al. (1980, 1984, 1986); De and Sulaiman 
(1950); Firth et al. (1973); Greenland and Watanabe (1982); 
Inatsu and Watanabe (1969); Konishi and Seino (1961); 
Koyama and App (1979); Santiago-Ventura et al. (1986); 
Singh and Singh (1987); Trolldenier (1987); and Willis and 
Green (1948). 
177 values obtained in pots were extrapolated to kg N ha-1 

crop-1 on an area basis. 
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ments were extrapolated on an area basis and 
expressed in kg N ha-1 crop-1. Figure 6 presents 
the histogram of the 211 balance values, 
with an average change of 24.2 kg N ha-1 crop-1 

(median: 27 kg). Ninety-five percent of the 
balance values are between -60 and 
+90 kg N ha-1 crop-1. Extreme values are from 
balance experiments in pots performed over one 
crop cycle only (Willis and Green, 1948); other 
pot experiments were conducted for three to six 
successive crops. 

A comparison of the average values of data 
grouped according to various criteria by the Stu- 
dent-Fischer t test (Table 2) shows a larger bal- 
ance in the absence of inorganic N 
(29.7 kg N ha-1 crop-1) than when inorganic N is 
applied (4.0 kgN ha-1 crop-1). A study of the 
correlation between N balance and the level of N 
fertilizer applied shows highly significant ( p = 
0.01) negative values for inorganic N and total N 
(inorganic + organic) and a negative value ( p = 
0.05) for organic N (Table 2). This supports the 
general concept that inorganic N is more suscep- 
tible to losses than organic N. 

Data in Table 2 also show a larger balance in 
planted soil (26.5 kg N ha-1 crop-1) than in un- 
planted soil (-0.5 kg). The difference between 
balance in pots where soil was either exposed to 
light or kept in the dark is not statistically signifi- 
cant when considering all data. It becomes highly 
significant when only experiments with no inor- 
ganic N fertilizer applied are considered. The 
data indicate that under such conditions, photo- 
dependent BNF might contribute roughly twice 
more N than heterotrophic BNF. 

Conclusions 

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

Ranges of reported estimates of BNF by in- 

Table 3. Range of estimates of N2 fixed by various agents in wetland rice fields (kg N ha-1 crop-1) and theoretical maximum 
potential (value and assumptions) 

Component Reported range of Theoretical maximum potential 
estimates and assumptions 

BNF associated with 
rice rhizosphere 

BNF associated with 
straw 

Total heterotrophic 
BNF 

Blue-green algae 

Azolla 

Legume 
green manures 

1-7 kgN ha-1 crop-1 

2-4 kg N t-1 straw 

1-31 kgN ha-1 crop-1 

0-80 kg N ha-1 crop-1 

20-150 kgN ha-1 crop-1 

(experimental plots) 
10-50 kg N ha-1 crop-1 

(field trials) 

20-260 kg N ha-1 crop-1 

40 kgN ha-1 crop-1 

• All rhizospheric bacteria are N2-fixers, 
• C flow through rhizosphere is 1 t ha-1 crop-1, and 
• 40 mg N is fixed g C-1. 
35kg N ha-1 crop-1 

• 5 t of straw is applied, and 
• 7 mg N is fixed g-1 of straw. 

60 kg N ha-1 crop-1 

• All C input (2 t crop-1) is used by N2-fixers. 

70 kg N ha-1 crop-1 

• Photosynthetic aquatic biomass is 

• primary production is 0.5 t C ha-1 crop-1. 

224 kg N ha-1 crop-1 

• one Azolla standing crop is 140 kg N ha-1, and 
• two Azolla crops are grown per rice crop, 
• Ndfa is 80%. 

260 kg N ha-1 in 55 days 
• Sesbania rostrata is used as green manure 
• 290 kg N ha-1 is accumulated in 50-60 d, and 
• Ndfa is 90%. 

composed exclusively of N2-fixing BGA (C/N = 7), and 



dividual systems are presented in Table 3. Esti- 
mates for green manure (Azolla and legumes) 
are based on biomass measurements combined 
with Ndfa determination and are probably more 
reliable than estimates for indigenous fixers 
based mostly on indirect methods (ARA) or 
balance methods in small-scale trials. However, 
total BNF in a rice field has not yet been esti- 
mated by measuring simultaneously the activities 
of the various components in situ. As a result, 
the relation between the different N2-fixing sys- 
tems, especially indigenous ones, are not fully 
understood and it is not clear if their activities 
are independent or related. A method to esti- 
mate in situ the contribution of fixed N2 to rice 
nutrition is still not available. The dynamics of 
BNF during the crop cycle are known for in- 
digenous agents, but the pattern of fixed N avail- 
ability to rice is known only for a few green 
manure crops. As a result, BNF in models of N 
cycling in wetlands is either not taken into ac- 
count or considered as a nondynamic input. 

Because of technological and socio-economical 
limiting factors, the agronomic potential of BNF 
is still largely underutilized in rice cultivation 
(Roger, 1991). Methodological progress and 
comprehensive evaluations of BNF in rice fields 
are still needed to develop and test agricultural 
practices that take advantage of BNF in this 
important agroecosystem. 
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Abstract 

This paper summarizes recent achievements in exploiting new biological nitrogen fixation (BNF) 
systems in rice fields, improving their management, and integrating them into rice farming systems. The 
inoculation of cyanobacteria has been long recommended, but its effect is erratic and unpredictable. 
Azolla has a long history of use as a green manure, but a number of biological constraints limited its use 
in tropical Asia. To overcome these constraints, the Azolla-Anabaena system as well as the growing 
methods were improved. Hybrids between A. microphylla and A. filiculoides (male) produced higher 
annual biomass than either parent. When Anabaena from high temperature-tolerant A. microphylla 
was transferred to Anabaena-free A. filiculoides, A. filiculoides became tolerant of high temperature. 
Azolla can have multiple purposes in addition to being a N source. An integrated Azolla-fish-rice 
system developed in Fujian, China, could increase farmers' income, reduce expenses, and increase 
ecological stability. A study using Azolla labeled with 15 N showed the reduction of N losses by fish 
uptake of N. The Azolla mat could also reduce losses of urea N by lowering floodwater-pH and storing 
a part of applied N in Azolla. Agronomically useful aquatic legumes have been explored within 
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Sesbania and Aeschynomene. S. rostrata can accumulate more than 100 kg N ha-1 in 45 d. Its N2 

fixation by stem nodules is more tolerant of mineral N than that by root nodules, but the flowering of S. 
rostrata is sensitive to photoperiod. Aquatic legumes can be used in rainfed rice fields as N scavengers 
and N2 fixers. The general principle of integrated uses of BNF in rice-farming systems is shown. 

Introduction 

Rice is the most suitable crop in wet monsoon 
Asian areas. Heavy rain floods the land during 
most or part of the rice-growing period. Flooded 
culture is effective in reducing soil erosion and 
avoiding acidification, which often occur under 
dryland conditions. The nitrogen fertility of soil 
is sustained better under flooded conditions than 
under dryland conditions (Watanabe and Roger, 
1984; Watanabe, 1986). Favorable conditions for 
biological nitrogen fixation (BNF) is one of the 
reasons for the relatively stable yield of rice 
under flooded condition. After soil flooding, dif- 
ferentiation of an oxidized layer and a reduced 
layer and development of a photodependent 
biomass in floodwater and on the soil surface 
occur. The reduced soil conditions favor heterot- 
rophic nitrogen fixation. The floodwater is the 
site for photodependent nitrogen fixation by 
free-living cyanobacteria and photosynthetic bac- 
teria, and symbiotic cyanobacteria with Azolla. 
The rhizosphere of rice also provides favorable 
conditions for microaerophilic bacterial N2 fix- 
ation. 

The centuries-long practice of using green ma- 
nures was overtaken by the use of chemical 
fertilizers in the 1960s. Increasing petroleum 
prices and environmental issues rekindled inter- 
est in and attention to the importance of BNF 

and its use in rice production. The potentialities 
and practical values differ among BNF systems. 
Four nitrogen-fixing systems can function in the 
wetland rice-farming systems. The approximate 
amount of N gains, the technological availability 
of these systems, and possible constraints to 
technological dissemination are shown in Table 1 
(modified from Roger and Watanabe, 1986). The 
quantity of nitrogen fixed by indigenous ni- 
trogen-fixing organisms (bacteria and cyanobac- 
teria) is not high, but this type of nitrogen 
fixation operates everywhere. Because of compe- 
tition with native flora, replacement of indigen- 
ous strains with better strains is difficult. Cultural 
techniques to stimulate the growth and activity 
of indigenous organisms are required. On the 
other hand, the amount of nitrogen fixed by 
inoculated organisms (Azolla and legumes) is 
high, but high cash-and labor inputs are required 
to make the best use of their nitrogen-fixing 
potentials. 

The management and manipulation of BNF 
systems in flooded rice systems were reviewed 
earlier (Roger and Watanabe, 1986; Watanabe, 
1986). Since these reviews, progress has been 
made in understanding cyanobacteria inocula- 
tion, genetic enhancement of Azolla-Anabaena 
symbiosis, integrated uses of Azolla, exploration 
of fast-growing stem-nodulating legumes and 
their use in wetland rice-farming systems. 

Table 1. N gains, technological availability, and constraints in use of various BNF systems in wetland rice farming system 

System N gains a Technological availability Constraints 
(kg N ha-1 per crop) 

Non-symbiotic 
Cyanobacteria 10-80 
Associative bacteria < 10 

Symbiotic 
Azolla-Anabaena 20-100 

Aquatic legumes 30-230 

High but questionable P deficiency, grazer pressure 
Not available 

High 

High 

Poor water control, insect 
damage, P deficiency, etc. 
Seed production, 
photoperiod sensitivity 

a N gains are per crop in a symbiotic system, and per crop of rice in a non-symbiotic system. 



In this paper, recent developments in the mod- 
ification of nitrogen-fixing systems and their use 
in rice-farming systems are presented. 

Nitrogen fixation by cyanobacteria and its 
possible use 

Since the discovery of the importance of 
cyanobacteria in N gains under flooded condi- 
tions, many inoculation trials of cultured 
cyanobacteria have been made. From intensive 
surveys of the results of inoculation and from his 
own experiments, Roger (1990) presented a re- 
view of the inoculation of cyanobacteria. The 
inoculation increased rice grain yields by an av- 
erage of 350 kg ha -1 . When successful, the inocu- 
lation is low-cost technology, but its effect is 
erratic and unpredictable. No reliable method is 
available to assure the success of inoculation 
with 'efficient' cyanobacterial strains. Recent 
studies showed (Reddy and Roger, 1988; Roger 
et al., 1987; Roger, 1990) that N2-fixing 
cyanobacteria are present in rice fields at a much 
higher rate than was previously thought and that 
non-indigenous strains rarely establish them- 
selves. A shortage of P, the presence of com- 
bined N in floodwater, and grazer populations 
often limit the growth and activities of cyanobac- 
teria. Alleviation of those conditions could 
stimulate the growth and N2 fixation of indigen- 
ous cyanobacteria, but the economic viability 
and efficiency of applying P and pesticides to kill 
grazers have to be determined. Efficiency of 
P application to cyanobacterial nitrogen fixation 
in floodwater is lower than that to Azolla 
(Watanabe and Cholitkul, 1990). The applica- 
tions of inorganic N fertilizers, and probably 
herbicides, inhibit cyanobacterial nitrogen fixa- 
tion. Although NH4-resistant mutants were re- 
ported (Latorre et al., 1986), competitiveness of 
the strains against the indigenous strain was 
weak (Roger, ORSTOM, personal communica- 
tion). A herbicide-resistant strain was isolated 
(Vaishampayan, 1984). Because the level of her- 
bicide for selection of resistant strains was much 
higher than the recommended dose of her- 
bicides, the ecological significance of resistant 
strains is questionable. 
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Nitrogen fixation by Azolla-Anabaena symbiosis 

For many centuries, the aquatic fern Azolla has 
been used in southern China and northern Viet- 
nam as green manure for rice (Nierzwicki- 
Bauer, 1990; Shi and Hall, 1988), but in South- 
east Asia Azolla was not popular. In the 1980s, 
Azolla was first used in rice fields in southern 
Mindanao in the Philippines. Because soils in 
this area were rich in available P, the growth of 
Azolla was abundant (Watanabe and Ramirez, 
1990). Economical analysis showed that in this 
area, the use of Azolla before rice transplanting 
could save inputs of at least US$10 at 1981 prices 
(Kikuchi et al., 1984). Azolla pinnata var. im- 
bricata is indigenous in Asia, but recently species 
belonging to the Euazolla section ( A. 
filiculoides, A. microphylla, A. caroliniana, and 
A. mexicana ) have been introduced for agricul- 
tural use, because their potential biomass pro- 
duction is higher than that of A. pinnata. One 
crop of Azolla at full cover can accumulate 
20-100 kg N ha-1 (Watanabe and Roger, 1984). 
Two crops of Azolla (about 30 days each) can 
supply N for a crop of rice. At least 70% of N 
accumulated by Azolla comes from atmospheric 
N (see Roger and Ladha, 1992). 

Factors restricting wide use by farmers 

Despite the popularity of Azolla among scientists 
in Asia, actual use by farmers in Asia is still 
limited. In China and Vietnam, its use has di- 
minished because of the availability of chemical 
N fertilizer and the cultivation of more economi- 
cal crops. Many technical constraints inhibit wide 
use by farmers in South and Southeast Asia. 
These are a) the difficulties of maintaining Azol- 
la inoculum throughout the year, particularly in 
the dry season, b) P deficiency, c) low tolerance 
for high temperature, d) damage by insect and 
fungi, and e) poor water control. To overcome 
these constraints, technological improvement 
and selection of Azolla strains suitable for vari- 
ous conditions have been sought. To overcome 
the maintenance of Azolla in winter or summer, 
the technologies of harvesting and seeding Azol- 
la sporocarps - which have tolerance for adverse 
conditions were developed in China (Lu, 1987). 
Scientists in Zhejiang, Guandong, and Hunan 
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Provinces have studied this technique, but the 
slow growth in seedbeds and sporulation in only 
a limited number of strains limit the wide use of 
this technology. Some strains of Azolla like A. 
caroliniana (IRRI ac. No 3001) are tolerant of 
adverse conditions and recover quickly after a 
dry or cool period, despite its inability to sporu- 
late. This A. caroliniana strain grows abundantly 
in South China (Liu and Zheng, 1989). 

Surveys of Azolla plants grown in ponds and 
rice fields in the Philippines showed that at least 
half of the samples were deficient in P 
(Watanabe and Ramirez, 1990). The average 
available P content of soils where Azolla plants 
grew was 25 ppm - higher than the average for 
Philippine soils (probably below 10 ppm) - 
suggesting that Azolla could grow in soils with 
higher available P content. Averages of plant P 
content in A. microphylla and available P con- 
tent of soils where this species grew, were higher 
than those in A. pinnata, suggesting that the 
requirement for available P was higher in A. 
microphylla than in A. pinnata. Water-culture 
experiments also showed that A. pinnata grows 
better under low-P condition than A. microphyl- 
la and A. mexicana (Kushari and Watanabe, 
1991). Split application of P to nursery beds of 
Azolla can greatly increase the efficiency of P in 
N production by Azolla (Watanabe et al., 1988). 
After inoculation to the field, Azolla enriched 
with P can multiply 7-10 times until it becomes 
P-deficient . 

A. filiculoides is least tolerant of high tem- 
perature. Introduction of A. filiculoides in China 
in the early 1970s expanded the use of Azolla in 
the North of China (Liu and Zheng, 1989). 
Although A. microphylla is tolerant of high tem- 
perature, growth is greatly reduced at water 
temperature exceeding 40°C. In the fields, dam- 
age by heat is confounded with insect damage 
because, as temperature increases, insect growth 
increases and growth of Azolla decreases. Major 
insect pests are Pyrlalidae ( Ephestiopsis and 
Elophila ) (Mochida et al., 1987) in the humid 
tropics, and Chironomidae and snails in addition 
to Pyrlalidae in China (Liu and Zheng, 1989). 
Use of chemical pesticides in the fields is not 
economically feasible (Kikuchi et al., 1984). 

Biological control should be sought. Moist soil 
culture prevents damage by insect and high tem- 
perature, because the absence of floodwater in- 
hibits the movement of aquatic insect larvae (Liu 
and Zheng, 1989). No strong tolerance for 
pyralid pests was found among Azolla strains 
(Liu and Zheng, 1989). 

Recent development in genetic enhancement 

Although selection of Azolla species or strains 
and improvement of cultural practices were part- 
ly successful in overcoming constraints and in 
increasing N2-fixing activity, genetic enhance- 
ment of the Azolla-Anabaena system is needed. 
This has recently been accomplished by sexual 
hybridization and algal inoculation. 

An easily sporulating strain of A. filiculoides, 
introduced in China in the 1970s, gave material 
for studying the sexual life cycle of Azolla. In 
1979, scientists in Jiangsu and Fubei Provinces 
reported the hybridization of Azolla. Wei et al. 
(1986) reported the hybridization between A. 
filiculoides and A. microphylla. When A. 
filiculoides was a female, a higher number of 
albinos appeared in the F1. Hybridization was 
confirmed by isozyme pattern of esterase. Wei et 
al. (1986) also reported crosses between A. mex- 
icana and A. filiculoides. In all of the F1, no 
megasporocarps (female organ) were formed, 
and microspores were often aborted and became 
non-circular during their development. Improved 
tolerance for heat and snail attack was observed 
in hybrids. The annual biomass production of a 
hybrid ( A. microphylla x A. filiculoides ) was 
better than that of the parents in Fuzhou (Table 
2) (Liu and Zheng, 1989). In spring, low tem- 

Table 2. Biomass production of hybrid Azolla and its parents 
in Fuzhou. China (FAO, 1988) 

Species Fresh weight (t ha-1) 

Apr.-Jul. Aug.-Nov. Total/year 

Hybrid a 118 43 161 
A. microphylla (female) 79 50 129 
A. filiculoides (male) 101 25 126 
A. caroliniana 93 44 137 
a A. microphylla X A. filiculoides, Strain name-Rong-Pin 1-4. 



perature-tolerant A. filiculoides grew better than 
high temperature-tolerant A. microphylla. In 
summer and autumn, the opposite was found. In 
spring, the hybrid produced biomass comparable 
to that of A. filiculoides; in summer and autumn 
it was comparable to A. microphylla. Conse- 
quently, annual production of the hybrid in 
Fuzhou was higher than that of the parents 
(Table 2) (Liu and Zheng, 1989). Do van Cat et 
al. (1989) also reported hybrids between A. mi- 
crophylla and A. filiculoides (IRRI ac. No. 4028, 
and 4030). Hybrids were confirmed by zymog- 
rams of three enzymes. Megasporocarps were 
not formed and microspores were also abnormal. 
The N content of hybrids grown in IRRI’s field 
or laboratory was higher than that of the parent 
A. microphylla. Biomass production of hybrids 
in IRRI fields was higher than that of A. mi- 
crophylla except in May, the hottest month. 
These results indicate that sexual hybridization 
could change Azolla’s reactions to environments. 
Scientists in University of Hanoi (Do van Cat, 
person. comm.) and the University of Philippines 
at Los Baños (P.C. Payawal, personal comm.) 
reported the hybridization between A. mi- 
crophylla and A. mexicana. Although cyano- 
bacteria were isolated from the fern, their im- 
muno-chemical and DNA properties were not 
identical with those of the endosymbiont (Zim- 
merman et al., 1989). Lin et al. (1989) showed 
that the inoculation of one of such isolated 
Anabaena could not establish complete sym- 
biosis. It is unlikely that genuine cyanobionts 
have been isolated. Anabaena cells are present 
beneath the indusium of the megasporocarp and 
transfer to a new generation of sporophytes. By 
transferring the indusium to Anabaena-free 
megasporocarps of another species, Lin et al. 
(1989) succeeded in transferring Anabaena of A. 
microphylla to A. filiculoides and vice versa (Fig. 
1). A. filiculoides having a cyanobiont from A. 
microphylla became more tolerant of heat (37°C- 
day/29°C-night) than A. filiculoides, but less tol- 
erant than A. microphylla, suggesting that heat 
tolerance is partly controlled by Anabaena 
(Watanabe et al., 1989). 

Although these achievements in sexual hybrid- 
ization and the exchange of cyanobionts were 
preliminary, the methods opened a way to 
genetic enhancement and study of the mecha- 

Improving N2-fixing systems in rice farming 61 

Fig. 1. Diagram for exchanging symbiotic Anabaena in 
megasporocarps. 

nisms of Azolla-Anabaena symbiosis. We expect 
that some of the unfavorable characteristics of 
various Azolla species - high P requirement, low 
nutrient content and low digestibility to animals, 
susceptibility to high temperature, and sensitivity 
to insect attack - may be improved by hybridiza- 
tion or by changing the symbiotic cyanobacteria 
or even by introducing foreign DNA-like insect 
resistance genes to either the fern or the 
cyanobiot. 

For genetic enhancement, knowledge of the 
genetic or strain or species variabilities is re- 
quired. Table 3 summarizes known variabilities 
in various traits. The gene pool for these widely 
variable characteristics is, however, still virtually 
unanalyzed. 

Multiple uses 

Recently, multiple benefits from Azolla besides 
being an organic N fertilizer have been recog- 
nized. These are as (a) weed suppressor (Janiya 
and Moody, 1981), (b) K scavenger from flood- 
water (Liu, 1987), (c) animal feed, (d) fish feed, 
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Table 3. Genetic variabilities of Azolla in various traits 

Traits Species Among Mutants Details" References 
strains or hybrids 

Sporulation Yes Yes Yes In hybrids, no female spores Wei et al. (1986) 

Heat tolerance Yes Yes Yes Amic, Amex > Api > Af Watanabe, unpublished 
Latin America Af > Europe af Watanabe, unpublished 

Cold tolerance Yes ? ? Af > others Li et al. (1982) 
P deficiency Yes Yes Yes Ap > Af, Amic, Amex Kushari and Watanabe (1991) 

Payawal and Paderson (1987) 

A mutant 4138 Liu and Watanabe, unpublished 
Desmadyl et al. (1988) 

NaCl tolerance Yes Yes Yes Amic, Amex > Ap Liu and Zheng (1989) 

AI tolerance Yes Yes Yes Ap > other Wauthelet et al. (1988) 

Appetency to fish Yes Yes ? Amic > Api Antonie et al. (1986) 
Inhibition of N2 fixation Yes Yes ? App > others Okoronko et al. (1989) 

Insect tolerance Yes Yes ? App >others Mochida, IRRI, pers. comm. 
a Ap: A. pinnata, Api: A. pinnata var. imbricata, App: A. pinnata var. pinnata, Af: A. filiculoides, Amic: A. microphylla, Amex: 
A. mexicana. Numbers are accession number of IRRI Azolla Collection. 

A mutant 8028 H. Brunner, IAEA, pers. comm. 

A mutant 413 Liu, unpublished 

by NH4 

(e) P scavenger in sewage treatment (Shiomi and 
Kitoh, 1987), and (f) suppressor of ammonium 
volatilization (Villegas and San Valentin, 1989). 
The use as fish feed and effect on losses of 
inorganic N fertilizer are described here. 

Rice-Azolla-fish culture 
Asian farmers have been rearing fish with 
flooded rice culture. Fish production is limited, 
however, by aquatic biomass production in 
flooded rice fields. The Fujian Academy of Ag- 
riculture Science (FAAS) developed the rice- 
Azolla-fish system to increase farmers' income 
by the higher production of fish and reduced 
consumption of fertilizers and pesticides (FAO, 
1988; Liu and Zheng, 1989). 

The essence of this technique lies in (a) the 
mixture and proper ratio of fish with different 
eating and rearing habits, (b) proper ratio of the 
area for pits and ditches to rice-planted area in 
one plot of the field, (c) double narrow row 
planting of rice, (d) mixture of Azolla species, 
and (e) supplement of fish feed, if necessary. 
Three or more kinds of fish - grass carp (her- 
bivorous), Tilapia nilotica (omnivorous), and 
other omnivorous fish - are mixed. Rice spacing 
is such as to allow sufficient space to fish without 
reducing rice yield. Pits and ditches are dug in 
the rice field, and rice is often grown on the 
ridges. 

Several kinds of Azolla are mixed to give 
stable biomass production in different seasons. 
The mixture of fish having different eating habits 
may accelerate N transformation among Azolla- 
fish-fish faeces-rice. Experiments with 15 N-label- 
led Azolla showed Azolla N to be incorporated 
into fish protein and the rice plant. The re- 
coveries of Azolla N labelled with 15 N were 26% 
to rice and 35% in soil and floodwater (39% 
loss) in the rice-Azolla system; in the rice- 
Azolla-fish system, 27% was recovered in fish, 
23% in rice, and 35% in soil and floodwater 
(15% loss). These data show a more efficient use 
of biologically fixed N in the rice-Azolla-fish 
system. Potassium is also recycled in the Azolla- 
fish-fish faeces system. Consequently, this system 
could reduce substantially the use of inorganic 
fertilizers. The soil surface in rice fields and fish 
pits was enriched with N, P, and K. The inci- 
dence of rice disease and insect pest also de- 
creased. This system, therefore, not only pro- 
tects the environment, but also increases far- 
mers' income. The experiments to reduce the use 
of chemical fertilizer and pesticides confirmed 
that this system increases farmers' income by 
producing fish without loss of rice yield and by 
reducing inputs (Table 4). This system could give 
an additional income of about $2000/ha per 
year, compared to the conventional two rice 
crops (FAO, 1988; Liu and Zheng, 1989). 
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Table 4. Experiments in new farming (rice-Azolla-fish) system at Fujian Acad. Agric. Sci. (1987-1988) 

Fertilizers used Azolla applied Rice yield Fish yield 
(kg ha-1 yr-1) (t ha -1) (t ha -1) (t ha -1) 

N SP a K2O Early Late Total 

1987 
Rice-rice system 207.8 194.3 127.4 / 6.0 6.4 13.0 / 
Rice-Azolla-fish 37 42.25 42.25 30 5.8 4.4 10.2 4.0 

1988 
Rice-rice system 274.8 180.4 152.9 / 
Rice-Azolla-fish 67.3 69.4 50.9 45 

4.7 4.8 9.5 / 
4.4 4.5 8.9 4.3 

a Superphosphate. 

Effect of Azolla on the fate of applied inorganic 
N fertilizer 
The rise in floodwater-pH because of the photo- 
synthetic activity of the aquatic community 
stimulates N volatilization from surface-applied 
urea. Under the Azolla cover, floodwater-pH 
does not rise because of light interception by 
Azolla (Kroeck et al., 1988). This may decrease 
ammonia volatilization. Furthermore, the ap- 
plied N is absorbed by Azolla and used by rice. 
A small-scale experiment in the laboratory 
showed ammonia volatilization to be 7-40% of 
applied ammonium, depending on pH, tempera- 
ture, and wind speed. The presence of an Azolla 
cover reduced ammonia volatilization by 20- 
50% of that without Azolla (Villegas and San 
Velentin, 1989). The experiment in FAAS, using 
15N-labeled urea, showed that 50% of urea N 
was lost when urea was applied to floodwater 2 
weeks after transplanting rice. When N fertilizer 
was applied to the Azolla mat. the loss was 42%. 
When Azolla was further grown 2 weeks after 
applying urea and incorporated in the soil, re- 
covery of 15N in rice further increased, and loss 
was reduced to 25%. The experiments coordi- 
nated by IAEA (International Atomic Energy 

Agency) / FAO (Food Agriculture Organization 
of the United Nations)/SIDA (Swedish Interna- 
tional Aids Agency) project on the use of 15N in 
N2 fixation of Azolla and blue-green algae con- 
firmed the beneficial effects of Azolla cover on 
reducing ammonia volatilization (Table 5). 

Nitrogen-fixing aquatic legumes 

Exploration of fast-growing aquatic legumes as 
green manure crops 

Leguminous green manure crops have been used 
as green manures for rice. The major ones are 
Astragalus sinicus in the temperate region and 
Sesbania cannabina (syn. aculeata ) in the tropics. 
Although green manure use generally decreased, 
it has continued in some Asian regions like 
Bangladesh and some parts of India. The interest 
in green manure legumes was revived recently 
(Ladha et al., 1988; Meelu and Morris, 1988). 
Under the conditions of intensive agriculture, in 
which land and time are major constraints, green 
manure crops can be inserted in the cropping 
calender when the growth interval is short, or 

Table 5. Effects of Azolla cover and incorporation on rice grain yields and 15N recoveries (IAEA/FAO/SIDA joint project on 
the use of 15N in Azolla and blue-green algae in rice fields. 1989) a 

Treatment Indonesia Sri Lanka Beijing, China Fuzhou, China Philip. Thailand 

Yield 15N Yield 15N Yield 15N Yield 15N Yield Yield 
(t ha-1) % (t ha-1) % (t ha-1) % (t ha-1) % (t ha-1) % 

recovery recovery recovery recovery recovery 

Urea 4.2 59(76) 2.9 27 10.1 16 4.1 25(50) 4.7 3.5 
Azolla + urea 4.2 62(86) 3.2 35 10.4 30 4.2 29(58) 6 4.0 
Incorporated 4.4 59(90) 3.8 42 4.3 35(75) 6.7 4.7 
a 15N recovery in plants and in soil and plant in parentheses. 
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can be grown as an intercrop. In particular, the 
discovery of the potential as green manure of 
stem-nodulating and fast-growing aquatic 
legumes - Sesbania rostrata (Dreyfus and Dom- 
mergues, 1981) and various Aeschynomene 
species (Alazard and Becker, 1987) - led to new 
ways in using green manure legumes in rice- 
based farming systems. Many species of Sesbania 
and Aeschynomene have nodules on the stems 
(Ladha et al., 1991). There are three patterns of 
stem nodulation. 

Type A: Profuse nodulation all over the aerial 
stem. S. rostrata, A. afraspera, A. 
nilotica 

Type B: Scarce nodulation on the aerial stem, 
but good nodulation on the stem por- 
tion submerged in water. A. aspera, 
A. cilita, A. denticulata, A. evenia, 
A. indica, A. pratensis, A. rudis, A. 
schimperi, A. scabra, A. sensitiva, A. 
tambacoundensis. 

Type C: No nodulation on the aerial stem and 
scarce nodulation on the submerged 
stem. A. crassicaulis, A. pfundii, A. 
elaphroxylon, S. sesban, S. punctata, 
S. speciosa, S. javanica, Neptunia 
oleracea 

Because of stem nodules, the plant can con- 
tinue to fix N2 under submerged conditions and 
can be grown before wet-season rice, when 
flooding frequently occurs. N2 fixation by stem 
nodules is more tolerant of combined N than is 
that by root nodule. Field-and pot experiments 
showed that N2 fixation by S. rostrata was stimu- 
lated at 30 kg N ha -1 , and was not inhibited at 
60 kg N ha -1 (Becker et al., 1988; 1990). Among 
them, S. rostrata and A. afraspera, which origi- 
nated from Africa, have been studied most (Bec- 
ker et al., 1988; 1990; Ladha et al., 1988; Meelu 
and Morris, 1988). Experiments in the Philip- 
pines showed that within 45 days S. rostrata 
could accumulate 40-110 kg N ha -1 and A. af- 
raspera 80-90 kg N ha -1 . N accumulation varied 
with variation in period to flowering. S. rostrata 
is more sensitive to photoperiodism than is A. 
afraspera. Days to accumulate 100 kg N ha -1 in 
the Philippines ranged from 41 (May planting) to 
61 (December planting). In S. rostrata, the val- 

Fig. 2. Rice grain yields, as affected by various sources of N 
(1985-1989 at IRRI). 

ues ranged between 45 and 50 d in A. afraspera 
(Becker et al., 1988; 1990). The difference in 
day length is only 1.5 h in a year. S. rostrata is, 
therefore, suitable for the long-day season. A. 
afraspera has lower C/N ratios (13-16 at 7-week 
growth) than S. rostrata (22-24). Because the 
bulky biomass of these green manure crops re- 
quires additional labor for incorporation, a green 
manure crop with higher N content or less 
biomass at the same rate of applied N is prefer- 
able (Becker et al., 1988; 1990). 

Urea, Azolla, S. rostrata, and A. afraspera 
have been compared as sources of N in IRRI 
fields. Azolla was incorporated twice before 
transplanting rice and once after transplanting. 
Legumes were grown for 40 to 50 d before incor- 
poration. The average amount of N incorporated 
per hectare over 4.5 yr (9 crop cycles) was 57 kg 
urea N, 84 kg N from Azolla, and 73 kg N from 
legume green manures. Azolla produced more 
biomass N than legumes during the dry season, 
but not during the wet season. Average rice 
yields were 4.5 t ha -1 in the control, 6.0 t ha -1 

with urea. 6.6 t ha -1 with Azolla, and 6.1 t ha -1 

with legume green manures (Fig. 2). 

Areas with potential for aquatic leguminous green 
manures 

Because rainfed fields afford few opportunities 
for using chemical fertilizers and have uncon- 
trolled water regimes, aquatic legume green ma- 
nure would be more suitable there than in irri- 
gated rice fields. Tolerance of aquatic legumes 
for flooding allows their continuous growth after 
flooding, which often occurs at the beginning of 
the wet season. The usefulness of Sesbania in 
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infertile rainfed rice areas is being studied 
(Arunin et al., 1988). S. rostrata is tolerant of 
salt, and is grown in salt-affected areas as a 
source of mineral nutrients and organic matter 
(Arunin et al., 1988). Addition of organic matter 
is effective in preventing salt accumulation and 
in accelerating leaching of salt (H. Wada, Ag- 
ricultural Development Research Center of 
Northeast Thailand, personal communication). 
Legumes planted before the wet season save soil 
N, which is otherwise lost by leaching or denitri- 
fication by heavy rain and flooding. This effect is 
an additional benefit of aquatic legumes, dis- 
cussed by George et al. (1992). 

Constraints of fast-growing, stem-nodulating 
leguminous plants are low seed production, 
labor-requiring incorporation of bulky biomass 
into the soil, S. rostrata’s high sensitivity to 
photoperiod, and insect incidence. 

To overcome these constraints and to find 
green manure crops suitable for different condi- 
tions, exploration of various aquatic legumes, 
particularly Aeschynomene species, has been 
started. 

Genetic improvement of recently explored 
aquatic legumes is not yet in progress. As in 
Azolla, the means of increasing income by grow- 
ing leguminous plants should be considered. 

Concluding remarks 

As discussed above, nitrogen-fixing organisms 
give many benefits additional to accumulating N 
from the atmosphere. These benefits should be 
fully used. Nitrogen-fixing agents like Azolla and 
legumes contain not only N, but also useful 
substances like carbohydrates, amino acids, and 
vitamins. When these plants are incorporated 
into the soil, the organic components are decom- 
posed. Mineralized N accumulated in soil may be 
lost, or may contaminate the environment before 
its absorption by the rice plant. Integrated use of 
BNF aims at multi-purpose uses and recycling of 
nutrients among animal, plant, and soil. The 
proteins in the primary producer (BNF agents) 
are converted into animal-or fish proteins. Ex- 
creta of an animal or fish are decomposed to 
provide mineral nutrients to BNF agents and rice 
or to provide energy and carbon for biogas pro- 
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Fig. 3. Integrated use of BNF. 

duction. The effluent of a biogas digester pro- 
vides mineral nutrients to BNF agents and rice in 
the rice fields (Fig. 3). A Philippine farmer 
practices integrated use of Azolla on his small 
(0.7 ha) farm to support his family (Johnson, 
1988). Azolla is used as animal feed and fertilizer 
to rice and upland crops. Excreta of animals and 
unconsumed feed are used for biogas and the 
effluent of the digester is returned to the rice 
field. No P fertilizer is applied to Azolla, because 
the effluent from the biogas digester can provide 
that P. This is an example of sustainable agricul- 
ture with reduced dependence on external 
sources. 

Genetic enhancement of BNF agents used in 
rice fields is far less developed than is that of 
grain legumes. The improvement of BNF sys- 
tems by traditional breeding and modern 
biotechnology is absolutely necessary. For Azol- 
la, this effort is in progress. For aquatic legumin- 
ous plants, the exploration of genetic variabilities 
among species and population has just begun. 
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Abstract 

Lowlands comprise 87% of the 145 M ha of world rice area. Lowland rice-based cropping systems are 
characterized by soil flooding during most of the rice growing season. Rainfall distribution, availability 
of irrigation water and prevailing temperatures determine when rice or other crops are grown. Nitrogen 
is the most required nutrient in lowland rice-based cropping systems. Reducing fertilizer N use in these 
cropping systems, while maintaining or enhancing crop output, is desirable from both environmental 
and economic perspectives. This may be possible by producing N on the land through legume biological 
nitrogen fixation (BNF), minimizing soil N losses, and by improved recycling of N through plant 
residues. At the end of a flooded rice crop, organic- and NH4-N dominate in the soil, with negligible 
amounts of NO,. Subsequent drying of the soil favors aerobic N transformations. Organic N mineralizes 
to NH4, which is rapidly nitrified into NO,. As a result, NO, accumulates in soil during the aerobic 
phase. Recent evidence indicates that large amounts of accumulated soil NO, may be lost from rice 
lowlands upon the flooding of aerobic soil for rice production. Plant uptake during the aerobic phase 
can conserve soil NO, from potential loss. Legumes grown during the aerobic phase additionally 
capture atmospheric N through BNF. The length of the nonflooded season, water availability, soil 
properties, and prevailing temperatures determine when and where legumes are, or can be, grown. The 
amount of N derived by legumes through BNF depends on the interaction of microbial, plant, and 
environmental determinants. Suitable legumes for lowland rice soils are those that can deplete soil NO, 
while deriving large amounts of N through BNF. Reducing soil N supply to the legume by suitable soil 
and crop management can increase BNF. Much of the N in legume biomass might be removed from the 
land in an economic crop produce. As biomass is removed, the likelihood of obtaining a positive soil N 
balance diminishes. Nonetheless, use of legumes rather than non-legumes is likely to contribute higher 
quantities of N to a subsequent rice crop. A whole-system approach to N management will be necessary 
to capture and effectively use soil and atmospheric sources of N in the lowland rice ecosystem. 

Introduction 

Rice ( Oryza sativa ) is the major staple food crop 
of the tropical world and rice-based cropping 
patterns are prevalent in much of the tropics. 
Rice is grown on 145 M ha, 87% of which is in 
wetland (lowland) culture, with the remaining 
grown on dry lands. The annual cultivation 
period for rice is determined by the distribution 
of rainfall, availability of irrigation water, and 
temperatures. Upland crops are typically grown 
during the nonflooded period, particularly in the 
transition seasons either at the end of the rains 
or before the onset of heavy rainfall. Cool- 
season crops, such as wheat and winter legumes, 

are grown during the nonflooded season in areas 
where cool temperatures limit rice production. 

Lowland rice is grown in bunded fields and is 
surface-flooded during most of the growing sea- 
son. Rice soils are typically flooded and puddled, 
and rice seedlings are then transplanted. Alter- 
natively, germinated seeds are broadcast onto 
flooded soil that is either puddled or non- 
puddled. Dry seeding, where seeds are dibbled 
or broadcast onto aerobic soil, is also practiced. 
The soil is flooded when there is sufficient water 
to be impounded. 

Nitrogen is the input required in largest quan- 
tities for lowland rice production. Soil N and 
biological nitrogen fixation (BNF) by associated 
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organisms are major sources of N for lowland 
rice. More than 50% of the N used by flooded 
rice receiving fertilizer N is derived from the 
combination of mineralization of soil organic N 
(Bouldin, 1986; Broadbent, 1984) and BNF by 
free-living and rice plant-associated bacteria 
(Roger and Ladha, 1992). The remaining N 
requirement is normally met with fertilizer. 
However, the efficiency of fertilizer N uptake by 
rice is low due to large N losses from flooded soil 
(De Datta and Buresh, 1989; De Datta and 
Patrick, 1986; Savant et al., 1982). Further, de- 
clining or stagnating yields have recently been 
noticed with flooded rice culture receiving fertil- 
izer N (Flinn and De Datta, 1984). An addition- 
al concern is that the capacity of soil to supply N 
may decline with continuous intensive rice crop- 
ping necessitating the application of successively 
larger quantities of fertilizer N to maintain yields 
(Bacon, 1990). On the other hand, large 
amounts of soil NO, may be lost from rice 
lowlands upon the flooding of aerobic soil before 
the establishment of rice (Buresh et al., 1989). 

Reducing N fertilizer use while maintaining 
the native soil N resource and enhancing crop N 
output is desirable from both environmental and 
economic perspectives. This may be possible by 
obtaining more N on the land through biological 
nitrogen fixation (BNF), reducing losses of N, 
and by recycling the N captured in vegetation 
during the off-season. Buresh and De Datta 
(1991) recently reviewed the dynamics and man- 
agement of N in rice-legume cropping systems. 
Their review indicates that soil N losses may be 
reduced by fallow management, and legumes can 
partially contribute to the N requirement of a 
succeeding rice crop. Thus, the management of 
indigenous soil N and N derived in situ through 
legume BNF poses potentials for enhancing the 
N nutrition and N use efficiency of crops and the 
total N output from a lowland rice-based crop- 
ping system. The integrated application of pos- 
sible N management tactics will require detailed 
knowledge of the N dynamics of the cropping 
system as influenced by variation in hydrological 
characteristics and diversity of cropping prac- 
tices. 

In this paper, we address the N dynamics for a 
range of major tropical rice-growing ecosystems. 
We attempt to define the major lowland rice- 

based cropping systems, and to document their 
hydrological, climatic and management effects 
on soil N dynamics. We then discuss the use of 
legumes in the capture and use of indigenous soil 
nitrogen and fixed atmospheric nitrogen in major 
rice-based cropping systems. 

Major lowland rice-based cropping systems 

Rice-based cropping patterns are prevalent in 
those tropical areas with 1500 mm or more annu- 
al rainfall with at least three consecutive months 
of 200 mm per month. The amount and duration 
of rainfall normally determine the number of 
crops possible. The rates of onset and decline of 
rainfall determine the type of rice culture, other 
crops in the pattern, and difficulty in tillage 
(Harwood and Price, 1976). Growing upland 
crops after paddy rice requires soil conversion 
from an anaerobic puddled state to an aggre- 
gated aerobic condition. This is often difficult in 
soils high in montmorillonite clays. These soils 
are often left fallow during the dry months even 
when irrigation water is available (Palaniappan, 
1985). 

The number of rice crops grown in lowlands 
varies with supplemental water availability and 
prevailing temperatures. The type of upland 
crops that can be grown are influenced by the 
durations and timing of non-flooded periods. For 
purposes of this discussion, we distinguish three 
broad classes of tropical lowland rice culture in 
terms of the annual period in which the soil is 
not flooded: (1) continuously flooded or satu- 
rated year-round (Fig. 1A), (2) short non- 
flooded (Fig. lB), and (3) long non-flooded 
(Fig. 1C). The three classes may be further 
subdivided on the basis of other important de- 
terminants of N dynamics and upland crop adap- 
tation, such as temperature and water availa- 
bility. 

Year-round lowland rice culture 

Continuous rice production systems were rare 
prior to the introduction of photoperiod-insensi- 
tive rice cultivars. However, they have become 
increasingly common. At the most intensive 
limit, three rice crops are successively cultivated 
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Fig. 1. Major lowland rice-based cropping systems from a soil nitrogen dynamics perspective. (A) permanent flooding (or soil 
saturation), (B) short, non-flood period, (C) long, non-flood period; (i) warm tropics and (ii) cool tropics/subtropics. 

per annum under full irrigation, and the fields 
remain constantly saturated or flooded. The total 
area is not large, but this system is locally promi- 
nent in such areas as north Java and Bali, In- 
donesia. 

Much more important are the irrigated 

double-crop ricelands, which are very common 
in countries at latitudes within 14º of the 
equator. Huke (1982) estimated double-cropped 
ricelands at 8.8 M ha or 13% of the total irri- 
gated rice area worldwide. Much of the double 
cropped land remains flooded or saturated virtu- 
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ally year-round. An example is the double-crop- 
ped pump irrigated areas in Central Luzon, 
Philippines. Some very poorly drained rainfed 
and deepwater ricelands also experience year- 
round waterlogging. 

Lowland rice culture with short non-flooded 
season 

In much of Asia's irrigated double-cropped rice- 
land there is a short dry period of one to two 
months between rice crops. This generally occurs 
in the late wet season before the dry-season crop 
is established, and/or after the dry-season crop is 
harvested. 

Some rainfed areas that experience long wet 
seasons support two successive rice crops, leav- 
ing a short dry soil period of two to three 
months. The fields are usually left fallow due to 
lack of water or difficulty in tillage. In some 
areas legumes are produced on residual soil 
moisture, or established as relay crops on supple- 
mental irrigation. Examples of this cropping sys- 
tem are rice-rice-grain legumes in southern India 
and Philippines, rice-rice-soybeans in Indonesia 
and rice - rice - Astragalus sp. in China. 

Lowland rice culture with long non-flooded 
season 

Single-crop rice production is the dominant rice 
cultural system. The soil remains non-flooded 
from four to eight months of the year. This is the 
dominant case in the tropics because most rice- 
land is rainfed, or can be irrigated only in the 
wet season (Garrity et al., 1986). It is also 
dominant in the subtropics because although the 
land is fully irrigated, rice is constrained by cool 
temperatures during the winter season. Tem- 
perature also affects the soil N dynamics. There- 
fore, we recognize two subcategories of single- 
crop lands, those in the warm tropics, and those 
with cool winters. 

In single-crop ricelands, the rice crop may 
occupy the field from 90 to 210 days. There is 
great diversity in the rainfed rice ecosystems. 
They range from favorable rainfed conditions, to 
drought or submergence-prone shallow (0 to 
25 cm), medium deep (25 to 50 cm), or deep 
water (>50 cm) flooding regimes. The highly 

variable surface hydrology has a profound in- 
fluence on the nature of the N dynamics. Particu- 
larly significant is the unpredictable occurrence 
of aerobic or dry soil surface conditions during 
the growing season, alternating with surface 
flooding. 

During the off-season, rainfed ricelands are 
typically fallowed (De Datta, 1981). The straw 
and fallow weed vegetation are subject to graz- 
ing by farm livestock. In a minor fraction of the 
area with conducive residual soil water-holding 
capacity, and/or a high groundwater table, up- 
land crops, including legumes, are grown in the 
post-rice season. This practice is most common 
where the soil textures are loamy and exhibit 
superior tillage properties. 

In well-drained ricelands with a gradual onset 
of rainfall in the dry-to-wet transition period, 
upland crops are grown prior to rice. Very early 
duration is advantageous, to permit maturity be- 
fore the soil waterlogs. Mungbean is a very 
common grain legume in the pre-rice niche. 

At latitudes above 14°N rice may experience 
significant cool-temperature stress during the 
coolest periods of the year. The establishment of 
dry-season rice crops is deliberately delayed to 
avoid this damage. Above 20° N dry-season rice 
cultivation is generally not feasible due to cold 
stress. Winter cereals or legumes are often 
grown in rotation with rice. The rice-wheat crop- 
ping pattern is dominant, occupying some 
18 M ha in South Asia and China. Rice-legume 
patterns are also common. These often include 
chickpea, lentil, or soybean. 

Soil nitrogen dynamics in rice lowlands 

Fertilizer N transformations in flooded rice fields 
have been researched extensively (De Datta and 
Buresh, 1989; De Datta and Patrick, 1986). 
However, little attention has been paid to N 
transformations during the dry season when the 
soil is usually aerated (Buresh and De Datta, 
1991). Knowledge is particularly lacking on the 
dynamics of soil N during the transition periods 
between dry and wet seasons. 

A conceptualization of the dynamics of soil 
mineral N in a lowland, rice-growing soil under- 
going a flooded-nonflooded sequence is pre- 
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Fig. 2. Dynamics of soil mineral nitrogen in a lowland rice 
soil. 

sented in Figure 2. Under saturated or flooded 
conditions, nitrification is restricted by a limited 
O2 supply and NH4 accumulates in the soil. At 
the end of a flooded rice crop, organic N and 
NH4-N dominate and NO, present is typically 
negligible. Subsequent drying of the soil favors 
aerobic N transformations. Organic N miner- 
alizes to NH4, which is rapidly nitrified into 
NO,. As a result, NO, accumulates in the soil 
during the aerobic phase, but is rapidly lost upon 
soil flooding. 

Plant growth can influence the magnitudes and 
forms of soil mineral N (Fig. 3). Nitrate, the 

Fig. 3. Conceptual role of plants in conserving soil mineral 
and atmospheric nitrogen in a lowland rice-based cropping 
system. 

predominant form of soil mineral N during the 
nonflooded season, will be assimilated by plants 
growing during the dry season and dry-to-wet 
transition periods. Buresh et al. (1989) found 
that soil NO, during the dry season in a lowland 
rice soil correlated inversely with the amount of 
N accumulated in weeds. Legumes grown during 
this season additionally accumulate atmospheric 
N through BNF. Part or all of the N in the plant 
biomass is removed from the land through the 
harvestable products of an economic crop. The 
remaining plant N can be returned to the soil as 
residues. 

Decomposition of plowed-under dry-season 
plant residues releases NH4 into the flooded soil. 
Rice uptake decreases NH4, the predominant N 
form in the flooded soil. Declining NH4 level in 
flooded soil during the later part of rice season is 
partly replenished through BNF in flooded soil 
(Eskew et al., 1981; Yoshida and Yoneyama, 
1980) and from decomposition of rice roots and 
stubbles in addition to mineralization of soil N. 

Soil nitrate accumulation 

Nitrate-N accumulates when lowland rice soils 
become dry and aerated (Patrick and Wyatt, 
1964, Ventura and Watanabe, 1978). Nitrate-N 
levels prior to flooding for wet season rice in 
several Philippine lowland rice soils ranged from 
5 to 39 mg kg-1 soil (Ponnamperuma, 1985). 
Buresh et al. (1989) measured 39 to 91 kg soil 
NO3-N ha-1 in the top 60 cm layer at the end of 
the dry season at three Philippine sites. 

The production of NO3 depends on the 
amount of organic N available for mineraliza- 
tion. Organic N varies considerably in lowland 
rice soils, depending on the level of native or- 
ganic matter, and the history of cropping and 
organic amendments. The amount of N miner- 
alized is increased by higher soil organic N levels 
(Broadbent, 1984; Hadas et al., 1986; Sahrawat, 
1983). Bacon (1990) reported that successive soil 
incorporation of rice stubble gradually increased 
the N mineralization potential. 

Residual soil water from the preceding wet- 
season rice crop, intermittent rains, and irriga- 
tion cause fluctuating soil water conditions. Soil 
water fluctuation generally results in a large pro- 
duction of NO, (Birch, 1960; Herlihy, 1979; 
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Sahrawat, 1980; Seneviratne and Wild, 1985). In 
a greenhouse study, continuous soil flooding dur- 
ing the dry season prevented NO, accumulation 
(Ventura and Watanabe, 1978). Drying, as well 
as alternate drying and wetting treatments re- 
sulted in the accumulation of soil NO,. 

Dry-season fallows are subjected to tillage for 
upland crop establishment or for weed control. 
Tillage increases soil aeration and tends to en- 
hance the nitrification of mineralized NH4 into 
NO, (Dowdell et al., 1983). Herridge (1986) 
reported more NO, in a cultivated fallow com- 
pared with a non-tilled fallow in a rainfed en- 
vironment in Australia. 

Loss of nitrate from soil 

Flooding of aerated soil has generally been ac- 
cepted as a major factor of NO, loss from rice 
soils (Bacon et al., 1986; Buresh et al., 1989; 
Janssen and Metzger, 1928; Patrick and Wyatt, 
1964; Strickland, 1969; Wallihan, 1938; Yamane, 
1957). With the use of 15N microplots, Bacon et 
al. (1986) reported 90% reduction in NO3 con- 
centration after flooding of a rice soil. Loss of up 
to 91 kg ha" of native NO3-N after flooding of 
fallow rice fields in the Philippines has been 
reported by Buresh et al. (1989). 

Soil flooding can promote leaching losses of 
NO,. Downward water flow carries NO, to 
lower soil layers (White, 1988). Two direct de- 
terminants of NO, leaching are the net down- 
ward flux of water and the concentration of NO, 
in the leaching water. Measuring these variables 
presents considerable problems because of diffi- 
culty in sampling and spatial and temporal vari- 
ability in water flux and NO, concentration 
(Keeney, 1986; White, 1988). Large NO, losses 
through leaching occur generally from aggre- 
gated soils and from soils under bare fallow 
(Legg and Meisinger, 1982; White, 1988). These 
conditions exist in lowland soils during the 
aerobic phase before puddling for rice culture. 

Soil saturation depletes soil of its 0,, thus 
creating favorable conditions for denitrifying or- 
ganisms to reduce NO,. Denitrification results in 
the production of N2 and N2O (Knowles, 1982). 
The rates of N2 and N2O evolution from soils 
will be higher under conditions of fluctuating 
redox potentials (wetting and drying cycles) than 

when the redox potential is continuously high 
(aerobic condition) or continuously low 
(anaerobic condition) (Letey et al., 1981; Reddy 
and Patrick, 1975). Mosier et al. (1986) mea- 
sured large fluxes of N2 and N2O from both 
fallow and cropped aerobic soils following water 
applications. Conditions favorable for N2 and 
N2O emissions may occur during the dry-to-wet 
transition period in lowland rice-based cropping 
systems. 

Bacon et al. (1986) attributed rice soil NO3 

loss primarily to denitrification. An incubation 
study with the use of 15N-labeled NO3 by Buresh 
et al. (1989) indicated that NO3 completely dis- 
appeared after 9 days of flooding, and 5% or less 
of the added NO3 remained in the soil as either 
NH4 or organic N. Since conversion of NO3 to 
NH4 was negligible, either denitrification or 
leaching appeared to be the major loss mech- 
anism. 

Nitrogen dynamics of major lowland rice-based 
cropping systems 

Soil N is essentially conserved under year-round 
flooded rice culture. Maintaining flooding be- 
tween and during rice crops increases the soil N 
supply (Ponnamperuma, 1985; Santiago-Ventura 
et al., 1986; Ventura and Watanabe, 1978). Ni- 
trate does not accumulate in the soil since soil 
drying between rice crops is minimal. Therefore, 
soil NO3 losses associated with flooding events 
are not experienced. Rice field-associated BNF 
contributes to the maintenance of available soil 
N in these soils (Koyama and App, 1979). 

In warm, tropical single-crop rice lowlands, 
large quantities of NO3 might accumulate in soil 
over the prolonged aerated soil phase, then be 
lost during the dry-to-wet transition period. The 
quantity of NO3 accumulated will depend on 
how the fallow is managed. Tillage and occasion- 
al rains might increase soil NO3. 

In intensively cultivated rice-wheat lowlands, 
fertilizer N application in excess of wheat crop 
requirements may lead to large quantities of 
residual mineral N after wheat harvest. Chaney 
(1990) observed significant increases in residual 
soil NO3 levels after winter wheat at several sites 
in England when the N applications rates ex- 
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ceeded the optimum. Soil NO3 after wheat in a 
sandy loam soil in India averaged 82 kg N ha-1 

(Sharma et al., 1985), but the portion originated 
from fertilizer might have been low (Macdonald 
et al. , 1989). Sharma et al. (1985) also found 
that NO3 accumulation during a mungbean crop 
following wheat was substantial. Prior to the 
start of the wet season, the soil contained 223 kg 
NO3-N ha-1. 

Impacts of nitrate loss from rice lowlands 

It is well understood that the loss of NO3 via 
leaching and denitrification has undesirable en- 
vironmental consequences. Leaching leads to 
NO, pollution of ground-water and N2O emis- 
sion from denitrification poses a threat to the 
stability of the ozone layer (Pretty and Conway, 
1989). The significance, if any, of NO, loss from 
rice lowlands on the environment, and the nega- 
tive impacts of NO, loss on the long-term N 
fertility of lowland rice soil, have thus far been 
largely ignored by researchers. 

Available reports suggest possible high losses 
of NO, during soil flooding for rice production, 
but do not account for the cumulative loss that 
can occur during the entire dry and dry-to-wet 
transition periods. Lowland rice soils undergo 
short-term wetting or flooding, especially from 
intermittent early rain near the end of the dry 
season. During short-term wetting of the soil, 
NO, can be lost through denitrification (Mosier 
et al., 1986). Heavy rain would cause substantial 
downward water flow, especially in sandy soils, 
leading to NO, loss through leaching (White, 
1988). It is likely that the total NO, loss is 
greater than the reported disappearances of NO, 
after soil flooding for rice production. 

Legumes in lowland rice-based cropping systems 

Legumes are grown in rice lowlands primarily for 
food, and to a lesser extent for green manure 
and forage. The importance of legumes in rice 
lowlands is enhanced by their ability to meet part 
of their N requirements from the atmosphere 

through BNF and their potential to enhance soil 
N fertility. The major food legumes grown in- 
clude cowpea ( Vigna unguiculata ), mungbean 
( Vigna radiata ), peanut ( Arachis hypogaea ), 
pigeon pea ( Cajanus cajan ), chick pea ( Cicer 
arietinum ), and soybean ( Glycine max ). Major 
green manure legumes include milk vetch ( As- 
tragalus sinicus ) and Sesbania spp. in China, 
Sesbania spp., sunnhemp ( Crotalaria juncea ) and 
berseem clover ( Trifolium alexandrinum ) in 
India; and indigo ( Indigofera tinctoria ) 
in the Philippines (Garrity and Flinn, 1988; 
Singh et al., 1991; Yost and Evans, 1988). The 
most promising forage legumes include siratro 
( Macroptilium atropurpureum ), lablab bean 
( Lablab purpureus ), sunnhemp, and clitoria 
( Clitoria ternatea ) (Carangal et al. , 1988). Sever- 
al of the green manure legumes such as berseem 
clover ( T. alexandrinum ) are also suitable as 
forages. 

The length of the non-flooded season, water 
availability, soil properties and climate primarily 
determine when and where legumes can be 
grown. These together with socio-economic fac- 
tors determine whether food, forage, or green 
manure legumes are grown on ricelands. Under 
continuous rice culture, the periods between rice 
crops are too short to include legumes. In low- 
lands where two rice crops are taken, the non- 
flooded fallow may be long enough to grow a 
short-duration legume. Green manure legumes 
could be planted during a 40-to-60 day transition 
period between rice crops (Garrity and Flinn, 
1988). Relay cropping of pulse crops such as 
mungbean after the second rice crop is common 
in parts of India (Palaniappan, 1985). 

In single rice crop lowlands of the warm 
tropics with a long nonflooded season, there are 
two niches for short-duration legumes. They are 
the post-rice dry season for grain or forage types 
and the pre-rice dry-wet transition for grain or 
green manure types (Garrity and Flinn, 1988). 
Long-duration forage, green manure and cover 
crop legumes are grown sometimes as well. They 
may occupy most of the non-flooded season. In 
single rice crop lowlands of the cool tropics/ 
subtropics, short- and long-duration winter 
legumes are grown for food, forage or green 
manure. 
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Biological nitrogen fixation by legumes in rice 
lowlands 

The determinants of BNF by legumes have been 
dealt with in detail in other recent papers 
(Bohlool et al., 1992; Peoples and Craswell, 
1992; Peoples and Herridge, 1990). The cover- 
age here will be limited to general principles and 
to specific determinants that are applicable to 
legume production in lowland rice-based crop- 
ping systems. In general, BNF can supply N to a 
legume as long as a factor other than N is not 
limiting plant growth and an effective Rhizobium 
symbiosis is ensured (Bohlool et al., 1992). 
Abundant mineral N supply, however, inhibits 
or replaces BNF as a N source for legumes 
(Munns, 1977; Streeter, 1988). The interplay of 
Rhizobium, plant, and environment determines 
the proportions of legume N derived from at- 
mospheric and soil sources. 

Rhizobia1 determinants 

Indigenous soil rhizobia are often ineffective or 
partially effective in BNF, but are quite success- 
ful in competing for nodule sites with introduced 
elite strains. This frequently results in no ob- 
served increase in BNF from rhizobial inocula- 
tion (Dowling and Broughton, 1986; Ham, 1980; 
Meade et al., 1985; Weaver and Frederick, 
1974). Nonetheless, a response to inoculation 
may not be obtained if the number of native 
effective soil rhizobia exceeds 20 to 50 cells g-1 

soil (Singleton and Tavares, 1986; Thies et al., 
1991a). 

Soil flooding during the rice season decreases 
rhizobial numbers, but strains differ in survival 
ability (Boonkerd and Weaver, 1982), and often 
sufficient numbers of rhizobia for effective nodu- 
lation thrive (Weaver et al., 1987). Ladha et al. 
(1989a) reported survival in high numbers of 
rhizobia of the aquatic legume Sesbania rostrata 
in flooded rice rhizosphere. Rain splash and 
flooding often promote stem nodulation by S. 
rostrata; however, stem inoculation is probably 
beneficial under dry conditions (Ladha et al., 
1991). Upland legumes following prolonged soil 
flooding may require inoculation to ensure effec- 
tive symbiosis establishment. With proper 

Fig. 4. Model describing legume inoculation response. 
Model inputs are numbers of indigenous rhizobia and soil N 
mineralization potential. Adapted from Thies et al. (1991b). 

characterization of native soil rhizobia and soil N 
supplying capacity, the inoculation requirements 
of legumes may be predicted for various environ- 
ments using the models developed by Thies et al. 
(1991b). One model which incorporates the 
numbers of indigenous rhizobia and soil N min- 
eralization potential is presented in Figure 4. 
The model input variables can be obtained 
through soil analysis prior to legume planting. 

Plant determinants 

The potential BNF capacity may be defined as 
the aggregate of the per-day deficits in mineral N 
uptake during the legume growth cycle (George 
and Singleton, 1992). Therefore, the higher the 
N yield potential of a legume for a given growth 
duration and soil N supply, the higher would be 
the proportion and amount of plant N derived 
through BNF (Fig. 5). For the sake of simplicity, 
it is assumed that the soil N uptake rate remains 
constant throughout the growth period which is 
unlikely in field environments. 

The amount of N derived from BNF is also 
altered by the pattern of plant N assimilation 
(George and Singleton, 1992). The legume- 
Rhizobium symbiosis becomes functional in BNF 
only after the early rhizobial infection and 
nodule formation (Hardy et al., 1971; Vincent, 

cpsadmin
Text Box
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cpsadmin
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Fig. 5. Conceptual relationship between nitrogen yield 
potential and nitrogen derived from BNF under a constant 
soil nitrogen supply. It is assumed arbitrarily that the increas- 
ing nitrogen yield potential has no influence on the amount of 
nitrogen derived from soil. 

1980). Therefore, during early legume growth, 
soil N is the major source of plant N. It is likely 
that a legume capable of meeting its early N 
requirement from the soil, but having a sub- 
sequent N requirement exceeding the soil N 
supply, will benefit from BNF. Consequently, 
soybean, which has a high N requirement during 
the podfill period, also has a high N2 fixation rate 
during the same period (Afza et al., 1987; 
George and Singleton, 1992; Imsande, 1988, 
1989; Zapata et al., 1987). 

The efficiency of mineral N uptake by legumes 
further interacts with the N yield potential and 
the pattern of N assimilation in determining the 
amount of N derived from BNF. Under similar 
soil mineral N levels, legumes that are more 
efficient in extracting soil mineral N will benefit 
less from BNF. Using 15 N, George and Singleton 

(1992) determined in the field that common bean 
scavenges soil N much more efficiently than soy- 
bean, resulting in a lower proportion of N de- 
rived from BNF (Table l). In their study, soy- 
bean derived 70% of its N from BNF compared 
to 23% by common bean at a similar flowering 
date, but the mineral N uptake efficiency of 
soybean was less than half that of common bean 
as determined by 15 N. Consequently, KCl- 
extracted mineral N in the soil under soybean 
was almost twice as high as that under common 
bean. 

Environmental determinants 

Major environmental determinants of optimal 
BNF performance are soil-related constraints 
and climatic stresses. The soil mineral N supply 
is of dominant importance. Increased soil miner- 
al N supply invariably decreases the proportion 
of N derived from BNF (Deibert et al., 1979; 
Eaglesham et al., 1983; George et al., 1988; 
George and Singleton, 1992; Gibson and Har- 
per, 1985; Herridge and Brockwell, 1988; Thies 
et al., 1991b). However, soil mineral N and BNF 
can be complementary in meeting the N require- 
ment of the legume (Bergersen et al., 1985; 
Deibert et al., 1979; Eaglesham et al., 1983; 
Herridge and Brockwell, 1988; Herridge et al., 
1984). 

On the other hand, the supply of mineral N in 
early legume growth can enhance BNF, a phe- 
nomenon often referred to as the 'starter N' 
effect. Insufficient soil N can restrict initial plant 
growth which limits subsequent plant growth and 
N demand, resulting in reduced need for BNF- 
supplied N. Alleviation of early N stress in- 
creases the amount of N derived from BNF 
(Table 2). Soybean plants receiving small 
amounts of mineral N formed a higher number 

Table 1. Plant N, N derived from BNF, N uptake efficiency a and KCl-extractable soil N at flowering of field grown soybean and 
common bean (George and Singleton, 1992) 

Legume Plant N N from BNF 15 N uptake KCl-extr. N 
(kg N ha -1 ) (%) (%) (mgN kg -1 soil) 

Soybean 58 
Common bean 80 

70 
23 

5 
12 

17 
10 

a N uptake efficiency is determined by using 15 N isotope as tracer and is the percent of applied 15 N fertilizer (3 kgN ha -1 ) 
assimilated by the plant. 
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Table 2. Mineral N effects on nodulation, total N, N derived through BNF and trifoliate leaf area by soybeans grown for 33 days 
in pots amended with 0.8% bagasse (Singleton P W, 1991; pers. commun.) 

Nitrogen Nodule Nodule Total N from BNF a Area of 
applied (no. pot -1 ) weight N 
(kg N g 1 soil) (mg pot -1 ) (cm 2 ) 

Amount % of total trifoliate b 

0 
50 

100 
200 
400 

148 440 189 168 99 
173 65 1 316 280 95 
144 667 343 25 1 78 
87 459 541 219 42 
66 147 593 0 0 

30 
41 
53 
51 
42 

a Determined by the N difference method. 
b Area of trifoliate at 16 days of growth. 

and weight of nodules and derived larger 
amounts of N from BNF than plants receiving 
either no N or large amounts of mineral N. The 
'starter N' effect was due to increased plant 
growth as reflected by the increased area of the 
trifoliate at 16 days. 

From the data presented in Table 2 and in 
other reports (Deibert et al., 1979; Eaglesham et 
al., 1983; George and Singleton, 1992; Herridge 
and Brockwell, 1988; Thies et al., 1991a,b), a 
generalized conceptual relationship between soil 
N supply and N derived from BNF by legumes 
can be illustrated (Fig. 6). Initially, a 'starter N' 
effect tends to increase BNF but N from BNF 
approaches zero at the highest level of soil N 
supply. Increasing N supply, however, tends to 
increase total legume N. 

Fig. 6. A generalized conceptual relationship between soil N 
supply and nitrogen derived from soil or BNF. Data from 
Table 2 and data reported by Deibert et al. (1979); Eag- 
lesham et al. (1983); George and Singleton (1992); Herridge 
and Brockwell (1988); Thies et al. (1991a,b) are considered 
in the proposed relationship. 

Other soil constraints include acidity, salinity, 
nutrient toxicities, and nutrient deficiencies 
(Craswell et al., 1987; Munns, 1977; O'Hara et 
al., 1988; Singleton and Bohlool, 1983; Singleton 
et al., 1985). Application of P in soils of low P 
availability (Cassman et al., 1981; Ssali and 
Keya, 1986) and liming acidic soils (Torres et al., 
1988) increases total N accumulation by legumes. 
Further, N2-fixing legumes may have differing 
requirements of mineral nutrients compared to 
mineral N-dependent plants. Insufficient supply 
of mineral elements such as Ca, Mo, B and Fe 
can particularly limit N2 fixation (O'Hara et al., 
1988; Robson, 1978). External P requirements of 
N,-fixing legumes are higher than for mineral 
N-dependent legumes because of limited prolif- 
eration of the root system (Cassman et al., 1980, 
1981). 

Likewise, waterlogging or water deficit nega- 
tively influences either plant growth or the sym- 
biosis (Bennett and Albrecht, 1984; Chapman 
and Muchow, 1985; De Vries et al., 1989a,b, 
Kucey et al., 1988; Minchin and Summerfield, 
1976; Muchow, 1985; Sinclair et al., 1987; Smith 
et al., 1988; Timsina, 1989). Water stress reduces 
total N accumulation (Chapman and Muchow, 
1985) and, especially during late growth stages, 
limits pod addition and subsequent seed N de- 
mand in grain legumes (De Vries et al., 1989b), 
thereby reducing N derived from BNF. 

Additionally, climatic stresses such as low tem- 
perature, low solar radiation and unfavorable 
photoperiod can deleteriously affect plant and 
symbiotic performance (Becker et al., 1990; 
George et al., 1988, 1990; Hodges and French, 
1985; Lawn and Williams, 1987; Muchow, 1985). 
Becker et al. (1990) reported that the number of 
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days required to produce 100 kg N by S. rostrata 
was higher when the plants were grown during 
short days than during long days. 

Nitrogen contribution from legumes in rice 
lowlands 

Inclusion of legumes in the cropping pattern with 
rice can increase the total N output from the 
cropping system but does not necessarily result 
in a positive soil N contribution. The amount of 
N derived from BNF, the net effect of the 
legume on N losses and the amount of N re- 
moved with harvested plant material will de- 
termine whether there is a positive net soil N 
balance. 

Food and forage legumes 

The amount of N removed from the land and the 
amount available for recycling will vary with the 
N harvest index (NHI), which is the fraction of 
total N removed in the harvested produce. To 
achieve a positive soil N balance after legume 
harvest, it is essential that the amount of N 
derived from BNF exceed the amount of N 
removed in the legume produce, i.e. the propor- 
tion of total N derived from BNF should exceed 
NHI. Nitrogen removal through grain or forage 
may deplete soil N. Of the 23 cases of grain 
legumes compiled by Peoples and Craswell 
(1992), N balances were positive in 17 cases and 
negative or unchanged in six cases. 

Examples of soil N gain or depletion by grain 
legumes under varying N availability and yield 
potentials are presented in Table 3. The data 
demonstrate that even with a large N input from 
BNF, the net soil N balance may be negative. 
Despite a high soybean crop N value (404 kg N 
ha-1) and high BNF input (290 kgN ha-1) the 
net soil N balance was negative because NHI 
exceeded the proportion of N derived from BNF 
(Table 3, Chapman and Myers, 1987). In the 
above example, a slight reduction in NHI or a 
slight increase in N derived from BNF would 
have resulted in a large soil N gain since the N 
yield was large. Since NHI is an attribute less 
amenable to field management, obtaining a posi- 

tive soil N gain may primarily depend on 
strategies to increase BNF. 

As Peoples and Craswell (1992) have also 
argued, even when there is little or no net soil N 
gain, the depletion of soil N is still much less 
after a grain legume than a nonlegume. Never- 
theless, grain legumes increase the N output of 
the cropping system that is economically usable. 
Management approaches to limit the amount of 
N removed in an economic produce to the 
amount of N derived from BNF will at least 
prevent depletion of native soil N. One approach 
which meets the purposes of both grain N har- 
vest and residue N production is the use of 
dual-purpose food legumes (Buresh and De 
Datta, 1991; Kulkarni and Pandey, 1988). 

The effect of cutting and removing plant res- 
idues as fodder for farm animals or of allowing 
farm animals to graze on legume cover-cropped 
fallows has a similar effect as exporting N 
through harvested grains (Myers and Wood, 
1987). The amount of N returned to the land 
depends on how the animal residues are man- 
aged. Nevertheless, grazing by animals is likely 
to remove less N from land than cutting and 
removing plant residues because part of the for- 
age ingested by grazing animals is returned to 
the land via urine and dung. 

Stem-nodulating aquatic green manure legumes 

Stem-nodulating aquatic green manure legumes 
are fast-growing and can accumulate large 
amounts of N in 45 to 60 days of growth (Ladha 
et al., 1992). Data on the most frequently 
studied stem-nodulating aquatic green manure 
legume, S. rostrata, show that it derives larger 
amounts of N from BNF than do root-nodulating 
waterlogging-tolerant legumes, under either 
flooded or non-flooded conditions and it accumu- 
lates as much or more N under flooded condi- 
tions as do root-nodulating legumes such as S. 
cannabina and S. sesban grown under drained 
conditions (Morris et al., 1989; Ndoye and 
Dreyfus, 1988; Pareek et al., 1990). These fea- 
tures make stem-nodulating legumes uniquely 
suitable for areas prone to flooding in the pre- 
rice season. 

The reported tolerance of BNF by stem- 
nodulating aquatic legumes to mineral N under 



Table 3. Net soil nitrogen gains due to BNF following cropping of legumes at varying yield-potential and soil N availability levelsa 

Legume N status at planting Total % total % total Net soil Reference 

Total Miner. Fert. 
N N N 

crop crop N crop N in N gain 
N derived produce due to 

(%) (µg g-1) 

0.12 - b 30 84 19 67 - 40 Sisworo et al. (1990) c 

from BNF removed BNF 

(kg N ha-1) (%) kg N ha-1 

Cowpea 
- 81 0 125 70 64 + 7 Ofori et al. (1987) 

81 25 153 54 64 - 16 Ofori et al. (1987) - 
- - 25 100 70 49 + 21 Eaglesham et al. (1982) d 

100 98 36 53 - 17 Eaglesham et al. (1982) - - 
Mungbean 0.04 3.5 - 172 65 52 + 23 Chapman and Myers (1987) 

0.16 - 0 60 67 52 + 9 Suwanarit et al. (1986) 
0.16 - 20 62 56 53 + 2 Suwanarit et al. (1986) 

Peanut 0.16 - 0 241 60 48 + 29 Suwanarit et al. (1986) 
0.16 - 20 250 62 47 + 38 Suwanarit et al. (1986) 

Soybean 0.04 3.5 - 404 72 73 - 6 Chapman and Myers (1987) 
0.12 - 30 90 33 62 - 26 Sisworo et al. (1990)' 
0.16 - 0 186 65 9 + 104 Suwanarit et al. (1986) 
0.16 - 20 174 68 9 + 103 Suwanarit et al. (1986) 

0.30 - 33 222 46 73 - 60 Zapata et al. (1987) 
38 0.13 0 347 9 47 - 132 Bergersen et al. (1989) g 

0.13 19 0 267 56 68 - 32 Bergersen et al. (1989) b 

- Low 0 246 68 62 + 14 Thurlow and Hiltbold (1985) f 

a Values derived from available data when originally not given. b Data not available. c Average for four crops. d Average for four cultivars. 'Average for two crops. 'Average for 
'Lee' soybean at six sites. g Pre-fallowed soil; total N includes roots, nodules and fallen leaves. h Pre-cropped (oats) soil; total N includes roots, nodules and fallen leaves. 
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flooded conditions (Becker et al., 1986, 1990; 
Dreyfus and Dommergues, 1980; Eaglesham and 
Szalay, 1983; Ladha et al., 1992) may suggest 
that these legumes prefer N from BNF over soil 
N. Whether this characteristic leads to soil NO, 
accumulation in aerobic soil is yet to be de- 
termined. However, similar total N accumulation 
and similar or decreased N2 fixation by S. ros- 
trata in non-flooded compared to flooded soil 
(Morris et al., 1989; Ndoye and Dreyfus, 1988) 
may indicate a significant capacity for soil N 
uptake in aerobic soil. 

Legumes in the post-rice as opposed to the 
pre-rice niche 

Post-rice legumes with subsequent fallow periods 
before wet-season rice, and pre-rice legumes 
grown immediately before the wet-season rice, 
may have varied effects on native soil N and on 
N contribution to rice. It appears that soil NO3 

accumulation in fallows following legumes could 
be significant. Strong et al. (1986) presented data 
on soil mineral N (NO3 and NH4) accumulation 
during 6 months of fallow following several 
legumes, oil seeds, and cereals. Following har- 
vest, crop residues were left in the field, and the 
soil was tilled to a depth of 8 cm. Soil mineral N 
accumulation during the fallow period was gen- 
erally higher following legumes than following 
oilseeds or cereals. They attributed differences in 
soil mineral N to differences in N content and 
C:N ratios of the crop residues. 

High quantities of mineral N following the 
legumes are not advantageous to rice. Nitrogen 

mineralization during the post-legume fallow, 
and subsequent N loss upon soil flooding will 
remove the mineral N from the system. There is 
evidence that, regardless of post-rice treatments, 
soil NO, may rapidly drop to uniformly low 
levels by the start of the wet-season rice crop. 
The higher soil NO, level following post-rice 
legumes compared to weeds reported by Buresh 
and De Datta (1991) in a Philippine soil persis- 
ted until the next sampling, 3 weeks later. How- 
ever, NO, in all treatments declined to a low 
level before the start of the wet-season rice 
culture (Table 4, IRRI-NiffAL-IFDC collabora- 
tive research). Weed growth during the fallow 
period after the legume harvest probably assimi- 
lated some of the soil NO,, but NO, loss was 
likely to have been large in the treatments. 

Results of Hamid et al. (1984) show no differ- 
ence in rice yields when rice is grown six weeks 
after legume harvest or after approximately 18 
weeks of continuous fallow. However, when sor- 
ghum was the post-rice crop the rice yield was 
severely depressed. In a study by John et al. 
(1989), yield of rice immediately after cowpea 
cropping with all aboveground residues removed 
or after a weedy fallow were similar. The addi- 
tion of pre-rice cowpea residues, however, did 
increase rice yield. 

Maximizing total nitrogen capture by legumes 
in rice lowlands 

Maximizing N gains through legumes in rice 
lowlands entails approaches that maximize BNF 

Table 4. Soil-nitrate accumulation during the fallow period following post-rice legumes and weedy fallow in a lowland rice-based 
cropping system 

Post-rice treatment Sampling time for nitrate 

Legume 3 wk after 6 wk after 
harvest a harvest harvest b 

(0-80 cm) (0-60 cm) (0-60 cm) 
(kgNO3 - N ha-1) 

Cowpea 
Mungbean 
Nodulating soybean 
Nonnodulating soybean 
Weedv fallow 

53 
53 
54 
47 
32 

47 
52 
SO 
40 
28 

8 
9 
8 
8 
7 

a Data from Buresh and De Datta (1991). 
b Start of wet-season rice culture. 
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while minimizing soil N losses. Soil and crop 
management should ensure establishment of an 
effective symbiosis, and prevent excessive ac- 
cumulation and subsequent loss of soil NO,. The 
quantity of mineral N present at planting and 
mineralized during the legume growing season 
will influence the amount of N derived from 
BNF. 

Managing soil nitrate supply 

Soil nitrate associated with the aerobic phase in 
ricelands can be a source of N for both legume 
and rice crop, if it can be managed effectively. A 
lack of response of legumes to external N appli- 
cation indicates that the initial N needs are gen- 
erally met by native soil NO,. Moreover, legume 
N needs may be limited by a reduced yield 
potential due to inadequate supplies of water 
and nutrients other than N. Nitrate-N assimi- 
lated by the legume is conserved in the system 
against possible loss due to subsequent soil flood- 
ing. The management objective then is to utilize 
soil NO, that might otherwise be lost, and to 
maximize BNF. 

Allowing for increased nitrate uptake 
The total amount of N that can be accumulated 
by a legume crop in a given environment is fixed 
by physiological and environmental determin- 
ants. Legume management aims to meet this 
potential by maximizing the plant demand for N 
and by optimizing the soil mineral N supply to 
maximize aggregate plant N accumulation 
through soil uptake and BNF. 

Soil water deficits often limit legume growth 
and plant N demand in lowland rice-based crop- 
ping systems. Establishing a post-rice legume 
crop prior to or immediately after the rice har- 
vest is crucial in maximizing the use of the entire 
residual soil water reservoir. Water deficits are 
likely during the late growth stages of a post-rice 
legume because of a receding water table (Senth- 
ong and Pandey , 1989; Timsina, 1989). 

In areas with limited soil-water availability, 
drought-tolerant legumes such as pigeon pea and 
indigo are suitable post-rice legumes that ac- 
cumulate N throughout the dry season. Peanut is 
reported to withstand relatively larger soil water 
deficits than most grain legumes because of a 

higher root density in the lower soil depths (De 
Vries et al., 1989a; Senthong and Pandey, 1989). 

Early rains facilitate establishment of pre-rice 
legumes. However, intermittent waterlogging 
during this season is deleterious to crop growth 
and yield formation (Alam, 1989; Minchin et al., 
1978; Timsina, 1989), thus limiting N derived 
from BNF. Alam (1989) observed that cowpea 
and mungbean are unsuitable in poorly drained 
soils where short-term flooding occurs during the 
pre-rice dry-to-wet transition period. Aquatic 
legumes can increase N input in these soils. 
Green manure legumes such as S. rostrata and 
Aeschynomene afraspera are adapted to flooded 
soil conditions (Ladha et al., 1992). Aquatic 
legumes can possibly conserve soil NO3 during 
growth in nonflooded soil. Stem nodule BNF can 
additionally provide N to the plant when the soil 
is flooded. 

Increased soil water availability not only en- 
hances legume growth, but also promotes soil 
NO3 production. Ideally, the previously accumu- 
lated NO3 should be depleted during early 
legume growth, and NO3 supply thereafter 
should be less than plant N demand. A reduced 
soil NO3 supply combined with sufficient water 
for legume growth can result in enhanced BNF 
as the legume enters the reproductive phase. 

Minimizing soil supply of nitrate 
Management may play a role in influencing the 
amount of NO3-N formed in aerobic soil and its 
subsequent assimilation by plants or loss from 
the soil-plant system. Planting legumes with no- 
tillage is a strategy to decrease soil NO3, since 
tillage can increase soil NO3 levels. Peoples and 
Craswell (1992) have presented data showing 
improved N2 fixation by soybean under no- 
tillage. Therefore, relay seeding of legumes be- 
fore harvest of the preceding rice crop might be 
suitable for maximizing residual water use and 
decreasing NO3 accumulation. 

Rice stubble management can influence the 
amount of NO3 produced in soil. Incorporating 
the stubble rather than leaving it on the soil 
surface or burning it following harvest, signifi- 
cantly reduces soil NO3 (Bacon, 1987, 1990). 
Bacon (1987) reported reduced soil NO3 levels 
for up to 12 weeks, and reduced N uptake by the 
following wheat crop, when rice stubble 
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(15 t ha -1 ) was incorporated soon after harvest. 
Nitrogen depletion by crops preceding the 

legume or competition for N in a legume- 
nonlegume intercropping system, influences the 
amount of NO3 available to the legume crop. 
Soil NO3 is low immediately after a flooded rice 
crop. Planting a legume immediately after the 
rice crop might maximize BNF provided soil 
water is adequate. Total N derived from BNF by 
several legumes increased to 93-95% when 
grown immediately after a dry-season rice crop, 
compared to 65-72% when grown after a pro- 
longed fallow (Chapman and Myers, 1987). 
Legumes following cereals usually fix higher 
amounts of N than legumes following a fallowed 
soil (Bergersen et al., 1985, 1989) because of 
decreased soil mineral N levels. Likewise, cereal- 
legume intercropping can enhance N derived 
from BNF by the legume (Fujita et al., 1992; 
Rerkasem et al., 1988; Rerkasem and Rerkasem, 
1988) due to mineral N depletion by the cereal. 

Managing inefficient nitrate uptake by legumes 

Legumes that are inefficient in mineral N uptake 
might meet their N requirement through BNF 
because of a complementary relationship be- 
tween soil N uptake and BNF. This might cause 
no substantial change in the amount of legume N 
accumulated but might lead to larger net NO3 
loss from lowland rice soils. While some reports 
indicate inefficient NO3 uptake during the 
legume reproductive phase (Imsande, 1986; Im- 
sande and Edwards, 1988) others indicate large 
N uptake from aerobic soil throughout the 
legume reproductive phase (Afza et al., 1987; 
George and Singleton, 1992). Herridge and 
Bergersen (1988) described the "sparing" of soil 
NO3 by N2-fixing legumes, where more NO3 
remains in the soil after a legume compared to a 
nonlegume. Nonetheless, excess NO3 may re- 
main in a lowland soil after the growth of a 
legume. This NO3 can be lost after soil flooding. 

Larger amounts of residual soil mineral N 
have been reported after cropping of legumes 
than of other crops (Doughton and MacKenzie, 
1984; McEwen et al., 1989; Stong et al., 1986). 
Reports on post-legume soil NO3 levels in low- 
land rice soils are few. Buresh et al. (1989) 
reported 25 kg NO3-N ha -1 in the top 60 cm soil 

layer at harvest of mungbean grown after low- 
land rice. Table 4 shows identical soil NO3 levels 
(52 kg NO3-N ha -1 ) in the top 80 cm layer at 
harvest of soybean, cowpea, mungbean and a 
non-nodulating soybean isoline in a lowland rice 
soil, but a reduced NO3 level (32 kg NO3- 
N ha -1 ) under a weedy fallow. The correspond- 
ing NO, levels in the top 20 cm soil layer were 
30 kg NO3-N ha -1 for legumes and 12 kg NO3- 
N ha -1 for a weedy fallow, indicating that the 
weeds were more effective than legumes either 
in depleting soil NO3 or in maintaining low NO3 
levels by other mechanisms. Nitrogen fixation by 
the legumes, however, had not influenced the 
soil NO3 levels, as the non-nodulating soybean 
and the N2-fixing legumes maintained similar soil 
NO3 levels. 

Weed N accumulation during the dry season in 
lowland rice soils reported by Buresh and De 
Datta (1991) ranged from 11 to 29 kg N ha -1 . It 
is likely that most legumes that derived at least 
50% of their N from BNF would have equal or 
larger amounts of N removed from soil com- 
pared to weeds; there might be other effects of 
weeds on soil NO3 than uptake. Soil NO3 levels 
are usually lower in grass and hay crop fields 
than in fields of row-planted crops such as maize 
(Magdoff, 1982). 

It follows that strategies to develop or select 
legume-Rhizobium symbioses tolerant to soil 
NO3 (Betts and Herridge, 1987; Carroll et al., 
1985; Hansen et al., 1989; Herridge and Betts, 
1988) or legumes with reduced ability to use NO3 
(Carroll and Gresshoff, 1986; Nelson et al., 
1983) might not be advantageous in lowland 
rice-based cropping systems unless methods 
other than plant uptake are found to prevent the 
buildup and subsequent loss of NO3. Suitable 
legume genotypes for lowland rice soils might be 
those that can deplete soil NO3 while still deriv- 
ing large amounts of N from BNF. Part of the 
NO3 could possibly also be assimilated by weeds 
either during a post-legume fallow period before 
rice or during the legume crop. 

Use of legume nitrogen for lowland rice 

Use of legume green manures and grain legume 
residues as a N source to rice has been well 
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reviewed (Buresh and De Datta, 1991; Singh et 
al., 1991). Soil incorporation of legume green 
manures (Ladha et al., 1989b; Morris et al., 
1986a, 1989; Ventura et al., 1987) and of legume 
harvest residues (Alam, 1989; John et al., 1989; 
Norman et al., 1990) in lowland rice culture 
generally results in increased N uptake and yield 
of rice. However, the efficiency of residue N use 
by rice might be exaggerated, because most re- 
ports attribute the positive influence exclusively 
to a N effect. 

Belowground residues 

Data compiled by Buresh and De Datta (1991) 
showed legume root N accumulation ranging 
from 3 to 50 kg N ha-1 . They assessed the contri- 
bution from belowground legume residues as a N 
source for rice to be negligible in most cases. 
This would be especially true with grain legumes 
grown to maturity because of the remobilization 
of N from roots and nodules to the grain. The 
belowground N contribution may be significant if 
legumes are incorporated as green manure dur- 
ing the flowering and early reproductive stages 
when root nodulation could be abundant. 
Nodule biomass at flowering of several grain 
legumes ranged approximately from 4 to 
118 kg ha-1 (Table 5, Abaidoo et al., 1990; 
George et al., 1987; Thies et al., 1991a). Assum- 
ing a maximum 7% N content, this nodule 
biomass contained approximately 0.3 to 
8 kg N ha-1. Adding the amount of N present in 

Table 5. Nodule biomass at flowering of legumes in tropical 
soils 

Legume Nodule biomass Reference 
(kg ha-1) 

Common bean 4- 68 Abaidoo et al., (1990) a 

Cowpea 38-105 Thies et al., (1991a) 
Lima bean 13- 67 Thies et al., (1991a) 
Soybean 16- 75 Abaidoo et al., (1990) a 

8- 65 Thies et al., (1991a) b 

24- 87 Thies et al., (1991a) b 

26-118 George et al., (1987) c 

a Across two sites of differing mean temperature and three N 
application regimes. 
b Across several sites of varying soil N status and yield 
potential. 
c Across three sites of varying soil N status and mean tem- 
perature. 

the roots, total belowground N could become 
significant in certain cases. However, the value 
of this N to lowland rice is questionable because 
N-rich nodule tissue would decompose and re- 
lease N very rapidly. Morris et al. (1989) found 
no difference in rice N-gain between legume 
green manure grown in situ or that transported 
from a nearby field, suggesting no N contribution 
from belowground biomass. Nevertheless, quan- 
titative data on belowground residue N are re- 
quired to understand N cycling in rice-based 
cropping systems. 

A boveground residues 

The amount of N that can be incorporated 
through some legume green manure crops 
(Ladha et al., 1992) is larger than the N needs of 
rice. Buresh and De Datta (1991) compiled data 
on amounts of N incorporated with aboveground 
green manure and grain legume residues in low- 
land rice-based cropping systems. Green manure 
N ranged from 21 to 267 kg N ha-1; N in above- 
ground residues of grain legumes from 17 to 
101 kg N ha-1. Nitrogen fertilizer substitution for 
lowland rice by incorporated green manures 
ranged from 24 to 137 kg N ha-1, and by grain 
legume residues from 37 to 100 kg N ha-1. Simi- 
lar data are presented by Singh et al. (1991). 
Furoc and Morris (1989) suggested that the addi- 
tion of N in S. rostrata green manure in excess of 
100 kg ha-1 has limited value for increasing rice 
yield. Moreover, large application of N-rich 
legume residues has the potential to supply ex- 
cessive N to rice, leading to crop lodging and 
yield reduction (Alam, 1989). 

Nitrogen release from legume residues 

Many studies demonstrate a rapid release of N, 
and an increase in soil NH4, followed by a 
plateau or decline in NH4 levels after green 
manure incorporation (Khind et al., 1985; 
Nagarajah et al., 1989; Palm et al., 1988). The 
release of NH4 from green manure is, therefore, 
not matched by the N uptake by rice. Thus, NH4 

released may be subject to immobilization or 
loss. Morris et al. (1986b) reported that recovery 
of N from green manure was 33%, similar to that 
from N fertilizer. In contrast, Ventura et al. 
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(1987) reported up to 75% recovery of S. ros- 
trata green manure N by rice. The differences in 
green manure N recoveries reported may be 
partly due to differences in the amount applied, 
in C:N ratio, and in timing and method of appli- 
cation. Recent data show that NH4-N loss from 
green manure was lower than that with equiva- 
lent amounts of fertilizer N (Biswas, 1988). Rice 
recovery of green manure N is larger than from 
urea, and green manure increases the recovery 
of urea-N (Diekmann, 1991). Supplementing 
moderate amounts of basally applied green ma- 
nure N with topdressed fertilizer N may maxim- 
ize both green manure and fertilizer N recoveries 
(Morris et al., 1986b). 

Conclusions and research directions 

The large amounts of NO3-N, which accumulate 
in aerobic soil during the non-flooded season, 
can be lost for lowland rice upon flooding. Pre- 
vention of this loss might make a significant N 
contribution to crops in the dry-to-wet transition 
period or to a subsequent rice crop. In addition, 
the inclusion of legumes for grain, forage, and 
green manure production might increase the 
total N output from the cropping system and 
further add to soil N through BNF. The N 
derived from BNF by legumes can be increased 
by maximizing plant N demand and by minimiz- 
ing soil NO3 supply. A post-rice nonlegume crop 
followed by a pre-rice green manure legume or 
intercropping legumes with nonlegumes during 
both the post-rice and pre-rice seasons might 
maximize the conservation and effective use of 
both soil NO3 and atmospheric N in lowland 
rice-based cropping systems. Legumes would be 
ideal crops for soils low in native N, where other 
upland crops may grow poorly without external 
N supply. Where soils are left fallow during the 
non-flooded season due to production con- 
straints, increasing the legume component in the 
weed flora may be suitable for capturing both 
soil NO3 and atmospheric N. 

Our knowledge of the processes and factors 
regulating NO3 accumulation and loss during the 
nonflooded season and the dry-to-wet season 
transition period and how legume BNF fits into 
this complex are still very limited. Research is 

needed to understand the mechanisms of N gains 
and losses and to identify and refine appropriate 
soil and crop management practices to maximize 
soil N and legume BNF use in lowland rice-based 
cropping systems. 

So far, research on N dynamics and balances 
in legume-lowland rice sequences has been pri- 
marily with pre-rice legumes grown just prior to 
wet season rice. Because dry-season legumes are 
also an important post-rice crop in lowland rice- 
based cropping system, there is a need to ascer- 
tain the effects of post-rice legumes with sub- 
sequent fallow periods before wet-season rice on 
native soil N dynamics and N contribution to 
rice. 

Maintaining soil N levels in the rice-based 
farming system is not the dominant objective of 
the farmer in the choice of cropping pattern and 
management practices. Overall profitability shall 
continue to dominate as the basic farmer objec- 
tive. However, there is a major potential for 
directing research toward identification of man- 
agement practices aimed at maintaining long- 
term soil fertility while providing profitability in 
the short term. This will depend upon a more 
solid knowledge base of system-level N 
dynamics. 
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Abstract 

There is strong evidence that non-leguminous field crops sometimes benefit from associations with 
diazotrophs. Significantly, the potential benefit from N2 fixation is usually gained from spontaneous 
associations that can rarely be managed as part of agricultural practice. Particularly for dryland systems, 
these associations appear to be very unreliable as a means of raising the nitrogen status of plants. 
However, recent technical advances involving the induction of nodular structures on the roots of cereal 
crops, such as wheat and rice, offer the prospect that dependable symbioses with free-living diazot- 
rophs, such as the azospirilla, or with rhizobia may eventually be achieved. 

Introduction 

Past and future 

It is now well over 100 years since the existence 
of microorganisms capable of biological fixation 
of atmospheric N2 was experimentally proven 
(Tchan, 1988). Barely 100 years ago the N2- 
fixing capacity of the legume-rhizobial symbiosis 
was firmly established. Since then, this symbiotic 
system has become well understood and ex- 
To avoid a too voluminous bibliography, where possible the 
authors have used review papers to provide background 
information. Earlier important papers were not overlooked, 
but are covered in the relevant, more recent, reviews. 

ploited as an effective means of raising the nitro- 
gen status of soils, providing nitrogen for crops 
and pastures (Vincent, 1984). Optimism that 
non-leguminous crops could be similarly bene- 
fited was fueled in the 1970s and 1980s by the 
discovery of several N2-fixing organisms (diazot- 
rophs) forming apparently specific associations 
with non-legumes. On the whole, however, this 
optimism has not be rewarded. 

Recently, several approaches using techniques 
developed in the area of biotechnology have 
raised new hopes that success in this secondary 
objective may yet be realized. It is the authors' 
opinion that there are now sound reasons to 
anticipate that at least some non-leguminous 



field crops may also become independent of soil 
nitrogen. We intend to explain the reasons for 
this renewed optimism, against the background 
of knowledge accumulated in the past century 
that will be relevant to any ultimate success in 
exploiting these new approaches. 

Nitrogen fixation and sustainable agriculture 

A theme of this book is the relationship between 
biological N2 fixation and sustainable agriculture. 
Almost by definition, biological N2 fixation is 
synonymous with sustainability. Systems capable 
of fixing their own nitrogen exploit their own 
environment less and may even provide a posi- 
tive contribution. 

Nitrogen applied in fertilizers usually provides 
a benefit to plants. But, if applied inefficiently, it 
can also have serious disadvantages in causing 
pollution. It is difficult to match nitrogen supply 
to actual requirements of a crop at a given 
ecosite and any excess may damage this or other 
ecosites. Excess reduced nitrogen (ammonium) 
in agricultural or forest ecosystems may lead to 
their acidification through the process of nitrifi- 
cation, if significant leaching of nitrate occurs 
(Kennedy, 1986a; 1991). In agricultural ecosys- 
tems, however, biological N2 fixation may usual- 
ly be expected not to exceed the actual nitrogen 
requirements of an ecosystem, thus being less 
likely than fertilizers to cause pollution. This 
conclusion is based on the active repression of 
the N2-fixing apparatus by a condition of ample 
fixed nitrogen and the poorer competitive ability 
of N2-fixing organisms when nitrogen supply is 
adequate. 

Key features in achieving N2-fixing activity 

The nitrogenase reaction 

Chemically, biological N2 fixation is essentially 
the conversion of dinitrogen (N2) to ammonia, 
catalyzed by the enzyme nitrogenase according 
to the reaction (Fd = ferredoxin): 

N2 + 8H + + 8Fd - + 16MgATP 2- + 18H2O 
Ò 2NH4 + 2OH - + H2 + 8Fd + 16MgADP - 

+ 16H2PO4 
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Of course, the process of N, fixation is much 
more complex than this, but the biochemical 
reaction contains the key ingredients and points 
to the major requirements. It indicates the dual 
needs for reducing potential and the substantial 
energy requirement in the form of ATP. It also 
suggests the need for a mechanism for ammonia 
utilization that will simultaneously neutralize the 
alkalinity generated (Kennedy, 1986a, 1991). In 
order to fully appreciate the challenges of exten- 
sion of the range of N,-fixing systems, we must 
examine these requirements in greater detail. 

The energy requirement 

Estimates of the energy requirement (Schubert, 
1982) have been based on theoretical as well as 
many experimental results. However, the energy 
requirement for N2 fixation is actually almost 
identical to that required for nitrate assimilation 
(Gibson, 1966; Kennedy, 1988), the other main 
source of nitrogen for most field crops, excepting 
rice. 

A number of studies have attempted to esti- 
mate energy requirements for biological N2 fixa- 
tion by comparing the rate of growth of legumes 
growing on nitrate with their growth on di- 
nitrogen. Measurement of dry matter accumula- 
tion has generally indicated little or no difference 
in growth between the two nitrogen sources pro- 
vided in ample quantity (except for the initial 
period, when nodules are being established), 
suggesting little difference in the need for photo- 
synthate, in agreement with the theoretical pre- 
dictions based on metabolic pathways. 

The other main experimental approach has 
been the use of efflux of carbon dioxide from 
legumes growing with either nitrogen source 
(e.g. Silsbury, 1977). In general, a greater car- 
bon dioxide efflux has been observed on plants 
growing with dinitrogen than with nitrate (see 
Schubert, 1982), suggesting an increased energy 
demand as extra carbohydrate required. Un- 
fortunately, none of these studies considered the 
fact that nitrate-grown plants produce bicarbon- 
ate rather than carbon dioxide in assimilating 
nitrate (Kennedy, 1986b). When this difference 
in the metabolism of the two nitrogen sources is 
taken into account, the apparent difference in 
energy consumption could disappear. 

+ 

- 
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Nevertheless, for diazotrophs with only in- 
direct access to energy compounds, the criticism 
regarding adequacy of energy supply is probably 
valid. Calculations using models of the diffusive 
flux of ‘energy’ compounds from the roots of 
plants indicate that adequate growth of associa- 
tive organisms in the rhizosphere with biological 
N2 fixation significant to the plant is not possible 
(Whipps and Lynch, 1983). Competition from 
non-diazotrophs would make this benefit even 
less likely. 

On the other hand, if the diazotrophic organ- 
ism in an engineered system could have direct 
access to an ample energy supply from the plant, 
such negative opinions about proposals to en- 
gineer cereals to fix dinitrogen based on energy 
requirement could be questioned. Substantial in- 
fection of the root cortex by organisms like 
Azospirillum would be a case in point. For such 
pessimism to be sustained, one would need to 
dismiss the positive role of leguminous nodules 
in fixing N2, which is absurd. To be effective, 
however, not only penetration but also adequate 
colonization with the diazotrophs and some kind 
of symbiosis would be required. 

Sensitivity to oxygen 

Another potentially negative factor in extending 
the range of N2-fixing systems is the well-known 
sensitivity to molecular oxygen. This sensitivity 
results from the great instability of nitrogenase 
when exposed to oxygen. Most diazotrophs reg- 
ulate this sensitivity by using one of several 
protective mechanisms (Kennedy, 1979; Post- 
gate, 1974). These protective mechanisms in- 
clude excessive respiratory consumption of oxy- 
gen, the cellular location of nitrogenase, the 
presence of protective proteins associated with 
nitrogenase, oxygen buffering as by leghaemo- 
globin in legume nodules and the less direct 
means of hydrogenase, catalase and superoxide 
dismutase activities (Clara and Knowles, 1985). 
For example, without the protection of 
leghaemoglobin, isolated Rhizobium bacteroids 
will fix N2 only when external oxygen concen- 
tration is reduced to about 0.01 atm (Bergersen 
and Turner, 1967). At the same time, excepting 
obligately anaerobic clostridia or some faculta- 
tive organisms, molecular oxygen is an absolute 

requirement for significant N2 fixation, since it is 
the terminal electron acceptor and it is needed to 
allow formation of ATP by oxidative phosphor- 
ylation. 

The actual pO2 at the root surface in soil has 
rarely been determined. It might seem that, in a 
well-aerated soil, the oxygen pressure would be 
too high for sustained N2 fixation by many 
diazotrophs. On the other hand, in a water- 
logged soil, oxygen pressure would probably be 
too low. The bulk concentration of oxygen in the 
soil atmosphere is commonly about 10% of gas 
content, half that of the free atmosphere and 
oxygen pressure in soil obviously varies in the 
range 0-0.20atm (Nye and Tinker, 1977). Root 
growth has been observed to be retarded below 
0.10 atm, although root metabolism is not seri- 
ously affected until oxygen pressure is reduced to 
0.02-0.05 atm. Furthermore, an idealized model 
suggests that, as a result of oxygen consumption 
by microbes and healthy plant roots, a pO2 of 
0.02 atm at the root surface 0.5 metres below the 
surface is anticipated for a wheat crop (Kirkham, 
1990) - one-tenth that of the free atmosphere, 
even in an aerated soil at field moisture capacity. 
Obviously, more experimental data on this point 
is essential. (However, it can be noted now that 
0.02 atm oxygen coincides with the value that we 
use in our standard assay system for N2 fixation 
by para-nodulated wheat, to be discussed at 
length in the second half of this chapter). 

Non-leguminous N2-fixing systems 

Nitrogen fixation in non-leguminous symbioses 

A number of non-leguminous plants are recog- 
nized to be well-endowed with N2-fixing capaci- 
ty. Those capable of forming specialized sym- 
bioses with Frankia provide many such examples 
(Millet et al., 1989; Quispel, 1974; Rodriquez- 
Barrueco et al., 1989). The symbioses between 
cyanobacteria and various plants (Millbank, 
1974) including Azolla (see Skinner et al, 1989) 
are also significant N2-fixers. It is not intended to 
discuss these highly developed symbioses in this 
chapter, except rarely where comparisons are to 
be made. These functional non-leguminous sym- 
bioses are well described elsewhere. 



Free-living N2-fixing organisms 

The free-living diazotrophs were the first to be 
recognized. It is now clearly understood that a 
diverse range of microbial species are capable of 
biological N2 fixation (Mulder and Brotonegoro, 
1974; Postgate, 1972). At the very least, this 
capacity allows these organisms to pioneer the 
colonization of nitrogen-poor niches in ecosys- 
tems because of the selective advantage they 
enjoy. It is also recognized that these organisms 
provide a positive contribution to ecosystems in 
the nitrogen they fix, perhaps indirectly when 
they decompose. 

As pointed out by Dobereiner (1989), the use 
of selective media that simulate the natural en- 
vironment of diazotrophs is still leading to the 
discovery of previously undescribed N2-fixing 
bacteria. This expands the genetic diversity avail- 
able in the known library of diazotrophs and 
should be helpful in new technological develop- 
ments. In this paper, the possible value of these 
organisms is viewed less from the effect of their 
growth in situ, but for their potential to be 
exploited in new technology. 

Azotobacter 
The hope of increased crop yields from soil 
inoculation with N2 fixing bacteria can be traced 
back almost a century to Caron in Germany. 
Azotobacter was one of the organisms involved 
in early research, with favourable results re- 
ported from Russia by Kostychev et al. (1926). 
though the findings in Russia and elsewhere were 
generally inconsistent and variable (Mishustin 
and Shil’Nikova, 1971). The problem of inconsis- 
tency was not overcome by using well authenti- 
cated strains of inoculum. One of the problems 
with Azotobacter is its poor performance in col- 
onizing the rhizosphere with the exception of the 
Azotobacter paspali - Paspalum notatum associa- 
tion (Dobereiner, 1974). Obviously, A. paspali 
forms a very close and specialized association 
with a cultivar of paspalum and can be consid- 
ered as an exceptional associative diazotroph 
although it does not penetrate the root as does 
Azospirillum. 

Much of the early work with Azotobacter 
inoculation was carried out in Russia, Eastern 
Europe and India. Only about a third of field 
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trials showed any positive effects, which ranged 
up to 39%. Several processes other than N2 

fixation could account for these positive effects, 
including production of growth regulators, pro- 
tection from root pathogens and modification of 
nutrient uptake by the plant (Tchan, 1988). 

A report that Azotobacter had been inserted 
into a fungal mycorrhiza associated with a woody 
plant (Pinus) (Giles and Whitehead, 1977) - thus 
providing the first case of a biologically en- 
gineered diazotrophic symbiosis - is in serious 
doubt. Apart from a controversy about a poten- 
tial threat to pine plantations from associated 
disease, the validity of the introduction has been 
strongly disputed (Terzachi and Christensen, 
1986). 

Beijerinckia 
In contrast to the acid-sensitive Azotobacter, 
Beijerinckia is indifferent to soil pH. This bac- 
terium is adapted to sub-tropical or tropical soils 
(which are often acid). However, it is not re- 
garded as a rhizosphere organism. 

Derxia 
Derxia, discussed by Postgate (1972), is unable 
to commence N2 fixation and most colonies fail 
to develop unless oxygen pressure is reduced 
(Ravishankar et al., 1986). Apparently, Derxia 
has a relatively inefficient respiratory protection 
compared to Azotobacter. 

Clostridium 
The clostridial species such as Clostridium pas- 
teurianum and Cl. butyricum are strict 
anaerobes, and therefore fix N2 only in the con- 
dition of the absence of oxygen. Provided suffi- 
cient soluble energy substrates are available they 
grow readily and are quite easy to isolate in 
nitrogen-deficient media using soil as inoculum. 

Photosynthetic N2-fixing bacteria and 
cyanobacteria 
These organisms grow well in rice fields well 
supplied with water and could contribute to the 
supply of nitrogen to rice crops. 

Associative diazotrophic systems 

Attempts to discover beneficial associations be- 
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tween plants and N2-fixing bacteria have a long 
history. Obviously, a large proportion of the 
total microbial activity in soil is likely to be 
associated with the growth of plants, or their 
subsequent breakdown, simply because this is 
where growth substrates occur in greatest abund- 
ance. For N2-fixers, Dobereiner (1989) has stres- 
sed that too much may be assumed about the 
degree of an associative relationship simply be- 
cause bacteria are located in the rhizosphere 
near the root surface. It may also be remem- 
bered that as long as the N2 fixation carried out 
by such diazotrophs remains bound to the 
growth of the bacterium, the possibility of a 
significant effect on the plant remains slight. 
Nevertheless, certain bacterial species (in par- 
ticular the genus Azospirillum, are thought to 
have a close association with plants, to a point 
bordering on symbiosis. Dart (1986) has pre- 
pared a comprehensive review of N2-fixing or- 
ganisms associated with nonlegumes (other than 
rice) in agriculture. 

Azospirillum 
The genus Azospirillum is extensively discussed 
in the book edited by Skinner et al. (1989). This 
organism is known to penetrate the root of 
gramineous plant species and to grow intercellu- 
larly to a degree, as well as growing in the 
rhizosphere (Reinhold and Hurek, 1989). 

Physiological aspects of the growth and N2 

fixation of various Azospirillum species and re- 
lated bacteria were discussed by Hartmann 
(1989). The nitrogenase activity of Azospirillum 
is strongly influenced by both ammonium (Gal- 
lani and Bazzicapulo, 1985; Hartmann et al., 
1986) and oxygen. When ammonium is added, or 
anaerobic conditions are imposed, the nitrogen- 
ase of A. brasilense and A. lipoferum is 
'switched-off' by ADP-ribosylation (Hartmann et 
al., 1985, 1986; Hartmann and Burris 1987; 
Kanemoto and Ludden, 1984) of nitrogenase 
reductase (iron-sulphur protein). High oxygen 
levels, inhibitory to nitrogenase activity, do not 
cause this covalent modification to occur (Hart- 
mann and Burris, 1987). 

The release of nitrogen compounds by Azos- 
pirillum has been examined on only a few occa- 
sions. Release of nitrogen compounds in batch 
cultures has been observed for A. lipoferum 

(Volpon et al., 1981), A. amazonense and A. 
halopraeferens (Hurek et al., 1987). Energy- 
starved cultures of Azospirillum (Hartmann et 
al., 1985) and at low levels of glutamate or 
aspartate (Hartmann et al., 1986) release low 
amounts of ammonium. Glutamine auxotrophic 
mutants of A. brasilense, defective in glutamine 
synthetase (Gauthier and Elmerich, 1977) or 
glutamate synthase (Bani et al., 1980) release 
ammonium under some conditions (Hartmann, 
1989). Of course, the rapid and prolonged re- 
lease of ammonia is a prominent feature of 
Rhizobium bacteroids in legume nodules, but the 
potential for efficient release of nitrogen com- 
pounds to the host plant by Azospirillum is 
poorly understood at this stage. No clear evi- 
dence that azospirilla actively excrete newly- 
fixed nitrogen compounds into plant tissues is 
available. If it is true that N2 fixation by azo- 
spirilla is bound to growing cells of the mi- 
croorganism in plant associations, this would be 
a possible reason for poor performance of the 
system. 

The oxygen sensitivity of the nitrogenase ac- 
tivity of Azospirillum has been discussed in de- 
tail (see Fig. l). In the figure redrawn from 
Hartmann (1989), the complete abolition of ni- 
trogenase at 1.0 kPa oxygen concentration is 
shown, with a strain of A. amazonense being 
more tolerant of oxygen. 

The natural occurrence, distribution and sur- 
vival of Azospirillum spp as a crop inoculant in 
Belgian agricultural soils was discussed by De 
Coninck et al. (1989). They point out that the 
three modes of entry by N2-fixing bacteria into 
plant roots are through wounds, especially at the 
junction with lateral roots, through root hairs 
and between undamaged epidermal cells; 
rhizobia are known to employ all three methods, 
and Frankia the second two. But the mode of 
entry of Azospirillum remains unknown. 

Acetobacter 
Acetobacter diazotrophicus, an associative 
diazotroph, provides an outstanding example of 
the bacterial ecological requirement. This organ- 
ism needs high sugar concentration in the 
medium to grow (Dobereiner, 1989), which need 
is apparently satisfied in association with sugar- 
cane (Li and MacRae, 1991). 
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prominent N2-fixing inhabitant of the root sys- 
tem of sugarcane (Li and MacRae, 1991). 

Miscellaneous species of significance 

Azorhizobium 
The diazotrophic organism, Azorhizobium 
caulinodans, capable of free-living N2 fixation, is 
the microsymbiont in the stem nodules of Ses- 
bania (discussed by Ladha et al., 1990). Stem 
nodules are regarded as an adaptation to flood- 
ing to achieve adequate oxygenation. The rates 
of nitrogen fixation achieved in such nodules can 
be as high as 17 kg N per ha per day. The 
symbiosis between A. caulinodans and S. rostrata 
is highly specific and the microsymbiont is unable 
to produce stem or root nodules in any of the 
stem-nodulating Aeschynomene species. A. 
caulinodans is also exceptional in being able to 
grow on N2 under free-living conditions without 
added fixed nitrogen (Dreyfus et ai., 1983). Re- 
cently, Ladha et al (1989) reported the presence 
of A. caulinodans in the rhizosphere of rice. 
Further, rice seedlings when inoculated with this 
organism showed significant nitrogenase activity. 
There are also recent reports (Ladha et al., 
1990) that this organism can contain bacterio- 
chlorophyll and photosynthetic reaction centres. 
If the organism can carry out photosynthesis 
growing at up to 0.03 atm O2, this is most excep- 
tional for a photosynthetic bacterium and this 
proposal requires careful examination. Such a 
capability would be of obvious benefit to a sys- 
tem biologically fixing nitrogen. 

Effectiveness of Azospirillum and other plant 
associations/symbioses 

Since the excitement of the initial findings about 
Azospirillum by Dobereiner and her colleagues 
(Dobereiner, 1983), expectations regarding the 
practical application of this organism in agricul- 
ture have been largely unfulfilled. No significant 
agricultural systems have been established that 
involve extensive inoculation by farmers of field 
crops with organisms such as Azospirillum, a fact 
that highlights the lack of its successful applica- 
tion. Despite this, a considerable amount of 

Fig. 1. Oxygen tolerance of nitrogen fixation (C2H2 reduc- 
tion) in azospirilla. Redrawn from Hartmann (1989). 

Pseudomonas 
Wetland rice may have large populations of N2- 
fixing pseudomonas diazotrophicus, sometimes 
amounting to about 80% of the total bacterial 
population associated with rice roots. The ability 
of this organism to grow autotrophically with H2 

and CO2 may be of great significance under 
flooded rice conditions where H2 is often evolved 
(Barraquio et al., 1983; Watanabe et al., 1987a). 
Pseudomonads have also been observed in the 
root systems of sugarcane (Li and MacRae, 
1991). 

Alcaligenes 
The diazotrophic Alcaligenes faecalis is capable 
of entering rice roots, as shown by You and 
Zhou (1989). 

Klebsiella 
Klebsiella pneumoniae has been identified as a 
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information exists with several field crops that 
needs to be considered. 

Associative organisms and wheat 
Experimental work in countries other than Aus- 
tralia has shown that inoculation of wheat with 
A. brasilense and A. lipoferum can increase sig- 
nificantly yields of foliage and grain (Hegazi and 
Saleh, 1985; Kapulnik et al., 1983; Mertens and 
Hess, 1984; Rai and Gaur, 1982). The cause of 
such increases has not been determined, but 
improved nitrogen nutrition from N2 fixation by 
azospirilla cannot be excluded, although this has 
been questioned (Jagnow, 1990). Positive results 
from work in Israel (Millet and Feldman, 1984) 
has even led to some field inoculations as an 
agronomic practice (Okon et al., 1988), although 
its success under farming conditions still needs 
verification. 

From a survey of wheat plants grown in the 
field throughout the eastern Australian wheat 
belt (New and Kennedy, 1989) a culture collec- 
tion of more than 20 strains of Azospirillum 
isolated from the root systems has been estab- 
lished. A pattern of distribution has emerged in 
which only neutral soils contain a significant 
population of these diazotrophs (New and Ken- 
nedy, 1989). Soils below pH 5.0 contained few if 
any native azospirilla. 

Although our greenhouse trials have failed to 
show significant effects from inoculation of 
wheat with azospirilla, apart from some stimula- 
tion of early vegetative yield, tests in laboratory 
model systems have shown that particular strains 
of azospirilla are more effective than others in 
giving significant C2H2 reduction with particular 
cultivars of wheat. The best of these was a A. 
brasilense (Sp 107)/Sunelg, University of Syd- 
ney) combination (Kennedy et al., 1990), where 
3-week-old wheat plants produced 48 nmoles of 
ethylene per h per plant (30°C). Assuming that 
this nitrogenase activity could be sustained and 
would increase proportional to root weight, a 
substantial contribution to the nitrogen needs of 
the wheat plant would be made. More typically, 
C2H2 reduction activity in these model associa- 
tive systems lies between just above zero activity 
in more than half our tests to about 10 nmoles 
ethylene produced per hr per plant at this plant 
age. No obvious reason for this variability with 

wheat seedlings, documented extensively by Jag- 
now ( 1990), could be found. Furthermore, even 
those plants with a high rate of C2H2 reduction 
did not necessarily contain the greatest number 
of viable azospirilla and the two parameters - 
number of Azospirillum and rate of N2 fixation- 
were poorly correlated. 

A major problem in achieving significant and 
reliable N2 fixation in such associations could 
result from the poor internal colonization of the 
roots of wheat by the azospirilla. For example, a 
factor of l04 fewer azospirilla ( A. brasilense Sp7) 
were found in the root interior (endorhizo- 
sphere) compared to the root exterior (New et 
al., 1991). Even if the endorhizosphere popula- 
tion is underestimated by a factor of 100 because 
of the procedure employed to establish most 
probable numbers of bacteria in this location, it 
would appear that only a low proportion of the 
azospirilla associated with wheat roots has direct 
access to energy substrates. Whether the occa- 
sional seedlings that display strong C2H2 reduc- 
tion have more internal colonization, or show 
strong excretion of energy substrates or are af- 
fected otherwise, is not known. 

In view of the difficulty in satisfying all the 
demands for a satisfactory symbiosis, it is not 
surprising that positive effects are inconsistently 
observed. One must question whether sufficient 
numbers of azospirilla with sufficient carbon sub- 
strates are present in most cases to make a 
significant contribution to the nitrogen needs of 
the plant. 

Rice 
Published evidence on experiments with rice 
present an overall picture that is, on the whole, 
more positive for associative N2 fixation than for 
wheat. 

Several reports of N2 fixation associated with 
the rhizosphere of rice have been made. These 
are summarised by Yoo et al. (1986), who indi- 
cate a number of associated organisms (Azo- 
spirillum, Clostridium, Enterobacter, Al- 
caligenes, Pseudomonas) in a report in which 
they described the contribution of Klebsiella oxy- 
toca to N2 fixation benefiting rice plants. A 6% 
increase in plant + soil nitro en content and a 
significant incorporation of 15N2 was observed. 
Up to 30-40 kg nitrogen ha-1 crop-1 are attribu- 



ted to association with unidentified diazotrophs 
(App et al., 1984). Fujii et al. (1987) have 
described the benefits of use of strains of Kleb- 
siella oxytoca and Enterobacter cloacae, able to 
fix N2 in the presence of ammonium, for inocula- 
tion of rice. 

A substantial number of studies have been 
conducted at the International Rice Research 
Institute in the Philippines (Ladha et al., 1986; 
1987; 1989; Roger and Ladha, 1990) using rice. 
On the whole, these results suggest that signifi- 
cant nutrition of rice supplying perhaps 20-25% 
of the total needs of rice from associative fixation 
is occurring (App et al., 1980; Watanabe et al., 
1987b; Zhu, 1989). Critical evidence of the likeli- 
hood of actual yield increases by inoculation of 
rice is lacking. 

Maize 
Diem and Dommergues (1979) reviewed results 
from some field trials using inoculation with 
Azospirillum in Wisconsin, where the soils were 
practically devoid of the organism before treat- 
ment. Of four experiments with maize only two 
showed significant positive results. 

An evaluation of the effect of oxygen pressure 
and available carbon substrates (Alexander and 
Zuberer, 1989) on C2H2 reduction by maize 
showed that both these factors were significant. 
C2H2 reduction activity was greatest with a pO2 

between 1.3-2.1 kPa and amendment with sever- 
al organic substrates greatly increased activity if 
it was initially low. Inorganic nitrogen (4-20 mg 
L-1) abolished C2H2 reduction within about 2 h. 
Rates of activity with individual plants varied 
greatly but the maximum rates observed were of 
the order of 300-800 nmoles C2H4 per h per g 
dry weight of roots. There was no effect of 
inoculation with azospirilla on dry weight of 
plants grown in soil in a series of 15 experiments, 
and C2H2 reduction was depressed compared to 
uninoculated controls with an indigenous popula- 
tion of bacteria. Thus, either the indigenous 
bacteria are more effective or inoculation is 
counterproductive. 

Millet 
Smith et a1. (1976) found that pearl millet 
showed a significant increase in dry matter, asso- 
ciated with increased harvest of nitrogen per unit 
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area, but subsequent work did not prove that 
these gains occurred from N2 fixation by the 
plant (Smith et al., 1978, 1984). Instead, as Tien 
et al. (1979) and Harari et al. (1989) have 
indicated, growth substances produced by Azo- 
spirillum may be the source of these gains by 
plants. 

Occasional trials conducted at ICRISAT with 
pearl millet have produced increased grain yield 
up to 33% over uninoculated controls. More 
typically, no significant increase was observed 
(Wani et al., 1989) from inoculation with A. 
lipoferum. A similarly variable result was ob- 
tained from inoculation with Azotobacter 
chroococcum. Although an increased nitrogen 
uptake by plants was measured in this series of 
experiments, equivalent to about 3-19 kg per ha 
over three seasons, no evidence was obtained 
that this was the result of N2 fixation. 

Sugarcane 
A substantial input of nitrogen from associative 
fixation is indicated in trials using 15N (Urquiaga 
et al., 1989), with from 20-55% of the plant 
nitrogen indicated from this source. The range of 
organisms involved under Australian conditions 
includes pseudomonads, enterobacters, Aceto- 
bacter, Beijerinckia and Klebsiella pneurnoniae, 
but did not include Azospirillum or Azoto- 
bacter (Li and MacRae, 1991). 

Sorghum 
Recent studies on the effect of inoculation with 
azospirilla (Pacovsky, 1989; Pereira et al., 1989) 
do not provide convincing evidence that grain 
yield can be increased from the association with 
this diazotroph. 

New nodulation technology for non-leguminous 
field crops 

The discovery of the first known rhizobial sym- 
biosis with a non-legume (Parasponia-Rhizo- 
bium) by Trinick (1973, 1988) provided an im- 
portant object lesson for scientists with interests 
in biological N2 fixation. Sprent and de Faira 
(1989) have recently emphasised that many of 
the widely accepted dogmas for 'normal' sym- 
bioses, for example root hair infection and the 
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necessity for bacteria to be released from infec- 
tion threads before they differentiate into N2- 
fixing forms, are not universal. They suggest that 
a comparative study of a range of systems may 
help exploit the possibilities for increasing the 
range of N2-fixing systems. Infection through 
wounds is now well established as a normal part 
of nodule initiation in some legumes (Sprent and 
de Faria, 1989), so that the idea of a fixed, 
obligatory procedure cannot be sustained al- 
though such schemes provide helpful conceptual 
models for study. 

The recognition that Bradyrhizobium cells ini- 
tially enter the roots of Parasponia at localized 
sites of plant cell division having disrupted the 
epidermis (Bender et al., 1987) also emphasises 
that various developmental paths may lead to a 
functional nodule. Only subsequently do infec- 
tion threads develop from within the cortex and 
participate in the nodule development. The ab- 
sence of infection threads in the formation of 
lupin nodules contrasts with their occurrence in 
nodule formation in serradella roots, even 
though Rhizobium lupini is the microsymbiont in 
each case (Haack, 1961). Despite genetical 
studies lasting more than ten years, no evidence 
has been found that the legume-Rhizobium sym- 
biosis involves unique plant gene products that 
are necessarily restricted to the plant species that 
so far successfully nodulate and fix N2. Neither 
do any of the proposed steps in Rhizobium- 
legume symbiosis (e.&. coded as hac (hair curl- 
ing), noi (nodule initiation), etc.) infer a unique- 
ness that would absolutely exclude different 
plant species from also allowing establishment of 
persistent symbioses with diazotrophs. 

The concept of establishment of artificially 
induced symbioses between plants and so-called 
L-forms of bacteria was experimentally explored 
by Aloysius and Paton (1984). Protoplasts of 
bacteria (L-forms) were suggested to have the 
ability to penetrate the cell wall and membrane 
structures of living plant cells and to colonize 
plant tissue. L-forms of Azotobacter, Pseudo- 
monas syringae, Bacillus polymyxa and Beij- 
erinckia indica were all considered as capable of 
penetration of plant tissue and some evidence of 
expression of bacterial metabolic activity in plant 
tissue was obtained. No tests for nitrogenase 
activity were performed. However, approaches 

such as this offer possible means of allowing 
non-legumes such as cereals to fix their own N2. 
Further investigations are needed. 

Here, we will review recent developments sug- 
gesting that the occurrence of N2-fixing sym- 
bioses may eventually comprise a much more 
diverse range of systems than has previously 
been imagined. 

Induction with hydrolytic enzymes 

Experiments performed at Nottingham in the 
U.K. (Cocking et al., 1990) have developed new 
associations between Rhizobium spp. and a 
range of non-leguminous field crops. One of the 
areas of investigation has been the removal of 
barriers in the plant to entry by the bacterium, 
using enzymatic degradation of the plant cell 
walls and of the root hairs. Some progress has 
been made with a range of legumes and non- 
legumes, including cereals. Their technique in- 
volves immersion of rapidly growing roots in cell 
wall-degrading enzymes in hormone-free culture 
medium with sucrose. Rapid degradation of the 
plant cell wall at the apices of root hairs has been 
observed. The use of a cellulase-pectolyase en- 
zyme solution has been extended from white 
clover seedlings (where the specificity of rhizo- 
bial infection was broken down) to rice. Up to 
ten per cent of rice seedlings developed nodular 
structures after treatment with enzymes and 
inoculation with various rhizobia, both singly 
and in combination. Omission of the enzyme 
treatment resulted in no such structures being 
formed. 

Al-Mallah et al. (1989) investigated the forma- 
tion of nodular structures by rhizobia on rice 
seedlings. They suggested that nodulation of 
non-legumes may be promoted by enzymatic cell 
wall degradation coupled with polyethylene 
glycol treatment. This apparently assists the 
entry of rhizobia, though nitrogenase activity in 
the resulting nodules was barely detectable. Bac- 
teria in the structures were mostly located be- 
tween cell layers, with some infection of cells 
that usually appear to lack well-defined cyto- 
plasm. 

Trials with some varieties of wheat ( Triticum 
aestivum ) also produced nodules on the roots, 
following enzyme treatment and inoculation with 



Rhizobium in the presence of polyethylene 
glycol (PEG). Signs of N2 fixation were barely 
detectable, possibly due to the limited extent of 
infection of host cells. 

Some varieties of Rhizobium induce nodules 
on the roots of oilseed rape, inoculated sub- 
sequent to an enzyme treatment of the seedlings. 
A synergistic interaction between R. loti and 
Bradyrhizobium produced the highest rate of 
nodulation on all plant varieties tested. Invasion 
occurred both within and between the cells of 
the nodules. Nodules which developed on 
oilseed rape reduced C2H2 per unit fresh weight 
very feebly, at less than 0.1% of that seen typi- 
cally in legume nodules. 

Nodulation of oilseed rape by Parasponia-infect- 
ing rhizobia 

Bradyrhizobium parasponium is capable of infec- 
ting the roots of oilseed rape ( Brassica napus ) 
without need of enzyme treatment (Cocking et 
al., 1990). A variety of nodule types have been 
observed after infection with B. parasponium; 
some contain red/pink pigmentation, suggesting 
but not proving the production of leghaemo- 
globin. Rhizobia are present both within and be- 
tween the cells of the host tissue, and some were 
also associated with the surface of the nodules. 

Non-genetical approaches to induced nodulation 
of non-legumes 

From the early 1980s, Nie and his colleagues at 
Shandong University in China have published a 
series of papers in Chinese journals, reporting 
the nodule-inducing effect of 2,4-dichloro- 
phenoxyacetate (2,4-D) on the roots of a large 
number of plant species, including wheat (see 
Tchan and Kennedy, 1989, for review). This 
approach resulted from an initial observation by 
Nie, made when using a plant tissue culture 
medium containing 2,4-D. 

Even earlier observations were made of the 
development of such structures in both legumes 
(Allen et al., 1953; Vincent, pers. commun.; 
Wilde, 1951) and non-legumes (Nutman, 1944, 
pers. commun.) on treating plants with hormone 
herbicides. However, no inference was made in 
earlier work that these structures might contain 
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bacteria or that the structures might be benefi- 
cial. To its credit, Nie’s group recognized this, 
although it was also understood that the struc- 
tures were primarily a response to 2,4-D treat- 
ment, since they were formed irrespective of 
whether the roots were inoculated with a 
Rhizobium species or not. The Chinese research- 
ers have continued this work in the hope of 
eventually emulating leguminous N2-fixing 
nodules, but without obtaining acceptable evi- 
dence of positive N2 fixation (see Tchan and 
Kennedy, 1989). 

Other research centres in China have sub- 
sequently carried out work on inducing nodular 
structures on non-legumes not normally nodu- 
lated. Chen and his colleagues in Beijing con- 
firmed the results of Nie’s group. They have also 
reported stimulation in the growth of wheat 
when treated with 2,4-D, but this effect was not 
dependent on inoculation with rhizobia. Chen 
(personal communication, 1990) has also re- 
ported positive but low rates of N2 fixation in 
2,4-D-induced nodulated roots of wheat using 
Azorhizobium caulinodans as microsymbiont. 

Jing et al. (1990a) also contributed in China to 
this activity regarding an extended potential for 
diazotrophs. Their findings, published in a Euro- 
pean journal, suggest that magnetic effects are 
capable in some unexplained way of inducing 
nodular structures on barley roots. These struc- 
tures apparently contain inoculated bacteria 
( Rhizobium astragali ) and formation of the 
‘pseudonodules’ was accompanied by the pres- 
ence of infection threads and formation of bac- 
teroids enclosed within a peribacteroid mem- 
brane. No C2H2-reducing activity was observed. 
Unfortunately, it is impossible to assess their 
published results critically, since no quantitative 
data were given on the relative rates of nodula- 
tion in test plants versus control plants. The 
paper does not explicitly state that the controls 
were also negative. These experiments will need 
to be supported by suitable quantitative data 
before their relevance can be assessed. 

Genetical approaches to induced nodulation of 
non-legumes 

One approach to forming nodules on plants not 
normally nodulated is the purely genetical one. 
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For example, a successful transfer of genes asso- 
ciated with root hair curling (hac) was made 
from Rhizobium trifolii into a derivative 
Rhizobium trifolii on the plasmids pKT230 and 
pRK290 (Plazinski et al., 1985). The root hair- 
curling character could then be expressed on 
infection of rice seedlings. A similar transfer of 
the genes from Rhizobium meliloti into Azo- 
spirillum brasilense on the plasmid pVKl00 was 
successfully achieved. Subsequent inoculation of 
maize seedlings also resulted in root hair curling 
(Piana et al., 1988). 

Rolfe and Bender (1990) recently described 
further developments in their attempts to evolve 
rhizobia for non-legume nodulation. A strain of 
Rhizobium reconstructed from one capable of 
nodulating Parasponia with a nodD allele inser- 
ted into its genome inoculated onto rice seed- 
lings occasionally resulted in nodule-like struc- 
tures on the roots (see Fig. 2). These contained 
vascular bundles and membrane-encapsulated 
bacteria, though there was no sign of an infec- 
tion thread and no detectable N2 fixation. 

In other work with rice, Jing et al. (1990b) 
have described formation of root nodules using a 
mutant of Rhizobium sesbania (Azorhizobium 
caulinodans). The structure of these nodules and 
their formation was claimed to be similar to 
those of legume nodules such as soybean, includ- 
ing the presence of leghaemoglobin. A rate of 
C2H2 reduction per g of nodule tissue about 
1.5% of that shown by legume nodules was 
observed, although it is not clear that adequate 
controls were performed. 

Recent studies on 2,4-D-induced para -nodules 

Tchan and Kennedy (1989) reviewed work on 
2,4-D induction from original Chinese sources 
(supplied by Nie in late 1987) and reported their 
own confirmation of the effect of 2,4-D in induc- 
ing nodular structures on wheat. Deliberately 
seeking an alternative term for these structures 
that emphasises their ‘apart-ness’ from legume 
nodules, Tchan and Kennedy have named them 
para-nodules (Kennedy et al., 1990; e.g. para = 
beyond). Since our review and confirmation of 
the results obtained by Nie in China from 1980 
(Tchan and Kennedy, 1989), we have consistent- 
ly regarded it as counterproductive to consider 

para -nodules simply as models of legume 
nodules. We have the firm opinion that progress 
is more likely if the dogma of the process of 
legume nodulation is not used in their future 
development, although the reasons for success of 
legume nodules obviously need to be considered. 

Bender et al. (1990) recently also examined 
the effect of 2,4-D on wheat seedlings. Within a 
narrow concentration range, some lateral roots 
became modified to form structures resembling 
the nodules formed on legumes, while other 
lateral roots and top growth were normal. Plants 
exposed to higher concentrations (5 x 10-6 M 
2,4-D and above) had few or no lateral roots, 
while the top growth was yellow and reduced in 
size. As previously observed (see also Tchan and 
Kennedy, 1989) all inoculated wheat plants 
formed nodules (unlike nodules on rice as re- 
ferred to above), but these were not observed to 
be highly organized internally. No evidence of 
N2 fixation has been reported for these nodules, 
using rhizobia as the infective bacteria. 

Experiments with wheat plants 

Inoculation with rhizobia 
Under aseptical conditions modelled on an ap- 
proach pioneered by Nie and his colleagues at 
Shandong University, para-nodules are readily 
formed on wheat (see Fig. 3) using 2,4-D (0.5- 
1 ppm in the nitrogen-free hydroponic medium); 
these may occasionally be infected with inocu- 
lated rhizobia. In experiments conducted in Syd- 
ney (Kennedy et al., 1991), there is no clear-cut 
evidence of intra-cellular infections with bac- 
teroids surrounded by peribacteroid membranes 
as in legume nodules (although some earlier 
electron micrographs obtained by Nie in China 
are suggestive of these). Significant infection by 
rhizobia occurs in only about 10-20% of cases 
and the para -nodules are disorganized internally 
with most bacteria being located distant from 
rudimentary central vascular tissue in extracellu- 
lar pockets (Fig. 4) or in cells without normal 
cytoplasmic contents. Similar results were ob- 
tained by Yu (1988). 

Furthermore, no N2 fixation (C2H2 reduction) 
is observed when rhizobia are used for inocula- 
tion (Kennedy et al., 1990). In one recent ex- 
periment using 15 diverse strains of rhizobia 
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Fig. 2. Small, spherical nodule-like structures formed on rice seedlings (Calrose) inoculated with ANU536. (a) and (b) light 
micrograph sections showing infected cells and vascular bundles (vb); (c), (d) and (e) electron micrographs of infected plant cells 
showing membrane encapsulated bacteria. Bar = 1 µm. Reproduced from Rolfe and Bender (1990). These micrographs were 
kindly provided by Professor B. Rolfe. 
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Fig. 3. Scanning electron micrograph showing a para-nodule of wheat, inoculated with Rhizobium leguminosarum. Bar = 
100 pm. 

representing the range of commercial strains 
used in Australia (Roughley, 1988), provided by 
the Australian Inoculants Research and Control 
Service, no C2H2-reducing activity was observed 
for each association. In these experiments, oxy- 
gen pressure was varied during a three-day expo- 
sure to C2H2 over the range 0.02 atm to 0.21 atm 
and still no ethylene was formed. 

Inoculation with azospirilla 
Our philosophical viewpoint that para-nodules 
should not be regarded as models of the legume- 
Rhizobium symbiosis immediately led to a pro- 
posal to employ a free-living diazotroph such as 
Azospirillum as a potential N2-fixing microsym- 
biont. This decision was also based on the well- 
known fact that azospirilla are associative diazo- 
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Fig. 4. Electron micrograph of wheat pura-nodule infected with Rhizobium astragali. The cell wall (cw) and rhizobia (Rh) are 
shown, without evidence of infection of plant cell cytoplasm (PC). A, Bur = 1 µm; B, C, Bar = 0.5 µm. 

trophs of grasses, such as wheat. Encouraging 
results have been obtained since adopting this 
viewpoint, in testing the hypothesis that these 
para-nodules based on Azospirillum as the infec- 

tive agent provide a new model of a N2-fixing 
symbiosis in non-legumes (Zeman et al., 1991). 

In contrast to experiments with rhizobia, we 
now consistently observe substantial rates of 
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ethylene production when para - nodulated wheat 
seedlings have been inoculated with Azospiril- 
lum. The ethylene production under a range of 
treatments is dependent on both inoculation with 
azospirilla and on the presence of C2H2. There is 
no spontaneous measurable ethylene production 
by the plant seedlings treated with 2,4-D unless 
both C2H2 and azospirilla are present. 

Seedlings inoculated with Azospirillum, but 
with no 2,4-D treatment, often reduce C2H2 as 
well, but only in the range of 0-20% the rate of 
the para-nodulated plants within individual ex- 
periments. Another characteristic of 2,4-D-influ- 
enced C2H2 reduction by azospirilla is a much 
higher degree of reproducibility with replicated 
plants compared to seedlings inoculated with 
Azospirillum alone. 

In order to be certain that the nitrogenase 
activity is not that of free-living azospirilla, we 
routinely flood the roots with Winogradsky’s 
mineral nitrogen-free medium and shake the 
flasks using an atmosphere of 0.02 atm O2 (Ken- 
nedy et al., 1990; Tchan et al., 1990). We have 
verified (Tchan et al., 1991) that, under these 
conditions, the nitrogenase activity of free-living 
bacteria and of azospirilla added to sterile wheat 
seedlings is abolished by oxygen inhibition at 
0.02 atm oxygen, as would be predicted from the 
known sensitivity of Azospirillum shown in Fig- 
ure 1. Apparently, the agitation in Winograd- 
sky’s medium is sufficient to disperse microbes 
that develop in colonies on the root surface. 
Consequently, if exposures are not too pro- 
longed, the activity measured should be of azos- 
pirilla infecting the para-nodules or colonizing 
the interior of root tissues. However, this situa- 
tion is complex and more critical tests will be 
needed before strong assertions about the exact 
location of the 2,4-D-dependent activity can be 
made. 

The rate of C2H2 reduction by Azospirillum 
brasilense Sp7 in associative and para - nodulated 
wheat seedlings in the range 0-0.08 atm pO2 is 
shown in Figure 5. Note that in the standard 
assay system with Winogradsky’s medium added, 
no C2H2 reduction occurs in the associative sys- 
tem with pO2 higher than 0.01 atm, a result 
similar to that obtained when Azospirillum in 
liquid culture is added to uninoculated wheat 
seedlings at the commencement of the nitrogen- 

Fig. 5. Effect of pO2 on the rate of C2H2 reduction by 
associative azospirilla and in para-nodules. Seedlings with 
and without 2,4-D treatment were inoculated with A. 
brasilense Sp7 at one week of age and grown under continu- 
ous light for two more weeks. C2H2-reducing activity was 
measured at 30°C, with Winogradsky’s N-free medium (WM) 
sometimes immersing the roots. 

ase assay. This suggests that nearly all active 
azospirilla in the associative system without 
added 2,4-D reside near the surface of the roots, 
within easy reach of external oxygen. 

Inspection by phase microscopy of individual 
plants previously tested as positive for N2-fixing 
activity suggests that the azospirilla colonize the 
para-nodules and their vicinity strongly (Ken- 
nedy et al., 1991a). INT-stained root systems 
from the most active plants invariably show large 
numbers of stained bacteria, particularly near 
the base of the para - nodules. While not direct 
proof that these bacteria in para - nodules are 
reducing C2H2, this qualitative association is sug- 
gestive of this. 



The findings of dependence on inoculation 
with azospirilla, the presence of C2H2, the inhi- 
bition by oxygen and a positive correlation be- 
tween high rates of activity and the obvious 
presence of azospirilla in the basal para-nodule 
cells suggest strongly that the C2H4 production 
observed results from nitrogenase activity. Fur- 
thermore, or preliminary experiments with 15N2 

indicate significant enrichment of total Kjeldahl 
nitrogen (0.040 atom per cent excess 15N) in 
para-nodulated root systems. In view of these 
results, it is unlikely that the ethylene production 
observed is other than nitrogenase-related. 

Effects of plant growth regulators and colchicine 
We have tested the effects of indoleacetic acid 
(IAA), naphthalene acetic acid (NAA) and col- 
chicine on the rate of development and C2H2- 
reducing activity of para-nodules (Kennedy et 
al., 1991a). For para-nodules to play a significant 
role in the nutrition of field crops such as wheat, 
they will need to remain in function throughout 
the vegetative growth phase of the plants or be 
continuously initiated on the root system. There- 
fore, information on the effects of growth reg- 
ulators or other substances on their rate of initia- 
tion and development should be of value. 

Initially, the effect of colchicine was tested in 
case, by increasing the frequency of polyploid 
cells, it might increase the frequency of para- 
nodulation, an argument based on the observa- 
tion that the initiation of legume nodules in- 
volves production of polyploid cells (Vincent, 
1980). It was found that no such increase 
occurred but that a marked increase in the size 
of para-nodules was obtained with a treatment 
for 24 h of 0.005% colchicine (see Fig. 6). This 
occurred below the polyploidy threshold of 
0.007% for wheat seedlings (Darvey, 1972) and 
the effect was abolished by more than 0.010% 
colchicine. With Rhizobium meliloti as inoculant, 
no C2H2 reduction was observed with these col- 
chicine-affected para-nodules. 

In contrast, with Azospirillum brasilense as 
inoculant, strong C2H2 reduction is obtained 
with 2,4-D-treated seedlings and in a limited 
number of experiments a substantial increase in 
the rate of C2H2 reduction with colchicine treat- 
ment as well has been observed, although this 
result is rather erratic. Colchicine did not reli- 
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Fig. 6. Effect of colchicine treatment on the volume of 
para-nodules of wheat infected with R. meliloti Wheat ( Tri- 
ticum aestivum L.) seedlings were germinated on agar and 
grown hydroponically until one week old before pre-treat- 
ment with colchicine for 24 h just prior to para-nodulation 
(Kennedy et al., 1991). Nodule dimensions were determined 
two weeks later using root systems stained with iodonitrotet- 
razolium (0.2% in water). using a micrometer eyepiece on an 
Olympus dissecting microscope. Treatments: 1 =2,4-D; 
2 = 2,4-D + R. meliloti; 3 = 2 + 0.005% colch.: 4 = 3 with 
continuous colchicine. 

ably increase the rate of C2H2 reduction of 
wheat seedlings inoculated with azospirilla alone 
without the formation of para-nodules (Kennedy 
et al., 1991a). Colchicine has been reported to 
affect the initiation of lateral root primordia 
(Foard et al., 1965). 

With NAA plus 2,4-D, a strong stimulation of 
C2H2 reduction was obtained (Table 1) accom- 
panied by some modification of the development 
of the para-nodules. Perhaps significantly, wheat 
seedlings without 2,4-D treatment but with IAA 
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Table 1. C2H2 reduction in paru-nodules and associative systems 

Para-nodules nmoles h -l plant -1 (ca. 100 mg f.w. roots) 

Azos. c 2,4-D + Azos. NAA + Azos. NAA/2,4-D/ Azos 

Exp. 1 (n = 5) a 0.4(0.4) b 34.1(35.0) 
Exp. 2 (n = 9) 0. 0( 0) 7.0(5.4) 
Exp. 3 (n = 5) 0.2(0.4) 18.9(18.3) 

2.7(3.1) 
7.9( 19.1) 
- 

79.2(86.8) 
38.3(21.8) 
- 

x40 converts these values to per g dry weight roots (approx.) 

nmoles h-1 g-1 f.w. nodules ref. 

Oil-seed rape nodules 10 Cocking et al. (1990) 
Rice nodules 204 Jing et al. (1990b) 
Para-nodulated seedlings 24,750 Mean value, data aboved 

a n = number of replicate seedlings. 
b The standard error is shown in parentheses. 
c Azos = Azospirillum brasilense Sp7. 
d not neccessarily restricted to pura-nodules. 

(5 ppm) and NAA (1 ppm) treatment also some- 
times reduced C2H2 much more rapidly than did 
control plants without any hormone treatment 
(Kennedy et al., 1991a). However, both NAA 
and IAA also induced strong modification of 
lateral roots, which were thickened and prolific 
in root hairs. Inspection by microscopy indicated 
that azospirilla colonized in a similar manner as 
with 2,4-D-treated plants, at the basal region 
close to the root stele of the main root. Although 
these auxin-affected structures lack the well- 
rounded appearance of 2,4-D induced para- 
nodules, this process may be akin to para -nodu- 
lation. Indeed, when the NAA concentration 
was raised to 10 ppm, the well-rounded shape of 
2,4-D-induced nodules was also obtained. 

The rate of N2 fixation in para-nodules, other 
induced nodules and associative systems 

In Table 1 are shown the approximate C2H4- 
forming activities in several of our experiments. 
A control of wheat seedlings inoculated with 
Azospirillum, but without 2,4-D added, is 
routinely included. Under the conditions of 
assay, azospirilla in the rhizosphere are consid- 
ered as limited in their ability to express nitro- 
genase activity because of oxygen toxicity (see 
Fig. 5). 

It is difficult to compare these rates with those 
of associative systems, since data for young seed- 
lings are rarely provided. However, between 
100-800 nmoles of C2H2 reduction per g dry 

weight roots per hour have been reported for 
systems not necessarily involving Azospirillum 
(Alexander and Zuberer; Diem and Dommer- 
gues, 1979; Ladha et al. 1986). A pure culture of 
Azospirillum brasilense Sp7 is capable of produc- 
ing 240 nmoles C2H4 per h per mL of culture 
containing about 108 cells in the log phase of 
growth (Hartmann and Burris, 1987). 

The apparent rate of C2H2 reduction in 2-3- 
week-old para-nodules is already clearly signifi- 
cant. Although the variation in nitrogenase ac- 
tivity is high, with standard deviations of the 
same order as the value of the mean, this is not 
unexpected. Observations have shown that ac- 
tivities are qualitatively correlated with the ex- 
tent of colonization of para -nodules - a process 
that is likely to follow the Poisson distribution 
rather than a normal distribution. 

However, now that an effective model system 
(viz. the para -nodule, Zeman et al., 1991) is 
available for testing, further improvements in the 
consistency of the rate of C2H2 reduction can be 
anticipated. We are currently testing about 20 
collected strains of azospirilla, isolated (New and 
Kennedy, 1989) from the roots of wheat plants 
growing in the eastern Australian wheat zone. 

Comparisons of legume nodules with 
para-nodules and other induced nodules on 
non-legumes 

The concept of coupling mechanisms has been 
advanced to allow a more systematic analysis of 



the ecological success of different entitites in 
ecosystems (Kennedy 1983, 1986a; Tchan and 
Kennedy, 1988). A coupling mechanism is a 
physical, chemical or biological apparatus 
catalysing a thermodynamic work process (an 
action). Such an action process (e.g. the growth 
to maturity of a legume such as soybean) occurs 
with greatest efficiency when factors affecting the 
coupling mechanism(s) are optimised. In the case 
of N2 fixation by legumes, each of the actions, 
viz . 

i) infection and colonization of root nodules by 

ii) the delivery of an energy supply (as photo- 

iii) the supply of oxygen (via leghaemoglobin) 
iv) an efficient assimilation of ammonia 

(Schubert, 1986), as favoured by a high 
carbon-to-nitrogen ratio is optimised. 

All the coupling mechanisms involved are sub- 
ject to a complex genotype(s) X environment that 
determines the actual success of each. In 
legumes, these mechanisms have been refined 
through evolution to the point where the oper- 
ation of each appears to integrate almost perfect- 
ly with the others. Indeed, the specificity be- 
tween particular bacterial strains and legume 
species may be seen as an evolutionary refine- 
ment to ensure that greatest optimisation is 
achieved by excluding less efficient symbioses. 

Para-nodules 
Even by comparisons with legume nodules, the 
para-nodulated wheat roots have creditable rates 
of C2H2 reduction. If all the C2H2 reduction was 
taking place in the para-nodules, these would 
have an activity several times greater than that of 
legume nodules (over 1000 nmoles min-1 g-1 

f.w. versus ca. 200 nmo1es min-l g-1 f.w.1. It 
should be pointed out that the weight of the 
wheat nodules (ca. 1-4 mg) as a proportion of 
the root system (ca. 100 mg f.w.) is several times 
lower than in the case of legume nodules. Also, 
it has not been established that the C2H2 reduc- 
tion is restricted to azospirilla located in the 
para-nodules. 

Further, it must be emphasised that these 
para-nodulated seedlings have only been tested 
when around 2-3 weeks of age. Experiments to 
test the persistence of the para-nodules and the 

rhizobia (Dart, 1988) 

synthate) 
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capacity to continue these rates of C2H2 reduc- 
tion and to contribute to the nitrogen nutrition 
of the wheat plants are now in progress. 

We have also found a possible direct link 
between photosynthesis and C2H2 reduction in 
para-nodules on wheat, similar to that known for 
legume nodules. When seedlings had exhausted 
their seed reserves of carbohydrates, the C2H2 

reduction continued provided the seedlings were 
exposed to light (Tchan et al., 1991). In prelimi- 
nary experiments, the application of diuron 
(DCMU), an inhibitor of photosystem II in chlo- 
roplasts, abolished C2H2 reduction (Zeman et 
al., 1991). Thus, one of the major functional 
characteristics expected in a true symbiosis will 
be satisfied by para-nodules, if this effect of 
diuron can be confirmed as direct result of pre- 
venting supply of fresh photosynthate to Azo- 
spirillum and photosynthate is needed to allow 
nitrogenase activity to proceed. This would then 
indicate that the elevated activity of Azospiril- 
lum in para-nodules compared to that in associa- 
tive systems (Table 1) is not a result of extensive 
parasitism of wheat seedlings imposed by a de- 
generative condition caused by 2,4-D treatment, 
as suggested by some scientists. On the contrary, 
their N2 fixation may be viably linked to the 
transport of photosynthate from the leaves. 

However, the other key characteristic of sym- 
biosis, the ability of a microsymbiont to benefit 
the plant, has not been established. Thus, it is 
too early to say whether para-nodules possess a 
sufficient number of features described above 
allowing legume nodules to be so successful. 
Some of these features of legume nodules are 
compared below to those of para-nodules, pos- 
sibly throwing some light on the prospects for 
eventual success of the new technology. 

Nodules on rice 
Nodules induced on rice, by the use of genetical- 
ly modified rhizobia (Rolfe and Bender, 1990), 
are characterized by internal structures rather 
similar to legume nodules, with up to 20% of the 
plant cells infected and containing bacteroids 
encapsulated by peribacteroid membranes. Fur- 
thermore, these nodules contain vascular bun- 
dles surrounding the infected zone, similar to 
legume nodules, although only about one in 
400-1000 rice plants forms nodules. Better re- 
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sults have been claimed by Jing, using a 
mutagenized strain of Rhizobium sesbania ( A 
caulinodans ), with a much greater frequency of 
nodulation. If the possibility of successful N2 
fixation depends on achieving a legume nodule- 
like structure, then this is clearly a significant 
result. In neither case is significant nitrogenase 
activity found in these nodules. 

Rice nodules formed by the use of enzymes 
resemble legume nodules less. No evidence of 
peribacteroid membranes has been reported 
(Cocking et al., 1990) and infected plant cells 
appear to lack normal cell cytoplasm (Al-Mallah 
et al., 1989). Neither do these nodules display 
nitrogenase activity in the C2H2 reduction test. 

Nodules on oilseed rape 
Nodules formed on oilseed rape roots (Cocking 
et al., 1990) have an internal structure similar to 
legume nodules. They also show slight rates of 
C2H2 reduction, although rates reported so far 
would be too low to significantly benefit the 
plant. 

General 
Legume symbioses are thought to have evolved 
from loose associations between free-living bac- 
teria (Rhizobium’s ancestors) and the 
Leguminoseae family (Dilworth and Parker, 
1969). The question of why (with the exception 
of Parasponia) this development was limited to 
the legumes has not been answered. To what 
extent para-nodules already satisfy the require- 
ments for success outlined above for legume 
nodules must still be evaluated. Whether a pro- 
cess of evolution possibly (but perhaps, not 
necessarily) taking an extremely lengthy period 
to optimise can be achieved artificially in a few 
years is also a controversial question that will 
only be answered in the future. 

On the basis of their relative frequencies on 
each root, para-nodules on wheat appear to be 
modified lateral roots. Their frequency closely 
matches that of actual laterals, although the 
depressive effect of 2,4-D on root extension 
usually shortens their separation. With 2,4-D, 
most lateral roots that might have developed 
during the treatment become para-nodules. 

According to Nutman’s ‘focus hypothesis’, 
legume nodules are considered to be modified 

lateral roots (Libbenga and Bogers, 1974). These 
authors appraised the evidence for and against 
the focus hypothesis suggested by Nutman. This 
hypothesis states that sites of latteral root initia- 
tion are the focal points for infection and initia- 
tion of nodules. Libbenga and Bogers concluded 
that the lateral root are so fundamentally differ- 
ent from nodules in structure and development 
that the idea of a common origin cannot be 
sustained. They also suggested that one of the 
most persuasive pieces of evidence in favour of 
the focus hypothesis, viz. the approximately 
similar numbers of laterals plus nodules pro- 
duced with effective and ineffective inoculation, 
might be mere coincidence. The phenomenon of 
‘supernodulation’ in soybeans also seems to re- 
fute this idea. Despite the controversy concern- 
ing the focus hypothesis, the possible link be- 
tween lateral root initiation and nodule develop- 
ment in legumes adds credence to the possibility 
that these new nodular structures in non- 
leguminous crop plants may also eventually be 
functional. 

Another possible viewpoint would be that vas- 
cularization of legume nodules should be a key 
factor in deciding whether or not they are valid 
nodules. On this basis, the tendency of para- 
nodules to possess a central vascular bundle with 
infecting bacteria occurring in surrounding corti- 
cal tissue would rule them invalid. However, the 
nodules of Parasponia also have this arrange- 
ment (Trinick, 1988), with a central vascular 
bundle and they are fully functional, providing 
rates of N, fixation per hectare exceeding most 
legumes including soybean. Also, para-nodules 
infected with Azospirillum are clearly quite dif- 
ferent in character from legume nodules and a 
criterion such as this need not be considered as 
significant. 

Abolition of non-nodulating genetical character 
by 2,4-D 

Very recently, Akao et al. (1991) have demon- 
strated that a non-nodulating line of soybean 
(T201) could be effectively nodulated by treat- 
ment of soybean roots with 2,4-D at the same 
time as Bradyrhizobium was added. The shape 
of these 2,4-D-induced nodules (formed irrespec- 
tive of whether rhizobia were added or not, as in 



the case of para - nodules on wheat) was quite 
different from the normal nodules that appear on 
nodulating soybean lines only when Brady- 
rhizobium was present. The 2,4-D-induced 
nodules were usually gourd-shaped or in a doub- 
let (‘bar-bell’) form, shown in Figure 7, and 
these were inducible on a nodulating cultivar 
(T202) as well. When infected with Brady- 
rhizobium japonicum, these induced nodules 
were effective in fixing N2, as shown by the 
greening of the soybean leaves and by the C2H2 
reduction test. 

A result such as this indicates that the effect of 
2,4-D observed in wheat seedlings can also be 
compared to the normal nodulation process in 
leguminous plants, such as soybean. Obviously, 
in both non-nodulating and nodulating soybean 
(lacking rhizobia), 2,4-D initiates a process quite 
similar to normal nodule formation induced by 
rhizobia. The fact that the soybean nodules 
initiated under the influence of 2,4-D have un- 
usual morphology is not surprising. In the nor- 
mal process, any auxin production associated 
with the penetration and colonization by rhizo- 
bial bacteria is spatially directed (i.e. vectorial), 
whereas 2,4-D in solution is not. 
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We have observed a similar 2,4-D-induced 
nodulation of lucerne plants ( Medicago sativa ) in 
the absence of Rhizobium meliloti (Yu, pers. 
comm.). As mentioned above, Allen et al. 
(1953) have also described pseudo-nodulation of 
legumes induced with hormone herbicides, al- 
though they failed to report microbial infection 
of these structures. 

The future 

Areas of inadequate knowledge 

Although we have successfully attempted to con- 
struct an in vitro cellulo-biochemical model of 
N2-fixing symbiosis between wheat seedlings and 
Azospirillum, there are many challenges to be 
negotiated before this model system can be con- 
sidered as a true symbiosis. At this stage the 
main questions that need to be asked about the 
model are: 

i) is there direct transfer of fixed nitrogen to 
the host plant, or is any N2 fixation simply 
bound to the growth of Azospirillum? If the 
latter is true, it is unlikely that sufficient 

Fig. 7. Barbell-shaped nodules formed on non-nodulating soybean (cv. T201). treated with 2,4-D. Scale divisions = 1 cm. We are 
grateful to Dr. S. Akao for providing this photograph. 
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nitrogen could be transferred to the host 
plant. It is surprising, considering the poten- 
tial importance that has been attributed to 
Azospirillum, that little is known of any 
mechanism of transfer of fixed nitrogen to a 
host plant. Indeed, no evidence exists that a 
direct transfer occurs at all (Zimmer and 
Bothe, 1989). 

ii) how long a period are the para - nodules like- 
ly to remain as N2-fixing organs? It is pos- 
sible that the infected tissue might be un- 
stable, or that nodulation might be restricted 
to an insufficient number of sites and not be 
able to provide sufficient N2-fixing tissue to 
satisfy the needs of mature plants. The effect 
of 2,4-D or NAA is to induce many lateral 
root initials simultaneously, possibly stress- 
ing the plant by causing excessive demand 
for photosynthate (C. Atkins, pers. com- 
mun.). However, Nie (see Tchan and Ken- 
nedy, 1989) has pointed out that a nodular 
structure, when 2,4-D is removed, may re- 
vert to a lateral root, so that the process of 
para-nodulation may be reversible. 

iii) is the oxygen requirement for N2 fixation 
likely to be satisfied in the para - nodules? 
Without an effective means of regulating 
oxygen activity around the bacteria, the rate 
of fixation may be far from maximal. 

The reasons for the success of legumes dis- 
cussed above are far from verified in this model 
system in wheat. Quite plainly, there is a need to 
determine the actual effect of para-nodulation 
with diazotrophs on the growth of wheat. The 
negative effect of 2,4-D on root growth may 
increase the difficulty of demonstrating a positive 
effect on wheat growth, and alternatives to 2,4-D 
may need to be found. There is also a potential 
environmental objection to the use of 2,4-D for 
field crops, even for localized applications on 
roots. At this stage, our attitude is to continue 
the use of 2,4-D as an experimental tool, but to 
also seek better alternatives so that these will be 
available in case they are required. It should be 
remembered, however, that 2,4-D is still exten- 
sively used as a herbicide for broad-leaved plants 
and it is rapidly broken down in soil (Jackson, 
1985). Fears of environmental damage may be 
exaggerated when balanced against the potential 
environment benefits of wheat fixing its own N2. 

The problem of the longevity of effective para- 
nodules might prove even more intractable, but 
it is too early to predict how difficult this will be, 
or to predict that other serious problems will not 
emerge. 

Genetical techniques 

It is significant to observe that the degree of 
success achieved with para - nodules so far owes 
nothing to genetic engineering, but it should also 
be clear that further progress may depend on 
genetic manipulation of either microsymbiont 
(Elmerich, 1984), host plant or both. For exam- 
ple, the problem of nitrogen transfer might need 
to be overcome by producing ammonia-'leaky' 
mutants. Indeed, mutants of Azospirillum that 
might enhance the process have been described 
(Pedrosa et al., 1989), capable of excreting am- 
monia to an external concentration of at least 
5.1 mM. A recent report that Azospirillum 
brasilense Sp7 possesses plasmid genes homolo- 
gous to nodulation genes of Rhizobium meliloti 
(Vieille and Elmerich, 1990) may also be of 
relevance, although we would emphasize the un- 
iqueness of the para - nodule. 

Applications in agriculture 

There is no doubt that if this in vitro model can 
be shown to be a working system in the field, this 
would lead to widespread demand for the appli- 
cation of para-nodulation in agriculture. Even 
then, many challenging tasks would need to be 
faced in providing a viable system for the use of 
farmers. The process of para - nodulation under 
field conditions could require extensive redesign 
before a reliable procedure could be available. 
The effective delivery of azospirilla to seedlings 
would also represent a challenge, although ex- 
tensive experience with legume nodulation must 
provide valuable lessons here. Possibly, initial 
applications of the para - nodule model will need 
to be conducted for horticultural crops that can 
be grown hydroponically. 

The various attempts to achieve effective 
nodulation of non-leguminous field crops using 
Rhizobium may also yet prove beneficial. This 
will require suitable measures to be taken to 
allow expression of nitrogenase activity. Similar 



problems for persistence of nodules and con- 
tinued activity would still remain. 

Despite these severe challenges, we are con- 
vinced that the eventual application of this de- 
veloping technology in one form or other is now 
more likely than not. By her brilliant examples 
represented in the legume-Rhizobium and the 
plant-Frankia symbioses, ‘Nature’ has provided 
the models that must be matched, at least in 
overall function. However, these new tech- 
nologies with very different species of plants may 
not necessarily mimic these naturally evolved 
symbioses. The next ten years will tell whether 
this confidence is justified. It is also conceivable 
that the technique of para -nodulation with desir- 
able bacteria may find new applications outside 
the N2-fixing area. 
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Abstract 

The importance of soybean as a source of oil and protein, and its ability to grow symbiotically on low-N 
soils, point to its continued status as the most valuable grain legume in the world. With limited new 
land on which to expand, and emphasis on sustainable systems, increases in soybean production will 
come mostly from increased yield per unit area. Improvements in biological nitrogen fixation can help 
achieve increased soybean production, and this chapter discusses research and production strategies for 
such improvement. 

The soybean-Bradyrhizobium symbiosis can fix about 300 kg N ha -1 under good conditions. The 
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factors which control the amount of N fixed include available soil N, genetic determinants of 
compatibility in both symbiotic partners and lack of other yield-limiting factors. Response to inocula- 
tion is controlled by the level of indigenous, competing bradyrhizobia, the N demand and yield 
potential of the host, and N availability in the soil. 

Research efforts to improve BNF are being applied to both microbe and soybean. While selection 
continues for effective, naturally occurring bradyrhizobia for inoculants and the use of improved 
inoculation techniques, genetic research on bradyrhizobia to improve effectiveness and competitiveness 
is advancing. Selection, mutagenesis and breeding of the host have focused on supernodulation, 
restricted nodulation of indigenous B. japonicum, and promiscuous nodulation with strains of brady- 
rhizobia from the ‘cowpea’ cross-inoculation group. The research from the host side appears closer to 
being ready for practical use in the field. 

Existing knowledge and technology still has much to offer in improving biological nitrogen fixation in 
soybean. The use of high-quality inoculants, and education about their benefits and use can still make a 
significant contribution in many countries. The importance of using the best adapted soybean genotype 
with a fully compatible inoculant cannot be overlooked, and we need to address other crop manage- 
ment factors which influence yield potential and N demand, indirectly influencing nitrogen fixation. The 
implementation of proven approaches for improving nitrogen fixation in existing soybean production 
demands equal attention as received by research endeavours to make future improvements. 

Introduction 

Soybean ( Glycine max L. Merrill) is one of 
man’s most important sources of food and feed. 
It is one of nature’s most versatile plants, and 
produces an abundant supply of protein and oil 
in both temperate and tropical environments. 
Since its domestication around the 11th century 
B.C. in northeast China, soybean has been a 
staple food in eastern Asia (Hymowitz, 1970). 
Its significance as a world crop came after its 
introduction and highly successful adoption in 
the U.S.A. (Shanmugasundaram, 1989). From 
1941 to present, soybeans ascended from an 
insignificant forage crop to become the second 
most valuable U.S. crop, surpassed only by 
maize (Anon., 1984). Brazil and Argentina have 
also seen large increases in the production of 
soybeans in the past two decades, leading the 
way in increased global production of soybean. 

As a nodulating legume, soybean forms a ni- 
trogen-fixing symbiosis with Bradyrhizobium 
japonicum and Sinorhizobium species. This attri- 
bute, in addition to its valuable oil and protein 
and wide environmental adaptation, ensures that 
it will continue to be an important world food 
crop in an era of increasing food demand and 
concerns for the sustainability of agricultural 
production systems. A great challenge will be 
meeting the food requirements of an increasing 

world population through comparable increases 
in productivity in sustainable systems (Cassman, 
1990). 

Several good reviews of biological nitrogen 
fixation (BNF) focusing on soybean have been 
written (Hardy and Havelka, 1976; Harper, 
1987; Vest et al., 1973). The present paper is 
intended to serve as an update in this area, with 
emphasis on the established principles and new 
findings that have practical application, or a 
reasonable potential to be applied, toward in- 
creasing BNF in soybean. 

Importance of soybean in world agriculture 

Soybean is the world’s premier oilseed crop. Of 
the eight major oilseeds traded in world markets 
(soybean, cottonseed, peanut, sunflower, 
rapeseed, flaxseed, copra and palm kernel), soy- 
bean’s production has been twice that of any 
other oilseed since 1970 (Smith and Huyser, 
1987). 

The approximate composition of soybean is 
40% protein, 21% oil, 34% carbohydrate and 
5% ash (Scott and Aldrich, 1983). Soybean meal 
accounts for 60-70% of the value of the soy- 
bean, with the balance from oil. Soybean sup- 
plies one-fourth of the world’s fats and oils, 
about two-thirds of the world’s protein-concen- 
trate animal feeds, and three-fourths of the 



world trade in high-protein meals (Anon., 1984). 
Major importers of soybean include countries 

of the European Economic Community, Japan, 
and Eastern Europe. The demand for soybean is 
mainly for oil and meal products, rather than 
whole beans, In accounting for utilization of 
soybean, some 39 products have been identified 
ranging from livestock feed, salad oils and baby 
foods to industrial adhesives, putty and use in 
pharmaceuticals (Smith and Huyser , 1987). 

By weight, the protein yield of soybean is 
about twice that of meat and of most beans and 
nuts, four times that of eggs and cereals, and 
twelve times that of milk (Anon., 1984). In 
countries with rapidly increasing populations, 
soybean is viewed as a crop that enhances nutri- 
tive value of the local diets and lessens national 
shortages of vegetable oil (Hume et al., 1985). 
With the diet of many people in the world 
deficient in protein and calories, soybean seems 
destined to remain an important commodity. 

Recent soybean statistics 

Over the past two decades, world soybean pro- 
duction has increased nearly two and one-half 
fold (Table 1). This can be attributed to nearly 
equal increases in area and yield. 

While the U.S. is still the largest producer of 
soybeans, over the past two decades Brazil and 
Argentina have made large gains. Most likely 
Argentina will surpass China in this decade. 
These four countries dominate the world soy- 
bean market and will continue to do so for some 
time. The world production reached in 1987 will 
have to almost double to meet the projected 
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production and demand of 190 million tonnes in 
the year 2002 (Smith and Huyser, 1987). 

The need to increase soybean productivity 
within sustainable systems 

A formidable challenge will be meeting future 
global food demands when faced with declining 
productivity in areas where soil and water re- 
sources are being depleted, combined with the 
diminishing supply of potentially arable land on 
which to expand agricultural production (Cass- 
man, 1990; Larson, 1986; Russell et al., 1989). 
This means that sustainable agricultural systems 
will have to intensify production (yield) per unit 
area. 

Yield increases in soybean have typically been 
gradual. The U.S. national average yield has 
risen from 1.579 kg ha-1 in 1960 to about 
2150 kg ha-1 in 1982 (Anon., 1984). Studies on 
the rate of yield increase reveal that the average 
rate was 15.1 kg ha-1 yr-1, a 0.6% average yield 
increase per year (Fehr, 1987). The world as a 
whole has also made steady yield improvement 
(Table 1). Experimental yields up to 
8,500 kg ha-1 indicate that the genetic potential 
is far above current production levels (Lawn and 
Byth, 1989; Troedson, 1988). However, the rate 
of soybean yield increase has been well below 
that of cereals (Russell et al., 1989). With advan- 
tages in yield, rate of yield increase and prefer- 
ence as a staple, the importance of cereal crops 
will remain or even increase, further limiting 
area for expansion of legume production (Cass- 
man, 1990). It therefore appears likely that the 
bulk of future increased soybean production will 

Table 1. World trend in soybean production and yield per ha during the past two decades 

Region or Area (1000 ha) Production (1000 t) Yield (kg ha-1) 
country 

1967 1977 1987 1967 1977 1987 1967 1977 1987 

World 33,556 49,243 51,567 40,638 79,206 98,288 1,210 1.608 1.906 
Asia 1,595 15,986 12,002 1,186 14.647 15,437 740 916 1,286 
Africa 48 250 398 34 145 414 710 580 1,039 
Europe 56 306 1.023 50 399 2.454 890 1,305 1,299 
Argentina 17 660 3,510 21 1,400 7.000 1,190 2,121 1,994 
Brazil 612 7,070 9,161 716 12,513 16,876 1,170 1,770 1,842 
China 14,050 14,236 8.404 11,100 12.955 11,816 790 910 1,406 
USA 16,093 23,314 22,839 26,564 47,948 5 1,839 1.650 2,057 2,270 
Source: FAO data summarized by Shanrnugasundaram, 1989. 
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have to come from yield improvements rather 
than increased planting area. Improving the BNF 
component for soybean has been identified as 
part of the overall strategy for increasing produc- 
tivity (Anon., 1984; Olsen, 1982; Russell et al., 
1989; Scott and Aldrich, 1983). 

Biological nitrogen fixation in the soybean- 
bradyrhizobia symbiosis 

The symbiosis involving soybean and brady- 
rhizobia (used in this chapter to refer to both 
Bradyrhizobium and Sinorhizobium, unless 
otherwise specified) is a well-organized system 
and goes through many steps, beginning at the 
root surface and resulting in a N2-fixing nodule 
(Vincent, 1980). The host plant provides carbon 
substrate as a source of energy, and the bacteria 
reduce atmospheric N2 to NH3 which is exported 
to plant tissues for eventual protein synthesis. 
The efficiency of symbiotic BNF is markedly 
dependent on the mutual compatibility of both 
partners, and is influenced by a number of en- 
vironmental factors (Sprent and Minchin, 1983; 
Vincent, 1980). Major factors that affect the 
symbiotic system are summarized in Table 2. 
The following discussion focuses on those signifi- 
cant principles of BNF in the soybean-brady- 

rhizobia symbiosis which most influence our abil- 
ity to manage and manipulate it at the field level. 

Amounts of N2 fixed 

Soybean, like other nodulated legumes, utilizes 
two sources of N for its growth-mineral N in the 
soil (in the form of NO3 and NH4) and atmos- 
pheric N2 fixed in nodules. The soybean has been 
characterized as being rather non-responsive to 
the application of fertilizer N (Mengel et al., 
1987; Scott and Aldrich, 1983). If abundantly 
nodulated, soybean is capable of fixing substan- 
tial amounts of its required N from BNF. The N 
requirement of soybean is the highest among 
agronomic crops (Sinclair and de Wit, 1975). 
Each tonne of soybean seed requires the crop to 
assimilate approximately 100 kg N. 

Different techniques have been used to 
evaluate N, fixation by soybean. They are re- 
viewed elsewhere (Guffy et al., 1989; Peoples et 
al., 1989). The proportion of N derived from 
fixation varies substantially from zero to as high 
as 97%. As shown in Table 3, most estimates fall 
between 25% to 75%. LaRue and Patterson 
(1981) reported an average estimate of N, fixa- 
tion in soybean to be 75 kg N ha -1 , using average 
commercial yields and assuming that 50% of the 
N was from fixation. Yet, field studies by Bez- 

Table 2. Factors that affect symbiotic nitrogen fixation 

Factor Effect 

Macrosymbiont 
Variety Nodulation and nitrogen fixation 
Nodulin (e.g. Leghemoglobin) Nodule function 
Photosynthate availability Nitrogen-fixing efficiency 
Tolerance of stress Establishment of symbiosis 

Microsymbiont 
Infectiveness 
Effectiveness 
Competitive ability 
Saprophytic competence 

Nodule formation 
Nitrogen fixation 
Nodule occupancy 
Persistence of rhizobia in soil 

Environment 
Combined nitrogen Nodulation and nitrogen fixation 
Light Nitrogen-fixing efficiency 
Temperature Soybean growth and nitrogen fixation 
Water and aeration Nitrogenase activity 
Salinity Reduce nitrogenase activity 
Biotic agent Rhizobium viability and infection 

- + 
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Table 3. Estimates of symbiotic nitrogen fixation by soybean 

Location N2 fixed Reference 

kgN ha-1 Ndfa a Method 
per year 

Delaware. USA 
Nigeria 
Alberta. Canada 
Jilin, China 
Jilin, China 
Australia 
Hawaii, USA 
USA 
Washington. USA 

80- 120 
125-188 
33-151 
57-151 
45- 100 
0-236 

166-237 
41 -237 

0-311 

25-30 
84-87 
14-62 
43-85 
50-70 
0-71 

66-97 
36-48 

0-80 

C2H2 reduction 
N difference 
N15 isotope dilution 
C2H2 reduction 
N15 isotope dilution 
Urelde 
N difference 
N15 isotope dilution 
N difference 

Hardy et al. (1973) 
Eaglesham et al. (1982) 
Rennie (1984) 
Zhang et al. (1986) 
Gao et al. (1987) 
Herridge and Holland (1987) 
George et al. (1988) 
Guffy et al. (1989) 
Bezdicek et al. (1978) 

a Nitrogen derived from the atmosphere. percent of total N. 

dicek et al. (1978) show that soybeans are ca- 
pable of fixing over 300 kg N ha-1 when the soil 
is low in available N and effective strains of 
bradyrhizobia are supplied in high number. 

Available soil N has a large influence on BNF. 
George et al. (1988) found that soil-N availabili- 
ty at different sites determined the relative con- 
tribution of symbiotic N2 fixation, regardless of 
crop duration and total N accumulation by dif- 
ferent varieties. The amounts and proportion of 
N derived from the atmosphere is also influenced 
by several other factors, including temperature, 
soybean cultivar, bradyrhizobial strain, root 
nodule position, quantity and form of fertilizer N 
and management practices (Buttery and Dirks, 
1987; Danso et al., 1987; Eaglesham et al., 1983; 
George et al., 1988; Hardarson et al., 1989; 
Herridge and Holland, 1987). 

It has been suggested that increasing the 
amounts of N, fixed in soybean, and the portion 
of total plant N derived from fixation, may only 
be achieved with concomitant yield increases 
(Herridge and Bergersen, 1988). Experimental- 
ly, it is not easy to separate N2 fixation from 
yield. This is apparent from studies comparing 
the two parameters in soybeans of differing 
maturities; the late maturing cultivars fix more 
N2 and yield more than earlier types due to a 
longer reproductive phase, when rates of N2 

fixation and seed biomass accumulation are high 
(Patterson and LaRue, 1983; George et al., 
1988). However, it appears that the portion of 
total N derived from fixation remains fairly con- 
stant for cultivars of different maturity at a given 

site (George et al., 1988), as summarized below 
in Table 4. 

Assimilation of nitrogen 

The N requirement of soybean can be met by 
both mineral N assimilation and symbiotic N, 
fixation. Although each N input system has in- 
dependent pathways and control points, the soy- 
bean plant under almost all field conditions will 
use both systems, and these systems are inter- 
dependent (Harper, 1987). 

Nitrogen fixation generally reaches a peak at 
early podfill and declines during late reproduc- 
tive phases (Imsande, 1989; Latimore et al., 
1977; Lawn and Brun, 1974; Thibodeau and 
Jaworski, 1975). The plant mobilizes a large 
quantity of N from vegetative tissue to meet the 
demand for seed N, whereas the net rate of NO3 

uptake gradually declines throughout pod fill. 
On the other hand, nodules produced with the 
first infections on the primary root of soybean 
only have an average duration of 65 days, and 
undergo rapid aging just after flowering (Berger- 
sen, 1958). Because of the time lag (approxi- 
mately 4 weeks) between infection and rapid N2 

fixation, infection must occur at approximately 
the R2 stage (see Fehr et al., 1971), if rapid N, 
fixation is to occur during R5 when pod fill 
proceeds at an appreciable rate (Imsande, 1989). 
Therefore nodulation on lateral and deep roots 
may be essential for maximum N, fixation, in 
order to match the high N demand during pod 
fill (Imsande, 1989; Zapata et al., 1987). 
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Table 4. Total N accumulation and percent of total N derived from symbiotic fixation by five soybean varieties grown at three 
different elevations 

Site Varieties 
(elevation, m) 

Clay Clark D68-0099 N77-4262 Hardee Mean 
00a IV VI VII VIII 

Total N accumulation (kg ha-1) 
Kuiaha (320) 236 317 316 260 349 295Ah 

Haleakala (660) 199 246 271 258 276 250B 
Olinda (1050) 44 99 128 186 144 120C 

Percent N from fixation 

Kuiaha (320) 85 82 85 70 80 80B 
Haleakala (660) 62 71 65 66 68 66C 
Olinda (1050) 95 98 98 98 96 97A 
a Indicates maturity group designation of the variety. 
b Data followed by the same letter within the column are not significantly different ( p = 0.05) by Duncan’s Multiple Range test. 
Source: George et al., 1988. 

It is well established that increasing levels of 
mineral N in the rhizosphere inhibit soybean 
nodule formation and functioning. Concentra- 
tion of available N above 2 m M generally de- 
creases N2 fixation in symbioses (Phillips and 
DeJong, 1984). Under controlled conditions, 
15 m M N has been found to decrease nodule 
numbers 2.5-fold (Malik et al., 1987). Imsande 
(1986) reported that short-term (3-6 days) expo- 
sure to 4 m M N only temporarily delayed nodule 
formation, and the late steps of nodule develop- 
ment were reversibly inhibited. Extended growth 
in the presence of 4 m M N blocked both early 
and late steps of nodule development. Split-root 
experiments have shown that N inhibited soy- 
bean nodule formation through localized effects 
on the root system rather than as a function of 
whole plant nutrition (Eaglesham, 1989b; Hin- 
son, 1975). 

Symbiotic N2 fixation may not meet the soy- 
bean N requirement during the early and late 
phases of growth. Small amounts of available N 
(0-2 m M ), supplied early, often promote growth 
and N2 fixation in legumes, indicating N-limited 
early growth (Phillips and DeJong, 1984). In- 
creasing the N supply to soybean during flower- 
ing and pod fill have increased total N and seed 
yield in the field (Brevedan et al., 1978; George 
et al., 1988; Thies et al., 1991). Field response of 
soybean to fertilizer N may be related to the 
amount of NO; in the root zone. When this 

amount was low, the use of N fertilizer signifi- 
cantly increased soybean seed yield at several 
soil moisture levels (Al-Ithawi et al., 1980). In 
the absence of indigenous rhizobia, Thies et al. 
(1991) found that inoculation response was di- 
rectly proportional to the availability of mineral 
N in the soil. 

Nitrogen fixation requires about 10 kg of car- 
bohydrates/kg of N2 fixed, and the equivalent of 
25-28 molecules of ATP for each molecule of N, 
fixed (Havelka et al., 1982). Soybean has the 
relatively inefficient C3 photosynthetic system. 
Soybean growth rate is thought to be photo- 
synthate source-limited rather than sink-limited. 
Due to large energy requirements, BNF is 
thought to be closely coupled to photosynthate 
production, particularly during the reproductive 
stages (Hardy and Havelka, 1976). A recent 
proposal based on experimental and theoretical 
evidence indicates that carbon and nitrogen are 
simultaneously limiting soybean yield increases 
(Sinclair, 1989). Related proposals by others 
(Imsande, 1989; Millhollon and Williams, 1986) 
indicate that this area of research is quite compli- 
cated, but future findings should be valuable in 
guiding strategy to increase soybean yields. 

Host-strain compatibility 

The establishment and functioning of an effec- 
tive symbiosis is dependent on genetic determin- 



BNF in soybean 125 

ants in both plant and bacteria. The fully com- 
patible symbiosis proceeds from recognition, 
penetration, stimulation of host-cell division, dif- 
ferentiation of rhizobia into bacteroids, 
leghemoglobin synthesis, nitrogenase synthesis 
and its activity. Host-strain compatibilities for 
nodulation, effectiveness and efficiency of N2 
fixation, and competitiveness for nodule oc- 
cupancy have been studied intensively in the 
soybean-bradyrhizobia system, and some serve 
as classic models for other symbioses (Cregan et 
al., 1989a; Evans et al., 1980; Vest et al., 1973). 

To date, some 45 genes across eight legume 
species have been identified as affecting nodula- 
tion and N2 fixation, including at least eight 
genes in soybean (Vance et al., 1988). Five of 
these genes control restricted nodulation and are 
summarized in Table 5. These host genes control 
nodulation at the species, serogroup and strain 
level within B. japonicum and Sinorhizobium 
spp. The rj1 gene that conditions non-nodulation 
has been transferred through conventional 
breeding to several soybean cultivars for use in 
estimating response to inoculation and the 
amount of N2 fixed. 

A unique incompatibility expressed in many 
soybean genotypes when nodulated by some 
strains of certain serogroups is the production of 
rhizobitoxine (Johnson and Clark, 1958; La 
Favre and Eaglesham, 1986). The toxic com- 
pound is produced in the roots and translocated 
to the newly developing leaves, where it pro- 
duces a chlorosis. The effect can be severe 
enough in contained systems (such as small plant 
growth assemblies) to kill the plant. In the field, 
expressions of the chlorotic symptoms are tran- 

Table 5. Host genetic control of nodulation in soybean 

sient and have been associated with high rates of 
nodule occupancy by these same serogroups 
(D.F. Weber, unpublished data). Many of these 
same strains are also capable of nodulating the 
non-nodulating (rj1rj1) soybean under controlled 
conditions (Clark, 1957; Devine and Weber, 
1977). 

Reports have shown that the number of 
nodules and their distribution patterns on soy- 
bean roots are largely dependent on host in- 
fluence (Carroll et al., 1985; Kosslak and 
Bohlool, 1984). Singleton and Stockinger (1983) 
demonstrated that the soybean will compensate 
for ineffective nodulation by producing more 
mass in those nodules containing effective 
strains. Soybean mutants have been developed 
which lack normal regulation of amount of nodu- 
lation, allowing ‘supernodulation’ to occur (Car- 
roll et al., 1985). 

Competition for nodule occupancy 

One of the major problems in inoculation tech- 
nology with soybean is the establishment of an 
introduced inoculant strain of B. japonicum in 
the nodules of soybean grown in soils which 
contain indigenous populations of bradyrhizobia 
(Ham, 1976, 1980; Tang, 1979; Vest et al., 
1973). Previous inoculation and continued crop- 
ping of soybean confer a formidable advantage 
in numbers and environmental adaptation to the 
indigenous population in competition with the 
introduced strains. Thus, when the indigenous 
strains dominate the nodules, response to inocu- 
lation is not observed (Ge and Xu, 1982; Kapus- 
ta and Rouwenhorst, 1973; Kvien et al., 1981). 

Allele Phenotype Reference* 

rj1 
Rj2 

Non-nodulating 
Cortical proliferations or ineffective nodules 

1 

formed by strains in serogroup 6(c1) and 122 
with soybean cv. Hardee 2 

interior by strain USDA 33 with cv. Hardee 3 

USDA 61 with cv. Hill 4 

Rj3 Small. nodule-like structures with white 

Rj4 Very few cortical proliferations by strain 

Dominant Swellings or rudimentary nodules by 
undesignated Sinorhizobium fredii strain USDA 205 

with cv. Kent. 5 
a 1) Williams and Lynch, 1954; 2) Caldwell, 1966; 3) Vest, 1970; 4) Vest and Caldwell, 1972; 5) Devine, 1984. 
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The soil population density of indigenous 
bradyrhizobia is a major factor determining com- 
petition for nodule occupancy and response to 
inoculation. Using the estimate of a hectare of 
plow-layer soil to weigh 2.24 x 106 kg, and as- 
suming an indigenous bradyrhizobial population 
of 104 cells g-1 soil and an inoculation rate of 
10 g peat kg-1 seed (assuming an inoculum den- 
sity of 108 cells g-1 peat), calculation shows that 
at normal seeding rates the indigenous popula- 
tion has about a three hundred-fold advantage in 
population density over the inoculum. Field tri- 
als have demonstrated that to achieve nodule 
occupancy of greater than 50%, inoculant 
bradyrhizobia must be applied at a rate at least 
1,000 times greater than the estimated number of 
indigenous bradyrhizobia (Weaver and Fre- 
derick, 1974). Use of massive inoculation rates 
can overcome competition from indigenous 
strains (Kapusta and Rouwenhorst, 1973), but 
such a delivery system is not yet practical or 
economical. Recent experiments from multi-site, 
standardized field inoculation trials with several 
legumes revealed that 59% of the variation in 
inoculation responses could be accounted for by 
the relationship of inoculation responses to num- 
bers of indigenous rhizobia (Thies et al., 1991). 

Despite the strong influence indigenous popu- 
lation density has on competition, it is a complex 
problem with interactions involving the bacterial 
genomes, host genomes and the environment 
(Dowling and Broughton, 1986; Triplett, 1990a). 
As yet, mechanisms responsible for competition 
per se have not been identified. For instance, it 
has been demonstrated that some factor(s) other 
than comparative numbers in the rhizosphere is 
(are) determining the outcome of competition 
(Ellis et al., 1984; Moawad et al., 1984). Indeed, 
the mechanism(s) may be so multifaceted that 
their identification will be slow and piecemeal. 
Some factors determined by genomes of both 
partners have been identified, such as host range 
(Cregan et al., 1989a; Sadowsky et al., 1987), 
mobility of rhizobia (Catlow et al., 1990; Mellor 
et al., 1987), and bacteriocin production (Hod- 
gson et al., 1985; Schwinghamer and Brockwell, 
1978; Triplett, 1990a). In the absence of indigen- 
ous bradyrhizobia, the pattern of competition 
between inoculum strains was found to be a 
stable (and therefore selectable) characteristic, 

independent of rhizosphere population size, ni- 
trogen application, elevation (temperature) or 
soil type (Abaidoo et al., 1990; George et al., 
1987). 

Symbiotic effectiveness seems to have no di- 
rect relationship with competitiveness (Triplett, 
1990b). Cregan and Keyser (1988) showed that 
host genotypes of Glycine max and G. soja have 
great influence on competition and effectiveness, 
both with B. japonicum and strains of Sino- 
rhizobium (formerly R. fredii ). This host control 
was exploited to select genotypes that would 
restrict nodulation of the commonly occurring, 
very competitive and yet relatively ineffective B. 
japonicum serogroup 123, found in the midwest- 
ern U.S. soybean growing region. Such 
genotypes were found which drastically altered 
competition (compared to commercial cultivars) 
in favor of inoculant strains over strains in the 
123 serogroup (Cregan and Keyser, 1986; Keyser 
and Cregan, 1987). 

Research strategies to increase BNF in soybean 

The need to devote research efforts towards 
improvement of BNF in legumes in general and 
soybean in particular has been recognized fre- 
quently (Anon., 1984; Olsen, 1982; Russell et 
al., 1989; Scott and Aldrich, 1983). Areas of 
research with good prospects for contributing to 
this objective are discussed below. 

Selection and engineering of bradyrhizobia 

Soil microbiologists have extensive experience in 
the selection of rhizobia and bradyrhizobia for 
symbiotic effectiveness with legumes (Brockwell 
et al., 1982; Burton, 1980; Date, 1976). To date, 
the provision of superior strains for use in inocul- 
ants remains the primary applied contribution 
from the field of BNF. In addition to selecting 
strains which are highly effective and efficient at 
nitrogen fixation with a given legume genotype, 
Brockwell et al. (1982) list 10 other important 
attributes; 1) competitive ability, 2) N2-fixing 
ability over a range of environmental conditions, 
3) nodulation and N2 fixation in the presence of 
soil nitrogen, 4) ability to multiply in broth and 
survive in inoculant carriers, 5) ability to survive 



when incorporated in seed pellets, 6) persistence 
in soil, 7) ability to migrate from initial site of 
inoculation, 8) ability to colonize soil away from 
influence of host roots, 9) ability to survive 
adverse physical conditions such as desiccation, 
heat, or freezing, and 10) strain-stability during 
storage and growth. Selection of naturally occur- 
ring strains for these attributes continues to be 
an important research activity in soybean pro- 
grams worldwide, especially as production ex- 
pands on to less desirable soils. 

Competition for nodule occupancy is a com- 
plex problem which is of practical concern. In 
response to this there have been methods de- 
veloped to screen inoculant strains for their com- 
petitive ability. The most straightforward meth- 
od is to assess the response of the legume to an 
effective inoculant in the presence of ineffective 
(unable to fix N2) competitors (Amarger, 1981; 
Jones et al., 1978). The value of this method was 
demonstrated in field trials of inoculant strains 
competitive against ineffective, indigenous 
rhizobia nodulating subclover ( Trifolium sub- 
terraneum L.). The inoculants produced large 
responses by subterranean clover (Jones et al., 
1978). A more complicated method is that pro- 
posed by Paau (1989) that involves isolation of 
indigenous strains, which are assumed to be well 
adapted and competitive in their specific en- 
vironment, subjecting them to mutagenesis, and 
selecting mutants for increased N2-fixing ability 
for use as inoculant. Multiple-site field tests of 
these mutants in soils with indigenous B. 
japonicum over a four-year period showed an 
average soybean yield increase of 169 kg ha-1, or 
6.7% (Paau. 1989). 

Significant progress has been achieved in the 
studies of genetics of rhizobia and bradyrhizobia 
since the mid 1970s (Johnston et al., 1987). 
Bradyrhizobium japonicum is becoming a geneti- 
cally well-studied bacterium as far as nodulation 
and symbiotic nitrogen fixation genes are con- 
cerned (Hennecke et al., 1988). Some of the first 
attempts at genetic manipulation for practical 
purposes focused on increasing the nitrogen fixa- 
tion rate of the bacteria through mutagenesis 
(Maier and Brill, 1978; Williams and Phillips, 
1983). The mutant used by Williams and Phillips 
produced a significant soybean yield increase 
above that of the parent strain USDA 110 in 
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field trials. Introducing the hydrogen uptake 
(hup) genes into bradyrhizobial strains has been 
proposed as a manipulation to increase their 
energy efficiency (Lim et al., 1980). The Eis- 
brenner and Evans (1983) review of this topic 
showed that the majority of reports on the com- 
parison of Hup+ and Hup- strains found a 
significant response in total N with Hup+ 
strains. Evans et al. (1985) reported that soy- 
bean yields were higher when plants were nodu- 
lated by a strain of B. japonicum that was Hup+ 
as compared to plants nodulated by an isogenic 
Hup- strain. However, there are Hup- strains 
of B. japonicum that are equal or superior to 
Hup+ strains in symbiotic performance in the 
field (Hume and Shelp, 1990). 

Genetic manipulation to alter competitive abil- 
ity in the soybean bacteria has not been success- 
ful as yet. However, there is still a need to 
pursue this approach. In a review of this subject, 
Triplett (1990b) identifies bacterial phenotypes 
found to play a role in competition, including 
motility, cell-surface characteristics, speed of in- 
fection, and bacteriocin production. Given the 
rapid rate of advances made in the field of 
molecular genetics of rhizobia and brady- 
rhizobia, it seems quite likely that it will contrib- 
ute to our understanding, and ability to manage, 
competition for nodule occupancy. 

Selection and breeding of soybean genotypes 

On the host side, improving BNF has been ap- 
proached by selection for improved nitrogen fix- 
ation per se (if indeed this can be separated from 
yield), selection for ability to nodulate and fix 
nitrogen in the presence of high soil-N levels, the 
development of soybeans with the ability to re- 
strict nodulation by selected indigenous popula- 
tions and still nodulate with effective inoculant 
strains, and the development of soybeans that 
nodulate promiscuously with indigenous Brady- 
rhizobium spp. Several methods are available to 
undertake these objectives, including selection of 
existing germplasm, conventional plant breeding, 
mutagenesis, and gene transfer (Dreyfus et al., 
1988). 

Traditional legume breeding programs have 
not included enhancement of BNF as a direct 
objective (Phillips and DeJong, 1984). A review 
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of the reports on soybean, examining the rela- 
tionship between total N fixed and yield, shows 
them to be positively and highly correlated (Lef- 
fel, 1989). It appears that direct selection for 
yield improvement in soybean has indirectly in- 
cluded improved capacity to fix N2. Further, the 
potential for yield increase due directly to in- 
creased BNF exists (Burias and Planchon, 1990; 
Imsande 1989). The one preliminary report that 
shows differences between BNF in soybean 
genotypes of equal yield and maturity is that of 
Cregan et al. (1989b). They found that selected 
high seed-protein genotypes attained higher total 
N from higher N2 fixation compared to normal 
genotypes. 

Soybean genotypes have recently been iden- 
tified which have greater numbers of nodules in 
the presence of high mineral N (Betts and Her- 
ridge, 1987; Herridge et al., 1988). Similar 
studies have been conducted on a smaller scale 
(Danso et al., 1987; Gibson and Harper, 1985). 
The benefit of this approach is that soybean 
would fix more at a given level of mineral N, 
thus saving or ‘sparing’ that soil N for sub- 
sequent crops. Mutagenesis of soybean has pro- 
duced supernodulating mutants which are also 
more nitrate-tolerant (Carroll et al., 1985; Gre- 
maud and Harper, 1989). A mutant character- 
ized as a moderate supernodulator has produced 
increased yields in the field under some condi- 
tions (Boerma and Ashley, 1988; Carroll et al., 
1988), indicating the potential of this research to 
increase yields through manipulation of a trait 
related to BNF. 

As mentioned above in the section on compe- 
tition, soybean genotypes have been selected 
which restrict nodulation with serogroup 123, an 
indigenous, heterogeneous group of B. 
japonicurn present in much of the northern mid- 
west U.S.A. (Cregan and Keyser, 1986). The 
objective is to permit a higher portion of the 
nodules to be occupied by highly effective ino- 
culant strains. This could lead to higher levels of 
N, being fixed, or a greater portion of total N 
from BNF, thereby sparing soil N. Generations 
of backcrossing to productive, commercial cul- 
tivars will be necessary to adequately evaluate 
the success of this approach in production fields. 
However, preliminary data, summarized below 
in Table 6, indicate that the restriction of the 

Table 6. Nodule occupancy in selected soybean genotypes a 

Soybean Percent of nodules occupied by 
genotype 

USDA 123 USDA 122 or Other 
USDA 138 

Williams 75.7 20.5 3.8 
PI 371607 b 3.0 88.7 8.3 
PI 377578 b 5.0 91.5 3.5 
a Average of 2 years, field experiments. 
b Genotypes identified as restricting USDA 123 in green- 
house trials. 
Source: Keyser, Cregan and El-Maksoud, unpublished data. 

serogroup-type strain, USDA 123, is expressed 
under field conditions where 123 was mixed into 
the soil and inoculant was applied on the planted 
seed. 

Soybean genotypes have also been selected for 
ability to nodulate with indigenous strains of B. 
japonicum and for the ability to nodulate pref- 
erentially with the effective inoculant strain 
USDA 110 (Kvien et al., 1981). Further de- 
velopment of this approach indicates that while 
selection for preferential recovery of USDA 110 
will be difficult, a positive relationship of nodule 
mass to seed yield was found indicating that 
further selection for increased nodulation with 
native B. japonicum may be warranted (Greder 
et al., 1986). 

Selection and breeding of soybeans for a lack 
of dependence on B. juponicurn has been carried 
out by workers at the International Institute of 
Tropical Agriculture (IITA) in Nigeria. Because 
the production and distribution of inoculant in 
parts of Africa is difficult, the researchers at 
IITA have sought soybean lines which are prom- 
iscuous in their nodulation. These lines nodulate 
with indigenous bacteria, presumably strains of 
Bradyrhizobium spp. , which nodulate legumes in 
the ‘cowpea’ cross-inoculation group, thus ob- 
viating the need to inoculate with B. juponicurn 
(Bromfield and Roughley, 1980; Nangju, 1980; 
Pulver et al., 1982; 1985). Selected promiscuous 
lines bred to lines with superior agronomic traits 
and compared for yield and nodulation with 
non-promiscuous (B. juponicurn requiring) 
genotypes show that progress has been made 
(Dashiell et al., 1985). However, there is some 
concern over the potential of this system. Eag- 
lesham (1985) indicated that many of the brady- 



rhizobia which do nodulate these lines are rela- 
tively ineffective, and may be a subset of the 
general population of Bradyrhizobium spp. 
which could be quite variable in its representa- 
tion throughout African soils. It is clear that 
further yield increase through better BNF is 
possible in some promiscuous lines (Pal, 1989). 
Also, it needs to be clearly demonstrated that 
there are not indigenous, true B. japonicum, 
which have persisted from earlier studies, at sites 
where these lines are evaluated. Such characteri- 
zation of the microsymbiont population structure 
in the soils where these lines are evaluated would 
seem a necessary component to assist the evalua- 
tion and progress of this approach. 

Improved inoculation techniques 

Application of peat-based inoculant to the seed 
just prior to planting is the most common form 
of inoculation. This technique does not always 
give abundant nodulation of soybean (Li et al., 
1986; Wadisirisuk et al., 1989). Evidence is ac- 
cumulating that other techniques of inoculation 
can provide better nodulation and plant growth 
(Danso and Bowen, 1989; Hardarson et al., 
1989; Kamicker and Brill, 1987; McDermott and 
Graham, 1989). Under conditions where soy- 
bean is a new crop, or where stress such as high 
temperature is encountered, soybean may re- 
spond to the higher numbers of bacteria pro- 
vided in granular or spray inoculation as com- 
pared to seed applied inocula (Bezdicek et al., 
1978; Scudder, 1974). 

Hardarson et al. (1989) found that when ino- 
culant was distributed throughout the soil it gave 
profuse nodulation throughout the root system, 
and nodules formed in the bottom part where 
roots were younger and contributed large 
amounts of fixed N to the soybean during seed 
formation. Inoculation through irrigation water 
at the third-node stage (V3) produced nodules 
that were very active in N2 fixation during the 
reproductive stage, resulting in an increase in 
seed yield and seed protein (Ciafardini and Bar- 
bieri, 1987). 

Burton (1980) reviewed the need for improved 
inoculant-delivery systems. The importance of 
delivering large numbers of bradyrhizobia is a 
challenge, and the best systems identified to date 
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are the soil-applied granular and seed bed- 
sprayed inoculants. Higher numbers of inoculant 
rhizobia will be required if soybean production 
moves onto marginal soil that is acidic, has high 
temperatures at the time of planting, or has 
other stresses which affect inoculant viability. 
Also, as the levels of agricultural inputs increase 
in developing-country agroecosystems, inoculant 
compatibility with pesticides and insecticides will 
need to be addressed. 

Production strategies to increase BNF in 
soybean 

A century of research on BNF has brought tre- 
mendous progress in both our basic understand- 
ing of the process and in its application for 
improving legume growth (Nutman, 1987; Quis- 
pel, 1988). In recent years the majority of re- 
search on BNF has focused on bacterial genetics 
and biochemistry, with elaborate and sophisti- 
cated knowledge accumulating at an impressive 
rate. Gene transfer systems for plants are also 
being developed. Developments in these areas 
may be applicable in the future for enhancing 
BNF in soybean. Until then, such improvement 
will probably come from those strategies that 
were established many years ago, and while they 
are proven approaches, their use is far from 
ubiquitous and they probably provide the best 
potential for improvements at the field level. 

Inoculant production, quality control and 
training 

The greatest impacts on world agriculture from 
inoculation have been made with soybean. While 
there may not be large new areas planted to 
soybean on a global scale, there are still going to 
be regional and local needs for inoculation that 
will produce economic returns and improve 
BNF. In a global survey of inoculant use and 
availability, Eaglesham (1989a) found that ino- 
culant is still perceived as being needed in many 
cases, especially where it is not available. Con- 
certed efforts are needed to deliver and adapt 
existing inoculant technology to local conditions, 
especially in developing countries. 

Many countries have no mandatory quality- 
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control standards for legume inoculant. The re- 
sult can be products that are highly variable in 
quality as determined by symbiotic effectiveness, 
population density and shelf-life. The production 
of high-quality inoculant and proper quality con- 
trol cannot be addressed here (see Roughley, 
1976; Roughley and Pulsford, 1982; Thompson, 
1984), but their importance is critical to the 
improvement of BNF. An essential part of the 
adoption of this technology is its adaptation to 
the needs of individual or highly localized situa- 
tions (Hubbell, 1988). In many developing coun- 
tries this means improvising with the non-tradi- 
tional materials and equipment available to 
achieve economic production of a satisfactory 
product. 

Education about the benefits and use of 
legume inoculants can still play a significant role 
in improving BNF in many countries. Many far- 
mers may not know of the existence of inoculant, 
especially if the crop is new, as soybean often is, 
and the agricultural extension agents may only 
have a limited understanding of the technology. 
Having perceived the need for such practical 
training, NifTAL (University of Hawaii - 
U.S.A.I.D.) developed a BNF training course 
for extension specialists. This course was pre- 
sented to Indonesian and Ugandan government 
and private-agency extension personnel, and was 
met with tremendous enthusiasm. The course 
was designed to give the extension specialists 
sufficient applied experience and theoretical 
knowledge to set up mini-courses on BNF and 
inoculation for their district farmers. Such train- 
ing should be viewed as part of the overall 
inoculant technology transfer to other countries. 

Matching soybean genotypes to the environment 

There is tremendous germplasm diversity in soy- 
bean, and using a genotype well adapted to a 
given site is probably one of the best and sim- 
plest strategies for improving BNF, through im- 
proving yield. This of course assumes that the 
soybean is well nodulated with effective brady- 
rhizobia. Some excellent data are found in 
INTSOY’s International Soybean Variety Ex- 
periment (ISVEX) verifying that the varieties 
may differ in their yield performance in a given 
environment, and even at different sites in the 

same environmental zone (Jackobs et al., 1985; 
Judy and Whigham, 1978). This world-wide vari- 
ety evaluation program provides a wealth of 
information concerning environmental influences 
on several agronomic traits of soybean, and iden- 
tifies important relationships which can assist 
plant breeders. A standard granular inoculant 
was provided to network cooperators for use in 
ISVEX. Any breeding program should include 
cooperation with a microbiologist to ensure that 
strains of bradyrhizobia are identified which are 
compatible with a given soybean genotype in a 
particular environment. 

Management of other inputs 

As with selecting the best genotype for yield, 
other management variables that increase yield 
should also increase the amount of N2 fixed. As 
emphasized by Eaglesham (1989a) N is not al- 
ways the primary limiting factor, and when it is 
not there will not be a response to inoculation. 
Other factors which limit soybean yield will then 
by definition also limit inoculation and N re- 
sponse. 

Phosphorus is also a common limiting nutrient 
in many soils, and its management is important 
for attaining high yields of soybean. Cassman et 
al. (1981) found that field-grown soybean has a 
higher P requirement when it is dependent on 
BNF for its N supply as compared to mineral N 
dependency. In this study, soybean dependent 
on BNF but not supplied with P attained only 
28% of the maximum yield obtained at optimum 
P levels. 

Further evidence of the importance of other 
management factors such as P is supplied below 
in Table 7. These are results from 140 on-farm 
demonstration plots established in four districts 
of Uganda during 1989. The addition of P and 
inoculation improved yields. Averaged over all 
trials, each input gave approximately 300 kg 
yield increase, and applied together a 600 kg 
increase. The return on investment from the 
combined inputs was about 12-fold. 

Supplying an adequate symbiosis to the soy- 
bean provides it only with a biological source of 
N. It is not a panacea against poor growth 
resulting from limitations of water, lime, nu- 
trients, disease or any other factors. This per- 
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Table 7. Response of soybeans in Uganda, 1989 on-farm demonstration trials 

District Average yield of soybeans (kg ha-1) LSD 5% 

Local variety Improved variety 
in rows 

in hills in hills + P a in hills + P a 

+ inoculum 

Masindi 920 750 1,080 1,290 107 
Mubende 738 588 899 1.260 102 
Luwero 1,070 1,050 1,450 1.790 253 
Kasese 843 772 1,021 1.309 357 
a 45 kg P2O5 ha -1. 
Source: Simkins, Kalule and Baguma, unpublished data. 

spective is necessary for evaluating the potential 
for improving BNF in soybean in a given 
situation. 

Concluding remarks 

The world soybean production is continuing to 
increase, and the prospects for future increases 
in sustainable systems will likely come mostly 
from improvements in yield per area. Research 
on BNF in the soybean-bradyrhizobia symbiosis 
will have a role in contributing to such improve- 
ments. Manipulations of both the bacteria and 
the host plant for attributes related to BNF 
continue to be impressive. Still, there is much of 
the proven technology of BNF that has not yet 
been applied in cases where it could make imme- 
diate improvements in soybean yields. Research 
agencies, national planning bodies and interna- 
tional development agencies need to place prop- 
er emphasis on both research and application. 
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Abstract 

Biological nitrogen fixation (BNF) in mixed legume/grass pastures is reviewed along with the 
importance of transfer of fixed nitrogen (N) to associated grasses. Estimates of BNF depend on the 
method of measurement and some of the advantages and limitations of the main methods are outlined. 
The amounts of N fixed from atmospheric N2 in legume/grass pastures throughout the world is 
summarised and range from 13 to 682 kg N ha-1 yr-1. The corresponding range for grazed pastures, 
which have been assessed for white clover pastures only, is 55 to 296 kg N ha-1 yr-1. 

Biological nitrogen fixation by legumes in mixed pastures is influenced by three primary factors; 
legume persistence and production, soil N status, and competition with the associated grass(es). These 
factors and the interactions between them are discussed. Legume persistence, production and BNF is 
also influenced by many factors and this review centres on the important effects of soil moisture status, 
soil acidity, nutrition, and pests and disease. 

Soil N status interacts directly with BNF in the short and long term. In the short-term, increases in 
soil inorganic N occurs during dry conditions and where N fertiliser is used, and these will reduce BNF. 
In the long-term, BNF leads to accumulation of soil N, grass dominance, and reduced BNF. However, 
cyclical patterns of legume and grass dominance can occur due, at least in part, to temporal changes in 
plant-available N levels in soil. Thus, there is a dynamic relationship between legumes and grasses 
whereby uptake of soil N by grass reduces the inhibitory effect of soil N on BNF and competition by 
grasses reduces legume production and BNF. Factors affecting the competition between legumes and 
grasses are considered including grass species, grazing animals, and grazing or cutting management. 

Some fixed N is transferred from legumes to associated grasses. The amount of N transferred 
'below-ground', predominantly through decomposition of legume roots and nodules, has been esti- 
mated at 3 to 102 kg N ha-1 yr-1 or 2 to 26% of BNF. In grazed pasture, N is also transferred 
'above-ground' via return in animal excreta and this can be of a similar magnitude to 'below-ground' 
transfer. 

Increased BNF in mixed legume/grass pastures is being obtained through selection or breeding of 
legumes for increased productivity and/or to minimise effects of nutrient limitations, low soil moisture, 
soil acidity, and pests and disease. Ultimately, this will reduce the need to modify the pasture 
environment and increase the role of legumes in low-input, sustainable agriculture. 

Introduction 

The importance of pasture legumes for improv- 
ing the nitrogen (N) status of soils and for 
maintaining a high level of total sward produc- 
tion without N fertiliser has long been recog- 
nised. However, during the past few decades, 
agricultural production in Europe has relied 
heavily on frequent applications of N fertiliser to 
grass-only pastures. With the increasing interest 
in low-input sustainable agriculture throughout 
the world and the concern about possible en- 
vironmental problems associated with high N 
fertiliser use, interest has rekindled in using pas- 
ture legumes in Europe and USA as a source of 
biologically-fixed N. In contrast, Australia and 

New Zealand have always relied on legumes in 
extensive and intensive pastoral agriculture to 
maintain a low-cost farming system. 

The level of biological nitrogen fixation (BNF) 
by pasture legumes can vary greatly (Table l), 
being site-dependent and influenced by a wide 
range of factors including soil properties, en- 
vironmental conditions, pests and disease, and 
management. In this overview, we will centre on 
some major factors that influence legume per- 
sistence, production and BNF. This will be pre- 
ceded by an introduction to the legume/ 
Rhizobium symbiosis and the methods of mea- 
surement of BNF. The ultimate effects of BNF 
on total pasture production is greatly influenced 
by the transfer of fixed N to associated grasses. 
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Table 1. Summary of BNF in mown and grazed legume/grass pastures (further estimates are given in Table 6) 

Country Legume Method BNF Reference 
(kgNha-1yr-1) 

Mowing trials 
UK (hills) 
UK 
Ireland 
Switzerland 

Sweden 
Austria 
Canada 

USA 
USA 

Uruguay 
Australia 
Australia 
New Zealand 
New Zealand 

Grazed trials 
Ireland 
Wales (hills) 
New Zealand 
New Zealand 

New Zealand 
(hills) 

White clover 
White clover 
White clover 
White clover 
Red clover 
Lucerne 
Lucerne 
Alsike clover 
Red clover 
Lucerne 
Sub. clover 
Crimson clover 
White clover 
Various 
Tropical sp. 
White clover 
White clover 

White clover 
White clover 
White clover 

White clover 
White clover 

a total N yield; b acetylene reduction. 

TN a, AR b 

TN 
AR 
15N 
15N 

15N 
15N 

AR 
AR 
15N 
15N 
15N 
15N 
TN 
TN 
15N 
AR 

AR 
TN 
AR 

15N 
15N 

Thus, the importance of N transfer will also be 
discussed along with the consequences to longer- 
term growth and BNF by the legume. 

The legume/Rhizobium symbiosis 

Biological nitrogen fixation is dependent on es- 
tablishment of a symbiotic relationship between 
the legume and an effective Rhizobium strain. 
Reviews of the important processes that lead to 
development of the symbiotic association of 
rhizobia within the root nodules of legumes have 
been given by Bauer (1981), Dowling and 
Broughton (1986), Heichel and Brophy (1985) 
and Roughley (1985). 

Nodule development 

Nodule development involves a complex series 
of processes: 
(1) Successful colonisation and survival of effec- 

47-125 
74-280 
268 
83-283 
49-373 
242-319 
104-108 
21-143 
15-77 
114-224 
104-206 
124- 185 
13-109 
20-220 
51-137 
45-142 
76-105 

83-296 
90-98 
85-342 

55-85 
82-291 

Newbould (1982) 
Cowling (1982) 
Halliday and Pate (1976) 
Boller and Nosberger (1987) 

Wivstad et al. (1987) 
Danso et al. (1988) 
Rice (1980) 

Heichel et al. (1984) 
Brink (1990) 

Labandera et al. (1988) 
Vallis and Gardener (1984) 
Johansen and Kerridge (1979) 
Edmeades and Goh (1978) 
Crush et al. (1983) 

Masterton and Murphy (1976) 
Munro and Davies (1974) 
Hoglund et al. (1979) 

Ledgard et al. (1987) 
Ledgard et al. (1900) 

tive Rhizobium strains in the soil. This is the 
first requirement and depends on satisfactory 
soil and environmental conditions. 

(2) Infection of the host plant. This begins with 
recognition and proliferation of rhizobia 
around the legume roots. The rhizobia then 
induce root-hair deformation (e.g. curling) 
and penetrate the deformed root by localised 
digestion of the root-hair wall. An infection 
thread is then initiated and this remains 
extracellular within the root hair. These 
early stages of infection can be greatly af- 
fected by environmental conditions and by 
factors such as low soil pH. The infection 
process is also sensitive to nitrate resulting in 
reduced root-hair deformation and infection. 

(3) Nodule initiation and development. The in- 
fection thread passes into root cortical cells 
and this stimulates cell division and nodule 
initiation, thereby forming the root nodule. 
The infection thread releases bacteria which 
multiply and differentiate into bacteroids, 
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where fixation of atmospheric N2 occurs. 
The biochemistry of BNF in the bacteroids 
has been described by Bergersen (1971). 

Inoculation 

When legumes are first introduced into soils, 
root nodules may fail to develop because of a 
low population of compatible and effective 
strains of Rhizobium in the soil. Thus, addition 
of appropriate strains of Rhizobium by inocula- 
tion is generally essential where legumes have 
not been grown before and where there are no 
naturalised rhizobia. The aim of inoculation of 
legume seed is to coat the seed with a sufficiently 
large number of viable rhizobia of the correct 
strain to give rapid and effective nodulation of 
that legume in the field. 

Legume inoculation has been reviewed by 
Date (1970) and Roughley (1976). A Rhizobium 
culture (often in a peat medium) can be mixed 
with seed prior to sowing. Alternatively, in- 
oculum is often pelleted onto legume seed and 
covered with a protective coating material such 
as lime. Lime-coating can also enhance nodula- 
tion in low-pH soils giving an effect similar to 
that from large surface applications of lime to 
soil (Lowther, 1975). 

The subsequent survival of rhizobia in soil is 
influenced by environmental and soil factors, and 
this has been reviewed by Alexander (1985). 

Host plant/Rhizobium strain interaction 

The amount of N2 fixed is influenced genetically 
by both Rhizobium and host plant characteristics 
(Mytton, 1983). Improved strains of Rhizobium 
have been selected for improved BNF in certain 
conditions (Roughley , 1985). However, im- 
proved strains must be capable of successful 
establishment in the field and this depends on a 
number of factors including their ability to com- 
pete with rhizobia already established in the soil. 
Also, strains vary in competitive ability and ef- 
fectiveness. Thus, it may be difficult to capitalise 
on highly effective strains because of poor com- 
petitiveness with resident strains. 

One approach is the breeding of a high degree 
of host-strain specificity for nodulation and BNF. 
The host plant can influence which strains in a 

mixture form nodules and can control func- 
tionality of nodules (Heichel and Brophy, 1985). 
Mytton (1983) reviewed the subject of selection 
for improved symbiotic efficiency and concluded 
that specificity should be utilised by breeding 
plants for increased yield and simultaneously 
selecting for improved Rhizobium strains. This 
approach is being used in studies on the legume/ 
Rhizobium symbiosis in acid soils (Sylvester- 
Bradley et al., 1988). 

Rhizobia1 denitrification 

As well as fixing atmospheric N2 in association 
with legumes, rhizobia are capable of utilising 
soil nitrate and converting it to gaseous oxides of 
N and N2 by denitrification. Rhizobial denitrifi- 
cation in temperate grassland soils has been re- 
viewed by Steele and Bonish (1985). 

Denitrification can occur in various strains of 
Rhizobium and Bradyrhizobium. In some New 
Zealand soils, the populations of denitrifying 
rhizobia equal or exceed those of other denitrify- 
ing bacteria. 

O'Hara et al. (1984) examined the effect of 
Bradyrhizobium sp. (lotus) on rhizobial denitrifi- 
cation and measured potential losses of up to 
2.3 kg N2 O-N ha-1 day-1 with a soil population 
of 2 X 108 cm-2 soil. However, subsequent field 
studies (Steele and Bonish, 1985) at the more 
commonly found rhizobial populations of about 
104 g-1 soil showed low levels of N2O loss from 
grassland soils (<30 g N2O-N ha-1 day-1). 

Methods for measuring BNF in the field 

Estimates of BNF may be influenced, in part, by 
the method of measurement used (Table 2). 
Some of the advantages and limitations of the 
main methods will be discussed. Greater detail 
on methodology of measurement of BNF is given 
in reviews on this topic (e.g. Knowles, 1981; 
Ledgard and Peoples, 1988). 

Acetylene reduction assay (ARA) 

This technique was recently reviewed by Witty 
and Minchin (1988) and commonly involves the 
incubation of whole plants or plant parts in a 
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Table 2. Effect of method of measurement on BNF (kg N ha -1 ) by field-grown pasture legumes 

Legume Reference Method Reference 
plant ARA a N diff. b 15 N 15 N natural 

dilution abundance 

Sub.' clover Bromus mollis 57 103 

White clover Ryegrass 6.4 4.9 Goh et al. (1978) 
White clover Ryegrass (85) d (45) 

Phillips and 
89 183 Bennett (1978) 

Edmeades and 
(91) (62) Goh (1979) 

Sub. clover Ryegrass 21 14 
47 48 Turner (1983) 

Bergersen and 

Sub. clover Ryegrass 1.24 1.70 2.05 
Sub. clover Phalaris 1.83 1.30 2.24 
Lucerne Ryegrass -0.59 0.88 0.81 et al. (1985c) 
Lucerne Phalaris -0.16 0.56 0.51 
White clover Ryegrass -0.35 0.92 

White clover Ryegrass 113 269 Ledgard (1991) 
a Acetylene reduction assay. 
b Nitrogen difference. 
c Subterranean. 
d Values in parentheses are percentage of legume N fixed. 

Ledgard 

Eltilib and 
0.05 1.24 Ledgard (1988) 

closed vessel containing about 10% acetylene for 
a time period of approximately 0.5-2 hours. The 
reduction of N2 by the nitrogenase enzyme is 
inhibited and instead the enzyme reduces 
acetylene to ethylene. These gases are measured 
by gas chromotography . 

The ARA is simple, rapid, sensitive and rela- 
tively low-cost. However, there are a number of 
limitations of the technique and the main ones 
are: 
(1) Short-term measurement. A series of mea- 

surements to cover diurnal, daily and sea- 
sonal variations are required for long-term 
estimates. 

(2) Need for calibration of ethylene production 
with BNF. Measured ratios of acetylene/N2 
conversion have ranged between 1.5:1 and 
25 : 1, and may vary even between treat- 
ments within an experiment. 

(3) Influence of assay on nitrogenase activity. In 
some legumes there can be a substantial 
decline in nitrogenase activity within several 
minutes of commencing the assay and this 
can lead to an underestimation of BNF by 
up to 50%. 

The ARA was widely used in field studies on 
pasture legumes in the 1970s, but has now large- 
ly been replaced by N techniques, particularly 15 

where the aim is to quantify the amount of N 
fixed. 

Total legume nitrogen 

This is one of the simplest methods for estimat- 
ing BNF. However, it assumes that all of the 
legume N has been fixed and this is rarely true in 
the field because legumes also utilise plant-avail- 
able soil N. Thus, it overestimates BNF. Never- 
theless, on soils of low N availability the propor- 
tion of legume N fixed from atmospheric N2 ( P N ) 
is often near 90% (e.g. Bergersen and Turner, 
1983; Ledgard et al., 1987). 

This method, and the subsequent methods de- 
scribed, may significantly underestimate total 
BNF when only above-ground legume herbage is 
analysed. The root, nodule and stolon/rhizome 
(where present) components can contain a rela- 
tively large amount of fixed N. 

Nitrogen difference 

With this method, BNF is estimated from the 
difference in N yield between the legume and a 
non-N2-fixing reference plant grown in the same 
soil. It is assumed that the legume and reference 
plant absorb the same amount of soil N. 
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Hardy and Holsten (1977) concluded that this 
method generally underestimates BNF because 
the legume utilises less soil N than the reference 
plant. Indeed, with mixed legume/grass pastures 
this method can result in negative estimates of 
BNF (Eltilib and Ledgard, 1988; Ledgard et al., 
198%). 

15 N isotope dilution 

The term 15N isotope dilution' is commonly 
used to describe a method which utilises differ- 
ences in 15N enrichment of atmospheric N2 and 
soil N, where the soil N is labelled by addition of 
15N-enriched (or occasionally 15N-depleted) ma- 
terial. The 15N isotope dilution method was re- 
viewed by Chalk (1985). It enables estimation of 
the proportion of legume N fixed from atmos- 
pheric N2(PN): 

(atom % 15Nref - atom % 15Nlegume) 
(atom % 15Nref - B) 

PN = 

(1) 

where ref is a non-N2-fixing reference plant 
growing in the same soil as the legume and B is 
the atom %15N of N derived from atmospheric 
N2. The latter is commonly assumed to be 0.3663 
which is the 15N concentration of atmospheric 
N2. The amount of N fixed is estimated from 
PN X legume N yield. 

The main advantage of the method is that it 
can be used to obtain a 'time-averaged' estimate 
of PN and BNF. A major assumption is that 
legume and reference plant have the same ratio 
(R) of N assimilated from the added 15N material 
to N assimilated from the indigenous soil N. 

The main potential limitations of the method 
are as follows, with the first being by far the 
most significant: 
(1) The N uptake characteristics of the legume 

and reference plant may differ. Differences 
in the pattern of N uptake over time, or with 
soil depth, result in different R values for the 
legume and reference plant (e.g. Ledgard et 
al., 198Sd). This is due to associated tempo- 
ral and spatial changes in the 15N enrichment 
of soil. Thus, any procedures which mini- 
mise these changes in enrichment reduce the 

potential error due to mis-matching of the 
legume and reference plant. Such a proce- 
dure is the use of slow-release forms of 15N 
(Witty, 1983). 

Use of several reference plants can assist 
in examining the potential error. However, 
this is not usually possible in a mixed 
legume/grass pasture where the existing 
grass(es) must be used as the reference 
plant(s). Ledgard et al. (1985b) described a 
technique whereby R can be estimated and 
the suitability of the reference plant ex- 
amined. 

(2) Direct transfer of fixed N from legume to 
reference plant. This is a potential error in 
mixed pastures where the legume and refer- 
ence plant (the associated grass) are grown 
together. In practice, N transfer appears to 
be relatively slow and the effects on estimat- 
ing BNF can be minimised by using new 15N 
microplots at regular time intervals (e.g. 2-4 
months). Alternatively, N transfer can be 
adjusted for by measuring it using the tech- 
niques of Vallis et al. (1967) or Ledgard et 
al. (1985a). 

15N natural abundance 

This method was reviewed by Shearer and Kohl 
(1986) and is essentially the same as the 15N 
isotope dilution method except that no 15N ma- 
terial is added. It utilises the small, natural en- 
richment of 15N present in most soils. This natur- 
al 15N enrichment is relatively uniform over time 
and with soil depth (e.g. Bergersen et al., 1985; 
Ledgard et al., 1984, 1985c). Thus, the major 
limitation of the 15N isotope dilution method 
which requires the legume and reference plant to 
have similar N uptake characteristics, is of rela- 
tively little importance with the 15N natural 
abundance method. 

The main potential limitations of the method 
are: 
(1) Analytical sensitivity and errors. An isotope 

ratio mass spectrometer capable of accurate- 
ly measuring differences of about ±0.00004 
atom % 15N is required. Great care is re- 
quired during sample preparation and analy- 
sis to avoid isotopic fractionation and con- 
tamination from 15N-enriched material. 



(2) Low natural 15N enrichment of soil N. The 
error in estimating PN increases considerably 
as the 15N concentration of plant-available 
soil N nears that of fixed N, (Ledgard and 
Peoples, 1988). Steele (1983) reported low 
natural 15N enrichments of soil N in inten- 
sively grazed pastures in New Zealand, 
whereas relatively high enrichments were 
measured in Australian studies (Bergersen 
and Turner, 1983; Ledgard et al.. 1985c). 

(3) Isotopic fractionation during N2 fixation. 
This results in the value for B in equation 1 
being different from the 15N concentration of 
atmospheric N2. However, B appears to be 
constant so that it can be measured by grow- 
ing the legume in a N-free medium. Never- 
theless, B should be determined in condi- 
tions relevant tu the field because it can be 
influenced by factors such as nutrition, mois- 
ture and rhizobia1 strain (Ledgard, 1989). 

(4) Isotopic fractionation during uptake of soil 
N. Mariotti et al. (1980) showed this factor 
to be insignificant for a range of legumes and 
non-legumes in solution culture studies. 
However, Hogberg (1990) recently found 
that the association of plant roots with ec- 
tomycorrhiza or vesicular-arbuscular mycor- 
rhiza can alter the 15N concentration of N 
derived from soil. Thus, it is preferable that 
the legume and reference plant have similar 
mycorrhizal associations. 
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Comparisons of the 15N natural abundance 
method with the 15N isotope dilution method 
have often resulted in similar estimates (Table 2) 
with similar precision. All methods have some 
potential limitations and ideally two (or more) 
methods should be used with results related to 
associated measurements of plant nodulation and 
soil N status. 

Factors affecting BNF 

Biological nitrogen fixation by legumes in mixed 
pastures is influenced by three primary factors; 
soil N status, legume persistence and production, 
and competition with the associated grass. They 
interact as shown in Figure 1. These primary 
factors are themselves influenced by a wide 
range of soil, environmental and biotic factors. 

Effect of soil nitrogen status 

The inhibition of BNF by increasing levels of 
inorganic N in soil is well known. Thus, fluctua- 
tions in inorganic soil N can influence legume 
production and BNF in the long and short term. 

Changes with pasture development 
When legume/grass pastures are sown into unde- 
veloped land or into cropped and newly culti- 
vated land, there is a period with several years of 

Fig. I .  Diagrammatic representation of the major factors which interact to determine the level of biological nitrogen fixation. 
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legume dominance. This is primarily due to low 
levels of inorganic and mineralisable N in soil 
and can result in extremely high levels of BNF 
(e.g. 682kg N ha-1 yr-1, Sears et al., 1965). 
Over time there is an increase in soil N and a 
succession to grass dominance. However, even in 
established pastures this successional pattern 
may reoccur at regular intervals (e.g. 4-year 
cycles, Steele, 1983), presumably due in part to 
variations in soil N status. It may also occur 
spatially within a grazed pasture. For example, 
areas affected by dung deposition can result in 
death of plants, colonisation by white clover 
( Trifolium repens L.) and dominance for up to 
1.5 years (Weeda, 1967). 

Fluctuations during the year 
In pastoral soils, the level of inorganic soil N 
fluctuates with environmental changes and is 
often high during dry summer conditions. This 
can lead to a large decline in the proportion of 
legume N fixed from atmospheric N2 (PN) (Led- 
gard et al., 1987). In contrast, the application of 
moderate rates of N fertiliser (up to 50 kg 
N ha-1) may have relatively little effect on PN 

(Boller and Nosberger, 1987; Steele and Per- 
cival, 1984). 

The levels of inorganic soil N and of BNF are 
influenced by differences in the seasonal pattern 
of growth between legumes and grasses. For 
example, the high potential growth rate of rye- 
grass ( Lolium perenne L.) in late winter/early 
spring depletes soil N thereby enhancing legume 
growth and BNF in late spring/summer when 
temperature is favourable for legumes (Harris, 
1987). 

Spatial variability due to animal excreta 
Seventy-five to 95% of N ingested by grazing 
animals is returned in excreta to localised areas 
at rates equivalent to up to 1200 kg N ha-1 (Hen- 
zell and Ross, 1973; Steele, 1982). Approximate- 
ly 50-80% of excreta N is in urine, being highest 
from high N-containing pastures. 

Biological nitrogen fixation by legumes within 
urine-affected areas may decline by up to 90% 
(Ball et al., 1979; Ledgard et al., 1982). The 
BNF per unit of legume growth recovers after 
approximately 30-60 days, when levels of inor- 
ganic N in soil fall to 'back-ground' levels. HOW- 

ever, urinary N induces an increase in associated 
grass growth and competition with the legume. 
The net effect of this is that BNF per unit area is 
reduced for relatively longer periods (e.g. up to 3 
months). Thus, in an intensive dairy farm, where 
up to 40% of the area may be affected by excreta 
(Saunders, 1984) and BNF within these areas 
may decline by an average of about 60% (Led- 
gard et al., 1982), total BNF may be reduced by 
up to 24% on an annual basis. 

Legume tolerance to high soil nitrogen 
Recent research on crop legumes has examined 
the potential for increasing BNF by breeding or 
selecting legumes that fix atmospheric N, under 
high levels of inorganic soil N (e.g. Herridge and 
Bergersen, 1988). Rys and Mytton (1985) have 
also shown differences between white clover 
selections in tolerance to inorganic N. 

Herridge and Bergersen (1988) stated that 
'development of symbioses where PN is main- 
tained at near-maximum levels in the presence of 
high soil nitrate could provide the biggest single 
advance in the improvement of BNF by 
legumes'. While this may be true for crop 
legumes, it is likely to be of much less value in 
legume/grass pastures, except perhaps in Euro- 
pean pastures where high rates of N fertiliser are 
regularly used. Even then it is likely that greater 
advances in BNF could be made by improving 
the production and competitiveness of legumes 
in a mixed sward. 

Rapid uptake of soil N by grasses in mixed 
perennial pastures acts to maintain inorganic soil 
N at a low level. Consequently, PN often exceeds 
80% in mowing studies (e.g. Edmeades and 
Goh, 1978; Hardarson et al. 1988), although this 
may decline to an average of about 70% under 
grazing (e.g. Ledgard et al., 1990; Ledgard et 
al., 1987). Urinary-N can cause a relatively large 
short-term decline in P, in pasture legumes but 
the main decrease in BNF from urinary-N is 
associated with a decline in legume production 
because of enhanced competition from the asso- 
ciated grass (Ledgard and Saunders, 1982). 

Thus, improvement in the N tolerance of 
legumes in perennial pastures may provide only 
a minor improvement in BNF compared to that 
achievable in crop legumes. 



Effect of legume persistence and production 

There are a large number of factors that in- 
fluence the persistence and production of pasture 
legumes. For example, environmental conditions 
can have a major effect on legume persistence 
and production (Hochman and Helyar, 1989) 
and on BNF (Gibson, 1976). 

We have restricted this section to the im- 
portant effects of soil moisture status, soil acidi- 
ty, nutrition, and pests and disease on legume 
persistence, production and BNF. Norman 
(1982) noted that ‘the two most important 
ecological limitations, on a global scale, are acid 
soils and long dry seasons’. 

Soil moisture status 
The amount and distribution of rainfall has a 
major effect on the persistence of pasture 
legumes, particularly shallow-rooting perennial 
legumes such as white clover. Thus, in drier 
areas of Australia and USA there is a predomi- 
nance of deep-rooting perennials such as lucerne 
( Medicago sativa L.) and red clover ( Trifolium 
pratense L.) (Hochman and Helyar, 1989; 
Matches, 1989). 

BNF is highly sensitive to moisture stress. In 
temperate hill country pastures, Ledgard et al. 
(1987) measured a large decline in the total N 
concentration of legumes due to dry summer 
conditions. This was also associated with a de- 
crease in P N from about 85 to 70%. Wery et al. 
(1986) observed that drought-stressed lucerne 
showed a larger decline in BNF than in nitrate 
assimilation. These studies indicate that the in- 
tensity of stress from dry soil conditions on plant 
parameters is of the order: 

BNF > uptake of soil N > dry matter 
accumulation (or photosynthesis) 

Dry soil conditions lead to accumulation of 
inorganic N in soil and therefore to prolonged 
effects on BNF (e.g. Hoglund and Brock, 1978). 
Consequently, uptake of soil N may be more 
important than BNF during recovery by legumes 
after drought stress. 

The occurrence of droughts can have a major 
effect on the total amount of N fixed. For exam- 
ple, Crouchley (1979) measured BNF in white 
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clover/ryegrass pasture at 90 and 240 kg N 
ha -1 yr -1 during years with dry and wet sum- 
mers, respectively. Robin et al. (1989) showed 
that white clover cultivars can differ in the imme- 
diate effects of moisture stress on BNF. How- 
ever, this may have only a small effect on the 
annual amount of N fixed. 

Soil acidity 
Soil acidity is a major factor influencing legume 
persistence, production and BNF in tropical re- 
gions throughout the world and in humid areas 
of USA (Matches, 1989). It also affects about 10 
million ha of pastoral soils in Australia (Gram- 
shaw et al.. 1989). 

In many cases the effects of soil acidity are 
manifested through aluminium (AI) and/or man- 
ganese (Mn) toxicity. Aluminium toxicity gener- 
ally decreases legume growth more when it is 
dependent on BNF than when dependent on 
uptake of soil N. Wood et al. (1984) found that 
effects of AI on rhizobia1 growth were greater 
than those on root growth of white clover. There 
are large differences between legume species in 
their tolerance to Al and therefore the choice of 
legume for sowing in high-Al soils is important. 
Selection of rhizobia and/or legume genotypes 
can also reduce the effects of AI toxicity on BNF 
(Jarvis and Hatch, 1987). Mutants of soybean 
selected for nodulation and BNF under high 
nitrate also nodulated under high AI conditions 
(Aha et al., 1988), indicating the potential for 
breeding for AI tolerance. 

Effects of Mn toxicity are also greatest on 
legumes deriving their N from BNF, and 
genotype selection can improve the tolerance to 
Mn (Evans et al., 1987). 

Unfortunately, BNF also contributes to the 
problem of soil acidification. Inputs of biological- 
ly fixed N to soil and the subsequent leaching of 
nitrate from soils represents an important cause 
of acidification of soils (Hochman and Helyar, 
1989). In many situations it is uneconomic to 
counter acidification by applying lime to soils. 
Thus. the selection or breeding of tolerant 
legumes and rhizobia is an area into which much 
research is being directed. However, it may not 
be a long-term solution if soil acidification con- 
tinues to occur. 
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Nutrition 
Nutrient deficiencies or toxicities can severely 
limit legume persistence, production and BNF. 
This subject has been reviewed by Dunlop and 
Hart (1987), O’Hara et al. (1988) and Robson 
(1978). 

Evans (1977) showed that the commonly used 
temperate pasture legumes of white, red and 
subterranean clover have shorter, thicker less- 
branched roots and shorter, less numerous root 
hairs than the grasses with which they are usually 
associated. Thus, these clovers are disadvan- 
taged in mixed swards in terms of uptake of 
nutrients. This has been established in plant 
competition studies between clovers and grasses 
for limiting nutrients such as phosphorus (P) and 
potassium (K) (Jackman and Mouat, 1972; Rob- 
son and Loneragan, 1978). Thus, fertiliser appli- 
cation to mixed legume/grass pasture must be 
sufficient to meet the requirements of the legume 
component in a competitive sward, and a decline 
in legume production can occur when fertiliser is 
withheld (e.g. O’Connor et al., 1990). 

Phosphorus is the main limiting nutrient (apart 
from N) for pasture production in tropical soils 
and in many temperate soils (e.g. Skerman et al., 
1988). Legumes can vary greatly in their toler- 
ance of low soil P levels. The tropical legume 
Stylosanthes humilis is very efficient in P uptake 
from low-P soils and may have a relatively low P 
requirement for maximum growth (Skerman et 
al., 1988). Cadisch et al. (1989) measured differ- 
ences between eight tropical legumes in their 
response to P and K addition, with increases in 
BNF ranging between 10 and 66 kg N ha-1 . 

The requirement for P is primarily for growth 
of the host legume plant. Even when a legume is 
P-deficient, nodules contain adequate P and 
nodule function is not impaired (O’Hara et al., 
1988). The specific nutrient constraints to BNF, 
in terms of the components of the legume/ 
Rhizobium symbiosis, are summarised in Table 
3. 

Pests and disease 
The most important cause of lack of persistence 
of the important perennial legumes in USA is 
the pest-disease complex (Matches, 1989). Costs 
of chemical control can be high and therefore a 
significant research effort has gone into breeding 

Table 3. Summary of nutrients for which there is a relatively 
high requirement for specific components of BNF in legumes 
(from O’Hara et al., 1988 and Robson, 1978) 

Components of BNF Nutrients required in a relatively 
high concentration 

Nodule initiation Co 
Nodule development B, Ca 
Nodule function Mo, Fe, Co, Ca, Cu 
Host plant growth P. S. K. etc. 

legumes resistant to a number of pests and dis- 
ease. Cultivars of lucerne are now available with 
resistance to many pests and diseases, although 
resistance to the Fusarium root rot complex re- 
mains elusive (Watson et al., 1989). 

Stylosanthes humilis and S. guianensis were 
once the most important pasture legume species 
in Northern Australia but the development of 
anthracnose diseases has caused almost complete 
annihilation of them (Irwin, 1989). Current 
breeding programmes are examining utilisation 
of a range of resistant and partial-resistant acces- 
sions. 

In New Zealand, insect pests have resulted in 
losses of pasture plants of up to 40% (East and 
Pottinger, 1984). Subclinical effects of pests and 
disease on legume growth and BNF can also be 
large. Steele et al. (1985) applied insecticide 
treatments to 16 different white clover/ryegrass 
pastures that had no visual signs of pests or 
disease. They obtained average increases in total 
pasture production, clover production and BNF 
of 13, 28 and 57%, respectively, and it appeared 
that a major reason for this was the control of 
soil nematodes. These results clearly indicate 
that large increases in production and BNF may 
be achieved by breeding legumes resistant to 
pests. A new cultivar of white clover, ‘Grass- 
lands Kopu’, is resistant to stem nematode and 
selection programmes are underway to improve 
tolerance or resistance to the more important 
soil nematodes (Watson et al., 1989). Molecular 
biology techniques may widen the scope for 
breeding pest-resistant legumes. 

Competition with the associated grass 

Legume production and BNF is influenced by 
competition between the legume and the associ- 
ated grass(es) (Fig. 1). Factors affecting this 



competition in white clover pastures were re- 
viewed by Harris (1987). In general, any factors 
that favour an increase in legume growth cause a 
decrease in yield of the associated grass. How- 
ever, any stress that has a greater effect on the 
legume component (e.g. selective pests or dis- 
eases) can enhance the competitiveness of the 
grass and further reduce legume production and 
BNF. 

Associated grass species or cultivar 
The effect of associated grass species or cultivar 
on BNF can be manifested through differences in 
uptake of plant-available soil N. Thus, at some 
stages of pasture growth (e.g. during establish- 
ment) grasses more active in uptake of soil N 
reduce the inhibitory effect of soil N on BNF. 
For example, Ledgard et al. (1985d) measured 
20% more N fixed by establishing subterranean 
clover when grown with annual ryegrass com- 
pared to when grown with the slow-establishing 
phalaris, despite a 15% lower total N yield. 
However, in most situations with established 
pasture, more aggressive grass species or cul- 
tivars result in less legume growth and lower 
BNF. Harris and Hoglund (1977) measured a 
65% decrease in BNF (acetylene reduction) 
when white and red clovers were grown with a 
more aggressive and productive ryegrass cultivar 
than with a less aggressive one. 

Grazing animal 
Competition between legumes and grasses can 
be influenced by the grazing animal. Clark et al. 
(1982) found marked differences between sheep 
and goats in selection for clover during grazing. 
Goats selectively grazed browse species, grasses 
and weeds, and this led to a large increase in 
white clover production. The clover content of 
swards grazed by different animals is generally in 
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the order: sheep < cattle < goats (Sheath and 
Hodgson, 1989). 

Grazing or cutting management 
This can be used to favour high legume produc- 
tion (and BNF) relative to the grass production. 
For example, intensive grazing (especially fre- 
quent defoliation during spring) of white clover 
swards produced annual increases in BNF of 33 
and 10% in Argentinian (Refi et al., 1989) and 
New Zealand (Brock et al., 1983) studies, re- 
spectively. 

Relationship between legume production and 
BNF 

Biological nitrogen fixation is a product of 
legume production, total N concentration and 
PN. Several studies have shown close correla- 
tions between BNF and legume production, par- 
ticularly in mown swards or in grazed swards on 
low-fertility soils where PN exceeds 80% (e.g. 
Ledgard et al., 1987). This indicates that in- 
creases in legume production through selection 
or breeding would lead to similar increases in 
BNF. However, this will not always be the case. 

Increases in legume growth may lead to a 
proportionally larger increase in BNF. This may 
occur because increases in legume growth gener- 
ally have little effect on uptake of soil N by the 
legume (e.g. Tables 4 and 5). Thus, increases in 
legume growth and N assimilation may lead to a 
proportionally larger increase in BNF, because 
PN also increases. For example, Eltilib and Led- 
gard (1988) compared two white clover cultivars 
in mixed swards under sheep grazing and found 
that Kopu produced 14% more dry matter than 
Huia, but fixed 35% more N (Table 4). 

Greater legume production can also be associ- 
ated with a lower total N concentration in 

Table 4. Effect of cultivar of white clover on growth and BNF during a period of rapid spring growth in a mixed sward under 
sheep grazing (Eltilib and Ledgard, 1988) 

Cultivar LSD(5%) 

Huia Kopu 

Clover growth (kg DM ha-1 day-1) 25.5 29.1 4.4 

Clover N fixed (kg N ha-1 day-1) 0.92 1.24 0.14 
Clover N from soil (kg N ha-1 day-1) 0.25 0.25 0.05 

PN(%) 19.6 84.0 3.0 
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Table 5. Effect of cultivar on growth, N concentration, BNF and soil N uptake by white clover in mixed swards under dairy cow 
grazing (Ledgard et al., 1990) 

Clover Clover DM %N 
cultivar (kg ha -1 yr -1 ) (%) (kgN ha -1 yr -1 ) (kgN ha -1 yr -1 ) 

Aran 8260 4.54 74 278 
7690 

97 
Kopu 4.95 75 285 

7210 
96 

Resident 5.26 70 266 
LSD (5%) 790 0.42 19 33 42 

113 

P N BNF Soil N uptake 

legume herbage, resulting in no increase in BNF 
(Table 5). 

These different associations between legume 
production and BNF illustrate that breeding or 
selection of legumes for improved BNF should 
not be based solely on legume production, but 
should include measurements of total N concen- 
tration and P N. 

Transfer of fixed nitrogen to associated grasses 

An important consequence of BNF in mixed 
pastures is the transfer of fixed N to associated 
grasses. Within a grazed pasture, this can occur: 

'Above-ground' via the grazing animal where 
fixed N is returned in dung and urine; and 
'Below-ground' via direct root excretion or via 
microbial decomposition of legume material. 

Above-ground transfer of fixed N has not been 
researched, presumably because of difficulties of 
measurement. Nevertheless, Ledgard (1991) 
used an indirect method to assess above-ground 
transfer in a white clover/ryegrass sward at 
60 kgN ha -1 yr -1 (22% of BNF), and this was 
similar to the estimate of below-ground transfer 
(70 kg N ha -1 yr -1 ). Cycling of N via the grazing 
animal is considered inefficient because of the 
localised return in excreta at high N rates which 

can lead to large N losses (e.g. Steele, 1982). 
Studies by Hoglund (1985) showed that an in- 
crease in grazing intensity caused an increase in 
N consumption by grazing animals and less ac- 
cumulation of N in soil compared with that from 
lax grazing where more fixed N was returned to 
soil in senesced herbage. 

Below-ground transfer of fixed N to grasses 
has received renewed interest and during the last 
few years a 15 N dilution method (Vallis et al., 
1967) has been used to obtain estimates of 3 to 
70 kg N ha -1 yr -1 (Table 6). Overall this accoun- 
ted for 2-26% of BNF and it contributed 8-39% 
of grass N yields. 

The grazing study of Ledgard (1991) clearly 
showed that the transfer of fixed N (above and 
below ground) was important for maintaining a 
high N-demanding ryegrass component in the 
sward and avoiding reversion to lower N- 
demanding and lower producing grasses and 
weeds. Thus, the level of N transfer affects the 
competitive interaction between the grass and 
legume in a mixed sward. This has been de- 
scribed mathematically and was reviewed by 
Harris (1987). Large N transfer leads to in- 
creased grass growth and decreased legume 
growth and BNF. Eventually, available soil N 
reserves decrease, grass growth slows and 

Table 6. Below-ground transfer of fixed N from legumes to associated grasses in mixed pastures estimated using 15 N 

Legume BNF N transfer 
(kg ha -1 yr -1 ) 

Reference 

(kg  ha -1 yr -1 ) AS % of AS % of 
BNF grass N 

Lucerne 93-258 3-27 7 37 Burity et al. (1989) 
Lucerne 51-172 7-13 10 22 Ta and Faris (1987) 
Lucerne 114-282 3-5 2 8 Hardarson et al. (1988) 
White clover 83-283 11-52 21 38 Boller and Nosberger (1987) 
Red clover 49-373 14-42 23 39 Boller and Nosberger (1987) 
White clover 224-291 54-102 26 27 Ledgard (1991) 

(+60) a (+22) (+23) 
a Values in parentheses are above-ground N transfer. 



Nitrogen fixation in legurnelgrass pastures 149 

Table 7. Estimates of the flow of N (kg ha-1) from clover/grass (CIG) swards grazed at 3, 6 or 9 cm and a grass-only (G-only) 
sward (grazed at 6 cm) receiving 420 kg ha-1 fertiliser N over a 5 month period in the UK (Parsons et al., 1990) 

CIG 
3 cm 

CIG 
6 cm 

C/ G 
9 cm 

G-only 
420 kg N ha-1 

Stocking rate (ewes/ ha) 
N inputs - BNF 

N cycling - excreta 
N outputs 

- Fertiliser 

- wool/meat 
- denitrification 
- volatilisation 

21 
35 

348 

27 
8 
8 

15 
24 

238 

24 
6 
6 

9 
39 

165 

17 
1 
- 

19 

420 
396 

29 
51 
16 

legume growth and BNF increase. Thus, in the 
longer term, the level of BNF should approxi- 
mately match losses of N from the pastoral 
system. 

Parsons et al. (1990) examined N cycling with- 
in sheep-grazed white clover/ryegrass pastures 
and a ryegrass-only sward receiving 420 kg ha-1 

of fertiliser N. They showed that losses of N 
from the legume pastures were small relative to 
those from the N-fertilised swards, although the 
losses increased with increasing stocking rate 
(Table 7). While leaching was not quantified, 

levels of potentially leached nitrate in soil (0- 
1.8 m depth) in autumn were 4-fold higher under 
the N-fertilised sward. The estimated rate of 
BNF (ca. 40 kg N ha-1 using acetylene reduction) 
was low, in contrast to the amount of N cycling 
through the grazing animals (ca. 200- 
400 kg N ha-1). This indicates that the legume 
pasture was relatively efficient in cycling of N 
and minimising environmental losses of N. 
Nevertheless, other measurements near this site 
indicate that at lower inputs of fertiliser N (e.g. 
210 kg N ha-1 ) to grass-only swards, losses of N 

Fig. 2. Diagrammatic representation of the major factors which interact to determine the level of biological nitrogen fixation, and 
the secondary effects of stresses on these factors. 
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by volatilisation were greatly reduced and near 
those from legume/grass pastures (Jarvis et al., 
1989). This suggests that there may be little 
difference in efficiency of N cycling where similar 
N inputs are derived from BNF or N fertiliser. 
However, the natural feedback mechanism be- 
tween BNF and soil N (described earlier; Fig. l) 
may mean greater efficiency of N flow and less 
potential for loss. Similarly, BNF is better 
matched to spatial variability. For example, BNF 
decreases greatly in areas affected by high levels 
of plant-available N from excreta and increases 
when available N declines. 

Conclusions 

A mixed legume/grass pasture is a dynamic sys- 
tem whereby BNF varies with differences in 
legume growth potential, inorganic soil N level 
and grass competitiveness. Superimposed over 
this are fluctuations induced by various stresses 
(e.g. environmental, soil, pests and diseases; Fig. 
2). Research aimed at improving BNF by pasture 
legumes is increasingly being directed at select- 
ing or breeding legumes to minimise the effects 
of such stresses. Ultimately this will mean less 
need to modify the environment in which pasture 
legumes are grown (e.g. stopping use of pes- 
ticides) and the greater use of legumes in low- 
input, sustainable pastoral systems. 
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Abstract 

Cereal/legume intercropping increases dry matter production and grain yield more than their mono- 
cultures. When fertilizer N is limited, biological nitrogen fixation (BNF) is the major source of N in 
legume-cereal mixed cropping systems. The soil N use patterns of component crops depend on the N 
source and legume species. Nitrogen transfer from legume to cereal increases the cropping system’s 
yield and efficiency of N use. The use of nitrate-tolerant legumes, whose BNF is thought to be little 
affected by application of combined N, may increase the quantity of N available for the cereal 
component. The distance between the cereal and legume root systems is important because N is 
transferred through the intermingling of root systems. Consequently, the most effective planting 
distance varies with type of legume and cereal. Mutual shading by component crops, especially the 
taller cereals, reduces BNF and yield of the associated legume. Light interception by the legume can be 
improved by selecting a suitable plant type and architecture. Planting pattern and population at which 
maximum yield is achieved also vary among component species and environments. Crops can be mixed 
in different proportions from additive to replacement or substitution mixtures. At an ideal population 
ratio a semi-additive mixture may produce higher gross returns. 

Introduction 

Mixed cropping is an age-old, widespread prac- 
tice in the warmer climates of the world (Ag- 
boola and Fayemi, 1972; Searle et al., 1981), 
especially the tropics (Willey, 1979a). The meth- 
od allows maximum benefit to be made of natur- 
al resources available for production. Total grain 
and plant-N yields can often be increased by 
intercropping legumes with non-legumes (Barker 
and Blarney, 1985; Singh et al., 1986). Most 
farmers in developing countries who have adop- 
ted this low-input system have done so principal- 
ly for climatic and socio-economic reasons 
(Okigbo and Greenland, 1976). Growing interest 
in mixed cropping in developed countries (Ofori 
and Stern, 1987) stems from an increasing aware- 
ness of environmental degradation arising from 
high chemical inputs (Nielson and Mackenzie, 
1977) and gives rise to a search for ways to 
reduce modern agriculture’s overdependence on 
fertilizers, manufactured mainly with use made 
of fossil energy. 

Crop varieties grown vary by region, depend- 
ing on several factors including rainfall, and 
edaphic and socio-economic factors. Crop mix- 
tures may be legume/legume (Rao and Mittra, 
1989) or legume/non-legume (Maldal et al., 
1990). However, mixed cropping of cereals and 
legumes is widespread (Ofori and Stern, 1987) 
because legumes used in crop production have 
traditionally enabled farmers to cope with soil 

erosion and with declining levels of soil organic 
matter and available N (Scott et al., 1987). 

Biological N fixation (BNF), which enables 
legumes to use atmospheric N, is important in 
legume-based cropping systems when fertilizer N 
is limited. Biological nitrogen fixation contri- 
butes N for legume growth and grain production 
under different environmental and soil condi- 
tions. In addition, the soil may be replenished 
with N through decomposition of legume res- 
idues when BNF contributes more N than the 
seeds require. Evidence also suggests that associ- 
ated cereals may benefit through N transfer from 
legumes (Fujita et al., 1990a). 

Yield advantages from intercropping as com- 
pared to sole cropping are often attributed to 
mutual complementary effects of component 
crops, such as better total use of available re- 
sources. Generally, monocropped legumes have 
higher yields than in intercropping systems 
(Table 1). However, in most cases, land produc- 
tivity measured by Land Equivalent Ratio and 
monetary gain clearly show the advantages of 
mixed cropping of cereals and legumes (Mandal 
et al., 1990; Yunusa, 1989). 

Depending on the component crops, yield ad- 
vantages may vary considerably due to several 
factors, including differences in plant architec- 
ture, rooting patterns, competitive advantages 
and potential nitrogen fixing capacity of the 
legume. These, in turn, determine the optimum 
plant population density, time of sowing and 
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Table 1. Effects of spacing on amount of N derived from soil. dinitrogen fixation, and transfer by soybean and sorghum 138 days 
after planting in mono- and mixed cropping 

Cropping Spacing Crop Amount of N (g m-2) Total Proportion of Proportion of 
system (cm) derived from amount N transferred N transferred 

of N to total in to total in 
Soil Dinitrogen Transfer (g m-2) soybean (%) a sorghum (%) b 

fixation 

Mono 50 x 50 

25 x 25 

17.7 x 17.7 

12.5 x 12.5 

Mixed 50 x 50 

25 x 25 

17.7 x 17.7 

12.5 x 12.5 

Sorghum 
Soybean 
Sorghum 
Soybean 
Sorghum 
Soybean 
Sorghum 
Soybean 

Sorghum 
Soybean 
Sorghum 
Soybean 
Sorghum 
Soybean 
Sorghum 
Soybean 

3.75 0 
3.75 20.28 
3.41 0 
3.41 29.29 
3.17 0 
3.17 22.85 
3.01 0 
3.01 28.67 

1.88 0 
1.88 14.06 
1.71 0 
1.71 11.17 
1.59 0 
1.59 10.35 
1.51 0 
1.51 8.67 

- 
- 
- 
- 
- 
- 
- 
- 

0.89 
- 
1.77 
- 
1.86 

2.05 
- 

- 

3.75 - 
24.03 - 

3.41 - 
32.50 - 

3.17 - 
26.02 - 

3.01 
31.68 - 

2.77 

3.47 
12.88 13.7 
3.45 

11.94 15.6 

10.18 20.1 

15.94 5.6 

3.56 

- 
- 
- 
- 
- 
- 

- 

32.1 

51.0 

53.9 

57.6 

a (Amount of N transferred from soybean to sorghum/total amount of N in soybean) x 100. 
b (Amount of N transferred from soybean to sorghum/total amount of N in sorghum) x 100. (Fujita et al.. 1990a). 

amount of fertilizer N. Using five different 
legumes intercropped with rice at various popu- 
lation densities and times of sowing, Mandal et 
al. (1990) observed significant yield differences. 
Tanaka and Fujita (1979) also showed that soy- 
bean responded to fertilizer N less than field 
bean, perhaps due to differences in potential to 
fix N. Legumes that responded well to fertilizer 
N had lower N fixation activity relative to their N 
demand than those that responded marginally. 

Several workers have studied the advantages 
of mixed cropping of cereals and legumes (Ag- 
boola and Fayemi, 1972; Ofori and Stern, 1987). 
Other key papers dealt with the nature of crop 
competition and resource use (e.g. de Wit, 
1960). Willey (1979a, b) and Francis (1989) have 
provided insight in the biological interactions of 
mixed cropping systems in general, while Ofori 
and Stern (1987) dealt with cereal/legume inter- 
cropping systems in particular. More recently, a 
number of papers have been published on di- 
nitrogen fixation and N release and, more im- 
portantly, the need to develop legume-based 
technologies to sustain agricultural production. 

In the present paper, mixed cropping of cereal 
and legumes will be emphasized, and recent 

information and its implications with respect to 
the full use of BNF will be reviewed. The physio- 
logical relationship between dinitrogen fixation 
and N release and the N economy of the total 
system are considered. This review is by no 
means complete, but is an attempt to develop 
new ideas to combat environmental degradation 
and food production problems. 

Common mixed-cropping systems 

Growing legumes and cereals together for food 
production is not only popular among peasant 
farmers in the tropics, who produce the bulk of 
food in developing countries, but is also expand- 
ing to warmer regions in the subtropics. This is 
illustrated by the vast areas of the world stretch- 
ing from South Western Japan, 34° 40' N', (Fu- 
jita et ai., 1990a, b) to Western Australia, 
32°51'S, (Ofori and Stern, 1986), where mixed 
cropping of legumes and cereals is either prac- 
ticed or has been studied. Mixed cropping is 
practiced under different climatic regions such as 
the humid tropics (Agboola and Fayemi, 1971); 
semi-arid regions (Faris et al., 1983, 1990) 
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mediterranean regions (Ofori and Stern, 19861, 
and in temperate climates (Fujita et al., 1990a). 
The system's benefits are realized in areas where 
the rainy season is long and favorable enough to 
grow more than one crop of different maturation 
periods simultaneously or successively (Okigbo 
and Greenland, 1976), or where irrigation is 
available (Mandal et al., 1990). Recent reports 
indicate benefits even under dry and unpredict- 
able rainfall conditions (Ntare, 1989; Papas- 
tylianou, 1990). 

Legumes are a major component in cropping 
systems of developing countries. Several species 
are used throughout the wet and dry tropics, 
both in sole-cropping and mixed-cropping prac- 
tices (Rachie and Roberts, 1974). It has been 
estimated that high proportions of basic cereals 
and pulses are produced in various legume-based 
mixed cropping systems in different parts of the 
world. Included are 76% of maize, 90% of mil- 
let, 95% of peanut and 99% of cowpea in 
Nigeria (Okigbo and Greenland, 1976), and 84% 
of maize, 56% of peanut, 81% of beans, and 
76% of pigeon peas in Uganda (Jameson, 1970). 
In the Latin American tropics, between 80 and 
90% of beans produced are in mixed cropping 
systems (Francis et al., 1976). In the Indian 
subcontinent, pigeon pea is in almost every crop- 
ping system (Patra and Chatterjee, 1986). Inter- 
cropping maize with soybean for silage produc- 
tion is a common practice to increase on-farm 
protein production without severely reducing 
total forage dry matter yield, and all intercrop 
patterns produce more dry matter than mono- 
cultures (Herbert et al., 1984). Protein concen- 
tration was increased from 69-81 g kg-1 for 
maize monoculture to 88-108 g kg-1  for the vari- 
ous intercropping patterns. Amount and dis- 
tribution of rainfall, soil fertility, socio-economic 
and other cultural factors influence the composi- 
tion of the component crops. In low and unpre- 
dictable rainfall areas where irrigation is unavail- 
able, early maturing and/or water stress-tolerant 
legumes and small-grained cereals are cultivated. 
Examples are finger millet and green gram in 
India (Kaushik and Gautam, 1987), oats and 
vetch in Cyprus (Droushiotis, 1989), cowpea and 
sorghum in the sub-Saharan West African sub- 
region (Ntare, 1989). In seasons or areas where 
rainfall is abundant, maize and rice are often 

planted with such legumes as field bean, cowpea 
and soybean (Ezumah et al., 1987). 

The first of the two main methods of mixed- 
cropping cereals and legumes is superimposition 
of one crop on another as described for maize/ 
beans (Fischer, 1977) where the total plant 
population per unit area is higher than the op- 
timum population in the monoculture. Second is 
replacement type, where various proportions of 
one component crop replace the same propor- 
tions of the other component crop in the mixture 
(Yunusa, 1989). The second system is receiving 
increased attention of scientists because of re- 
duced intercrop competition and increased yield. 

BNF in legume-cereal mixed cropping systems 

Various direct and indirect methods have been 
used to evaluate how much N the legume- 
Rhizobium symbiosis contributes to legume- 
based ecosystems (Ofori and Stern, 1987; Peo- 
ples and Herridge, 1990). Advantages and dis- 
advantages of the various BNF assessment meth- 
ods are discussed by Peoples and Herridge 
(1990). Briefly, the current methods used to 
assess BNF are: 15N-isotopic techniques, N- 
difference method, ureide method, N balance, 
acetylene reduction assay (ARA), N fertilizer 
equivalence, and nodule evaluation. 

Factors affecting BNF in cereal-legume systems 

The amount of N fixed by the legume component 
in legume-cereal intercropping systems depends 
on several factors, including species, plant mor- 
phology, density of component crops, type of 
management, and competitive abilities of the 
component crops (Ofori and Stern, 1987). Vari- 
ation in BNF activities of various legumes have 
been reported with both mono- and mixed crop- 
ping systems. 

Effect of plant type 
Indeterminate legumes fix more N than determi- 
nate types in intercropping. Graham and Rosas 
(1978) and Francis (1986) observed that BNF in 
climbing bean was unaffected by intercropping 
with maize. BNF (ARA) of a determinate soy- 
bean type decreased when intercropped with sor- 



ghum (Fujita et al., 1990a). However, intercrop- 
ping siratro, a climbing legume, with sorghum 
had little effect on BNF (Ogata et al., 1986). 
Field-grown cowpea was estimated to receive 
53-69% of its total N from BNF, which was 
changed little by intercropping (Ofori et al., 
1987; van Kessel and Roskoski, 1988) (Table 2). 
Higher BNF activity of ricebean in the intercrop 
than in the monocrop was mainly due to its 
vigorous climbing habit. The contribution of N2 
fixation to ricebean N yields was greater in inter- 
crop than in monocrop (see Fig. 2) even at the 
lowest maize-ricebean ratio (Rerkasem et al., 
1988). Comparable fixation by sole cowpea was 
higher, but this advantage was outweighed by 
greater land use efficiency of intercrops than sole 
crops. Shading by associated cereals reduces 
BNF by component legumes (Wahua and Miller, 
1987b). In fact, partial defoliation of component 
sorghum increased sunlight availability and in- 
creased the BNF of the component groundnut 
crop (Nambiar et al., 1983). 

Combined N effect 
With no applied N, shading did not affect N2 
fixation by the component groundnut crop al- 
though incoming light reaching the legume was 
reduced 33% (Nambiar et al., 1983). When 
50 kg N ha -1 was applied, BNF was reduced 
55%, although light reaching the groundnut was 
54% of incoming radiation. This suggests that 
heavy application of combined N significantly 
reduces BNF. Ofori and Stern (1987) evaluated 
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the N economy of a maize-cowpea intercrop 
system using both 15 N natural abundance and 
15 N-dilution methods and reported that cowpea 
could fix atmospheric nitrogen when intercrop- 
ped with maize, but that N fertilizer applications 
reduced N fixation. 

The role of soil N (organic matter) in the N 
nutrition of a sorghum/soybean intercropping 
system has recently been studied in soils differing 
in N amounts (Ofosu-Budu et al., unpublished 
data) using the 15 N-dilution method. Evidence 
suggests that on soil with a relatively high N 
content (high organic matter) the mixed crop- 
ping yield increased by 25% due to enhanced soil 
N uptake by the sorghum component, while the 
soybean component depended mostly on BNF. 
Dinitrogen fixation and N transfer were about 
35% higher in the high-N soil. 

Effect of light 
Because dinitrogen fixation is energy-dependent, 
reduction in the photosynthate supply to the 
nodules is detrimental. If the non-legume is tal- 
ler than the legume, shading occurs and results 
in reduced photosynthesis and dinitrogen fixation 
(Trang and Giddens, 1980; Wahua and Miller, 
1978). Total N fixed in a cowpea/maize system 
at different spacing was more dependent on the 
type of cropping system (generally lower in 
mixed than in monocrop cowpea) than on the 
crop spacing. When planted with maize, cowpea 
fixed about 50% of the nitrogen fixed by the 

Table 2. Percentage of N and kg N derived from N2 fixation by cowpea grown under different cropping systems 

Cropping % Ndfa kg Ndfa ha -1 

system 
50 DAP a no DAP SO DAP 80 DAP 

M b (40) 

M (60) 

M ( 100) 
M (120) 

M (50) 

M (80) 

I (40) 
I (SO) 
I (60) 

41.4abcd c 

23.6e 
40.3abcd 
36.6bcde 
31.4cde 
25.3de 
48.5ab 
51.7a 
47.9abc 

47.2a 
5.8a 

28.2a 
42.7a 
34.8a 
30.h 
42.6a 
44.2a 
34.4a 

34.4aa 
18.8b 
33.9a 
20.7b 
15.8h 
11.5b 
14.1b 
16.3b 
1S.3b 

42.22a 
40.0a 
21.8bc 
29.6ab 
19.5bc 
18.1bc 
12.3c 
12.2c 
10.0c 

a DAP = days after transplanting. 
b M = monocropped, I = intercropped at different row spacing. Values between parentheses indicate row spacing in cm. 
c Means with different letters within a column are significantly different at the p = 0.05 level based on Duncan's Multiple Range 
Test (Van Kessel and Roskoski. 1988). 
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monocrop (Ofori and Stern, 1987; van Kessel 
and Roskoski, 1988). 

Plant density has also been reported to in- 
fluence dinitrogen fixation, but total nitrogen- 
fixing activity on an area basis appeared less 
variable. Using the N-dilution method, van 
Kessel and Roskoski (1988) reported that the 
percentage of total N derived from N2 fixation in 
cowpea was largely independent of spacing and, 
overall, cowpea derived from 30 to 50% of its N 
from BNF. Both reports indicate plant density 
has little effect on quantity of N derived from 
dinitrogen fixation. More importantly, the BNF 
of the legume is not always reduced, but is 
dependent on the legume's ability to intercept 
light. 

15 

Nitrogen transfer from legume to cereal 

Symbiotically fixed N has been considered a 
useful source of N to non-fixing plants (Virtanen 
et al., 1937) in mixed cropping systems. This N 
transfer is considered to occur through root ex- 
cretion, N leached from leaves, leaf fall, and 
animal excreta if present in the system. Evidence 
suggests that N2 fixed by a legume component 
may be available to the associated cereal in the 
current growing season (Brophy and Heichel, 
1989; Eaglesham et al., 1981; Ta et al., 1989) or 
as residual N for a subsequent cereal crop (Sear- 
le et al., 1981; Singh, 1983). Both current and 
residual N transfer are important and could im- 
prove the N economy of legume-based intercrop- 
ping systems. Other researchers have reported 
little or no current N transfer in legume/cereal 
mixed cropping (Ofori and Stern, 1987; Rer- 
kasem and Rerkasem, 1988; van Kessel and 
Roskoski, 1988). This suggests that N transfer 
may occur only under certain conditions. 

Eaglesham et al. (1981), using the 15N-labelled 
fertilizer method, observed an increase in N 
concentrations in maize when intercropped with 
cowpea by the transfer of N from cowpea to 
maize as indicated by significant dilution of 15N 
in the component maize crop. Substantial N 
transfer from component legume to associated 
cereal was observed in a wheat/gram and maize/ 
cowpea mixed cropping system (Patra et al., 
1986). This observation was not confirmed by 

Ofori et al. (1987) in an 15N enrichment study in 
a cowpea/maize mixed cropping system or by 
van Kessel and Roskoski (1988) at different 
planting distances. 

The idea of N transfer in the current season 
from legumes to component cereals originated 
from earlier studies on legume/nonlegume mix- 
tures in pots under greenhouse conditions (Vir- 
tanen et al., 1937). Cereals grown with legumes 
receive some of their N from the legumes 
(Broadbent et al., 1982), so that less soil N is 
removed than under cereal monoculture. Ag- 
boola and Fayemi (1972) observed that early- 
maturing legumes, such as green gram, improved 
yields and N nutrition of associated maize in the 
current season, while such benefits were not 
observed with late-maturing plants such as cow- 
pea ( Vigna unguiculata L.) and calapogonium 
( Calapogonium mucunoides Desv.). 

Remison (1978) found a 72% increase in inter- 
crop maize grain yield over that of sole maize in 
a maize-cowpea combination, and Waghamare et 
al. (1982) observed an increase in grain yield and 
grain protein of intercrop sorghum when grown 
with green gram, groundnut, soybean, or cow- 
pea. Agboola ad Fayemi (1972) found that 3% 
of the N fixed by green gram (Vigna radiata L.) 
was released into the root zone, and Eaglesham 
et al. (1981) showed that 24.9% of N fixed by 
cowpea was transferred to maize. Brophy and 
Heichel (1989) observed a release of 10.4% of 
symbiotically fixed N in soybean ( Glycine max 
(L.) Merr. Cv. Fiskeby). Release of about 30% 
of fixed N by the soybean root system into the 
nutrient culture medium has been observed 
(Ofosu-Budu et al., 1990). 

Nitrogenous compounds such as amino acids, 
proteins, and peptides were identified in leach- 
ates from root zones of legume seedlings grown 
under sterile sand conditions (d'Arcy, 1982; 
Wacquant et al., 1989). Ofosu-Budu et al. (1990) 
found that about 10% of the N released was in 
ureide form at the different growing stages 
studied. They suggested that some of the recent- 
ly fixed N is released, although no direct rela- 
tionship between ureide excretion and dinitrogen 
fixation was observed. Furthermore, no signifi- 
cant difference in N compounds release was 
observed in soybean cultivars Bragg and its mu- 
tants, nts 1007 and nts 1116, which differed sig- 



nificantly in dinitrogen fixation (Ofosu-Budu et 
al. , unpublished data). 

In general, the root zone immediately behind 
the root tip is considered the major site of 
exudation (Pearson and Parkinson, 1961), but 
different sites have been reported for different 
plant species (Schroft and Snyder, 1962). In 
soybean, Ofosu-Budu et al. (1990) found that 
the major N release is from roots, with negligible 
release from nodules. Root caps of many plants, 
including legumes, shed cells that become part of 
a mucilaginous sheath that surrounds the grow- 
ing root (Rougier, 1981). These shed cells, pro- 
ducts of root cap turnover, have traditionally 
been referred to as 'sloughed' root cap cells 
because it was believed they were dead (Paull 
and Jones, 1976). However, recent reports sug- 
gest that the shed cells exhibit 90 to 100% via- 
bility, and in pea ( Pisum sativum L.) on average 
3,400 cells per root in water-culture conditions 
were observed (Hawes and Lin, 1990). Assum- 
ing that these cells release their N content, the N 
release by legumes to cereals could be sub- 
stantial. 

Factors affecting N transfer 

N release by legume root systems is not well 
understood, but there is indication that recently 
fixed N is released. Recent reports relating N 
release with dinitrogen fixation are conflicting. 
Using 15N tracer, Ta et al. (1986) reported that 
recently fixed N was the major source of N 
release. However, Ofosu-Budu et al. (1990) re- 
ported that ureide released by soybean formed 
only 10% of the total N released. Ureide has 
also been found to be released in other ureide- 
transporting legumes such as siratro ( Macro- 
ptilium atropurpureum DC. cv. siratro) and des- 
modium ( Desmodium intortum. (Mill) cv. 
Greenleaf), but not in sesbania ( Sesbania 
capitata Pers.), suggesting that recently fixed N is 
released into the environment (Ofosu-Budu et 
al., unpublished data). Soluble proteins made up 
a larger portion of the excreted N, confirming an 
earlier report with alfalfa (Brophy and Heichel, 
1989). 

During subsequent experiments, Fujita et al. 
(1990b) found that out of three treatments that 
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decreased BNF in soybean (pod removal, de- 
foliation, and stem girdling), only stem girdling 
promoted N release. They suggested that a de- 
crease in root and nodule sugar concentration 
alone, common to defoliated and stem-girdled 
treatments, is not the sole factor that stimulated 
N release, but could be coupled with a high 
concentration of nitrogen fixation compounds. In 
an investigation of N transfer to associated grass, 
using 15N tracer in a split-root system, Catchpole 
and Blair (1990) reported that in Leucaena spp. 
severe defoliation did not promote N transfer. 
Variation in N release among legumes (Ofosu- 
Budu et al., unpubl. data; Ta and Faris, 1989) 
and their release patterns have been reported 
(Agboola and Fayerni, 1972). Benefits to associ- 
ated cereals in mixed cropping systems have 
been suggested to be due to factors such as 
component crop densities, which determine the 
closeness of legume and non-legume crops. In- 
creased N transfer was reported for sorghum that 
was closer to associated soybean. The benefit 
decreased as the distance increased (Fujita et al., 
1990a). In a soybean/sorghum intercrop system, 
N transfer increased from 0.89 g N m-2 at 5 x 
50 cm spacing to 2.05 g N m-2 at 12.5 X 12.5 cm 
spacing. Nitrogen transfer was 5.6 and 20.1% of 
soybean N at 50 x 50cm and 12.5 X 12.5 cm 
spacings, respectively. 

Legume growth stages may influence the N 
release rate. For unharvested alfalfa, the peak in 
ninhydrin-N release was near midgrowth cycle 
(Richter et al., 1968). Brophy and Heichel 
(1989) showed an increase in amino acids re- 
leased by sterile alfalfa for up to 7 or 8 weeks of 
growth. Ofosu-Budu et al. (1990) also reported 
that N release by the soybean root system was 
higher during the pod-filling stage. They attribu- 
ted this to the relative increase in root size, but 
the physiological basis could not be established. 

Shoot harvest could cause passive leakage of 
recently fixed N because it removes the aerial 
sink for N. Whitney and Kaneshiro (1967) ob- 
served considerable N loss at the first harvest, 
followed by smaller responses at later harvests in 
the tropical pasture species desmodium and cen- 
trosema. A similar pattern of ninhydrin-N loss 
from harvested plants was observed in alfalfa 
(Brophy and Heichel, 1989). 

Although N release mechanisms are unclear, 
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some physiological and environmental factors 
appear to stimulate N loss from roots. The pos- 
sible role of pectolytic enzymes in living root cell 
release has been proposed (Hawes and Lin, 
1990). 

Furthermore, factors that promote N release 
may be specific. High temperature (35°C) led to 
an increase in N released from soybean, ses- 
bania, and Chinese milk vetch roots (Ofosu-Budu 
et al., unpublished data). However, lower tem- 
peratures (25° and 15°C) had no effect. Vancura 
and Stanek (1975) and Brophy and Heichel 
(1989) reported an increase in the release of 
various materials from roots after water stress. 
Possible reduction in transpiration resulting from 
water deficit and subsequent build-up of recently 
assimilated N in roots and nodules may result in 
passive loss of soluble N. Water stress is said to 
affect root cell membrane permeability (Hale et 
al., 1978). Iron (Whitney and Kaneshiro, 1967) 
and P stresses have also been thought to pro- 
mote N release. It has also been suggested that 
release of some substances from the cereal com- 
ponent could stimulate N release by legumes (Ta 
and Faris, 1987; Wacquant et al., 1989). 

Nitrogen balances in legume-cereal mixed 
cropping systems 

The main nitrogen sources in cereal/legume sys- 
tems are N fixed through BNF by the legume 
component, fertilizer N and soil N. The only 
published data illustrating N budgeting are on 
studies conducted with maize and cowpea by 
Eaglesham et al. (1981) in Western Nigeria 
(tropics) and Ofori et al. (1987) in Western 
Australia (mediterranean). Using the equation 
suggested by Rennie et al. (1982) to calculate N 
from fixation, fertilizer, and soil, Eaglesham et 
al. (1981) prepared a N balance sheet for the 
system. The N contribution by seeds of maize 
and cowpea at sowing was less than 2 kg ha-1, 
fixed N by component cowpea was about 
41 kg ha-1, N from fertilizer was 3 kg ha-1 and 
soil N was 53 kg ha-1, with total N in the crop at 
about 99 kg ha-1. Assuming a seed N harvest 
index of 36% for cowpea and 90% for maize, the 
quantity of N removed in the intercrop system 
was about 52 kg ha-1 (28 kg ha-1 from maize and 

24 kg ha-1 from cowpea) leaving about 
46 kg ha-1 in the residues. 

The resulting net changes in soil N after the 
grain harvests and the return of residues are 
calculated as N = N (residues) - N (uptake from 
soil). The maize-cowpea intercrop would result 
in a loss of 14 kg N ha-1  to the soil, compared to 
a 21 kg N ha-1 loss after sole cropping of maize 
and a 36 kg N ha-1 gain after sole cowpea. 

The data of Eaglesham et al. (1981) indicated 
that, compared to cowpea monocropping, inter- 
cropping maize and cowpea does not excessively 
deplete soil N. Cowpea monocropping might 
enhance soil nitrogen status and could benefit a 
subsequent cereal in a legume/cereal crop rota- 
tion, provided the high N content stover is re- 
turned to the soil, while sole cropping maize 
depletes the soil nitrogen. Similar observations 
were reported by Ofori et al. (1987). 

Residual effects of legume-cereal mixed 
cropping 

Beneficial effects of mono-and intercropped 
legumes on subsequent cereal crops are well 
documented (Papastylianou, 1988). Various fac- 
tors, such as increase in organic matter, im- 
proved soil structure, and, most importantly, 
increase in soil N, might account for this phe- 
nomenon. Cereals, on the other hand, cannot 
replenish the soil with N because it requires an 
external N source for optimum growth. 

Nair et al. (1979) found wheat yield to in- 
crease 30% after a maize/soybean intercrop and 
34% after maize/cowpea compared to wheat 
planted after sole maize. De (1980) evaluated 
residual N of various legume-based intercrop 
systems and found that in all N treatments black 
gram intercropped with either maize or sorghum 
improved succeeding wheat yields. 

Higher N uptake by wheat was observed when 
it followed maize /groundnut or maize/soybean 
intercrop systems than after maize alone. The N 
uptake without fertilizer N application by a sub- 
sequent wheat crop after cropping maize was 
12 kg N ha-1, after maize/soybean 19 kg N ha-1, 
after maize/peanut 46 kg N ha-1, and after 
peanut 54 kg N ha-1 (Searle et al., 1981). This 
shows that a subsequent crop could benefit as 



much from following one of the maize/legume 
intercropping systems with no fertilizer N ap- 
plied as from planting after a sole-maize crop 
applied with 100 kg N. Singh (1983) estimated N 
benefits to wheat derived from various preceding 
legume intercrops. Comparing wheat after sole 
sorghum with wheat after intercrop, he obtained 
N fertilizer equivalents of 3 kg ha-1 with soy- 
bean, 31 kg ha-1 with green gram, 46 kg ha-1 

each with grain cowpea and groundnut, 
54 kg ha-1 with fodder cowpea. N uptake by a 
succeeding crop, when 100 kg N ha-1 was applied 
to the preceding crop, was always higher follow- 
ing sole or intercropped cowpea. This could be 
due to less immobilization of the freshly applied 
fertilizer N by legume crop residues rich in N 
(Patra et al., 1989). 

In Cyprus, a semi-arid region, Papastylianou 
(1990) examined the response of a mixture of 
oats ( Avena sativa L.) and two legumes, vetch 
( Vicia sativa L.) and peas ( Pisum sativum L.), to 
N fertilization and the residual effect on sub- 
sequent barley ( Hordeum vulgare L.). He re- 
ported that grain and N yields of the barley crop 
were higher after the legumes than after oats, 
with intermediate yields after the mixtures. Fur- 
thermore, the residual effect of N fertilizer on 
subsequent cereals also depended on rainfall. 
With very low rainfall (234 mm), a residual effect 
of the fertilizer on subsequent barley yield was 
observed. However, very little or no residual N 
effect was observed when high rainfall occurred. 
It was concluded that a low or no residual fertil- 
izer effect in high-rainfall periods was due to 
leaching losses. 

Beneficial effects of mixed cropping cereals 
and legumes on the N nutrition and yield of the 
subsequent crop has also been studied in India. 
The preceding intercrop of pearl millet with 
several legumes increased the yield of succeeding 
wheat ( Triticum aestivum L.) from 7 to 17% 
compared to sole pearl millet (Patil and Mahen- 
dra Pal, 1988). They claimed 80 kg N ha-1 was 
saved for the succeeding bread wheat by the 
preceding intercrop of pearl millet with black 
gram or cowpea. 

A six-growing season study in Thailand 
showed improvement of soil organic matter 
under mixed cropping. Soil organic matter con- 
tent in a maize/ricebean intercrop study doubled 
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to 1.64% over this period, while it changed only 
slightly, from 0.83 to 1.10%, under mungbean 
after a maize cropping system (Phetchawee et 
al., 1986). 

Nitrogen in crop residues can contribute a 
significant amount to the next crop and, com- 
pared to cereals, residues from leguminous crops 
often contribute substantial amounts of N 
(Power and Doran, 1988). Data on N availability 
from 15N-labelled rice, soybean and wheat to 
subsequent rice showed the minimum estimate of 
residue-N mineralized from the time of residue 
incorporation until harvest to be 9% of rice, 
52% of soybean. and 33% of wheat (Normal et 
al., 1990). Residue-N recovered in the sub- 
sequent rice crop was 3% of the rice, 11% of the 
soybean and 37% of the wheat residue. The 
higher the C/N ratio and the amount of N in the 
residue, the higher the amount of residue-N 
mineralized. Loss of easily decomposed N frac- 
tions due to the state of the soybean residue and 
the high N concentration of the wheat residue 
might explain why wheat residue contributed 
more N than soybean residue. 

Improving productivity of legume cereal mixed 
cropping systems 

Selection of component crops : Important 
characteristics of cereals and legumes 

When grown in association, basic physiological 
and morphological differences between cereals 
and legumes affect their mutual relationship. 
Cereals are taller. have a larger mass of fine 
roots, and are adaptable to a wide range of 
environmental conditions, including low soil fer- 
tility. In mixed cropping, the component with its 
leaves higher in the canopy structure is at an 
advantage, particularly if the leaves are broad 
and horizontal (Trenbath, 1976). Optimum con- 
ditions must be attained to realize good growth 
for legumes, especially if they will derive most of 
their N from BNF. 

The role of root cation exchange capacity 
(CEC) in ion accumulation by plants is con- 
troversial (Nye and Tinker, 1977), although the 
concept has been used to explain the low com- 
petitive ability of legumes in uptake of ions such 
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as P, K and S as compared to cereals. The root 
CEC of legumes is about twice that of cereals 
and legume roots have been suggested to absorb 
more divalent cations (such as Ca) than those of 
cereals with low CEC (Caradus, 1990). Rabot- 
nov (1977) attributes the legume inability to 
compete for P, K and S to their root system, 
which is less ramified that that of cereals. 

Soil N uptake by ricebean, being 1.3 gNm -2 

in intercropping against 6.4 gN m -2 in mono- 
culture, (Rerkasem et al., 1988), and by cowpea 
(van Kessel and Roskoski, 1988) was markedly 
suppressed when intercropped. When mono- 
cropped at the same row spacing, both cowpea 
and maize took up equal amounts of soil and 
fertilizer N (van Kessel and Roskoski, 1988). 
The uptake of fertilizer N is dependent on crop- 
ping system and row spacing. Highest N uptake 
occurred in those cropping systems with the 
highest plant population. No significant differ- 
ences were found between monocropped maize 
and cowpea and the sum of intercropped maize/ 
cowpea at the same row spacing. Component 
maize at the wider row spacing took up more 
fertilizer-N than maize at the narrowest spacing. 
Soil N uptake was also a function of row spacing 

rather than of crop combination (van Kessel and 
Roskoski, 1988). Patra et al. (1989) examined 
effects of intercropping on the N use efficiency in 
India. They reported that applications of 
100 kg N ha -1 as urea was used more efficiently 
by intercropped maize/cowpea than by mono- 
cropped maize. 

The rate of crop dry matter production de- 
pends mainly on efficiency of photosynthetically 
active radiation, PAR, (Biscoe and Gallagher, 
1977). Amount of light intercepted by the com- 
ponent crop in an intercrop system depends on 
the geometry of the crop and foliage architecture 
(Tsay, 1985). Generally the taller cereals shade 
the legume and cause reduced growth and yield 
of the legume at high densities. Component 
crops increase in height in mixed cropping sys- 
tems, probably competing for light. Differential 
increase in plant height of component crops as a 
result of mixed cropping increases with increas- 
ing density (Fujita et al., 1990a). The magnitude 
of the increase (plastic response) was more pro- 
nounced in sorghum than in soybean, suggesting 
that sorghum is better equipped to compete for 
light by elongating the stem and developing 
higher-positioned leaves (Fig. 1). When consid- 

Fig. 1. Dry matter production and light transmission ratio at different heights at 17.7 x 17.7 cm in mono- and mixed cropping on 
116 days after planting. a: leaf blades (major photosynthetic part); b: stems + petioles a (leaf sheath) + reproductive parts 
(non-photosynthetic part), ; light transmission ratio (LTR). a In soybean. A: soybean monocrop; B: mixed cropping soybean and 
sorghum, C: sorghum monocrop. soybean ;sorghum £ ; (Fujita et al., 1990a). 



competition for light, this plant characteristic 
may be important in determining optimum yield 
densities for various cereal/legume systems. In 
addition, most of the cereal components in inter- 
crops, such as maize and sorghum, are C4 plants, 
and the legumes are C4 plants. Since cereals and 
legumes differ considerably in their responses to 
light, such factors should be taken into consid- 
eration, when component crops and their popu- 
lation densities are selected. 

Yield change in a maize-cowpea intercropping 
system in response to fertilizer N application was 
a reflection of maize and cowpea architecture 
and growth habits (Ezumah et al., 1987). Maize 
grain yields increased 62% with N rates from 0 
to 120 kg N ha-1, while average cowpea yield 
decreased 27%. The early maturing, determi- 
nate, semi-erect TV x 3236 cowpea cultivar did 
not respond to applied N, while the indetermi- 
nate, photoperiod-sensitive, spreading Vita 5 
yield decreased with increasing N. 

Cultural management 

The influence on yield and production efficiency 
of component crop densities and manipulations 
of spacing between component crops, such as 
row arrangement and inter-row spacing has been 
evaluated by Ofori and Stern (1987). They sug- 
gested that the cereal component was usually 
little affected by these manipulations, while the 
legume yield usually decreased significantly de- 
pending on the proximity of the cereal, perhaps 
due to the top of the legume canopy being 
shaded. However, these trials were mostly car- 
ried out using high levels of fertilizer N promot- 
ing heavy leaf production. Ofori and Stern 
(1987) concluded that, although the cereal usual- 
ly contributes a larger portion of total yield, the 
legume seems to determine the magnitude of the 
intercropping advantage or efficiency. 

Row arrangement and plant spacing 
Overall mixture densities and proportions of 
component crops determine yields and produc- 
tion efficiency of cereal/legume intercrop sys- 
tems (Lakhani, 1976; Willey and Osiru, 1972). 
In systems with equal numbers of component 
crops, the more aggressive crop, usually the 
cereal, appears to determine productivity ef- 
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ficiency (Lakhani, 1976; Osiru and Willey, 
1972). When maize and cowpea were planted 
alternatively in the same row rather than in 
alternate rows, grain yield and WUE were sig- 
nificantly higher. However, no difference in 
evapotranspiration was observed (Hulugalle and 
Lal, 1986). Planting maize and cowpea in alter- 
nate rows did not affect maize yield, but planting 
cowpea in the same row with maize increased 
maize yield by 2.23%. Compared with seeding 
sole maize or cowpea, water use efficiency 
(WUE) increased 100% when seeding maize and 
cowpea alternatively in the same row and 71.4% 
when seeding in alternate rows. This suggests 
that plant arrangement determines how effec- 
tively available resources are used, especially soil 
water. 

Mohta and De (1980), from maize/soybean 
and sorghum/soybean intercrop trials, reported 
that cereal yields were little affected by inter- 
cropping with soybean, when arranged in either 
single or double alternate rows. The intercrop- 
ped soybean yield increased 31% when compo- 
nent crops were arranged in double alternate 
rows rather than single rows. Waghamare et al. 
(1982) found that light penetration was greatly 
increased in the wider row arrangement. After 
60 days, light incident on the intercrop legume 
canopy was 52% of the incoming radiation with 
sorghum rows spaced at 60cm, and 70% when 
sorghum was spaced at 90cm. 

In maize/soybean mixed cropping at different 
proportions and arrangements, Yunusa (1989) 
reported that reducing the maize proportion in 
the mixtures improved the soybean yield. In- 
creasing the proportion of any component crop 
in the mixtures, up to 100% for maize and 67% 
for soybean, increased total yield. Yunusa (1989) 
concluded that in a' mixed cropping system of 
maize and soybean, the crops should be sown in 
alternate ridges at 67% of the recommended sole 
crop densities of 5 plants m-2 for maize and 20 
plants m-2 for soybean. 

In a recent study (Fujita et al., 1990a), the 
proportion of dry matter contribution of 
sorghum was lower at 50 x 50cm (40,000 
plants ha-1), but it increased with population 
density and surpassed the soybean contribution 
at spacings closer than 25 X 25 cm (160,000 
plants ha-1). Intercrop efficiency increases with 
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high population densities, as found in a 
sorghum / bean intercrop (Osiru and Willey , 
1972) and in a maize/cowpea intercrop (Fawusi 
et al., 1982) 

Increasing population density reduced the 
amount of light available to the soybean compo- 
nent at different plant spacings, from 50 X 50 cm 
to 12.5 x 12.5 cm, equivalent to 40,000 plants 
ha" to 640,000 plants ha-1 (Fujita et al., 1991a). 

When competition for light is intense in the 
cereal/legume intercrop system, the taller cereal 
is at an advantage over the legume. For exam- 
ple, at 50 X 50 cm competition for light between 
sorghum and soybean was slight, and about half 
of the sorghum leaves were above the soybean 
leaves. At a 17 X 17 cm spacing, when competi- 
tion for light became more intense, both plants 
became taller and developed their leaves at high- 
er positions. At a low density (40,000 plants 
ha-1), the light transmission ratio (LTR) at 
ground level was 3% for the intercrop, 45% for 
sole-crop sorghum and 20% for sole-crop soy- 
bean. Their leaf area indices (LAI) were 2.0 and 
1.7 for intercropped soybean and sorghum, 3.8 
for sole crop soybean, and 1.3 for sole crop 
sorghum. No difference between intercrop and 
sole crop soybean was observed. At the high 
density (320,000plants ha-1), the LTR was 2% 
for intercrop, 6% for sole sorghum, and 10% for 
sole soybean. LAI were 5.0 and 6.7 for intercrop 
soybean and sorghum, 5.1 for sole soybean, and 
3.3 for sole sorghum. 

Efficiency in cereal/legume mixed cropping 
systems could be improved by reducing inter- 
specific competition between component crops 
for limiting growth factors (Willey, 1979a). The 
cereal is the dominant component and the 
legume the dominated component (Huxley and 
Mainger, 1978). The legume yield is generally 
reduced in intercropping, but at varying levels 
depending on the species and plant type. Ofori 
and Stern (1987) reported that the average 
legume component yield declined to 52% of the 
sole crop, while the cereal component yield de- 
creased by only 11%. The LER was 1.91 without 
applied N and 1.43 at 120 kg N ha-1. 

Time of sowing 
Relative yield of the legume component has 
been reported to increase if planted before the 

cereal component. According to Francis (1986), 
bean yield was reduced more than 50% when 
maize was planted before the beans. However, 
when the legume component was planted 15 days 
earlier than the cereal, a higher yield was ob- 
tained. At the same density the intercrop soy- 
bean's total dry matter yield was 51% of that of 
sole soybean. 

The relative time of sowing component crops 
is often manipulated in cereal/legume intercrop 
systems. A 15-day advantage for the bean com- 
ponent gave higher yields than when maize and 
beans were planted together (Francis, 1986). 
Bean yield was reduced to 50% of that of the 
monocrop when planted at the same time. Ofori 
and Stern (1987), however, concluded that vari- 
ation in time of sowing on intercrop yields has no 
advantage over simultaneous sowing. In stag- 
gered sowing, the earlier planted component has 
an initial advantage over the later planted com- 
ponent. At maturity, yield loss due to later 
sowing of the component crop could not be fully 
recovered. 

Mandal et al. (1990) observed yield differ- 
ences when various legumes and rice were inter- 
cropped simultaneously and when rice planting 
was deferred 30 days after the legume compo- 
nent. They concluded that peanut, soybean, 
mungbean, and blackgram were profitable when 
intercropped simultaneously with rice, but rice 
with blackgram in deferred planting was more 
remunerative under West Bengal conditions. 
Yield differences among the various combina- 
tions were attributed to differences in growth 
habits, acquisition of nutrients, etc. It is appar- 
ent that each species, especially the legume's 
growth habits and plant architecture, must be 
considered when deciding to defer planting of 
any component crop. 

Fertility management 

In legume/cereal mixed cropping systems, 
edaphic factors such as nutrients and water fre- 
quently determine productivity. Under rainfed 
or irrigated conditions, water supplies may be 
inadequate and/or poorly distributed. Moisture 
availability is linked to mineral nutrition. Mixed 
cropping is often more productive when compo- 
nent crop growth is not limited by the same 



resources. In cereal/legume mixed cultures gen- 
erally the relative competitiveness of component 
species changes with management practices such 
as fertilizer application and plant population, 
that are mostly associated with variations in the 
ability to compete for light (Rhodes and Stern, 
1978). Even when light competition is not in- 
tense, heavy fertilization may inhibit the way the 
component crops complement each other's re- 
source use (Hall, 1978). 

Nitrogen application 
Intercropped maize ( Zea mays L.) and ricebean 
( Vigna umbellata Thumb [Ohwi and Ohashi]) 
under a constant planting density of 8 maize and 
16 ricebean per m-2 and varied levels of com- 
bined N application under rainfed conditions was 
evaluated in Northern Thailand (Rerkasem and 
Rerkasem, 1988). Combined N application rang- 
ing from 0 to 200 kg N resulted in significantly 
higher dry matter, grain, and N yield of inter- 
cropped maize and ricebean as compared to their 
monocrop yields (relative yield). The intercrop's 
advantage was speculated to be associated with 
N nutrition, enhancement of dinitrogen fixation, 
and efficient use by the maize crop of mineral N 
(Rerkasem and Rerkasem, 1988; Rerkasem et 
al., 1988) (Table 3). 
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Ofori and Stern (1987) reviewed the influence 
of applied N on various intercropping systems. 
They found that intercrop cereal yields increased 
progressively with N application, while seed 
yield of the legume either decreased or re- 
sponded less. They concluded that N application 
did not improve the land equivalent ratio and, 
thus, the efficiency of the cereal/legume inter- 
crop system. Cowpea in mixtures was unable to 
derive all its N from N2 fixation. Chang and 
Shibles (1985) attributed this to a shading effect. 
They observed that under high fertilization 
(N, P) mono- and mixed cultures obtained the 
same yields. However, under low fertilization 
more land planted in monocultures would be 
needed to produce the same yield as a hectare of 
mixed cropping. 

Searle et al. (1981) in a maize/groundnut in- 
tercrop with N application up to 100 kg N ha-1, 
found that grain yield of intercropped maize 
increased progressively with increasing N appli- 
cation, while groundnut seed yields decreased. 
Intercropping efficiency measured by LER was 
1.36 at no fertilizer application and 1.24 at 
100 kg N ha-1. When N was applied in a sor- 
ghumipigeon pea system, Rego (1981) reported 
a significant increase in intercropped sorghum 
yield, with no significant effect on pigeon pea. 

Table 3. Sources of nitrogen (in kg N ha-1) in intercropped and monocultured maize and ricebean 

kg N ha-1 M: R a Maize Ricebean Cropping system total 
added 

F-N b S-N F-N S-N Fixed N F-N S-N Fixed N T-N 

20 100: 0 6.02 68.32 - - - 6.02 68.32 - 74.34 
75:25 5.14 58.58 0.54 6.24 62.19 5.68 64.82 52.19 132.69 
25:75 2.88 39.63 1.90 26.75 97.90 4.78 66.38 97.90 169.06 
0: 100 - - 2.54 35.07 96.79 2.54 35.07 96.79 134.40 

200 100:0 
75 : 25 
75 : 75 
0: 100 

LSD (p < 0.05) 
Significant 

effects 
Intercrop 

ratio x N 
Nitrogen x 

Intercrop ratio 

105:92 123.56 - - - 105.92 123.56 - 229.48 
97.08 85.65 14.63 13.24 31.78 111.71 98.89 31.78 242.38 
46.24 46.22 46.53 46.91 60.32 92.77 93.13 60.32 246.22 

56.65 65. 50 55.45 56.65 65.50 56.65 177.60 

10.10 16.79 7.04 13.74 9.10 8.70 15.19 9.10 11.37 

- - 

p <0.001 p <0.001 p <0.001 p < 0.05 NS 
p < 0.001 
p < 0.001 

a Maize: ricebean ratio. 
b F-N = fertilizer-N; S-N = soil-N; T-N = total N (Rerkasem and Rerkasem, 1988) 
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Ofori and Stern (1986) in a maize/cowpea 
intercrop system, observed that the LER de- 
creased with N application increasing from 
0 to 100 kgN ha -1 , independent of intercrop 
maize. 

Changes in crop yield and production efficien- 
cy caused by intercropping and combined N 
application can be explained in terms of competi- 
tion for N and light. Generally, the cereal com- 
ponent is taller and with its more extensive root 
system has a competitive advantage over the 
legume. The legume capable of fixing N2 is 
thought to compete less with the cereal compo- 
nent for soil N (Trenbath, 1976). Chang and 
Shibles (1985) and Ofori and Stern (1986) re- 
ported strong competition between maize and 
cowpea for soil N when no N fertilizer was 
added. 

Strong interspecific competition between 
maize and cowpea was demonstrated by Ezumah 
et al. (1987). They suggested that inconsistent 
yields in mixed cropping may be attributed to 
varying growth habits and plant architectures 
(Koli, 1975) of component crops or to fertilizer 
application management (Haizel, 1974). This 
was most evident between 49 and 63 days, when 
both crops were at the reproductive stage and 
required substantial N. Similarly, Ofori and 
Stern (1986), in a maize/cowpea intercrop trial, 
showed that without applied N, the intercrops 
gave larger LAI and total dry matter yield than 
the sole crops. The LAI was 2.7 in intercrop with 
short maize, 3.5 in intercrop with tall maize, 1.8 
in sole short maize, 2.1 in sole tall maize, and 2.3 
in sole cowpea. 

Large N applications cause excessive vegeta- 
tive growth of the cereal, causing it to shade and 
suppress the legume's yield. Ofori and Stern 
(1986), in a maize/cowpea combination, ob- 
served a similar phenomenon when intercrop 
seed yield was significantly reduced by 
25 kg N ha -1 . In a sorghum/soybean intercrop 
system, Ogata et al. (1986) found that at 
300 kg N ha -1 intercrop soybean dry matter yield 
was significantly reduced, and that total dry mat- 
ter yield in the intercrop was equal to that of sole 
crop sorghum. It appears that N application 
intensifies competition for light between compo- 
nent crops and suppresses growth of the legume. 

Phosphorus 
Phosphorus fertilizer application at 40 kg P2O5/ 
ha increased intercrop grain yield as compared to 
sole crop pearl millet (Kaushik and Gautam, 
1987). The response to P was observed only on 
soils initially low in P. 

Water management 
Availability of water is one of the most im- 
portant factors determining productivity in 
legume / cereal mixed cropping systems. Mixed 
cropping is usually practiced by farmers in the 
semi-tropical and tropical regions under rainfed 
conditions. Shackel and Hall (1984) found no 
differences in either total water absorbed or in 
uptake patterns when cowpea and sorghum sole 
crops were compared to their intercrops. Ofori 
and Stern (1987) concluded that cereals and 
legumes use water equally and that competition 
for water may not be important in determining 
intercrop efficiency, except under unfavorable 
conditions. 

Water use by intercrops has mostly been 
studied in terms of water use efficiency (WUE). 
An intercrop of two crop species such as legumes 
and cereals may use water more efficiently than a 
monocrop of either species (Willey, 1979a) ex- 
ploring a larger total soil volume for water, 
especially if the component crops have different 
rooting patterns. Natarajan and Willey (1980) 
reported higher WUE by sorghum/pigeon pea 
when they were intercropped than when mono- 
cropped. 

Advantages in intercrops can be explained by 
the concepts of Snaydon and Harris (1979), in 
which component crops compete for water at 
partially different times (i.e. growth and de- 
velopment were not concurrent) or from partial- 
ly different zones (i.e. extracting from different 
depths). Where water is most limiting, intercrops 
may offer a temporal and spatial advantage in 
water use (Baker and Norman, 1975), although 
Hulugalle and La1 (1986) could not confirm this. 
They reported that WUE in a maize/cowpea 
intercrop was higher than in the sole crops when 
soil water was not limiting. However, under 
drought conditions, WUE in the intercrop was 
lower than in the sole maize. Greater WUE was 
found in two patterns of sole-cropped sorghum. 



In the Philippines, Morris et al. (1980) 
evaluated a sorghum/cowpea intercrop system 
for efficiency of use of residual water and irregu- 
lar rainfall during the dry season after rice culti- 
vation. Average WUE by monocropped cowpea 
was 11.3 kg glucose ha-1 mm -1, by monocropped 
sorghum was 12.4, and by the intercrop was 
16.5. Monocropped cowpea and component cow- 
pea each used 50% more water than was lost in 
fallow. However, the monocropped cowpea yield 
was more stable. A higher WUE by a C, species 
(sorghum) than a C, species (cowpea) (Angus et 
al., 1983) may contribute to the apparent differ- 
ences between monocropped and intercropped 
systems. More data are needed on WUE under 
irregular rainfall distributions; this may be a 
factor in determining high dry matter yield. 

Both N and P application increased total water 
use efficiency of the intercrops. However, the 
increase in water use with N application was 
more apparent (Narindar Singh et al., 1985). 
They speculated that N and P fertilization of 
wheat and chickpea mixed cropping induced 
deeper rooting, leading to better exploitation of 
available water at deeper layers. 

Sustainability issue 

A need to increase food production to keep pace 
with increasing population growth while ensuring 
minimum environmental degradation has recent- 
ly gained more attention. Modern crop produc- 
tion technology is based on major inputs, such as 
quality seeds, fertilizers, pesticides, machinery, 
and irrigation. Use of inputs frequently has been 
abused, causing severe environmental deteriora- 
tion. Agricultural production can only be sus- 
tained if productivity of land, labor, and water 
resources upon which agriculture is based are not 
allowed to deteriorate further. Farmers must 
either be adequately paid or must adopt alterna- 
tive production methods that will make farming 
profitable. 

Nutrient management 

It is better to include legumes that do not re- 
spond to N application in mixed cropping system 
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because the cereal component must be fertilized 
to achieve optimum yield and high economic 
returns. The balance, therefore, must be the 
correct level of N application where N fixation of 
the legume is not sacrificed and sustainable yield 
is maintained. This was shown in a ricebean/ 
maize cropping system in Thailand (Rerkasem 
and Rerkasem, 1988), where the mixed-cropping 
advantage in terms of dry matter, seed and N 
yield was related to efficient mineral nitrogen use 
by the maize and to dependence on fixation by 
the ricebean (Fig. 2). However, this efficient 
resource use by component crops was not con- 
firmed in a cowpea/maize cropping system (van 
Kessel and Roskoski, 1988). For efficient re- 
source management in mixed cropping systems, 
it is of utmost importance to find suitable 
species, growth habits and plant architecture of 
component crops. 

Harvesting and transporting agricultural prod- 
ucts away from their production sites causes a 
depletion of soil minerals. The key to managing 
plant nutrients in cropping systems to sustain 
high yields is to balance the nutrient output by 
recycling the crop residue nutrients efficiently 
and to apply a minimum of fertilizer (Tanaka, 
1986). Therefore, incorporation of residues into 
soil and/or use of farmyard manure will provide 
considerable mineral nutrients for subsequent 
crops. Ofosu-Budu et al. (unpublished data) used 
farmyard manure as a N source and obtained 
high dry matter yield in a sorghum-soybean 
mixed cropping system. The enhanced N availa- 
bility to component sorghum was due to the high 
dependence of the component soybean on BNF. 

Underground water pollution through nutrient 
leaching can be reduced when absorption of the 
nutrients by component crops is maximized. If 
component crops have different rooting systems 
and uptake patterns, a more efficient use of 
available nutrients may occur in intercropping 
systems than in their monocropping counter- 
parts. This has been demonstrated for K, Ca, Mg 
(Dalal, 1974), and N (van Kessel and Roskoski, 
1988). 

Role of VAM fungi 

Although they have received little attention, soil 
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Fig. 2. The effect of variation in the maize-ricebean ratio on the quantity of N derived from (a) soil and atmosphere and (b) soil 
only in the tops of ricebean (  , v) and maize(     , z) in intercrop and monoculture (Rerkasem et al., 1988) 

microbial species may affect yield and produc- 
tion efficiency in mixed legume/cereal systems. 
Reports (Bethlenfalvay and Ferrera-Cerrato, 
1990; van Kessel et al., 1985) show that VAM 
fungi transport inorganic elements, such as N 
and P. 

When inoculated with VAM fungi, significant 
two-way nutrient transport between soybean and 
maize has been reported (Bethlenfalvay and Fer- 
rera-Cerrato, 1990). N transfer from legume to 
cereal, and P transfer from cereal to legume in a 
source-sink relationship has been suggested. 
When associated with nodulated soybean, maize 
declined 16% in P content and increased 22% in 
N content. If such fluxes between plants are 
controlled by source-sink effects, high N concen- 
trations in soybean could account for the N 
fluxes to maize, and high nodule P requirement 
for the reverse flux of P. Other growth-promot- 
ing roles, such as increased absorption capacity 
and tolerance to mild water stress in legume and 
cereal crops have been suggested, but little is 
known about effectiveness in mixed cropping 
under field conditions. 

Dual inoculation of Rhizobium spp. and 
Glomus fasciculatum enhances nodulation, yield 
and nitrogen fixation in chickpea ( Cicer 
arietinum L.). Synergistic effects of inoculation 

of VAM fungi with rhizobia in soybean (Azimi et 
al., 1980) and cowpea (Islam et al., 1980) have 
been reported. Although the actual mechanism 
is not clear, it has been speculated that a larger 
root surface for nutrient absorption, particularly 
P by the host plant (Tinker, 1982), stimulates 
nitrogen fixation. Raju et al. (1989) also indi- 
cated VAM strain-specificity in nutrient ab- 
sorption. 

Use of tolerant species/cultivars 

Intercropping has frequently been practiced 
under adverse conditions, such as acidic and 
water stress conditions. Water-use efficient 
legumes and cereals should be selected for areas 
with low and unpredictable rainfall patterns 
(Yunusa, 1989). Most farmers do not have access 
to irrigation facilities in areas where mixed crop- 
ping is practiced. 

Considerable numbers of plant species of 
economic importance are generally regarded as 
tolerant of acidic conditions in the tropics. To 
reduce excessive application of soil amendments, 
acid-tolerant cultivars must be introduced. Little 
is known about the effect of acidic stress condi- 
tions on mixed cropping. Mixed cropping of 
pigeon pea ( Cajanus cajan L.), tolerant of low 
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soil P (Adu-Gyamfi et al., 1989; Sanchez and 
Salinas, 1981) is popular in tropical areas such as 
India. Cultivars that are tolerant of harsh en- 
vironmental conditions, such as early maturing 
cultivars of cowpea (Natarajan and Willey, 1980) 
and pigeon pea for drier areas (Mohta and De, 
1980), have been successfully developed. 

Pest and weed management 

One advantage of mixed cropping is a decrease 
in losses caused by insects and diseases (Perrin, 
1978). Crop mixtures may create a less favorable 
environment for certain pests of one or both of 
the component crops (Gerard, 1976). Insects can 
have difficulty finding their host among the non- 
host plants because of changes in color or texture 
of the total background, masking of chemical 
attractants or presence of chemical repellents 
(Hasse and Litsinger, 1981). This advantage is 
far from universal, but most reports suggest re- 
ductions in pest populations. Intercropping 
groundnuts and maize reduced infestation by the 
maize stalkborer, Eldana saccharina Wlk 
(Anon., 1960). A less severe insect attack on 
cowpea intercropped with sorghum was reported 
in Northern Nigeria (Raheja, 1973). 

Leguminous cover crops placed between rows 
of taller, more desirable crop species such as 
maize or sorghum (Francis, 1989) can help with 
weed control. Legumes (indeterminate and 
climbing types) are often used as cover crops 
because they are less competitive with cereals, 
have the capacity to produce N, and can entwine 
and kills weeds. 

Economics 

Net income to farmers from crop production is a 
function of yields, prices, and input costs. The 
major difference between mixed cropping and 
sole cropping is the introduction of several new 
factors, such as relative prices of two or more 
inputs and production efficiency, which result in 
lower production costs. Earlier studies on mixed 
cropping systems compared yield advantages 
(Natarajan and Willey, 1980) rather than real 
monetary gains. Recent publications (Mandal et 
al., 1990; Ntare, 1989; Yunusa, 1989) have dem- 
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onstrated the economic advantages of mixed 
cropping in monetary terms. 

Ntare (1989) demonstrated variable income 
for intercropping cowpeas in Niger because of 
the high demand for the haulms (harvested stems 
and tops), which serve as livestock fodder. Fod- 
der demand far exceeds production, and a ready 
market exists for cowpea haulms, which com- 
mand nearly the same price as the cowpea grain. 
A medium-maturing, spreading and indetermi- 
nate type (TN 88-63, TN 58-57) returned more 
than twice the money to the farmer than an early 
maturing, erect and intermediate (IT82E-60, 
IT82D-716) type. This was mainly due to higher 
cowpea grain and fodder yield. In Thailand, 
ricebean, mostly intercropped with maize, is 
grown over about 30,000 ha and according to 
Rerkasem and Rerkasem (1988) 21,000 tons of 
beans were exported with a market value of 
US$7.9 million. 

Future directions 

Maximizing production efficiency in legume/ 
cereal mixed cropping system by enhancing BNF 
by the legume component and legume N transfer 
to the cereal component might happen through 
improved cultural practices and genetic manipu- 
lation of the legume. Steps toward this goal are 
discussed below: 
1. Identify the physiological characteristics of 

ideal component crops that will increase pro- 
ductivity. 
a) Shading of the component legume most 

often results in decreased BNF. However, 
in some leguminous plants, BNF is either 
slightly or not at all affected by shading, so 
that BNF can continue in spite of reduced 
light availability. This trait is important for 
a component legume. Such traits need to 
be incorporated when breeding plant types 
suitable for mixed cropping. 

b) Increased BNF activity through use of ef- 
fective Rhizobium strains and optimum 
management of mineral nutrition, in addi- 
tion to tolerance of the legume component 
to NO3, is important for increasing the 
system’s N economy. Legumes with high 
BNF activities and/or with high nitrate 
tolerance (Caroll et al., 1985) should be 
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evaluated in terms of yield and production 
efficiency in mixed cropping. 

c) The controlling factors and mechanisms of 
N release and transfer from legume to 
associated cereal should be clarified in re- 
lation to legume BNF, environmental fac- 
tors (i.e. light, water, and nutrients), and 
other physiological factors (i.e. N pool, 
root membrane stability, and enzymatic 
effects). Legume and cereal compatibility 
should also be considered, because al- 
lelochemical effects suppressing legume 
BNF might exist. 

2. Qualitative and quantitative data on light dis- 
tribution in the production structure and dry 
matter production is essential. The BNF ac- 
tivity and N release by shaded legumes should 
be evaluated in terms of varying plant produc- 
tion densities and arrangements. 

3. Cultural management and nutrient manage- 
ment are important for increasing yield and 
production efficiency of intercrops. 
a) The significance of crop residues and 

farmyard manure in maintaining nutrient 
sustainability in intercropping systems, 
with particular emphasis on recycling N, P 
and K under different crop combinations 
and different climatic zones, should be 
evaluated. 

b) The role of VAM fungi in N and P transfer 
and the overall dry matter production 
should be assessed. 

c) Mixed cropping is mostly conducted under 
adverse conditions such as acidic soils 
and unpredictable soil moisture regimes. 
The major limiting factor in yield pro- 
duction for specific localities should be 
examined. 

4. Capital input for system sustainability cannot 
be ignored. For example, some form of fertil- 
izer or improved seed may be essential for 
increased yield and productivity. Consequent- 
ly, the economics of labor cost, agricultural 
inputs, and gross returns to the farmer under 
different legume/cereal combinations and 
varying socio-economic conditions must be 
addressed to identify a profitable combination 
for specified areas. 
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Abstract 

The integration of trees, especially nitrogen fixing trees (NFTs), into agroforestry and silvo-pastoral 
systems can make a major contribution to sustainable agriculture by restoring and maintaining soil 
fertility, and in combating erosion and desertification as well as providing fuelwood. The particular 
advantage of NFTs is their biological nitrogen fixation (BNF), their ability to establish in nitrogen- 
deficient soils and the benefits of the nitrogen fixed (and extra organic matter) to succeeding or 
associated crops. 

The importance of NFTs leads to the question of how we can maximise or optimize their effects and 
how we can manage BNF and the transfer of nitrogen to associated or succeeding plantings. To be able 
to achieve these goals, suitable methods of measuring BNF in trees are necessary. The total nitrogen 
difference (TND) method is simple, but is better suited for low than high soil N conditions. The 
acetylene reduction assay (ARA), although sensitive and simple, has many technical limitations 
especially for NFTs, and the estimates of BNF have generally been very low, compared to other 
methods. For NFTs, the 15N techniques are still under development, but have already given some 
promising results (e.g., has been used to measure large genetic variability in BNF within different 
NFTs). 

Various factors affect BNF in trees. They include the age of trees, the microbial component, soil 
moisture, temperature, salinity, pH, soil N level and plant nutrient deficiencies. Some of the factors, 
e.g. temperature, affect the symbiosis more than plant growth, and differences in the effects of these 
factors on BNF in different NFT genotypes have been reported. These factors and research needs for 
improving BNF in trees are discussed. 

Introduction 

The use of trees, especially nitrogen fixing trees 
(NFTs), in agroforestry and silvopastoral sys- 
tems, is receiving considerable attention for sev- 
eral reasons. Population increases are outstrip- 
ping food production in many parts of the world 
and more forest land is being brought into ag- 
ricultural production - several million hectares of 
forest are being lost every year. Most tropical 
soils are extremely fragile and give very poor 
crop yields after only a few years of cultivation 
without expensive fertilizer inputs. The decline 
in soil fertility is followed in many cases by soil 
erosion and further decline in soil nutrients. The 
use of nitrogen-fixing trees in agroforestry sys- 
tems in the humid/sub-humid tropics is therefore 
attractive as a source of N and organic matter 
needed in the rehabilitation of damaged soils or 

sustainability in undamaged soils, as protection 
against erosion, and for fuelwood - the major 
source of energy for over half the world and a 
commodity in extremely short supply in many 
countries. Sanginga et al. (1986) found that the 
additions of prunings of 6-month-old inoculated 
Leucaena leucocephala increased subsequent 
maize yield from 2.2 t ha-1 to 4.6 t ha-1. La1 
(1989) reported that L. leucocephala planted at 
2-m intervals reduced erosion from interrow 
maize plantings from 4.3 t ha-1 (plow-till) to 
0.1 t ha-1, i.e. the same as no-till. In a different 
context, Ladha et al. (1989) found that green 
manure from the nitrogen-fixing Sesbania ros- 
trata (a stem- and root-nodulating legume) was 
equivalent to 60 to 120 kg N ha-1  as urea in a 
rice ecosystem. 

Similar problems as in the humid/sub-humid 
areas also occur in the vast semi-arid/arid areas 



of the world. Here, wind erosion and desertifica- 
tion also become major problems and NFTs- 
preferably deep rooted ones with access to 
groundwater - will probably have an important 
role. Analysis of soils from under Acacia albida 
( syn. Faidherbia albida ) in Senegal (Charreau 
and Vidal, 1965) indicated a remarkable fertility 
gradient from bare soil to soil under the foliage; 
protein yields of millet near trees were increased 
3- to 4-fold. Leguminous trees such as Acacia 
cyanophylla are commencing to have an im- 
portant agroforestry role in areas of North Af- 
rica with 250-400 mm rainfall. Significant ac- 
cumulations of organic C, N, Ca, Mg, P and K 
have been measured in the surface soil beneath 
Prosopis canopies in natural ecosystems (Vir- 
ginia, 1986), due partly to transport of these 
elements from lower depths and to BNF. 
Casuarina equisetifolia (symbiotic with the ac- 
tinomycete Frankia ) has found extensive use to 
consolidate sandy coastal soils. 

While there is recognition of the importance of 
NFTs in maintaining fertility, in soil conservation 
and in providing wood, there have been few 
studies on the nitrogen-fixing symbioses, their 
potential and constraints, and management 
strategies to enhance their effects. In this paper 
we address the problem of measuring biological 
nitrogen fixation in trees, indicate some of the 
variables affecting fixation and some of the op- 
portunities for management. We have focussed 
particularly on leguminous trees, with some ref- 
erence to the actinorrhizal trees, especially 
casuarinas. While casuarinas have roles in soil 
conservation and reclamation of saline sites, they 
have not yet found as wide an acceptance in 
agroforestry as the leguminous trees. 

Measurement of BNF in trees 

The problems associated with BNF measure- 
ments are much more complex with NTFs than 
with annuals due largely to the size of trees and 
their perennial nature - hence, only few studies 
have been conducted on BNF in trees. The 
practical difficulties in harvesting whole trees or 
of realistic non-destructive sampling, and in ob- 
taining suitable controls valid over seasons or 
years, are not easy to overcome, and for this 
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reason many researchers have estimated BNF in 
young trees over short periods. However, ques- 
tions such as - For how long do trees continue to 
fix N2? What are the effects of root and litter 
turnover on N2 fixation and soil fertility? - 
cannot be resolved through studies on N, fixation 
in young trees. Another problem is the number 
of trees to be used per study consistent with the 
larger area required by tree experiments, and 
with available resources. For a given isoline or 
provenance the variation in a given trait can be 
large. Sanginga et al. (1989a) observed very high 
variability in nodulation by pot-grown Al- 
locasuarina spp.; although all plants were inocu- 
lated, some plants in the same pot nodulated, 
but others did not. For practical reasons, 
economic reasons and also to reduce the degree 
of soil variability in studies with trees, single or 
few tree-plots have however had to be used. 

The commonly used methods for measuring 
BNF are: total nitrogen difference (TND), 
acetylene reduction assay (ARA), the natural 

15N abundance method, and procedures with 15N 
fertilizer addition to soil (isotope dilution (ID) 
and A-value (Av), all of which have been exten- 
sively reviewed (Danso, 1985; Knowles, 1980; 
Rennie and Rennie, 1983; Shearer and Kohl, 
1986). 

The total nitrogen difference ( T N D )  method 

The TND method is simple, and has provided 
several estimates of BNF in trees, with examples 
in Table 1. The TND method is based on es- 
timating how much of the total (N.,) in the fixing 
plant was accumulated from soil (Ns); the re- 
mainder is then attributed to fixed N. The total 
N in a control non-N2-fixing plant is assumed to 
reflect the N, in the N2-fixer. 

Unlike some grain legumes, non-nodulated 
NFT isolines are not yet available, and uninocu- 
lated NFT controls have been used in soils with- 
out indigenous rhizobia (Ndoye and Dreyfus, 
1988; Sougoufara et al., 1990), while completely 
different species have also served as controls 
(Pareek et al., 1990). Serious errors in the esti- 
mates of N, will therefore affect the accuracy of 
the BNF estimates (Danso, 1985; Rennie and 
Rennie, 1983). The chances for errors are small 
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Table 1. Estimates of BNF in nitrogen-fixing trees by the total nitrogen difference (TND) method 

Species Estimated BNF Reference 

Leucaena leucocephala 
L. leucocephala 
L. leucocephala 
Casuarina equisetifolia 
C. equisetifolia 
C. equisetifolia 
Sesbania rostrata 
S. sesban 
Gliricidia sepium 
Albizia lebbeck 

% 
52-64 
65 
45 -63 
49 
55 -76 
39-55 
35 -45 
11-18 
72 
60 

kgN ha -1 yr -1 

448-548 Sanginga et al. (1985) 
304 Liya et al. ( 1990) 

Sanginga et al. (1990d) 

Sougoufara et al. (1990) 
53 Duhoux and Dommergues (1985) 

43-60 Gauthier et al. (1985) 
505-581 Ndoye and Dreyfus (1988) 

43-102 Ndoye and Dreyfus (1988) 
108 Liya et al. (1990) 
94 Liya et al. (1990) 

in low-N soils because of the small contribution 
from NS relative to fixed N2 (which would be the 
main source of NT). With increasing soil N, NS 
may contribute significantly to plant growth and 
errors in estimating N, may then have a signifi- 
cant impact on the estimate of BNF. The simple 
TND method is therefore most recommended 
for measuring BNF in sandy or low-N soils and 
then shows little difference from other methods 
(e.g. Gauthier et al., 1985; Ndoye and Dreyfus, 
1988). Even so, the gradual build-up of N under 
NFTs should be considered for long-term 
studies. 

For trees more than a year old, distinguishing 
the N reabsorbed from the decomposition of 
fallen leaves and senesced roots and nodules 
from native soil N and fixed N2 is an additional 
problem. These factors might account for several 
cases of poor agreement between TND estimates 
of BNF and other techniques (Pareek et al., 
1990; Sanginga et al., 1990a, d; Stewart and 
Pearson, 1967). 

The acetylene-reduction assay (ARA) 

The ARA technique is simple, inexpensive, and 
the most sensitive method for detecting BNF, 
and accounts for most of the estimates of BNF in 
trees. The amount of ethylene produced by in- 
cubating excised nodules, decapitated roots or 
whole plants in an atmosphere containing 
acetylene is converted into total N2 fixed by 
multiplying with a conversion factor which, on 
theoretical grounds, was fixed at 3 (Hardy et al., 
1968). 

Several limitations of the ARA technique have 

been reported. The two major ones are (i) it is 
an instantaneous assay and may not truly reflect 
BNF over long durations (Fried et al., 1983) and 
(ii) the conversion ratio of 3 does not apply in all 
cases (Rennie et al., 1978; Hansen et al., 1987). 
The accurate estimation of BNF in woody peren- 
nials would therefore require a burdensome 
number of measurements and calibrations. Even 
then, (iii) large errors are likely to arise because 
it is very difficult to recover all nodules, under 
most circumstances. Nodules located at great 
depths, up to 10 m, for example (Jenkins et al., 
1988), can be difficult to recover. 

Some reported ARA estimates of BNF in 
NFTs are presented in Table 2. The values are 
very low, including even the 110 kg N ha -1 yr -1 

reported for Leucaena leucocephala when com- 
pared to values obtained using other methods. 
(e.g. Sanginga et al., 1985; Zaharah et al., 1986). 
Where detached nodules were used. the values 
are most likely to be underestimates, given the 
drastic declines in ARA that commonly result 
from detaching nodules from plants (Langkamp 
et al., 1979). We know of no in situ ARA 
determinations on field-grown NFTs. 

The 15 N isotope methodology 

The major strengths of BNF measurements using 
either added 15 N fertilizers or the natural 15 N 
abundance in soil are: they can estimate the 
separate contributions of N from soil, fertilizer 
and BNF, and measure the integrated amounts 
and proportions of N2 fixed over desired periods. 
They are therefore useful for assessing BNF 
differences among genotypes belonging to the 
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Table 2. Some estimates of BNF in nitrogen-fixing trees by the acetylene reduction assay (ARA) 

Species Estimated BNF Reference 

% kg N ha-1 yr-1 

Acacia pulchella 
A. pulchella 
A. alata 
A. alata 
A. pellita 
A. pennatula 
A. extensa 
Brassiaea aquilifolim 
Gliricidia sepium 
Inga jinicuil 
Leucaena leucocephala 
Purshia tridenta 

13.0 

3.7 
0.49 

1.6 
12.0 
34.0 
0.1 
0.19 

13.0 
35.0 

110.0 
0.06 

Hansen and Pate (1987b) 
Hansen et al. (1987) 
Hansen and Pate (1987b) 
Hansen et al. (1987) 
Langkamp et al. (1979) 
Roskoski et al. (1982) 
Hansen et al. (1987) 
Hansen et al. (1987) 
Roskoski et al. (1982) 
Roskoski (1981) 
Hogberg and Kvarnström (1982) 
Dalton and Zobel (1977) 

same species or different species (Sanginga et 
al., 1990a,b) and effects such as soil N on BNF 
(Sanginga et al., 1987). In pot studies Sanginga 
et al. (1990b) found that 5% Ndfa varied from 37 
to 72% (mean, 65%) with L. Ieucocephala iso- 
lines and 6 to 36% (mean, 20%) with A. albida 
provenances. Ndoye and Dreyfus (1988) found 
that stem-nodulated Sesbania rostrata fixed much 
more N2 in 60 days (83-109 kg N ha-1) than the 
root-nodulated S. sesban (7-18 kg N ha-1). With 
the 15N techniques, it should be possible to 
identify NFT genotypes in which BNF is less 
affected by soil N. 

The 15N methods are however better de- 
veloped for herbaceous legume systems than for 
woody perennials. Although most measurements 
of BNF in trees so far are on greenhouse-grown 
plants there appears to be much promise in the 
use of the 15N techniques to measure BNF in 
woody perennials (e.g. large genetic variability in 
BNF within isolines and provenances of NFTs 
were reported by Sanginga et al., 1990a, b). The 

15N soil appoaches are the 15N natural abund- 
ance, the 15N isotope dilution (ID) (Fried and 
Middelboe, 1977; McAuliffe et al., 1958) and the 
A-value (Av) approaches (Fried and Broeshart, 
1975). 

The natural 15N abundance or d 15N method 

Many soils have N of slightly higher 15N abund- 
ance than that of atmospheric N2, and thus 
relative to atmospheric N2, most soils are slightly 
enriched in 15N. The extent to which the 15N (or 

d 15N) accumulated from soil is diluted by N, 
fixed in the fixing plant is then used to estimate 
BNF (Delwiche and Steyn, 1970; Mariotti, 1983; 
Shearer et al., 1974). 

The advantages of the d 15N methodology in- 
clude: (i) A fairly stable d 15N with time, result- 
ing in less errors in the determination of BNF; 
(ii) Does not require addition of costly 15N 
fertilizers. For trees, this could involve substan- 
tial savings; (iii) the d 15N method does not 
involve any disturbance of the soil as occurs with 
incorporation of 15N fertilizer and therefore is 
more appropriate to natural ecosystems and es- 
tablished plantations. 

Shearer et al. (1983) observed significantly 
lower d 15N in Prosopis, the dominant tree 
species in a Sonoran desert ecosystem, than in 
either soil N or presumed non-N2-fixing plants 
deriving their N entirely from soil. Shearer and 
Kohl (1986) estimated that P. glandulosa derived 
between 43 and 65% of its N from BNF, and 
also measured differences in BNF in P. glundul- 
osa at different sites. With Alnus, depending on 
age, the percentage of N derived from fixation 
(% Ndfa) in A. incana was shown by the d 15N 
method to be between 85 and 100%, while % 
Ndfa differed between 40 and 80% in seven A. 
glutinosa genotypes of different origin 
(Domenach et al., 1989). The method was able 
to detect legumes that did not fix N2 (Shearer et 
al., 1983), and shows much promise for explora- 
tory studies in natural ecosystems for potential 
NFTs. 

A major drawback with the d 15N method is 
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that unlike the 15 N enrichment methods, small 
isotope fractionations or variability (site or 
among plant parts) can cause significant errors 
(Shearer and Kohl, 1986). Also, the 15 N natural 
abundance method may be unsuitable for BNF 
studies in some NFTs in natural communities, 
because the d 15 N in these soils is usually lower 
than in agricultural soils (Peoples et al., 1991). 
Although some reports have suggested high vari- 
ability across sites (Broadbent et al., 1980; Selles 
et al., 1986), Shearer et al. (1978) suggested that 
the spatial variability of d 15 N in many soils may 
well be within acceptable limits. 

Because of their big sizes and difficulty in 
whole-tree sampling, the idea of sampling repre- 
sentative plant parts to estimate BNF for whole 
trees is appealing. However, large differences in 
d 15 N have been observed among different plant 
parts (Shearer et al., 1983), thus questioning the 
validity of using the d 15 N in a particular organ to 
estimate BNF on a whole-tree basis. More re- 
search is needed. 

Nitrogen-15 fertilizer enrichment methods 

The addition of 15 N-enriched fertilizers to soil 
significantly increases the differences in the 15 N 
enrichments between soil N and atmospheric N2, 
and increases the ease of 15 N detection in plants 
and the chances of obtaining more precise and 
possibly more accurate estimates of BNF. 
Duhoux and Dommergues (1985) suggested that 
the 15 N enrichment techniques are probably the 
most reliable for measuring BNF in trees. De- 
spite its advantages, 15 N enrichment of soil has 
not been used routinely for measuring BNF in 
trees, and may relate to the difficulty of adapting 
the techniques to the massive sizes of trees, and 
their long duration of growth. 

Selection of reference plant 
The 15 NN/ 14 N ratio in the available soil N needs 
to be accurately determined to obtain accurate 
estimates of BNF. The reference plant used for 
assessing the integrated 15 N enrichment of the N 
absorbed by the NFT from soil is therefore very 
critical for the 15 N methods. Sanginga et al. 
(1990c) and Pareek et al. (1990) are among the 
few to have examined the selection of reference 
plants for NFTs and clearly showed that highly 

erroneous values of BNF can be obtained with 
unsuitable reference plants. 

Errors due to the use of unsuitable reference 
plants are however less critical when BNF is high 
(Hardarson et al., 1988); Sanginga et al. (1990c) 
showed that the errors in the estimates of BNF 
were far greater in the poorer fixer A. albida 
than in L. leucocephala. Danso et al. (1986) and 
Hardarson et al. (1988) suggested that errors in 
BNF estimates due to the reference plant are 
quite insignificant when % Ndfa is in the 80% 
range, but the % Ndfa in many NFTs fall signifi- 
cantly below 80% (e.g. Gauthier et al., 1985; 
Hansen and Pate, 1987a; Sanginga et al., 1990b). 
Also, when the 15 N enrichment in soil does not 
decline rapidly, the chances for accurate BNF 
estimates are greatly improved (Witty and Ritz, 
1984). However, there are no reported studies of 
BNF in NFTs using slow-release 15 N formula- 
tions or 15 N-labelled organic matter. The practi- 
cal difficulty in incorporating the 15 N-labelled 
organic matter into soil in an established tree 
stand, limits the applicability of this labelling 
method in NFTs. Many studies don't however 
need to quantify the N2 fixed accurately while for 
some, there may be little need for a reference 
plant. For example, the ranking of Rhizobium 
strains or NFT genotypes for BNF capacity in a 
soil enriched with 15 N should be the same with or 
without a reference plant. Under such circum- 
stances, not much advantage is gained by includ- 
ing a reference plant. 

The criteria for selecting a reference crop for 
grain legumes (Fried et al., 1983) apply to NFTs 
as well. The reference plant should be a non-N2- 
fixer, with similar growth and time course of N 
uptake as the NFT, unless the 15 N/ 14 N ratio of 
soil is stable, and both plants should obtain their 
N from a similar soil N pool. 

Absence of nitrogenase activity by ARA can 
be used to ascertain if a putative reference plant 
fixes N2 (Fried et al., 1983). Non-nodulating 
isolines have not yet been identified for NFTs. A 
closer examination of some of the poorly or 
irregularly nodulated NFTs, e.g. Allocasuarina 
spp. (Reddell et al., 1986b; Sanginga et al., 
1989a) might reveal some non-nodulating iso- 
lines. Allocasuarina, which is poorly nodulated 
in nature, may be a good reference plant for 
naturally nodulating Casuarina spp. as they may 



have similar rooting habits. Uninoculated NFTs 
have sometimes been used as references plants 
(Sanginga et al.. 1990e; Gauthier et al., 1985; 
Ndoye and Dreyfus, 1988), with the advantage 
that BNF can be estimated by two independent 
methods, TND and ID. In practice, however, it 
has often been difficult to avoid cross-contamina- 
tion of the uninoculated reference plant, particu- 
larly in the field (e.g. Gauthier et al., 1985; 
Sanginga et al., 1988). 

The selection of fixing and non-N2-fixing 
plants with similar growth and N uptake patterns 
(Witty, 1983) is easier in annuals than in trees in 
which growth progresses through several, often 
contrasting seasons which could affect growth of 
the reference and N2-fixing plants differently. 
However, because the decline in 15 N enrichment 
in soil into which a 15 N fertilizer has been added, 
decreases with time (Pareek et al., 1990), the 
subsequent greater stabilization of 15 N enrich- 
ment should minimize potential errors in the 
long-term estimations of BNF. 

The requirement for the fixing and non-N2- 
fixing plants to obtain their N from the same N 
pool does not necessarily mean that plants 
should have equal rooting depths. In the hypo- 
thetical case in Figure 1, the reference plant No. 
2 is for all purposes ideal, and perhaps as good a 
reference as is plant No. 4, which although has 
shallower roots, but is absorbing its N from the 

Fig. 1. The effect of root depth of reference plants on 
15 N/ 14 N uptake. The fixing plant is represented by 1, while 2, 
3 and 4 represent potential reference plants. A and B repre- 
sent soil horizons. 
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same zone A, within which the 15 N was incorpo- 
rated. This therefore allows for some flexibility 
in selecting for reference crops, even if their 
rooting habits differ slightly from those of the 
putative N2-fixer (Fried et al., 1983). For NFTs, 
this is very important. Many trees may be ab- 
sorbing their nutrients predominantly from the 
topsoil even though roots may penetrate far 
deeper (Anonymous, 1975). Furthermore, plant- 
available N in most soils is mainly in the topsoil, 
in which case any dilution of 15 N by unlabelled N 
from the subsoil (e.g. plant No. 3 in Fig. 1) could 
be small. Is it then justified to use non-tree 
species, such as grasses and cereals, with differ- 
ent root systems as reference crops for trees? 
Pareek et al. (1990), found the 15 N enrichment 
of soil extract was similar to that assessed by four 
non-fixing weeds and cereal crops, and BNF 
estimates were also similar using these as refer- 
ences. Unfortunately, no trees were used as 
references. Also, because BNF was very high, 
and the influence of reference crop errors is 
minimal under such situations, it is difficult to 
make a generalization from this study. 

A special problem with trees could be the 
horizontal spread of roots; they are likely to 
absorb N from well outside the zones within 
which 15 N was incorporated, particularly if 15 N 
was applied as a band. For this reason, Baker et 
al. (1990) recommend the trenching of the 
perimeter of each replication block and installing 
a multi-layered plastic film barrier to a depth of 
1.5 m to contain the roots within the zone in 
which 15 N was applied. 

Rate, formulation, time and frequency of 15 N 
fertilizer addition 
To enrich a soil with 15 N for BNF measurement, 
the atom % 15 N excess, rate, frequency and 
method of application of the 15 N fertilizer will all 
influence the precision and the accuracy of the 
estimate. 

Essentially, the amount of N applied should be 
small enough not to suppress BNF significantly, 
while that for the reference plant should be large 
enough to allow good but not necessarily max- 
imum growth. Where the native soil N would 
adequately support the growth of the reference 
non-N2-fixing plant, the ID method is preferred, 
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because of the greater simplicity of the ID proce- 
dure (only one N rate is used) and calculations. 
The AV method is preferred where soil N is low, 
and where it may be necessary to eliminate 
traces of N2 fixation in the reference plant, or 
where nodules from cross-contamination are 
likely to form on the reference crop at a lower N 
rate. Sanginga et al. (1990c) used both the ID 
and Av approaches, to measure BNF in L. 
leucocephala and A. albida, with the correspond- 
ing uninoculated species included with two other 
non-NFTs as reference plants. They found that 
at the 10mg N kg -1 soil rate (ID method), the 
uninoculated legumes were nodulated, and large 
differences in the estimates of BNF by the differ- 
ent reference trees were obtained, including 
some negative values for the poorer fixer A. 
albida. No nodules were, however, found when 
the N applied to the reference plants was raised 
to 100 mg N kg soil -1 (AV method), and the 
estimates of BNF with all reference plants were 
quite close for each NFT. Sanginga et al. (1990c) 
observed that the pattern of N uptake by the 
reference and fixing plant was closer (a require- 
ment for a satisfactory reference plant) when 100 
rather than 10 mg N kg soil -1 was applied. 

For perennial pastures, the frequent, small 
additions of 15 N to soil is a suitable approach for 
measuring BNF (Vallis et al. 1967; 1977) as the 
application of N as small doses prevents the 
suppressive effects of applied N on BNF, and 
also results in a more stable 15 N/ 14 N ratio in soil 
(Hardarson et al., 1988; Labandera et al., 1988). 
For trees, the use of multiple 15 N fertilizer appli- 
cations (2-4 a year) probably before periods of 
high root activity appears to be an attractive 
method, but has been little examined. Prelimi- 
nary study by N. Sanginga, F. Zapata, S.K.A. 
Danso and G.D. Bowen (unpublished) com- 
pared the effect of different amounts of 15 N- 
labelled fertilizer and the frequency of applica- 
tion on estimates of N, fixed in L. leucocephala 
and G. sepium over 9 months. They found that a 
single application of 20 mg kg soil -1 decreased 
BNF, and that applying this amount in three 
splits gave different results, depending on 
whether it was repeatedly applied to the same 
plot or each split application was on a previously 
unlabelled plot. 

Sampling of plants 
The practical difficulty in harvesting whole trees 
increases with age, and it is difficult and labour- 
intensive to attempt to recover all roots. A rep- 
resentative organ would be ideal for BNF esti- 
mation, provided the 15 N enrichment is repre- 
sentative for the whole tree. The 15 N enrich- 
ments in different organs of trees can however 
vary widely (Sanginga et al., 1990e), and raises 
the question as to which plant part is most 
representative. Aboveground organs might be 
preferred for ease of sampling, and the leaves 
which contain most of the aboveground N seem 
the most appropriate choice. Even where only 
leaves are to be sampled, it could be laborious to 
sample all leaves. For this reason, Baker et al. 
(1990) tested different sampling strategies, and 
suggested that the simple procedure of collecting 
small numbers of leaves (20 to 60) at random 
from the trees was sufficient to estimate % Ndfa 
in Leucaena leucocephala. However, measuring 
the total BNF should be more problematic 

While the % Ndfa in the leaves of soybean 
was found to be close to that of the whole plant, 
total N fixed differed (Danso and Kumarasinghe, 
1990). Studies by Sanginga et al. (1990e) showed 
that L. leucocephala roots alone contained as 
much as 60% of the N fixed in the whole plant. 
This could still well be an underestimate because 
of fine-root turnover which can be extremely 
large. Thus, any estimates of BNF in trees that 
exclude roots should be regarded as underesti- 
mates. Allometric relations, worked out with 
forest trees (Felker et al., 1982), may be of some 
use in estimating total biomass, but even these 
are only approximate. The costs and prac- 
ticalities of doing tree experiments dictate that 
the sampling problem needs urgent attention, 
especially if one is trying to quantify both above- 
ground and below-ground nitrogen which will 
influence the N available to associated or suc- 
ceeding plants. 

Effect of remobilized N 
Perennial plants go through periods of N mobili- 
zation and remobilization. Domenach and Kur- 
dali (1989) estimated that retranslocated N is 
important for regrowth, with 10% of the N in A. 
glutinosa at the end of the growing period being 



traced to retranslocated N. Retranslocation of N, 
however, introduces methodological limitations 
because the 15N enrichment of the translocated 
N in the NFT may be significantly different 
(lower) from that of the reference plant. These 
differences will therefore be compounded in the 
differences in the final 15N enrichments in the 
fixing and reference plant, and unless corrected 
for, will result in erroneous BNF estimates. The 
following equation is used to correct for retrans- 
located N and also for differences in amounts of 
stored N retranslocated from a preceding harvest 
(e.g. in sequentially harvested NFTs where 15N is 
applied always to a previously unlabelled tree) 
on the 15N enrichment at final harvest: 

Corrected atom % 15N excess (CAE) in plant 

Where T2 is the time of the final (or later) 
harvest and T1 is the harvest immediately pre- 
ceding regrowth and 15N application, and N is 
the total N in plant at the indicated times. 

The relative contribution or importance of re- 
translocated N, however, diminishes with time 
(Domenach and Kurdali, 1989) and therefore 
the potential error in BNF estimates is reduced 
with time. Much of the errors will also depend 
on the frequency and severity of pruning. 
Domenach and Kurdali (1989) suggested that 
harvesting the most recently formed leaves at the 
end of the growing season significantly reduced 
the influence of nitrogenous reserves on mea- 
surements of BNF. Also, the frequent addition 
of 15N fertilizers compared to reliance on residu- 
al 15N in soil seems to have the advantage, that 
plants (both fixing and non-N2-fixing) would be 
absorbing higher enriched 15N than already pres- 
ent in the plants, resulting quickly in a narrowing 
of the existing 15N enrichment differences in the 
plants (Danso et al., 1988). 

Effect of litter turnover 
Nutrient cycling (largely from litter turnover) is a 
major source of nutrients in tree growth (Mahen- 
drappa et al., 1986), and also influences the 15N 
enrichment in the soil. The ID approach assumes 
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that both fixing and non-N2-fixing plants are 
growing on soil of the same 15N/ 14N ratio. How- 
ever, with the litter of the fixing plant being 
lower in 15N enrichment than that of the non-N2- 
fixing plant, the soil under a NTF may have a 
lower 15N enrichment than that under the non- 
N2-fixing plant. Thus, a crucial assumption of the 
methodology, that both the fixing and non-N2- 
fixing plants are sampling N of the same 15N 
enrichment is invalidated. Again, this is where 
frequent addition of 15N has special advantages. 
By superimposing fresh 15N fertilizer on an al- 
ready low level of 15N enrichment, it should be 
possible to override such 15N/ 14N differences in 
the two root zones (Danso et al., 1988). 

Ureides as a measure of BNF 

Another method which has shown much promise 
in some grain legumes is the measurement of 
BNF based on the composition of nitrogen com- 
pounds in the xylem sap. Where ureides are 
uniquely produced by BNF, their relative abund- 
ance in the total nitrogen exported from the 
nodules in the xylem stream to the leaves serves 
as an indication of the proportion of N fixed 
(Herridge, 1982; McClure et al., 1980). This 
approach therefore overcomes problems of 
quantifying N uptake from soil separately. How- 
ever, of 35 NFTs studied by van Kessel et al. 
(1988), only two showed a high abundance of 
ureides in the xylem sap. Sanginga et al. (1988) 
could not find significant correlation between 
ureide production and BNF in Leucaena, while 
the study by Hansen and Pate (1987a) indicated 
that xylem sap analysis was not suitable for 
measuring BNF in three Acacia species. Results 
to date do not therefore indicate that this meth- 
od has much potential for measuring BNF in 
trees. 

Nitrogen fixation potential of trees 

Dommergues (1987) defined two parameters: 
(i) The nitrogen fixing potential (NFP) of a 

species, i.e. the nitrogen fixed with all en- 
vironmental constraints removed, including 
the possible inhibitory effect of soil nitrogen. 
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However, almost without exception the field 
data reported are subject to some environ- 
mental constraints and the concept of NFP is 
a qualified one, and 

(ii) the actual nitrogen fixed (ANF), which is the 
resultant of NFP, modified by environmental 
constraints. 

Dommergues (1987) identified high and low 
NFP species. The former included such species 
as L. leucocephala and A. mangium for which 
records occur of 100 to 300 (sometimes 500) kg 
N fixed ha -1 yr -1 ; the latter include such species 
as A. albida, A. senegal, and A. pellita (Lang- 
kamp et al., 1979) with which fixation has been 
reported as less than 20 kg N ha -1 yr -1 . It is 
likely that when more species are studied there 
will be more of a continuum. The major factor in 
high NFP, a high percentage of nitrogen derived 
from the atmosphere (% Ndfa), generally appear 
to be less affected by environmental conditions 
than total N fixed (Danso, 1986; Materon and 
Danso, 1991). 

Fast growth rate alone is not the sole indicator 
of high nitrogen fixation. Some species like the 
non-fixing legume Cassia siamea achieve ex- 
tremely high growth rates because of an exten- 
sive root system which, at least in the first year, 
explores a considerable volume of soil (S. 
Hauser, pers. comm.). Rapid growth rates may 
also be achieved in poorly fixing species by effi- 
cient retranslocation of absorbed or fixed N. 
There are few studies of genotype differences in 
the physiological efficiency of use of nitrogen in 
legumes, whether it be absorbed from soil or 
fixed from the atmosphere. 

The occurrence of nodulation 

Although the vast majority of the Leguminosae 
form nodules, a number do not. In the sub- 
family Caesalpinioideae, nodulation is largely re- 
stricted to the tribe Caesalpinieae and the genus 
Chamaecrista from the Cassieae. In the 
Mimosoideae, nodulation is general, except for 4 
groups within the tribe Mimoseae, and a few 
species of Acacia. The only tribe from the 
Papilionoideae which appears not to nodulate is 
the Dipterygeae. A number of genera in the 
Swartzieae do not nodulate (de Faria et al., 
1989). 

Cassia siamea, often used in agroforestry sys- 
tems, does not nodulate and its vigorous growth 
is due to a highly effective rooting system. Other 
prominent woody legumes lacking nodulation 
are the carob ( Ceratonia siliqua ) Bauhinia spp. 
(Sprent et al., 1988), Parkia biglobosa (Dom- 
mergues, 1987) and Gleditsia spp. (Allen and 
Allen, 1981). 

Attention is drawn to stem nodulation of 
legumes - usually shrubs occurring in wet (or 
swampy) sites - and their potential for green ma- 
nure in rice ecosystems. Stem nodulation, by 
Azorhizobium and some strains of Rhizobium 
(Alazard et al., 1988) occur on 17 species of 
Aeschynomene, 3 species of Sesbania and 1 
species of Neptunia (Becker et al., 1988). 

The nodulation phenomenon in actinorrhizal 
genera (symbiotic with Frankia spp.) needs more 
examination. For example, in the Casuarinaeae, 
less than half of the 70-80 species have been 
examined. In the genus Casuarina, nodulation 
appears to be high and nodules at a site are 
usually well developed and uniform. By contrast, 
for many species of the large genus Al- 
locasuarina, nodules are often absent in the field 
(or extremely difficult to find), and frequently 
only a few of the individual plants are nodulated 
(Reddell et al., 1986b). 

Genotypic variation in BNF 

Pot studies, and limited field studies, have shown 
large differences between genotypes within a 
species in their nitrogen fixation. Pot studies give 
indications of differences in nitrogen-fixing 
potential, but have their shortcomings. Figure 2 
indicates not only significant differences in nitro- 
gen fixation between Rhizobium strains, but also 
large plant genotype differences within L. 
leucocephala which disappeared after some 24 
weeks. Herein lies a problem with pot studies: 
are the marked genotype differences for the first 
24 weeks only a reflection of speed of infection/ 
response or is the equality of growth in the third 
period merely a reflection of root/plant growth 
constraints imposed by pot studies? While 
screening for genotypic differences by pot/glass- 
house studies might be useful, the major findings 
must be field-tested. The marked genotypic dif- 
ferences (2.5-fold over 7 months) observed in 



Fig. 2. Total nitrogen (mg plant -1 ) of Leucaenu leucocephala 
genotypes K636 and K28 inoculated with different 
Rhizobium strains during successive cuttings at 12-week in- 
tervals. From Sanginga et al. (1990d). 

nitrogen fixed by C. equisetifolia in pot studies 
by Sougoufara et al. (1987) were also substan- 
tiated in the field (Dreyfus et al., 1988). 

Sanginga et al. (1990a,b) have shown 2-3-fold 
differences in nitrogen fixed between prove- 
nances/genotypes of A. albida and L. 
leucocephala after 12 weeks and 70% differences 
in pots after 36 weeks; 3-5-fold differences were 
found between 11 provenances of C. equisetifolia 
and of C. cunninghamiana. The potential appli- 
cation of such findings is obvious, especially as 
many tree species are readily propagated vegeta- 
tively. However, selection for high BNF can not 
be the only consideration in mixed ecosystems; 
for example, it is necessary to select for toler- 
ance of stress conditions as well. 

In the presence of appreciable soil nitrogen 
some genotypes may fix more nitrogen and ab- 
sorb less soil nitrogen than others. Genotypic 
differences in the effect of soil N on inhibition of 
BNF may have important implications for the 
nitrogen fixed in second and subsequent seasons 
by different genotypes. 
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In a mixed cropping system like alley crop- 
ping, one may not always be looking for the 
plant genotype with the highest BNF. Such a 
plant may be too vigorous a competitor for 
associated crops. In such cases selecting for max- 
imum BNF needs to be accompanied by selec- 
tion to reduce competition, e.g. selection for 
particular types of root systems. The NFT needs 
to be considered in the context of the ecosystem, 
not its BNF alone. 

Plant and Rhizobium factors 

The age factor 
To date, there are few studies on BNF by trees 
in the second and subsequent seasons after plant- 
ing. Based on acetylene reduction activity and on 
nodule mass data, Hansen and Pate (1987b) 
concluded that % Ndfa in two species of Acacia 
in the first year were 37% and 29%, compared to 
only 9% and 2% in the second year. In one 
species, the calculated amount of N fixed in the 
second year was similar to that for the first year 
and for the second species it was 50% greater in 
the second year. During the first season, when 
plant growth is exponential, BNF will usually 
increase with time, e.g. data of Sanginga et al. 
(1990d) indicate 55 mg, 120 mg and more than 
250mg N fixed per plant of L. leucocephala 
grown in pots over successive 12-week periods. 

There is a strong case for more detailed 
studies of nitrogen fixed in second and sub- 
sequent seasons: If as with L. leucocephala, 
some 300 kg N or more can be fixed above- 
ground in a year and if, as data indicate, an 
equal amount occurs belowground (Sanginga et 
al., 1990e) then soil N levels from litter fall and 
sloughed root material may well be sufficient to 
suppress BNF. Sanginga et al. (1987) showed 
that 40 kg N ha -1 of applied fertilizer reduced 
BNF by L. leucocephala by some 50%. A mark- 
ed reduction in BNF in second or subsequent 
seasons may affect management options. Fur- 
thermore, as the tree ages, N stored in roots and 
stem may reduce BNF by a feedback mechanism 
but this needs further study also. If future studies 
do show a reduction of BNF in the second or 
later seasons, the two postulated mechanisms 
above could be discerned by pot studies compar- 
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ing BNF of seedlings planted to soil from under 
trees and adjacent soil outside their influence. 

The Rhizobium component 
Specificity in nodulation. Some leguminous trees 
appear to nodulate only with fast-growing strains 
of Rhizobium, some only with the slow-growing 
Bradyrhizobium and some with both Rhizobium 
and Bradyrhizobium (e.g. Dreyfus and Dommer- 
gues, 1981). However, even in each of these 3 
groups considerable specificity can occur. For 
example, the data of Dreyfus and Dommergues 
(1981) show that two of five Rhizobium isolates, 
and one of five Bradyrhizobium isolates tested 
did not infect A. sieberiana. All five Rhizobium 
isolates infected A. farnesiana, but only two of 
the 5 Bradyrhizobium infected it. In studies by 
Habish and Khairi (1970), A. albida nodulated 
with only one isolate from A. albida and 1 of 
another 9 isolates from various Acacia species. 
The nodulation affinities of some tree legumes 
with potential in agroforestry are indicated in 

Table 3. At this stage no consistent conclusions 
can be made on any relationship between 
Bradyrhizobium/Rhizobium specificities and sys- 
tematic plant classification. However, some pat- 
terns may emerge as revisions of larger genera, 
such as Acacia, are made. 

Effectiveness. Table 4, from Dreyfus and Dom- 
mergues (1981), shows clearly that considerable 
differences can occur between rhizobia in their 
effectiveness on particular hosts, a finding col- 
laborated by other workers, e.g. Olivares et al. 
(1988) on A. cyanophylla, A. melanoxylon and 
Prosopis chilensis. These data also indicate cases 
where rhizobia isolated from a species is either 
ineffective or poorly effective on the same 
species. It follows that any assumption that in- 
digenous rhizobia are effective and thus no re- 
sponse will be achieved by inoculation with se- 
lected effective rhizobia for that species, is 
premature. Thus, Rhizobium/Bradyrhizobium 
strain selection is a critical part of legume tree 

Table 3. Rhizobial requirements of some potentially useful leguminous trees 

Species Nodulation by Reference 
B and/or R* 

Acacia albida B Dommergues (1987) 
A. constricta R Waldon et al. (1989) 
A. holosericea B Dreyfus and Dommergues (1981) 
A. longifolia var. sophorae R Lawrie (1983) 
A. mearnsii B Lawrie (1983); Dommergues (1987) 
A. melanoxylon B Lawrie (1983) 
A. nilotica R Dommergues (1987) 
A. raddiana R Dommergues (1987) 
A. saligna R, B Barnet et al. (1985) 

(syn. A. cyanophylla ) Olivares et al. 1988) 
A. senegal R Dommergues (1987) 
A. seyal R, B Dommergues (1987) 

A. tumida R, B Dreyfus and Dommergues (1981) 
Albizzia lebbek B Ribero et al. (1987) 
Calliandra calothyrus R Dommergues (1987) 
Erythrina poeppigiana B Dommergues (1987) 
Gliricidia sepium R, B Dommergues (1987) 

Leucaena leucocephala R, B Dommergues (1987) 
Mimosa scabrella R, B Dommergues (1987) 
Prosopis alba R Torres (1985) 
P. chilensis R, B Olivares et al. (1988) 
P. glandulosa R, B Jenkins et al. (1989) 
Sesbania grandiflora R Dommergues (1987) 

* B = Bradyrhizobium. 

Habish and Khairi (1970) 

K.O. Awonaike, pers. corn. 

R = Rhizobium. 
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Table 4. Nodulation of Acacia species by Rhizobium and Bradyrhizobium (from data of Dreyfus and Dommergues, 1981) 

Nodulation ~ 
Rhizobium Bradyrhizobium 
Host of isolation Host of isolation 
A.se.* A.bi. A.f. A.h. A.si. A.bi. L.1. 

Native African species 
Acacia albida 0 0 0 E E E E 
A. senegal E E E 0 0 0 0 
A. seyal e E E E e e E 
A. sieberiana I e 0 E e E e 

Introduced species 
A. bivenosa I E I E e E I 
A. farnesiana E E E 0 I 0 0 
A. holosericea 0 0 0 E e e e 
A. tumida 0 I I e e I 0 

E = effective nodulation; e = partially effective; I = ineffective; 
0 = no nodulation. 
*A.se = Acacia senegal; A.bi. = A. bivenosa; A.f. = A. farnesiana; A.h. = A. holosericea; A.si. = A. sieberiana; L.1. = Leucaena 
leucocephala. 

species evaluation, for both introduced and in- 
digenous species. It may well be, for example, 
that Australian species of Acacia may perform 
poorly in Latin America or Africa, where in- 
digenous rhizobia may be effective on indigenous 
species. but ineffective on introduced species. 

The problem of competition between intro- 
duced effective strains of rhizobia and poorly 
effective indigenous strains (thus reducing the 
inoculation response) has not been examined 
with tree species. Bowen (1978) pointed out that 
species of legumes which nodulate at least par- 
tially effectively with a range of rhizobia may 
establish and grow reasonably well over large 
areas without inoculation and indeed this may be 
a major factor in the wide success of many 
agricultural legumes. However, inoculation of 
NFTs with highly effective rhizobia may not 
achieve the desired productivity due to competi- 
tion by less effective indigenous strains. Specifici- 
ty in nodulation requirements then becomes an 
advantage, allowing the full expression of the 
potential of the introduced Rhizobium/ 
Bradyrhizobium. Many soils, for example, lack 
rhizobia for specific tree legumes, e.g. L. 
leucocephala (Sanginga et al., 1989b), and this 
would allow the full response to inoculation with 
effective rhizobia. 

Management practices and environmental effects 
on BNF 

Effects of management 

We have indicated above that some 50% or more 
of the tree’s nitrogen may be below ground. This 
may well be an underestimate because it neglects 
root turnover which can be extremely high, e.g. 
40-92% of the standing crop in a forest ecosys- 
tem (Fogel, 1985). Some estimates on temperate 
forest species indicate the N allocated to fine 
roots can be up to 48% (Nadelhoffer et al., 
1985) and it is highly likely that nitrogen does 
not retranslocate from senescing fine roots 
(Nambiar, 1987). As with severe pruning of 
herbaceous legumes (Bowen and Kennedy, 
1959), after which a majority of roots and 
nodules senesce, severe pruning of L. 
leucocephala resulted in the death of approxi- 
mately half of the nodules in the subsequent 3 
weeks (Sanginga et al., 1990d) (root biomass was 
not studied). Thus, timing and severity of prun- 
ing may allow for some management of under- 
ground transfer of fixed nitrogen to associated 
crops, as well as regulating root competition 
between established hedgerows of NFT’s and 
recently planted inter-row annuals. Reduction in 
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competition between the tree and the annual 
species and/or sustained transfer of N from the 
tree to the alley crop may be the reasons for the 
observation of Duguma et al. (1988) of increased 
maize and cowpea yields with increased pruning 
frequency and decreased pruning height of L. 
leucocephala, G. sepium and S. grandgora. 

As indicated above, the accession of nitrogen 
to soil by root sloughing, and addition of above- 
ground litter may decrease BNF in later seasons. 

Environmental factors 

The actual nitrogen fixed is conditioned by the 
plant's nitrogen fixing potential (in association 
with a highly effective Rhizobium/ 
Bradyrhizobium strain) and by environmental 
factors. These may operate in two general ways: 
(i) by reducing plant growth and (ii) by direct 
effects on the symbiosis, e.g. by nodule physical 
conditions by affecting oxygen availability to 
bacteriods (Sprent et al., 1988) or by affecting 
the biochemistry of fixation, through e.g. molyb- 
denum deficiency. Below, we indicate some of 
these factors. 

Season 
As with herbaceous legumes (e.g. Sprent, 1979), 
nitrogen fixation varies considerably within and 
between seasons due to plant age and environ- 
mental effects on plant growth. 

Soil moisture 
Soil moisture plays a dominant role in seasonali- 
ty of nodulation and of nitrogenase activity. 
Some tree species have perennial nodules but 
many, if not most, shed their nodules and many 
fine roots when the soil becomes dry. For exam- 
ple, in the Mediterranean climate of Western 
Australia, Hansen et al. (1987) found nitrogen- 
ase activity per plant of two species of Acacia to 
be greatest in August/September (late winter/ 
spring) due to a combination of increased 
specific acetylene reduction activity of the 
nodules and peak numbers of nodules. There 
was virtually no nitrogenase activity after 
November/ December because of nodule senesc- 
ence (decreasing soil moisture) through to the 
next March/ApriI (arrival of rains), when nodu- 
lation recommenced. Habish (1970) recorded in- 
creased nodulation of A. mellifera in sand with 

increase in soil moisture to an optimum of 15% 
soil moisture. 

Soil moisture may affect BNF indirectly 
through plant growth, and direct effects on infec- 
tion (Sprent , 1979) and nodule characteristics, 
e.g. nodules with a great diffusion barrier to 
oxygen (Witty and Minchin, 1988). 

Not much is known about nodulation of deep- 
rooted trees in arid and semi-arid areas, in which 
the surface layers of soil are dry for considerable 
periods, sometimes for years. Prosopis glandul- 
osa has been recorded to nodulate at 10-m soil 
depth (Jenkins et al., 1988). Jenkins et al. (1989) 
found that Rhizobium dominated in the surface 
several metres but that at depth, Brady- 
rhizobium dominated. The nitrogen fixed by 
nodules at depth when the surface horizon is dry 
needs more quantitative study. Such nodules 
need only fix small amounts of N to be of 
significance in nitrogen-deficient soils. Rundel et 
al. (1982) suggested some 25-30 kg N ha -1 yr -1 

may be fixed by P. glandulosa, largely by nodules 
at the capillary fringe of the groundwater table, 
as they could find no nodules in the surface 
layers of the dry soil. 

Temperature 
Various stages of nodulation and nitrogen fixa- 
tion of herbaceous legumes are affected marked- 
ly by soil temperatures (Sprent, 1979) and this 
should hold for tree legumes. High soil tempera- 
tures may also affect survival of inoculated 
rhizobium in tropical soils (Bowen and Kennedy, 
1959). Casuarina cunninghamiana plants sup- 
plied with nitrogen fertilizer grew moderately 
well at 15°C soil temperature, but plants depen- 
dent on Frankia showed no nitrogen fixation and 
extremely poor growth at that temperature 
(Reddell et al., 1985; Z. Zhang, G.D. Bowen 
and F. Zapata, pers. comm.). Nodulation and 
nitrogen fixation occurred at 20°C and above. 
The optimum soil temperature was 25°C for the 
symbiotic plant and 20°C for nitrogen fertilized 
plants. The much lower optimum temperature 
for symbiotic plants (25°C) than that reported 
for nitrogenase activity of detached nodules 
(40°C, Bond and MacIntosh, 1975a) suggests 
that the major determinant in the intact sym- 
biotic system was the temperature effect on plant 
growth. For the two Frankia strains studied, the 



nitrogen fixed g -1 nodule tissue was similar for 5 
of the 6 temperature x Frankia combinations at 
20°, 25° and 30°C, suggesting a major effect of 
assimilate distribution on nodule growth at the 
different soil temperatures. Reddell et al. (1985) 
suggested that such temperature requirements 
for significant nodulation and nitrogen fixation 
affects the natural distribution of casuarina 
species. Casuarina spp. occur in soils with low N 
and seem to be dependent almost entirely on 
BNF. 

Habish (1970) recorded nodulation and nitro- 
gen fixation by A. mellifera up to 35°C soil 
temperature. 

Soil nitrogen 
Inorganic N inhibits BNF, and appears im- 
portant in NFTs. Sanginga et al. (1987) reported 
that 40 kg N ha -1 of applied fertilizer reduced 
BNF by L. leucocephala by some 50%. The 
suppressive effect of inorganic N on BNF has 
been shown in Alnus spp. and Myrica spp. 
(Stewart and Bond, 1961), Coriaria spp. and 
Hippophäe spp. (Bond and Mackintosh, 1975b), 
C. equisetifolia (Sougoufara et al., 1990), L. 
leucocephala (Sanginga et al., 1987, 1988) and 
Acacia spp. (Hansen and Pate, 1987a). Few 
studies have compared the relative abilities of 
different NFT species, provenances, isolines or 
clones to fix N2 at different soil N levels. If large 
differences in BNF exist between genotypes 
within species in response to combined N, this 
may reflect on differences in BNF inhibition in 
second and subsequent seasons due to the build- 
up in soil N. This genotypic variation in sensitivi- 
ty to soil nitrogen has been shown to be im- 
portant in grain legumes (e.g. Hardarson et al., 
1984). Domenach et al. (1989) reported that 
Alnus incana is capable of fixing N2 in the pres- 
ence of high soil N. Stewart and Bond (1961) 
reported that in Alnus spp., but not in Myrica 
spp., BNF was considerably enhanced by a low 
level of ammonium nitrogen, due to greater 
nodule development. Hansen and Pate (1987a) 
however observed that BNF in A. pulchella, A. 
alata and A. extensa was severely inhibited by 
inorganic N. 

Soil toxicities 
The effect of salinity on nodulation and nitrogen 
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fixation by herbaceous legumes (Sprent, 1979) 
may also hold for tree species, many of which 
have potential for use in saline soils. For exam- 
ple, many species of Prosopis can withstand 
salinities generally considered too brackish for 
agricultural crops (Felker et al., 1981). Indeed, 
some can grow at salinity levels higher than that 
of sea water. Reddell et al. (1986a) found differ- 
ences between two Frankia strains in their sym- 
biosis with the extremely salt-tolerant species 
Casuarina obesa. 

There is scope to combat many deleterious soil 
conditions (and to increase BNF) by selection of 
host genotypes and possibly by Rhizobium/ 
Bradyrhizobium selection. Selection for toler- 
ance of acidity may be especially relevant to the 
survival and persistence of inoculum, but the 
tolerance of the plant genome may play the 
dominant overall role in BNF. Habish (1970) 
recorded growth of A. mellifera with applied 
nitrogen at pH 3.8-4.2 but no nodulation and 
little plant growth at pH 5-5.5 in the absence of 
added nitrogen. More studies are needed to 
identify pH-related constraints, such as effects 
on rhizosphere growth of the bacterium or ef- 
fects on infection and nodule development. Hal- 
liday and Somasegaran (1982) indicated that the 
effect of acidity on Leucaena itself, rather than 
on the Rhizobium, is the main factor in acidity 
tolerance of genotypes of L. leucocephala. How- 
ever, many more studies are needed of the sen- 
sitivity of the symbiotic partners to soil toxicities 
(and other constraints) and the scope for genetic 
manipulation. 

Nutrition 
Low soil phosphate is an even more widespread 
constraint to plant growth than acidity. Sanginga 
et al. (1991) examined 23 provenances of 
Gliricidia sepium and 11 isolines of L. 
leucocephala for growth in low-phosphate soils; 
2.30-fold and 2.10-fold differences in growth oc- 
curred between L. leucocephala and G. sepium 
genotypes, respectively, in a low-phosphate soil. 
Additions of phosphate had little effect on rhizo- 
sphere growth of Rhizobium, but reduced the 
time for nodulation and increased nodule num- 
bers and nodule dry weights by 4- to 5-fold, 
while having little effect on % Ndfa. The con- 
stancy of % Ndfa indicates that effects on BNF 
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were probably via effects on plant growth (and 
assimilate available for BNF) rather than an 
effect specifically on the fixation process. The 
selection of genotypes of NFTs for high efficien- 
cy in uptake and use of phosphate should result 
in increased BNF. 

Mycorrhizas 
Mycorrhizal fungi enhance the uptake of phos- 
phorus and many other nutrients which also 
enhance biological nitrogen fixation, e.g. Zn, 
Mo, Cu, etc. (Bowen, 1980). Tree growth is 
stimulated by the ‘tripartite’ symbiosis of plant- 
nitrogen-fixing microorganism-mycorrhiza. For 
example, inoculation of L. leucocephala by 
species of Glomus doubled plant growth, in- 
creased nodule fresh weight and specific 
acetylene reduction (nitrogenase) activity each 
by 50% (Purcino, et al., 1986). In a phosphate- 
deficient soil, De la Cruz et al. (1988) obtained 
little increase in the N per plant of A. au- 
riculiformis, A. mungium and Albizzia falcata 
from the inoculation with Rhizobium alone, but 
8- to 25-fold increases when inoculated both with 
Rhizobium and selected vesicular arbuscular 
mycorrhizal (VAM) fungi. These were paralleled 
by acetylene reduction increases. Mycorrhizal 
fungi differed in their effectiveness, and there is 
considerable scope for selection of highly effi- 
cient mycorrhizal fungi. 

Vesicular arbuscular mycorrhizas are by far the 
most dominant form of mycorrhiza, especially on 
leguminous trees. Some trees, e.g. Allocasuarina 
and Casuarina are infected by both ectomy- 
corrhiza and VAM (Reddell et al., 1986b), 
ectomycorrhiza increasing in occurrence in ex- 
tremely low-phosphate soils in both casuarinas 
and in leguminous trees (Hogberg, 1986). 

Technology of inoculation with ectomycor- 
rhizal fungi is now fairly well established (Marx 
et al., 1984) mainly because they are easy to 
grow in artificial media. The inability to grow 
VAM fungi in artificial media makes inoculation 
on a broad scale difficult because inoculum must 
be raised on living plant roots. However, inocu- 
lation with appropriately raised root inoculum is 
quite feasible in nursery situations. Thus inocula- 
tion of the tree species with selected mycorrhizal 
fungi before outplanting is quite feasible. Addi- 
tionally, such outplanting of infected tree stock 

will supply an inoculum source for interplanted 
legumes and cereals, although more research is 
needed on rates of spread of the fungus to such 
crops. One may, however, not always get a 
mycorrhizal response as many soils already con- 
tain populations of effective mycorrhizal fungi. 
Identifying the soils/plant species which will re- 
spond to inoculation is a high research priority. 

Conclusion and future research needs 

The rising demand for increased food and fuel- 
wood production by resource-poor farmers and 
concern for environmental degradation under in- 
tensive agriculture have increased our interest in 
agroforestry and nitrogen-fixing trees (NFTs). 

Large differences in the biological nitrogen- 
fixing (BNF) capacities of different NFTs have 
been noted, and have been classified broadly 
into high- and low-NFT species. While species 
like Leucaena leucocephala and Sesbania rostrata 
can accumulate up to 500 (or more) kg N ha -1 

yr -1 of N2 fixed in their biomass, others like 
many Acacia species and S. sesban derive sub- 
stantially less (often <50 kg N ha-1 yr-1). Also, 
within each species of NFT examined, large dif- 
ferences in BNF capacities exist. Such genotypic 
differences should be exploited for enhancing the 
BNF contribution in agroforestry. The 15N iso- 
tope labelling techniques are useful for assessing 
genotypic differences in BNF. 

Inorganic N inhibits BNF in NFTs. This raises 
some important questions, such as (i) does the 
rapid litter and N turnover commonly associated 
with tree growth limit the period of N2 fixation in 
NFTs to their first few years of growth and (ii) 
are there substantial differences in the tolerance 
of BNF to inorganic N in different NFTs? These 
important questions have received scanty atten- 
tion and should be examined. Differences in the 
tolerance of different NFT genotypes to inor- 
ganic N could be exploited to extend the dura- 
tion of BNF contribution to soil and plants. 

Management practices like pruning intensity 
and frequency will not only affect BNF in trees, 
but may increase the rate of N release from 
senescing roots and nodules, and thus the soil N 
status and N transfer to companion crops. These 
management aspects have been little studied. 



The 15 N isotope labelling technique will be very 
useful in such studies. 

It is necessary to examine soils for the pres- 
ence of effective Rhizobium and Frankia strains 
for NFTs to be used in agroforestry, particularly 
when these trees are being newly introduced. 
The few available data suggest that in many soils 
Rhizobium or Frankia inoculation would in- 
crease BNF and growth of many NFTs. Inocula- 
tion with highly effective strains at the nursery 
stage appears to be an effective way of enhanc- 
ing nodulation success prior to field establish- 
ment, and is highly recommended. This can be 
complemented by mycorrhizal inoculation to in- 
crease NFT growth and BNF in low-P soils. 
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Abstract 

In the world each year 17.2 X 10 7 tons of N are biologically fixed. Biological nitrogen fixation (BNF) 
contributes to plant production in arable lands and in natural ecosystems. Research to improve BNF is 
progressing through the breeding of efficient N-fixing organisms and host plants, selection of the best 
combinations of host plant and microsymbiont, and by the improvement of inoculation techniques and 
field management. Biotechnology is useful for the creation of promising N2-fixing organisms. However, 
to increase plant production through enhanced BNF the constraints in establishing effective N2-fixing 
systems in the field should be understood and eliminated. 

Introduction 

Since World War II, N fertilizer use has been 
rising to increase crop yields. Expansion of in- 
dustrial fertilizer production, at lower cost, en- 
couraged their use, especially in developed coun- 
tries. Therefore, enthusiasm for the agronomic 
use of BNF has tended to decline in those coun- 
tries. At the same time the current recognition 
that increased industrial consumption of energy 
produced by burning fossil-fuel has led to world- 

wide increases in atmospheric CO2 and global 
warming, causing climatic changes. Reduction of 
energy produced by fossil-fuel consumption is 
becoming increasingly important, and the effec- 
tive use of BNF in agriculture would contribute 
to this aim. 

Total world biological N2 fixation is 17.2 x 10 7 

tons per year. This figure, three times that of 
industrially fixed N, demonstrates the signifi- 
cance of biological N2 fixation in agricultural and 
natural N cycles. Organisms capable of fixing 
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molecular N are all procaryots, as shown in 
Table 1. Part of these species are free-living N2 
fixers. They live all over the earth and play an 
important role in pastures, forestry, arable land 
and in natural N cycles. However, amounts of N2 
fixed by free-living bacteria are generally low. 

Other procaryots that live symbiotically in- 
clude blue-green algae (BGA), Frankia, and 
Rhizobia. They associate with an aquatic fern, 
with actinorhizal plants, and with legumes, re- 
spectively, fix larger amounts of N2 than do 
free-living bacteria and are important in agricul- 
ture. Enhancement of the symbiotic N2-fixing 
capacity of legumes has been pursued since 
legume cropping was found to increase soil fer- 
tility. In tropical and subtropical regions, the 
Azolla-Anabaena association operative in paddy 
fields, has been extensively investigated. Re- 
search on Frankia symbiosis is particularly rel- 
evant in deforestation and afforestation pro- 
grams. This paper deals with trends in research 
and the application of BNF in various 
ecosystems. 

Rice paddies 

Before industrial production of chemical fertiliz- 
ers began, the overall nutrient balance was 
slightly negative, and soil fertility decreased, es- 
pecially in upland soils, because each year nu- 
trients were removed in produce. However, it is 
reported that soil fertility in paddy fields is more 
sustainable as compared with upland fields, and 
that certain levels of rice yield are maintained for 
long periods without fertilizer application 
(Konishi and Seino, 1961). 

The sustaining of fertility in paddy fields, de- 
spite annual removal by plants, is largely due to 
BNF. From the results of a long-term field ex- 
periment, Japanese scientists (Konishi and 
Seino, 1961) estimated that at least 20 kg N ha -1 

per year was fixed in paddy fields where no N 
fertilizer was applied. Alimagno and Yoshida 
(1977) showed that BNF in Philippine rice fields 
ranged from 2.3 to 33.3 kg ha -1 . 

The BNF by free-living bacteria contributes 
significantly to rice production in paddy fields 

Table 1. List of nitrogen fixing organisms (Bothe et al., 1983; modified by the author) 

Free-living nitrogen-fixers 

Genus Species 

Obligate aerobes Azotobacter vinelandii, beijerinckii 
azospirillum brasilense, lipoferum 

Facultative anaerobic bacteria 

Obligate anaerobes 

Klebsiella 
Bacillus 

Clostridium 
Desulfovibrio 

pneumoniae 
polymyxa, macerans 

pasteuriunum 
vulgaris, desulfuricans 

Phototrophic bacteria Rhodospirillum rubrum, photometricum 

Blue-green algae Nostoc 
Anabaena 

muscorum 
cylindrica, variabilis 

Symbiotic nitrogen-fixing systems 

Host genus Microsymbiont 

Legume Glycine Bradyrhizobium 
Vigna Rhizobium 

Non-legume Alnus, Myrica Actinomycetes 'Frankia' 

Lichens Collema Nostoc 

Waterfern Azolla Anabaena 



where insufficient N fertilizer is applied. The 
major free-living N2-fixers in paddy fields are 
heterotrophic and phototrophic bacteria and 
BGA. Inoculation of rice plants with hetero- 
trophic bacteria was conducted in India (Dewan 
and Rao, 1979; Rao et al., 1983). Beneficial 
effects on yield and N uptake were shown in 
some fields with low rates of N application. 

In pot experiments in the Philippines, tillering 
and grain filling rates of rice plants were en- 
hanced by inoculation with Azospirillum lipo- 
ferum, but effects of inoculation on total straw 
dry weight and BNF were not observed at har- 
vest time (Watanabe and Lin, 1984). Thus, bene- 
fits of inoculation with these species, on yield 
and N2 fixation, are not manifest, especially not 
in fertilized soils or in the presence of indigenous 
N2-fixing bacteria. 

Recently, Fujii et al. (1987) produced Klebs- 
iella oxytoca NG13/pMC71A and Enterobacter 
cloacae B26/pMC71A by inserting a nif A con- 
taining K. pneumoniae plasmid (pMC71A) into 
K. oxytoca NG13 and E. cloacae E26, respec- 
tively. Inoculation effects of the mutants were 
tested on two rice varieties, Oryza sativa L. 
C5444 (Indica type) and T65 (Japonica type), 
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and growth and N increments were enhanced, 
particularly in T65, as indicated in Table 2. It 
was concluded that inoculation with genetically 
improved bacteria might enhance N2 fixation 
when associated with rice. 

Incorporation of organic matter stimulates 
BNF of heterotrophic N2-fixers in submerged 
soil. Yoneyama et al. (1977) and Ladha et al. 
(1986) indicated the effect of rice-straw amend- 
ment on BNF in submerged Philippine soils. 
Incorporating crop residues or compost into 
paddy fields improves fertility (Hashimoto, 1977; 
Shiga, 1984; Veal and Lynch, 1984). In Japan, 
compost was applied at a high rate to increase 
the yield and the quality of rice until 1960. After 
1960, N fertilizer use increased with a corre- 
sponding decrease in compost use. Sizeable 
amounts of rice straw and hull have been burned 
in fields. Recently, however, leaving rice res- 
idues in the field is increasingly practiced and is 
reported to maintain soil fertility and improve 
the soil ecosystem, and is an efficient use of 
available resources (Hashimoto, 1977). 

Shiga (1984) used a newly devised method to 
examine the decomposition of organic materials 
in paddy soil. In this method, a mixture of soil 

Table 2. Dry weight, N content. 15N concentration, and acetylene reducing activity in rice plants grown in pots. Oryza sativa L. 
vars. CS444 (Indica type) and T65 (Japonica type) at 100 days after inoculation with Klebsiella oxytoca NG13, Enterobacter 
cloacae E26 and their mutants (Fujii et al., 1987) 

Rice Bacteria Plant dry Plant N 15N in Acetylene 
variety inoculated weight content plant reduction 

(g/plant) (mg/plant) (atom % (C2H4 

excess) formed 
nmol/h/ 
plant) 

C5444 NG1389 a 

NG13 
NG13/pMC71A 
E26 
E26/pMC71A 

T65 NG1389 
NG13 
NG13/pMC71A 
E26 
E26/pMC71A 

1.99a b 

2.14a 
2.23a 
2.08a 
2.16a 

1.65a 
1.88b 
1.93bc 
1.87b 
2.00c 

9.83a 
10.55a 
1.68a 
10.30a 
10.76a 

8.91a 
9.95b 

10.36b 
10.32b 
11.01b 

4.662a 
1.155b 
3.226c 
4.064b 
3.633 

1.708a 
4.018b 
3.722b 
3.968b 
3.745b 

154a 
367a 
483a 
331a 
805b 

213a 
545bc 
462b 
438b 
722c 

a NG1389, NG13/pMC71A and E26/pMC71A indicate a nif mutant from K. cloucae and mutants produced by inserting a nif A 
containing K. pneurnoniae plasmid (pMC71A) into K. oxytoca NG13 and E. cloucae E26. respectively. Each data is the average 
of ten samples. 
bNumbers followed by the same letters in each rice variety do not differ significantly at p = 0.05 using Duncan's multiple range 
test. 
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and organic material was transferred to a tube 
made of glass filter fiber, then buried in the plow 
layer of the field. It was then analyzed for 
changes in the mixture's C and N content. The C 
decreased gradually during incubation regardless 
of the chemical composition of added materials. 
The N content of materials with C:N ratio >30 
increased until the ratio became 30. In the mix- 
ture of wheat straw and soil, N content was 2.2 
times larger than the original content. The ma- 
terial with C : N ratio <30 did not show a similar 
N increase. The N increment was considered to 
be either caused by BNF or by immobilization of 
diffused mineral N. 

In an incubation study, Ono (1990) investi- 
gated effects of incorporated organic matter on 
N2 fixation in submerged soils. He showed that 
the effects of slightly soluble carbohydrates such 
as starch and glycogen were larger than the 
effects of soluble and low molecular weight sub- 
stances such as glucose and organic acids, prob- 
ably due to their providing a longer lasting ener- 
gy source for BNF. He reported the extrapolated 
value of N2 fixed per hectare to be 32-37 kg in a 
paddy field when four tons of rice straw were 
applied. 

Hamada (1987) estimated BNF in a paddy 
field by tracer technique, using irrigation water 
saturated with a mixture of 15 N2 and O2 gases at 
an 80: 20 ratio. A 23-cm-tall, stainless steel cylin- 
der with a 20-cm diameter was inserted into 
paddy soil, up to plow-sole depth, around each 
rice plant; 5 cm of the cylinder remained above 
the soil surface. An acrylic cover, equipped with 
a frame for supporting rice plants and inlets for 
supplying and sampling 15 N water, was fitted to 
the cylinder. The rice plant was supported by the 
frame and the chamber was made air-tight with 
Apieson Q (Apieson Co. England). The cylinder 
was filled with 15 N2 for 23 days from September 
1. Immediately after the end of the 15 N feeding 
(flowering), and again at harvest, 15 N distribu- 
tions in the floodwater, the soil within the cylin- 
der and the plant, were examined. The values in 
Table 3 were converted from the original data 
into kg ha -1 of N biologically fixed for 23 days. 
They coincided with the values estimated from 
acetylene-reducing activities (ARA) of soils adja- 
cent to the cylinder, using 3.6 as the conversion 
factor. When 4 t/ha of barley straw was incorpo- 

Table 3. Distribution of biologically fixed 15 N in kg ha -1 at 
flowering (Sept. 23) and harvest of rice a (Hamada, 1987) 

Flowering Harvest 

Flood water 0.00 (0.0) b 

Upper plow layer 0.70 (10.3) 0.79 (11.6) 

Middle plow layer 2.08 (32.3) 2.00 (29.3) 

Lower plow layer 1.79 (27.8) 2.03 (29.9) 

Plow sole 1.34 (20.8) 1.32 (19.3) 

Rice plant 0.53 (8.3) 0.67 (9.9) 
Total 6.44 (100) 6.81 (100) 
a Irrigated with water saturated with 15 N-N2 for 23 days from 
September 1-23. b Data in parentheses show percent of 15 N 
content in each part to total fixed 15 N. 

(0-1.0 cm) 

(1.0-6.5) 

(6.5-12) 

(12-18) 

rated into paddy soil, BNF increased 25%. Ap- 
plication of N fertilizer stimulated BNF, al- 
though during early rice growth BNF was re- 
pressed. However, only 10% of the fixed N was 
mineralized and absorbed by plants in one crop- 
ping season; the rest was deposited in the soil. 

The major free-living N2 fixer in surface soil is 
BGA. Ono (1990), using submerged paddy soil 
in bottles, estimated BNF potential in surface 
soil in Kyushu at 23-29 kg N ha -1 per crop. 
Roger and Watanabe (1986) reviewed BNF 
potential of BGA and its use in rice cultivation. 
The BNF potentials of BGA was estimated at 
10-20 kg N ha -1 based on a maximum standing 
biomass in a rice field at blooming time, and 
37-150 kg N ha -1 per crop based on carbon 
input in the flood water and surface soil. Estima- 
tion by acetylene reduction assay frequently pro- 
vides erroneous results, due to ARA variations 
during the day and depending on the factor used 
to convert ARA values to fixed N2 values. The 
average value calculated from reported ARA 
data was 27 kg N ha -1 per crop. Roger and 
Watanabe (1986) concluded that BGA have less 
potential for fixing N, than legumes or Azolla. 
They concluded that the technological problems 
governing inoculum quality and establishment 
and the generally low yield increases caused by 
algal inoculation limit their usage. 

As reviewed by Roger and Watanabe (1986), 
the research on BGA inoculation is conducted 
intensively in India, where algal inoculum is 
produced by open-air soil culture. The inoculum 



is multiplied in shallow trays or tanks with about 
4 kg soil m-2 and 5-15 cm standing water. Triple 
superphosphate is applied at 100 g m-2, and in- 
secticide is used. After a 1-3 week culture, water 
in the trays is allowed to evaporate. Algal flakes 
are scraped off and used as inoculum. 

Agronomic use of BNF in Azolla-Anabaena 
symbiosis has been intensively studied in tropical 
and subtropical countries. The nitrogen-fixing 
activity of Azolla-Anabaena symbiosis is high 
under optimum conditions. Watanabe et al. 
(1980) obtained 22 harvests of Azolla with a 
total amount of 465 kg N ha-1 per year. How- 
ever, substantial N2-fixation by Azolla in rice 
fields is restricted by environmental factors such 
as pH, temperature, light intensity, insect dam- 
age, and low supply of mineral nutrients, espe- 
cially phosphorus. Incorporation of Azolla into 
soil increased grain yield 20% in field experi- 
ments at 12 sites in south Asian countries 
(Watanabe, 1982). 

Asakawa et al. (1988) grew Azolla for 38 days 
in a flooded rice field before transplanting. In 
1985 and 1986 they incorporated 60 and 63 t ha-1 

of Azolla, equivalent to 60 and 110 kg N ha-1 

into soils. With 60 t ha-1 Azolla, nitrogen uptake 
of rice plants increased by 49% and 42 kg N ha-1 

per cropping season. With 63 tons ha-1 of Azol- 
la, uptake of plants increased by 42% and 33 kg 
N ha-1 per cropping season. It was also im- 
portant to get a large amount of healthy Azolla 
inoculum under low mean temperatures (17- 
20°C) and to flood the plots one month earlier 
than the surrounding fields. Practically, Azolla- 
Anabaena symbiosis as green manure has limited 
use in intensive agriculture in the temperate 
zone. 

Tree ecosystems 

Tree ecosystems depend completely on inputs of 
natural N. The major inputs are from BNF by 
legumes, actinorhizal plants, and free-living bac- 
teria. Leguminous trees and shrubs contribute to 
the nitrogen economy of tropical regions (Daw- 
son, 1983), especially in the saline and saline- 
alkali soils that are usually barren (Bala et al., 
1990; Felker et al., 1981). 

Actinorhizal trees, especially alder, were wide- 
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ly used to produce constructional timber, furni- 
ture, firewood, and charcoal in the temperate 
region. Casuarina, an actinorhizal plant, is im- 
portant in tropical and subtropical countries, es- 
pecially as a firewood source. Their symbiotic 
nitrogen fixation helps to improve the nitrogen 
fertility in forests. Furthermore, actinorhizal 
plants have been used in rehabilitating mine 
spoils and in stabilizing recent flood deposits and 
landslide areas. This is because the plants grow 
well in low-N soils where other plants are hard to 
grow (Dawson, 1983). 

Though precise estimation of BNF in tree 
ecosystems is difficult, Bothe et al. (1983) esti- 
mated the gross contribution of Frankia with 
nonleguminous trees in fields at 27-150 kg N 
ha-1 per year. However, this contribution is 
seldom sufficient for optimum growth of trees 
that do not have N2-fixing symbionts (Dawson, 
1983). Application of N fertilizer may enhance 
productivity in forests, but high fertilizer costs 
restrict its use. Therefore, foresters are inter- 
ested in improvement of a silvicultural system 
using actinorhizal plants. Hansen and Dawson 
(1982) examined the effect of interplanted Alnus 
glutinosa on the growth of Populus. They found 
that Populus growth, when interplanted with a 
higher percentage of Alnus, was comparable to 
its growth with treatments of optimal rates of 
applied ammonium nitrate. They also found that 
soil N accretion in the upper 4 cm of soil, adja- 
cent to and at a distance of 15 cm from each 
alder stem, was 222 and 158 mg kg-1 of air-dry 
soil every 2 years, respectively. 

Houwers and Akkermans (1981) showed that 
inoculation with homogenates of A. glutinosa 
nodules enhanced nodulation and growth of A. 
glutinosa in soils with very low numbers of Fran- 
kia, in proportion to the amount of inoculum 
applied. Actinorhizal plants are already well- 
nodulated in nature, however, because Frankia 
is widely distributed in soils and can survive for 
long periods (Smolander and Sundman, 1987). 
To increase BNF and plant production with im- 
proved inoculation techniques, comparative 
studies of the relative efficiency of different 
Frankia strains with selection of efficient combi- 
nations of host plant and microsymbiont are 
required. 

Studies on the interaction between Frankia 
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and Alnus have had mixed results. Simon et al. 
(1985) reported that significant growth differ- 
ences were observed when clones of A. glutinosa 
were inoculated with four strains of Frankia. 
Prat (1989) inoculated plants of eight Alnus 
species with mixtures of pure strains isolated 
from different Alnus species and could not detect 
significant interaction between Frankia strains 
and the Alnus species. However, some species 
showed higher growth when they were inocu- 
lated with the strain isolated from the same 
species. This may indicate interaction between 
the Frankia strain and the host Alnus. A strong 
indication of preferential association between 
Frankia strains and Alnus species in Finland was 
shown by Weber (1986) and Weber et al. (1987). 
They isolated Frankia from A. incana and A. 
glutinosa in different ecosystems and found that 
the majority of strains from A. incana were 
spore-positive and those from A. glutinosa were 
spore-negative. The spore-positive strains from 
A. incana were ineffective in A. glutinosa, while 
the rare spore-positive strains from A. glutinosa 
were effective in both species. On the other 
hand, Houwers and Akkermans (1981) reported 
that A. glutinosa in the Netherlands was nodu- 
lated sufficiently, with very small amounts of 
crushed nodules of spore-positive strains com- 
pared with those of spore-negative strains. Dis- 
tribution of spore-positive and spore-negative 
isolates was related to host plant species and 
their origins (Normand and Lalonde, 1982). 

Prat (1989) showed that a mixture of Frankia 
strains generally provided higher Alnus growth 
than an individual strain. Hahn et al. (1990) 
reported enhanced growth of Alnus using dual 
inoculation with effective and ineffective Frankia 
strains. The enhanced effect of the ineffective 
strain was independent of the plant clone's sus- 
ceptibility to the ineffective strain and of the 
nodulation condition. It was suggested that a 
positive interaction may occur between Frankia 
strains. If a positive interaction between Frankia 
strains can occur with mixed strains, it may also 
happen between indigenous and introduced 
strains in the field (Prat, 1989). Lack of meth- 
odology for the isolation and identification of 
Frankia strains in natural systems has inhibited 
clarification of the positive interaction between 
strains (Hahn, 1990). Utilization of the inter- 

action in silvicultural systems, however, should 
improve plant productivity. 

The contribution of free living N2-fixers to N 
balance in forests was considered to be smaller 
than that of symbiotic N2-fixers. N2-fixation rates 
were 0.3-38.0 kg ha -1 per year, with wide vari- 
ation among the ecosystems (Granholl and Lind- 
berg, 1978). Heterotrophic N2-fixation, mainly 
due to facultative anaerobic bacteria, was found 
in decomposing woody litter and plant rhizo- 
spheres. N2-fixing activity decreases with increas- 
ing soil depth, acidity, and O2 tension, but with 
decreasing soil temperature and organic matter 
content. Photo-dependent N2-fixation by cyano- 
bacteria at the soil surface is also reported (re- 
viewed by Dawson, 1983). Phyllospheric N fixa- 
tion by free-living bacteria in forest trees has 
been reported (Granholl and Lindberg, 1978). 
Favilli and Messini (1990) estimated N2 fixation 
in leaves of coniferous plants in a 3-year investi- 
gation where the highest nitrogenase activity, 
8.1 nmole of N, fixed h -1 g -1 , was detected in 
the spring. 

Upland crop fields 

Nitrogen-fixing organisms in upland fields fix N, 
in the states of free-living, Rhizobium, or as- 
sociative symbiosis. Bothe et al. (1983) esti- 
mated N fixation in various systems from pub- 
lished data. According to their estimate, N2- 
fixation by rhizobium symbiosis was 40-460 kg 
ha -1 per year; by Actinomycetes, 27-150 kg 
ha -1 per year; by blue-green algae, 5-8 kg ha -1 

per year; by associative symbiosis, 3-10 kg ha -1 

per year; and by free-living bacteria, less than 
1 kg ha -1 per year as shown in Table 4. There- 
fore, BNF by free-living bacteria does not seem 
to contribute to the N balance of upland 
ecosystems. 

Associative N2-fixing symbioses 

The amount of N2 fixed in associative symbiosis 
with non-leguminous plants is also low. How- 
ever, Dobereiner (1983) reported 60-90 kg ha -1 

per cropping season of N2 fixed by maize under 
tropical conditions. Interrelationships between 
host plants and bacteria in associative symbiosis 
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Table 4. Estimates of the performance of nitrogen-fixing microorganisms in the field (Bothe et al., 1983) 

Plant Associative organism Fixation rate 
(kg ha-1 year) -1 

Rhizobium symbiosis 
Soybean Bradyrhizobium japonicum 40-200 
Lucerne Rhizobium meliloti 50-460 

Actinomycete symbiosis 
Alder 
Bog myrtle 

Blue-green algal symbiosis 
Azolla 
Lichen 

Associative symbiosis 
Grass 
Sugar cane 

Frankia 
Frankia 

Anabaena azollae 
Nostoc 

Azotobacter paspali 
Azospirillum, Beijerinckia 

50-150 
27 

50-80 
5-10 

10 
3 

Free-living organism 
Blue-green algae 80- 120 
Azotobacter, Clostridium, Klebsiella < 1 

were very specific. Jagnow (1990) found large 
differences in N2 fixing activities between 14 cer- 
eal cultivars inoculated with a strain of Azospiril- 
lum, concluding that genotypic variability existed 
between cereal cultivars. Hurek et al. (1988) 
described a habitat-specific chemotaxis of Azo- 
spirillum spp. originating from different sites. C4 

plants, such as maize, associate mainly with 
Azospirillum lipoferum, while C, plants associate 
mainly with A. brasilense (Dobereiner, 1983). 

Inoculations of grasses and cereal crops with 
Azospirillum have been investigated extensively. 
Many reports showed beneficial effects on plant 
growth and N2 fixation (Nur et al., 1980; Waren- 
bourg et al., 1987). However, these effects were 
influenced by the combination of host plant and 
inoculant strain, and by environmental factors 
such as soil fertility and moisture. Baltensperger 
et al. (1978) inoculated eight genotypes of Ber- 
muda grass with Azospirillum and Azobacter and 
showed that the top growth increased by an 
average 17% at low N fertility, but not at high N 
fertility. Plausible association mechanisms be- 
tween host plant and microsymbiont have been 
reported as production of growth-regulating sub- 
stances that promote the growth of roots and 
root hairs, and as enhanced nutrient uptake 
(Zimmer and Bothe, 1988). Tien et al. (1979) 
found that A. brasilense produced indole acetic 

acid (IAA), gibberellin, and cytokinin-like sub- 
stances, and that combination of those sub- 
stances produced morphological changes in pearl 
millet roots similar to changes produced by A. 
brasilense. Kapulnik et al. (1987) inoculated five 
wheat cultivars with A. brasilense and showed 
that inoculation increased grain yield in only one 
of them, cv Mirian. However, they suggested 
that the positive response was due to relief from 
water stress at the end of the growth season. 

Dobereiner et al. (1988) inoculated field- 
grown wheat with four strains of Azospirillum 
spp labeled with antibiotic resistance and showed 
that total N and grain yield were increased sig- 
nificantly by inoculation with A. brasilense sp 245 
which accounted for 100% of isolates from the 
washed roots. Ferreira et al. (1987) considered 
that the effects of A. brasilense sp 245 inocula- 
tion were due more to efficient assimilation of 
NO3 than to an increase in N2 fixation. Some 
strains of Azospirillum can use nitrate to respire 
and denitrify (Dobereiner, 1983); therefore, they 
are also consumers of fixed nitrogen. 

As stated above, the inoculation effects in 
associative symbiosis vary with combinations of 
host plant and microsymbiont. The association 
mechanisms cause not only BNF but also regula- 
tion of plant growth due to a supply of growth- 
regulating substances from the microsymbiont. 
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Initially, strain selection is important for de- 
veloping inoculation practices for associative 
symbiosis (Baldani et al., 1987). However, even 
when an effective combination is established, the 
plants are less developed than those fertilized 
with N, and Nur et al. (1980) pointed out that 
exchanging Azospirillum for N fertilizer in mod- 
ern agriculture remains a remote goal. 

Legume-rhizobium symbiosis 

BNF by Rhizobium-legume symbiosis has been 
widely used and intensively studied in agricul- 
ture. Investigation of the genetic traits related to 
the BNF by hosts has been progressing, and 
selections of cultivars with high N-fixing abilities 
have succeeded with alfalfa (Duhigg et al., 
1978), red clover (Nutman and Riley, 1981), 
crimson clover (Smith, 1982), and pea (Hobbs 
and Mahon, 1982). 

Nitrate tolerance is a useful trait for BNF 
enhancement in N-rich soils. Nitrate tolerant 
soybean mutants have been selected (Carroll et 
al., 1985; Gremaud and Harper, 1989). Some of 
the mutants nodulate superabundantly, com- 
pared with their parent cultivars, not only in the 
presence of nitrate, but also in its absence. This 
is because they were defective in a feedback 
mechanism that regulated nodulation (Caetano- 
Anolles and Gresshoff, 1990). The mutants gen- 
erally did not yield as well as the parent cul- 
tivars, probably due to additional mutations un- 
related to supernodulation. Thus, this genetic 
trait will be used in breeding programs designed 
to improve the agronomic potential of soybean 
(Carroll et al., 1988). 

Microsymbiont improvement is possible 
through the selection of highly effective or effi- 
cient strains. Hydrogen evolution from nodules 
was equivalent to 40-60% of energy loss and 
results in reduction of N2-fixation efficiency 
(Schubert and Evans, 1976). Hup + Rhizobium 
strains have uptake-hydrogenase capable of pre- 
venting hydrogen evolution and reducing energy 
losses. Because Hup' strains have efficient 
nodule production (Evans et al., 1987), they 
have been examined for use as an inoculant. 
Evans et al. (1987) compared Hup + strain as an 
inoculant with the performance of Hup - strain, 
in a growth trial with soybean. They showed that 

total N content of plants inoculated with Hup + 

strain had increased 8.6% in the seeds, 27% in 
the leaves, and 11% in the total plants after a 
141 day-growth period. 

Mutants of B. japonicum, which nodulates 
earlier than its parent strain, were isolated 
(Maier and Brill, 1978). Biological nitrogen fixa- 
tion and growth of soybean nodulated with the 
mutants were distinctly increased at the early 
growth stage, but not thereafter. Hunter and 
Kuykendall (1990) isolated a prototrophic re- 
vertant (TA11 NO + ) of a nodulation defective 
tryptophan auxotroph of B. japonicum. They 
showed that soybeans inoculated with the re- 
vertant and grown hydroponically for 35 days, 
had 33% more dry weight and 52% more N than 
the wild-type strain. These results demonstrate 
that highly effective rhizobium strains can be 
obtained by mutagenesis. However, many prob- 
lems must be solved before beneficial effects can 
be realized and maintained in the presence of 
highly competitive indigenous strains (Evans et 
al. , 1987). 

Some strains of B. japonicum reduce acetylene 
to ethylene in free-living culture. A mutant of B. 
japonicum strain, USDA 110, with approximate- 
ly 100% greater C2H2-reducing activity and de- 
ficient in nitrate reductase in free-living culture, 
was selected (Williams and Phillips, 1983). The 
plants inoculated with the mutant increased in 
dry weight and in N content by about 40% 
compared with plants inoculated with the parent 
strain under controlled environmental condi- 
tions. In a field trial, seed yield was increased by 
about 12%, and more than 80% of the nodules 
of plants inoculated were occupied by the 
mutant. 

Recently, Maier and Graham (1990) obtained 
promising mutant strains of B. japonicum, JH359 
and JH310, after transposing Tn5 mutagenesis of 
wild-type strain JH. The mutants required higher 
levels of Mo than the parent strain to express 
nitrate reductase in free-living culture, while 
their nitrogenase activities were influenced little 
by Mo supplementation. Soybeans inoculated 
with strain JH359 showed higher BNF activity 
and greater fresh weight compared with the par- 
ent strain inoculated plants. 

Selection of a superior B. japonicum mutant is 
possible in free-living culture. However, benefits 



in the field would happen only with low N availa- 
bility and small populations of competitive in- 
digenous rhizobia. Even though a highly efficient 
association can be formed by selection or breed- 
ing of both symbionts in the laboratory, it does 
not always result in high N2-fixation or high yield 
in the field. This is mainly due to the restriction 
of nodulation with inoculant strains by exclusive 
invasion of less effective indigenous rhizobia. It 
has been shown by SDS-polyacrylamide gel elec- 
trophoresis of proteins of nodule isolates, that 
inoculant strains scarcely occupied nodules at 
ordinary inoculation rates of 10 5 - 10 6 cells/grain 
on southeastern Wisconsin soybean farms 
(Kamicker and Brill, 1986). In order to increase 
BNF and yield of leguminous crops by inocula- 
tion with efficient rhizobia, the proportion of 
nodules occupied by inoculant strains must be 
sufficiently increased. Weaver and Frederick 
(1974) predicted that, if the inoculation of a 
useful strain is to be beneficial, the ratio of 
nodules occupied by inoculated rhizobia must be 
increased to more than 50%. 

Heavy inoculation is a way of increasing 
nodule formation by inoculated strains. Weaver 
and Frederick (1974) indicated that if inoculated 
rhizobia were to form 50% or more of the 
nodules, an inoculum rate of at least 1000 times 
the soil population must be used. Takahashi et 
al. (1986) increased the ratios of nodules oc- 
cupied by inoculated B. japonicum Hup + strain 
to more than 60% by heavy inoculation at a rate 
of 10 11 cells/seed. 

The methods of inoculation affect the vertical 
distribution of nodules occupied by inoculant 
strains. Inoculum added to the seed furrow and 
tilled into the soil produces nodules mainly in the 
top and bottom sections of the soybean roots. 
The nodules produced in the bottom part were 
younger at seed formation and contributed to 
seed N (Kamicker and Brill, 1987). 

Nodule formation by inoculation also depends 
on the inoculant carrier. Clay and peat powder 
have been used as carriers for maintenance of 
infectivity and simplification of inoculation prac- 
tice. Kremer and Peterson (1983) showed that a 
suspension of lyophilized rhizobia cells in 
peanut-oil was more effective in comparison with 
a peat-base inoculant. Recently, seeds inoculated 
by vacuum-infiltration in the factory, 'Noculid 
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seeds', have been used by Japanese farmers. 
Noculid seeds maintain infectivity for four weeks 
under low temperature and optimum humidity, 
so farmers are spared the complicated labor for 
inoculation and maintenance of the inoculant 
(Takahashi, personal communication). 

Heavy inoculation is neither realistic, nor 
economical in agricultural practice. Thus, the 
reasons why such heavy inoculation is needed for 
effective nodulation must be found. TO do this, 
the following must be initially investigated: be- 
havior of inoculated rhizobia in soils, mecha- 
nisms of host recognition by microsymbionts, 
preference of host plant for microsymbionts, in- 
fection and nodule formation, and regulation of 
BNF. 

The first event in infection of legumes by 
rhizobia is the release of a flavonoid compound, 
by host roots, into the rhizosphere (Rolfe and 
Gresshoff, 1988). Rhizobia then interact with the 
compound and produce factors that stimulate 
cell division. The cortex cells of the roots start to 
divide. and form pseudo-infection sites. The next 
steps are: formation of the primary nodule 
meristem. contact or binding of rhizobia with the 
root hair emergence sites. and invasion of 
rhizobia into the root hair. The binding of 
rhizobia with root hairs is thought to be 
mediated by a specific protein, lectin (Dazzo and 
Hubbell, 1975). The infected root hair curls and 
forms infection threads through which bacteria 
are transported to the cortex to proliferate. 
When any one of the successive reactions is 
blocked, nodules are not effectively formed. For 
instance, the binding of rhizobia with root hairs 
through mediation of lectin is considered essen- 
tial for mutual recognition between host and 
appropriate rhizobia. 

In soybean, the binding ability of the rhizobia1 
cell with lectin decreased rapidly with culture age 
and was completely lost at the late logarithmic 
phase (Mort and Bauer, 1980). The development 
of specific lectin receptors on the cell surface of 
B. japonicum was conditioned by the environ- 
ment provided by the host plant roots. It was not 
detected in some strains of B. japonicum cul- 
tured in a synthetic salt medium (Bhuvaneswari 
and Bauer, 1978). There is sufficient justification 
for improvement of nodule formation by in- 
oculum preparation instead of extremely heavy 
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inoculation, because the lectin-binding receptors 
on B. japonicum are transient (Bhuvaneswari et 
al., 1977; Mort and Bauer, 1980) and their ap- 
pearance might be dependent on the bacterial 
growth environment (Bhuvaneswari and Bauer, 
1978). 

Another strategy to increase nodule formation 
by the inoculant strain, is to exclude nodulation 
by less efficient indigenous rhizobium strains. 
For this, physiological and genetical mecha- 
nisms, that determine host plant preference for 
rhizobial strain or compatibility of rhizobia with 
the legume cultivar, should be investigated. Ellis 
et al. (1984) investigated serotypes of isolates 
from soybeans grown in the midwestern USA, 
showing that 95% of the nodules were occupied 
by rhizobia belonging to serogroup USDA 123. 
According to Kvien et al. (1981), rhizobia of 
serogroup USDA 123 were less efficient. 

Cregan and Keyser (1986) selected 13 of 1278 
soybean genotypes that barely nodulated with 
USDA 123. Two of the genotypes, PI 371607 
and PI 377578, and cv. Williams were inoculated 
with mixed inoculum of USDA 123 and either 
USDA 110, 122, or 138. They were analyzed 
serologically for bacteroids inhabited in nodules. 
More than 75% of the nodules of cv. Williams 
were occupied by USDA 123, whereas in all 
other cases less than 10% of nodules of the PI 
genotype were occupied by USDA 123. Table 5 
shows part of the results. Other genotypes of 
soybean, Rj2, Rj3, and Rj4, that restrict nodula- 
tion with appropriate strains also have been re- 
ported (Caldwell, 1966; Caldwell et al., 1966; 
Vest, 1970; Vest and Caldwell, 1972). 

We isolated rhizobia from various Rj- 
genotypes of soybeans grown in the field and 
examined the compatibilities of isolates with 
each soybean Rj-genotype (Ishizuka et al., 

Table 5. Strains recovered from the nodules of PI371607, 
PI377578 and Williams soybeans in nodulation competition 
experiment (Cregan and Keyser, 1986) 

Soybean Recovery from nodules (%) 
genotype 

USDA 123 USDA 110 Other 

PI 371607 0 100 2 
PI 377578 0 98 6 
Williams 83 25 2 

Table 6. Preferences of Rj-soybean cultivars, grown in the 
field, for indigenous Bradyrhizobium japonicum. The isolates 
from nodules were classified into 3 types by compatibilities 
with Rj-cultivars (Ishizuka et al., 1991) 

Type of isolate Percentage of each type 
of isolate 

Genotype of cultivar from 
which rhizobia were isola- 
ted 

Non-Rj Rj2 Rj4 

Compatible with Rj2- and 75 38 39 

Incompatible with Rj2-cv. 13 0 61 

Compatible with Rj2-cv. 13 62 0 

Rj4-cv 

and compatible with Rj4-cv. 

and incompatible with Rj4-cv. 

1991). As shown in Table 6, Rj2- and Rj4- 
genotypes of soybeans preferred incompatible 
rhizobia, with Rj, and Rj, genotypes of soy- 
beans, respectively. Such preferences were not 
observed in the cultivars that do not have the Rj 
genes. The Rj-genotypes of soybeans not only 
restricted nodulation with the appropriate 
rhizobia, but preferred the rhizobia harboring a 
specific trait. Devine et al. (1990) tested for the 
nodulation response of 119 isolates to the Rj, 
allele. They showed that a majority of isolates 
interdicted by the Rj, allele were chlorosis- 
inducing bacteria and suggested that the Rj, 
allele benefitted the host plant by shielding it 
from nodulation by certain bradyrhizobial groups 
with impaired efficiency of N2 fixation with 
soybean. 

The evidence indicates that some leguminous 
crop cultivars have nodulating-conditioning 
genes, restrict nodulation with certain rhizobia, 
and prefer other rhizobia. The establishment of 
efficient combinations of genotypes of host plant 
and inoculant rhizobial strains, excluding nodula- 
tion with less efficient indigenous rhizobia may 
enhance BNF. Plant breeders may be able to 
construct such systems for agronomic use (De- 
vine et al., 1990). 

Conclusions 

Genetic improvement of BNF systems and their 
management for agronomic use have been inves- 



tigated intensively. Examples are breeding and 
selection of high-yielding cultivars (Duhigg et 
al., 1978; Hobbs and Mahon, 1982; Nutman and 
Riley, 1981; Smith et al., 1982) and isolation of 
efficient N2-fixing bacteria (Maier and Brill, 
1978; Maier and Graham, 1990). These studies 
have contributed to the elucidation of mecha- 
nisms of symbiosis and N2-fixation (Rolfe and 
Gresshoff, 1988). 

On the other hand, many problems of en- 
hancement of BNF and productivity in agricul- 
ture remain unsolved. Recently, soybean mu- 
tants that nodulated abundantly in the presence 
of nitrate were isolated, but their yields were not 
high compared with current cultivars (Carrolle et 
al., 1988). Thus, abundant nodule formation 
does not necessarily result in high N2 fixation and 
increased yield. Various promising N2-fixing bac- 
teria selected and produced by mutagenesis have 
proven to have beneficial effects on plant pro- 
duction under aseptic conditions or in the ab- 
sence of competitive indigenous N2-fixers but, 
unequivocal effect in field trails has not been 
found. 

Therefore, in addition to analyzing individual 
functions of both symbionts related to BNF, one 
must investigate the overall BNF system and 
factors affecting it. Then one must clarify the 
restricting factors of symbiotic association and 
productivity. The most important targets of 
studies on legume-rhizobia symbiosis are to in- 
crease occupancy of inoculant rhizobia and to 
improve photosynthetic plant characteristics as 
an energy supply for BNF. 

BNF by free-living N2-fixers and associative 
symbiosis can not yet replace N fertilizers in 
modern agriculture (Nur et al., 1980). However, 
there is potential for increasing productivity 
through breeding of N2-fixing bacteria (Fujii et 
al., 1987) and through improvement of combina- 
tions with crops, inoculation methods, and cul- 
tural practices. 

Biotechnology is useful for the creation of 
promising N2-fixing organisms. An example is 
the transfer of the bacterial nif gene into a 
non-legume. However, its feasibility is not well 
defined, although it is not impossible. Even 
though prokariotic genes can be transferred to 
eukariotic cells, gene expression will be difficult, 
because organisms capable of N2-fixation are 
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only procaryots. Other genes concerning BNF, 
such as bacterial infection, nodule formation, 
and regulation of BNF activity, must be simulta- 
neously transferred. Furthermore, there are 
many problems that should be solved, because 
biological N2-fixation depends on many interre- 
lated factors. When these problems are solved in 
the future, the most important problem will be 
what kind of organism should be created to 
enhance practical use of N2-fixation in agricul- 
ture and how to use that organism. 

References 

Alimagno B V and Yoshida T 1977 In situ acetylene-ethylene 
assay of biological nitrogen fixation in lowland rice soils. 
Plant and Soil 47. 239-244. 

Asakawa S, Araragi M, Hayano K and Takabayashi M 1988 
Effects of Azolla application on rice yield. amount of 
nitrogen uptake and soil nitrogen. Jap. J. Soil Sci. Plant 
Nutr. 59, 397-402 ( In Japanese ). 

Bala N, Sharma P K and Lakshminarayana K 1990 Nodula- 
tion and nitrogen fixation by salinity-tolerant rhizobia in 
symbiosis with tree legumes. Agric. Ecosys. Environ. 33, 
33-46. 

Baldani V L D. Baldani J J and Dobereiner J 1987 Inocula- 
tion of field-grown wheat ( Triticum aestivum ) with Azos- 
pirillum spp. in Brasil. Biol. Fert. Soils 4. 37-40. 

Baltensperger A A, Schank S C, Smith R L, Littell R C, 
Bouton J H and Dudeck A C 1978 Effect of inoculation 
with Azospirillum and Azotobacter on turf-type Bermuda 
genotypes. Crop Sci. 18. 1034-1045. 

Bhuvaneswari T V, Pueppke S G and Bauer W D 1977 Role 
of lectins in plant-microorganism interactions. I. Binding of 
soybean lectin to rhizobia. Plant Physiol. 60. 486-491. 

Bhuvaneswari T V and Bauer W D 1978 Role of lectins in 
plant-microorganism interactions. III. Influence of rhizo- 
sphere/rhizoplane culture condition on the soybean lectin- 
binding properties of rhizobia. Plant Physiol. 62, 71-74. 

Bothe H, Yates M G and Cannon F C 1983 The nitrogen- 
fixing organism and the nitrogenase reaction. In Encyclop. 
Plant Physiol. New Series Vol. 15A. Eds. A Lauchli and R 
L Bieleski. pp 241-285. Springer-Verlag, Berlin. 

Caetano-Anolles G and Gresshoff P M 1990 Early induction 
of feedback regulatory responses governing nodulation in 
soybean. Plant Sci. 71, 69-81. 

Caldwell B E 1966 Inheritance of a strain-specific ineffective 
nodulation in soybean. Crop Sci. 6, 427-428. 

Caldwell B E, Hinson K and Johnson H W 1966 A strain- 
specific ineffective nodualtion reaction in the soybean 
Glycine max L. Merrill. Crop Sci. 6, 495-496. 

Carroll B J, McNeil D L and Gresshoff P M 1985 A 
supernodualtion and nitrate-tolerant symbiotic (nts) soy- 
bean mutant. Plant Physiol. 78, 34-40. 

Carroll B J, Haltley R, Ashley D A, Boerma H R, Lawn R, 
Byth D and Gresshoff P M 1988 Field evaluation of 



208 Ishizuka 

supernodulating soybean mutant. In Nitrogen Fixation: 
Hundred Years After. Eds H Bothe, F J de Bruyn and W 
E Newton. Gustav Fischer, Stuttgart, New York. p 808. 

Cregan P B and Keyser H H 1986 Host restriction of 
nodulation by Bradyrhizobium japonicum strain USDA 
123 in soybean. Crop Sci. 26, 911-916. 

Dawson J 0 1983 Dinitrogen fixation in forest ecosystems. 
Can. J. Microbiol. 29, 979-992. 

Dazzo F B and Hubbell D H 1975 Cross reactive antigens 
and lectin as determinants of symbiotic specificity in the 
Rhizobium-clover association. Appl. Microbiol. 30, 1017- 
1033. 

Devine T E, Kuykendall L D and O’Neill J J 1990 The Rj4 

allele in soybean represses nodulation by chlorosis-induc- 
ing bradyrhizobia classified as DNA homology group I1 by 
antibiotic resistance profiles. Theor. Appl. Genet. 80, 33- 
37. 

Dewan G I and Rao N S S 1979 Seed inoculation with 
Azospirillum brasilense and Azotobacter chroococcum and 
root biomass of rice ( Oryza sativa L.). Plant and Soil 53, 
295-302. 

Döbereiner J 1983 Dinitrogen fixation in rhizosphere and 
phyllosphere association. In Encyclop. Plant Physiol. New 
Series, Vol. 15A. Eds. A Lauchli and R L Bielski. pp 
332-350. Springer-Verlag, Berlin. 

Dobereiner J, Reis V M and Lazarini A C 1988 New N2 

fixing bacteria in association with cereals and sugar cane. 
In Nitrogen Fixation: Hundred Years After. Eds. H. 
Bothe, F J de Bruyn and W E Newton pp 717-722. Gustav 
Fischer, Stuttgart, New York. 

Duhigg P, Melton B and Baltensperger A 1978 Selection for 
acetylene reduction rate in Misilla alfalfa. Crop Sci. 18, 

Ellis W R, Ham G E and Schmidt E L 1984 Persistence and 
recovery of Rhizobium japonicum inoculum in a field soil. 
Agron. J. 16, 573-576. 

Evans H J, Harker A R, Papen H, Russell S A, Hanus F J 
and Zuber M 1987 Physiology, biochemistry, and genetics 
of the uptake hydrogenase in Rhizobia. Annu. Rev. Mi- 
crobiol. 41, 335-361. 

Favilli F and Messini A 1990 Nitrogen fixation at phyllo- 
spheric level in coniferous plants in Italy. Plant and Soil 
128, 0195. 

Felker P, Clark P R, Laag A E and Pratt P F 1981 Salinity 
tolerance of the tree legumes: Mesquite ( Prosopis glandul- 
osa var. Torreyana. P. velutina and P. articulata ), algar- 
robo ( P. chilensis ), kiawe ( P. pallida ) and tamarugo ( P. 
tamarugo ) grown in sand culture on nitrogen-free media. 
Plant and Soil 61, 311-317. 

Ferreira M C B, Fernandes M S and Dobereiner J 1987 Role 
of Azospirillum brasilense nitrate reductase in nitrate as- 
similation by wheat plants. Biol. Fertil. Soils 4, 47-53. 

Fujii T, Huang Yi-De, Higashitani A, Nishimura Y, Iyama S, 
Hirota Y, Yoneyama T and Dixon R A 1987 Effect of 
inoculation with Klebsiella oxytoca and Enterobacter 
cloacae on dinitrogen fixation by rice-bacteria associations. 
Plant and Soil 103, 221-226. 

Granholl U and Lindberg T 1978 Nitrogen fixation in some 
coniferous forest ecosystems. Ecol. Bull. 26, 178-192. 

Gremaud M F and Harper J E 1989 Selection and initial 

813-816. 

characterization of partially nitrate tolerant nodulation mu- 
tants of soybean. Plant Physiol. 89, 169-173. 

Hamada E 1987 Studies on biological nitrogen fixation and 
movement of fixed nitrogen in paddy field. Ph.D. Disserta- 
tion. Kyushu University, Japan ( In Japanese ). 

Hahn D, Starrenburg M G C and Akkermans A D L 1990 
Growth increment of Alnus glutinosa upon dual inocula- 
tion with effective and ineffective Frankia strains. Plant 
and Soil 122, 121-127. 

Hansen E A and Dawson J 0 1982 Effect of Alus glutinosa 
on hybrid Populus height grown in a short-rotation inten- 
sively cultured plantation. Forest Sci. 28, 49-59. 

Hashimoto H 1977 Theory and Practice of Organic Matter 
Application in Agriculture. Noubunkyou, Tokyo. 13 p. 

Hobbs S L A and Mahon J D 1982 Effects of pea ( Pisum 
sutivum ) genotypes and Rhizobium leguminosarum strains 
on N2 (C2H2) fixation and growth. Can. J. Bot. 60, 

Houwers A and Akkermans A D L 1981 Influence of inocu- 
lation on yield of Alnus glutinosa in the Netherlands. Plant 
and Soil 61, 189-202. 

Hunter W J and Kuykendall L D 1990 Enhanced nodulation 
and nitrogen fixation by a revertant of a nodulation- 
defective Bradyrhizobium japonicum tryptophan auxot- 
roph. Appl. Environ. Microbiol. 56, 2399-2403. 

Hurek T, Reinhold B and Niemann E G 1988 Habitat- 
specific chemotaxis of Azospirillum spp. In Nitrogen Fixa- 
tion: Hundred Years After. Eds. H. Bothe, F J de Bruyn 
and WE Newton. Gustav Fischer, Stuttgart, New York. p 
773. 

Ishizuka J, Suemasu Y and Mizogami K 1991 Preference of 
Rj-soybean cultivars for Bradyrhizobium japonicum for 
nodulation. Soil Sci. Plant Nutr. 37, 15-21. 

Jagnow G 1990 Differences between cereal crop cultivars in 
root-associated nitrogen fixation, possible causes of vari- 
able yield response to seed inoculation. Plant and Soil 123, 

Kamicker B J and Brill W J 1986 Identification of Brady- 
rhizobium japonicum nodule isolates from Wisconsin soy- 
bean farms. Appl Environ. Microbiol. 51, 487-492. 

Kamicker B J and Brill W J 1987 Methods to alter the 
recovery and nodule location of Bradyrhizobium 
japonicum inoculant strains on field-grown soybeans. Appl. 
Environ. Microbiol. 54, 1787-1742. 

Kapulnik Y. Okon Y and Henis Y 1987 Yield response of 
spring wheat cultivars ( Triticum aestivum and T. turgidum ) 
to inoculation with Azospirillum brasilense under field 
conditions. Bid Fert. Soils 4, 27-35. 

Konishi C and Seino K 1961 Studies on the maintenance 
mechanism of paddy soil fertility in nature. Bull. Hokuriku 
Agr. Exp. Stn. 2, 41-136 ( In Japanese ). 

Kremer R J and Peterson H L 1983 Field evaluation of 
selected Rhizobium in an improved legume inoculant. 
Agron. J. 75, 139-143. 

Kvien C S, Ham G E and Lambert J W 1981 Recovery of 
Rhizobium japonicum strain by soybean genotypes. Agron. 

Ladha J K, Tirol A C, Daroy M L G, Caldo G, Ventura W 
and Watanabe I 1986 Plant-associated N2 fixation (C2H2- 
reduction) by five rice varieties, and relationship with plant 

2594-2600. 

255-259. 

J .  73, 900-905. 



growth characters as affected by straw incorporation. Soil 
Sci. Plant Nutr. 32, 91-106. 

Maier R J and Brill W J 1978 Mutant strains of Rhizobium 
japonicum with increased ability to fix nitrogen for soy- 
bean. Science 201, 448-450. 

Maier R J and Graham L 1990 Mutrant strain of Brady- 
rhizobium japonicum with increased symbiotic N2-fixation 
rates and altered Mo metabolism properties. Appl. En- 
viron. Microbiol. 56, 2341-2346. 

Mort A J and Bauer W D 1980 Composition of the capsular 
and extracellular polysaccharides of Rhizobium japonicum. 
Plant Physiol. 66, 158-163. 

Normand P and Lalonde M 1982 Evaluation of Frankia 
strains isolated from provenances of two Alnus species. 
Can. J. Microbiol. 28, 1133-1142. 

Nur I, Okon Y and Henis Y 1980 An increase in nitrogen 
content of Setaria italica and Zea may inoculated with 
Azospirillum. Can. J. Microbiol. 26, 482-485. 

Nutman P S and Riley J 1981 Breeding of nodulated red 
clover ( Trifolium pratense ) for high yield. Ann. Appl. 
Biol. 98, 319-331. 

Ono S 1990 Studies on the mechanism of sustainability of soil 
nitrogen in wetland rice field. Ph.D. Diss. Kyushu Uni- 
versity, Japan (in Japanese). 

Prat D 1989 Effects of some pure and mixed Frankia strains 
on seedling growth in different Alnus species. Plant and 
Soil 113. 31-38. 

Rao V R, Nayok DN, Charyulu P B B N and Adhya T K. 
1983 Yield response of rice to root inoculation with Azos- 
pirillum. J. Agric. Sci. UK, 100, 689-691. 

Roger P A and Watanabe I 1986 Technologies for utilizing 
biological nitrogen fixation in wetland rice: Potentialities. 
current usage, and limiting factors. Fert. Res. 9, 39-77. 

Rolfe B G and Gresshoff P M 1988 Genetic analysis of 
legume nodule infection. Annu. Rev. Plant Physiol. Plant 
Mol. Biol. 39, 297-319. 

Schubert K R and Evans H J 1976 Hydrogen evolution: A 
major factor affecting the efficiency of nitrogen fixation in 
nodulated symbionts. Proc. Nat. Acad. Sci. USA 73, 

Shiga H 1984 Criteria for application of organic materials in 
paddy soil. Jap. J. Soil Sci. Plant Nutr. 55, 374-380 (In 
Japanese). 

Simon L, Stein A and Lalonde 1985 Performance of in vitro 
propagated Alnus glutinosa (L.) Gaertn. clones inoculated 
with Frankia. Plant and Soil 87, 125-133. 

Smith G R, Knight W E and Peterson H L 1982 The 
inheritance of N2 fixation efficiency in crimson clover. 
Crop Sci. 22, 1091-1094. 

Smolander A and Sundman V 1987 Frankia in acid soils of 
forests devoid of actinorhizal plants. Physiol. Plant. 70. 

1207-121 1. 

297-303. 

Research trends in BNF 209 

Takahashi T, Ito A and Suzuki H 1986 Interaction between 
effective bacteria and host plant. In Studies on Nodule 
Formation and Nitrogen Fixation in Legume Crops. Ed. J. 
Ishizuka, pp 92-107. Ministry of Agriculture, Forestry and 
Fisheries, Tokyo, Japan ( In Japanese ). 

Tien T M, Gaskins M H and Hubbell D H 1979 Plant growth 
substances produced by Azospirillum brasilense and their 
effect on the growth of pearl millet ( Pennisetum 
americanum L.). Appl. Environ. Microbiol. 37, 1016- 
1024. 

Veal D A and Lynch J M 1984 Associative cellolysis and 
dinitrogen fixation by co-cultures of Trichoderma har- 
zianum and Clostridium butyricum. Nature 310, 659-697. 

Vest G 1970 Rj3-A gene conditioning ineffective nodulation 
in soybean. Crop Sci. 10, 34-35. 

Vest G and Caldwell B E 1972 Rj4-A gene conditioning 
ineffective nodulation in soybean. Crop Sci. 12, 692-693. 

Warembourg E R, Dreeseen R, Vlassak K and Lafont F 1987 
Peculiar effect of Azospirillum inoculation on growth and 
nitrogen balance of winter wheat ( Triticum aestivum ). 
Plant and Soil 4, 55-59. 

Watanabe I, Berja N S and Rosario D C D 1980 Growth of 
Azolla in paddy fields as affected by phosphorus fertilizer. 
Soil Sci. Plant Nutr. 26, 301-307. 

Watanabe I 1982 Azolla-Anabaena symbiosis - Its physiology 
and use in tropical agriculture. In Microbiology of Tropical 
Soils and Plant Productivity. Eds. Y R Dommergues and H 
G Diem. pp 169-186. Martinus Nijhoff/Dr. W Junk Pub- 
lishers, The Hague. 

Watanabe I and Lin C 1984 Response of wetland rice to 
inoculation with Azospirillum lipoferum and Pseudomonas 
sp. Soil Sci. Plant Nutr. 30, 117-124. 

Weaver R W and Frederick L R 1974 Effect of inoculum rate 
on competitive nodulation of Glycine max L. Merrill. II. 
Field studies. Agron. J. 66. 233-236. 

Weber A 1986 Distribution of spore-positive and spore- 
negative nodule in stands of Alnus glutinosa and Alnus 
incana in Finland. Plant and Soil 96, 205-213. 

Weber A, Nurminaho-Lassila E L and Sundman V 1987 
Features of the intrageneric Alnus-Frankia specificity. Phy- 
siol. Plant. 70, 289-296. 

Williams L E and Phillips D A 1983 Increased soybean 
productivity with a Rhizobium japonicum mutant. Crop 
Sci. 23, 246-250. 

Yoneyama T, Lee KK and Yoshida T 1977 Decomposition of 
rice residues in tropical soils. IV. The effect of rice straw 
on nitrogen fixation by heterotrophic bacteria in some 
Philippine soils. Soil Sci. Plant Nutr. 23, 287-205. 

Zimmer W and Bothe H 1988 The phytohormonal interac- 
tions between Azospirillum and wheat. Plant and Soil 110, 
239-247. 





Developments in Plant and Soil Sciences 

1. J. Monteith and C. Webb (eds.): Soil Water and Nitrogen in Mediterranean-type Environments. 1981 

2. J. C. Brogan (ed.): Nitrogen Losses and Surface Run-off from Landspreading of Manures. 1981 

3. J. D. Bewley (ed.): Nitrogen and Carbon Metabolism. 1981 ISBN 90-247-2472-4 
4. R. Brouwer, I. Gašparíková, J. Kolek and B. C. Loughman (eds.): Structure and Function of Plant Roots. 

1981 ISBN 90-247-25 10-0 
5. Y. R. Dommergues and H. G. Diem (eds.): Microbiology of Tropical Soils and Plant Productivity. 1982 

6. G. P. Robertson, R. Herrara and T. Rosswall (eds.): Nitrogen Cycling in Ecosystems of Latin America and 
the Caribbean. 1982 ISBN 90-247-27 19-7 

7. D. Atkinson, K. K. S. Bhat, M. P. Coutts, P. A. Mason and D. J. Read (eds.): Tree Root Systems and Their 
Mycorrhizas. 1983 ISBN 90-247-2821-5 

8. M. R. Sari and B. C. Loughman (eds.): Genetic Aspects of Plant Nutrition. 1983 ISBN 90-247-2822-3 
9. J. R. Freney and J. R. Simpson (eds.): Gaseous Loss of Nitrogen from Plant-Soil Systems. 1983 

10. United Nations Economic Commission for Europe (ed.): Efficient Use of Fertilizers in Agriculture. 1983 

11. J. Tinsley and J. F. Darbyshire (eds.): Biological Processes and Soil Fertility. 1984 ISBN 90-247-2902-5 
12. A. D. L. Akkermans, D. Baker, K. Huss-Danell and J. D. Tjepkema (eds.): Frankia Symbioses. 1984 

13. W. S. Silver and E. C. Schroder (eds.): Practical Application of Azolla for Rice Production. 1984 

14. P. G. L. Vlek (ed.): Micronutrients in Tropical Food Crop Production. 1985 ISBN 90-247-3085-6 
15. T. P. Hignett (ed.): Fertilizer Manual. 1985 ISBN 90-247-3 122-4 
16. D. Vaughan and R. E. Malcolm (eds.): Soil Organic Matter and Biological Activity. 1985 

17. D. Pastemak and A. San Pietro (eds.): Biosalinity in Action. Bioproduction with Saline Water. 1985 

18. M. Lalonde, C. Camiré and J. O. Dawson (eds.): Frankia and Actinorhizal Plants. 1985 

19. H. Lambers, J. J. Neeteson and I. Stulen (4s.): Fundamental, Ecological and Agricultural Aspects of 
Nitrogen Metabolism in Higher Plants. 1986 ISBN 90-247-3258-1 

20. M. B. Jackson (ed.): New Root Formation in Plants and Cuttings. 1986 ISBN 90-247-3260-3 
21. F. A. Skinner and P. Uomala (eds.): Nitrogen Fixation with Non-Legumes (Proceedings of the 3rd Sym- 

posium, Helsinki, 1984). 1986 ISBN 90-247-3283-2 
22. A. Alexander (ed.): Foliar Fertilization. 1986 ISBN 90-247-3288-3 
23. H. G. v.d. Meer, J. C. Ryden and G. C. Ennik (eds.): Nitrogen Fluxes in Intensive Grassland Systems. 1986 

24. A. U. Mokwunye and P. L. G. Vlek (eds.): Management of Nitrogen and Phosphorus Fertilizers in Sub- 
Saharan Africa. 1986 ISBN 90-247-33 12-X 

25. Y. Chen and Y. Avnimelech (eds.): The Role of Organic Matter in Modern Agriculture. 1986 

26. S. K. De Datta and W. H. Patrick Jr. (eds.): Nitrogen Economy of Flooded Rice Soils. 1986 

27. W. H. Gabelman and B. C. Loughman (eds.): Genetic Aspects of Plant Mineral Nutrition. 1987 

28. A. van Diest (ed.): Plant and Soil: Interfaces and Interactions. 1987 ISBN 90-247-3535-1 

ISBN 90-247-2406-6 

ISBN 90-247-2471-6 

ISBN 90-247-2624-7 

ISBN 90-247-2820-7 

ISBN 90-247-2866-5 

ISBN 90-247-2967-X 

ISBN 90-247-3068-6 

ISBN 90-247-3154-2 

ISBN 90-247-3 159-3 

ISBN 90-247-3214-X 

ISBN 90-247-3309-X 

ISBN 90-247-3360-X 

ISBN 90-247-336 1-8 

ISBN 90-247-3494-0 



Developments in Plant and Soil Sciences 

29. United Nations Economic Commission for Europe and FAO (eds.): The Utilization of Secondary and Trace 
Elements in Agriculture. 1987 ISBN 90-247-3546-7 

30. H. G. v.d. Meer, R. J. Unwin, T. A. van Dijk and G. C. Ennik (eds.): Animal Manure on Grassland and 
Fodder Crops. Fertilizer or Waste? 1987 ISBN 90-247-3568-8 

31. N. J. Barrow: Reactions with Variable-Charge Soils. 1987 ISBN 90-247-3589-0 
32. D. P. Beck and L. A. Materon (eds.): Nitrogen Fixation by Legumes in Mediterranean Agriculture. 1988 

33. R. D. Graham, R. J. Hannam and N. C. Uren (eds.): Manganese in Soils and Plants. 1988 

34. J. G. Torrey and J. L. Winship (eds.): Applications of Continuous and Steady-State Methods to Root Biology. 
1989 ISBN 0-7923-0024-6 

35. F. A. Skinner, R. M. Boddey and I. Fendrik (eds.): Nitrogen Fixation with Nan-Legumes (Proceedings of the 
4th Symposium, Rio de Janeiro, 1987). 1989 ISBN 0-7923-0059-9 

36. B. C. Loughman, O. Gasparikova and J. Kolek (eds.): Structural and Functional Aspects of Transport in 
Roots. 1989 ISBN 0-7923-0060-2; Pb 0-7923-0061-0 

37. P. Plancquaert and R. Haggar (eds.): Legumes in Farming Systems. 1990 ISBN 0-7923-0134-X 
38. A. E. Osman, M. M. Ibrahim and M. A. Jones (eds.): The Role of Legumes in the Farming Systems of the 

Mediterranean Areas. 1990 ISBN 0-7923-0419-5 
39. M. Clarholm and L. Bergstrom (eds.): Ecology of Arable Land - Perspectives and Challenges. 1989 

40. J. Vos, C. D. van Loon and G. J. Bollen (eds.): Effects of Crop Rotation on Potato Production in the 
Temperate Zones. 1989 ISBN 0-7923-0495-0 

41. M. L. van Beusichem (ed.): Plant Nutrition - Physiology and Applications. 1990 ISBN 0-7923-0740-2 
42. N. El Bassam, M. Dambroth and B.C. Loughman (eds.): Generic Aspects of Plant Mineral Nutrition. 1990 

43. Y. Chen and Y. Hadar (eds.): Iron Nutrition and Interactions in Plants. 1991 ISBN 0-7923-1095-0 
44. J. J. R. Groot, P. de Willigen and E. L. J. Verbeme (eds.): Nitrogen Turnover in the Soil-Crop System. 199 1 

45. R. J. Wright, V.C. Baligar and R. P. Munmann (eds.): Plant-Soil Interactions at Low pH. 1991 

46. J. Kolek and V. Kozinka (eds.): Physiology of the Plant Root System. 1992 ISBN 0-7923-1205-8 
47. A. U. Mokwunye (ed.): Alleviating Soil Fertility Constraints to Increased Crop Production in West Africa. 

1991 ISBN 0-7923-1221-X; Pb 0-7923-1222-8 
48. M. Polsinelli, R. Materassi and M. Vincenzini (eds.): Nitrogen Fixation (Proceedings of the 5th Symposium, 

Florence, 1990). 1991 ISBN 0-7923- 14 10-7 
49. J. K. Ladha, T. George and B. B. Bohlool (eds.): Biological Nitrogen Fixation for Sustainable Agriculture. 

1992 ISBN 0-7923-1774-2 

ISBN 90-247-3624-2 

ISBN 90-247-3758-3 

ISBN 0-7923-0424-1 

ISBN 0-7923-0785-2 

ISBN 0-7923-1 107-8 

ISBN 0-7923-1 105-1 

Kluwer Academic Publishers - Dordrecht / Boston / London 

View publication statsView publication stats

https://www.researchgate.net/publication/225966474

	biological nitrogen fixation_p000-050.pdf
	biological nitrogen fixation_p051-100.pdf
	biological nitrogen fixation_p101-150.pdf
	biological nitrogen fixation_p151-200.pdf
	biological nitrogen fixation_p201-223.pdf



