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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 rhizobial inoculation are now becoming available. Molecular biology has made it possible
to introduce choice attributes into nitrogen-fixinr; 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 ll-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.

Econc.nic 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 -I (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 N2-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

Human health
Methemoglobinemia in infants
Cancer
Respiratory illness

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

Causative agents

Excess NO, and NO, in waters and food
Nitrosamine illness from NO" secondary amines
Peroxyacyl nitrates, alkyl nitrates, NO, aerosols.
NO,. HNO, vapor in urban atmospheres

Excess NO, in feed and water
Inorganic and organic N in surface waters
HNO, aerosols in rainfall
High levels of NO, in soils
Excess available N
Nitrous oxide from nitrification, denitrification,
stack emissions
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Table 2. Estimates of dinitrogen fixed by different N,-fixing systems in agriculture

N,-fixing system

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

Symbiotic
Rice-Azalta
Legume- Rhizobium

Leucaena leucocephala
Glycine max
Trifolium repens
Sesbania rostrata

Non-Iegume-Frankia Casuarina sp.

N, fixed
(k-gNha-')

10- 80 crop - ,
10- 30 crop ,
20-160 crop· ,

20-100 crop -,

100-300 yr -,
0-237 crop -,

13-280 crop -,
320-360 crop -,
40- 60 yr"'
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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 -I

day-l (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
N 2 fixation in upland agriculture is generally not
substantial (Kennedy and Tohan, 1992), al
though N2 fixation to the order of 160 kg N ha - I

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 ~ystems 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 aI., 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 aI., 1981; Helyar and Munns, 1975,
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Keyser and Munns, 1979; Leung and Bottomley,
1987; Munns, 1979; Singleton et aI., 1985), cal
cium (Beck and Munns, 1984, 1985), salinity
(Singleton and Bohlool, 1983) and flooding
(Ladha et aI., 1992). Symbiotic activity within a
plant community is also conditioned by the
amount of N mineralized from organic sources
(George et aI., 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 of 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 aI., 1991).
Soybean, which has more specific rhizobial re
quirements, responds to inoculation with Brady
rhizobium rhizobia when first introduced into an
area (Thies et aI., 1991a). As the introduced
rhizobia become naturalized, the yield response
to inoculation is no longer observed in sub
sequent crops (Dunigan et aI., 1984; Ellis et aI.,
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
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Fig. 1. Comparative benefits from rhizobial inoculation and N application. Result, summarized from Thies et a1. (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 aI., 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
aI., 1978; Diem et aI., 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 aI., 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.

J'l 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 aI., 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 aI., 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 aI., 1992): pigeon peas
with sorghum in India, cowpeas with sorghum or
maize in West Africa. The superiority of Iegume
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
tior" 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.

Socia-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 [.!akers 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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