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EDITORS' NOTE:

The published proceedings of this symposium were printed by
photolithography. This means that there are some diffedences in layout,
particularly in tables, figures and in type face. We regret for these
disadvantages but believe that they are outweighed by the advantage of
rapid publicaticn.

We have corrected only obvlous errors and have made no attempt to
edit for content or style except 1in cases where the authors' first
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OPENING ADDRESS

Bede N. Okigbo

Deputy Director General, IITA, Ibadan, Nigeria.

Mr. Chairman, participants, ladies and gentlemen, I take this
opportunity on behalf of our Director General, Dr. E.H., Hartmans who
would have very much wished to be here, but for unavoidable
circumstances, to welcome you to this international symposium on
Nitrogen Management in Farming Systems in the Tropics. This symposiam
is important and timely to TITA because we, other LARGS and mational
agricultural research dinstitutes are giving highest prilority to
development of technologies for increasing agricultural production and
especially food production. The current food crisis in Africa is of
worldwide concern and almost all developing countries in the tropies are
experiencing problems in raising agricultural productivity.

Until about three decades age in the developed countrieg and less
than a decade in most developing countries of the world increased food
production has been achieved by increasing the area of land under
cultivation. Soil fertiiity and productivity under these conditiong are
maintained through nutrient cyeling and accumulation in vegetation and
top soil during long fallow periods or by use of organic manuras. But
expansion of area under cultivation is getting more aund more expensive,
difficult and detrimental to environment. The increasing population and
other pressures on the Jland has resulted 1n 1Intensification of
cultivation and drastic shortening of fallow periods resulting in
increased erosion, so0il degradation and decline in  productivity.
Nitrogen deficiency which was absent or rare on newly cleared land in
troplecal Africa is now more often being observed during the £irst year
of cropping. It is therefore not surprising that Increasing dependence
on inorganic fertilizer has occurred in all parts of the world.

Currently, between 1969 and 1985 it is estimated that the developed
countries of the world account for the bulk of production and
congumption of nitrogen fertilizers amounting te about 44 million mt
(69%) and 38 million mt (59%) respectively with annual growth rates
averaging about 2% for both production and consumption. Developing
countries on the other hand preduce about 20 million mt and consume
about 23 million mt with annual growth rates of about 5% and 3%
respectively for production and cousumption.

The rapidly increasing fertilizer production and consumption in the
developing couniries is due to the realization that fertilizer use is
imperative in ensuring high yields and increased productivity on a
sustained basis. 1In the tropics, nitrogen is the most important of the
major nutrients required and is often the most limlting under continuous
cultivation. But of ali the nutrients nitrogen 1s the most energy
cousuming and consequently the most expensive eespecially simce the




energy corisis of the 1970's. It is alsc well known that most improved
and high yielding cultivars require greater wuse of inputs such as
fertilizers. Since, in both c¢rop improvement and farming systems
programs priority is given to the problems of increased production on
small farmers with limited income, development of technologies that
minimize fertilizer use and cost of imputs is called for.

As Intensification of cultivation and increased use of improved
varieties all require greater fertilizer use, then we have no choice but
also to find ways of increasing efficiency of 1its wuse, This can be
achieved through Dbetter soil, crop and water management. There are
opportunities for intervention in management of nitrogen use not only
because nitrogen is easily lost iIn many ways but of all the major
nutrients nitrogen is the one most available from several sources -
soll, inorganic fertilizers, organic manures, atmosphere and biological
nitrogen fixation. Only about one-third of the nitrogen used by crops
comes from the soil and this element undergoes several transformations
that may take place in wetlands, uplands and soils exposed to alternate
drying and wetting 1n certain farming systems under differant
environmental situations. Through improved management it is possible to
manipulate the relative levels of losses as compared to gains in
different transformations so as to  ensure greater availability
throughout the year in different situations.

IITA has made significant progress in contributing to increased
availability of mnitrogen to the crop and divectly or indirectly to
animals. 1In our various research programs, we have mnot only produced
high yielding crop varieties in general but also develcped cowpeas and
soybeans varieties that nodulate effectively with native rhizobia
without innoculation. Qur research in mechanised land development and
subsequent soil management under more continuous cropping has resulted
in 1mproved ecclogically sound methods of land development, reduced
tillage techniques, plant residue management, mulching and alley
cropping soil/crop management systems., These practices have been shown
te enhance bilologfcal nitrogen fixation, reduced unitrogen losses,
reduced fertilizer nitrogen use, and ultimately increased yield to the
farmer at reduced cost.

This symposium is therefore of immense value to our scilentists in
giving them the opportunity to exchange information on results and
experiences from research on nitrogen management in farming systems
which have been performed in different parts of the tropies., There will
be exchange of data on nitrogen use, losses, problems and potentials in
different production systems. I sincerely hope, that the symposium will
culminate in identification of gaps in knowledge, prospects and problems
in management techniques for nitrogen, design of more effective
management systems and experiments and above all, collaborative research
te find solutions to problems of mutual interest. All these will lead
to more rapid progress in increasing food and agricultural production by
farmers in the tropics.

I take this opportunity to express TITA's appreciation for the
cooperation of the Ingtitute of Soil Fertility (IB) in Haren, The
Netherlands, in research and organization of this symposium and to the
Netherlands Ministry of Development Assistance (DGIS) for continuing
support in this and related IITA activities.




In addition, I alsc express appreciation to other organizations and
individuals not mentioned  above who  have cooperated and are
perticipating in this symposium.

Finally, 1 declare the sympesium open, wish you succesgful
deliberations and hope that our visitors will in this process take fuil
advantage of our staff and facilities.




NITROGEN AND FOOD PRODUCTION IN THE TROPICS: CONTRIBUTIONS FROM
FERTILIZER NITROGEN AND BIOLOGICAL NITROGEN FIXATION

Key Words: Nitrogen management Semi-arid Humid zone Wetlands.

D.J. Greenland The International Rice Research Institute, Los Banos,
Philippines

SUMMARY

In farming systems of the semi-arid tropics responses to nitrogen
fertilizers are frequently limfted by water deficiencies. Where rains
are concentrated over a short period fertilizer may be successfully and
economically wused. Grain legumes may contribute thelr own nitrogen.
Cereal crops may receive some nitrogen accumulated in a previous <fallow
phase, Legume based pastures may contribute larger amounts of nitrogen
to a succeeding arable crop, but for most of the semi-arid tropics
satigfactory pasture legumes have still to be identified.

In the humid tropics nitrogen fertilizers normally produce
significant yield increases, but other nutrients may also be needed, and
gsoil acidity may need to be controlled. Gralin legumes and green wanures
can alsv be successfully grown and contribute fixed nitrogen to the
system. Nltrogen is also accumulated by BNF under forest fallows, and
released to «crops grown when the forest is cleared, Alley farming
systems may be more productive and combine the advantages of the forest
fallow system with much greater rates of BNF, and more intensive land
use. Live and other mulches can also lead to increased BNF. Grass
pastures may lead to accumulation of naitrogen, but the rates of
associated nitrogen fixation are significantly less than under legumes.

In the wetlands, rice cultivation 1is normally accompanied by
substantial uitrogen fixatiom. Although wuse of nitrogen fertilizers
normally leads teo greater yields of rice, BNF is sufficlent to maintain
stable yields at a moderate level over many years. WNitrogen can also be
supplied to the crop from BNF associated with Azolla, BGA 1inoculation,
and green manures or grain legumes grow in succession to rice.

Methods of integrated nitrogen management need to be developed
whereby nitrogen fertilizers can be used to supplement and not reduce
BNF contributions to the crops grown. Proper mnitrogen management
allowing maximum advantage to be taken of BNF can reduce the need for
mineral nitrogen fertilizers substantially.




INTRODUCTION

Nitrogen 1is the key to soil fertility, and to continuing and
increasing food production, Although other elements are of course
egsential for plant nutritiom, it is nitrogen which most £frequently
determines the level of crop yields. Alseo, because nitrogen is an
essential component of soil organlc matter, maintenance of an adequate
scil nitrogen level is synonymous with maintenance of an adeguate level
of humus, which in turn determines many other factors vrelated to soill
fercility.

Soil nitrogen levels are maintained by the natural processes of
biological nitrogen fixation, and by additions of mineral fertilizers
and crganic manures. In this paper contributions from fertilizers,
manures, and bilologiecal nitrogen fixation will be discussed, in
different major food crop production systems of the troples. An
agsessment will Dbe made of the extent to which these contributicns are
adequate to meet present and future crop requirements, and to maintain
or enchance soil nitrogeun levels.

Food crop production systems of the tropics

Rather than attempt a gleobal assessment of the contributions of
fertilizers and biological nitrogen fixation to food production, which
involves many uncertainties (see, for example, Soderlund and Svensson,
1976) nitrogen inputs from fertilizer wuse and biological nitrogen
fixatlon in major food crop production systems used in different parts
of the tropics will be discussed. Upland or dryland production systems
will he congidered for the semi-arid, and the humid tropics, and then
the wetland production system.

The upland focd crop production systems range from shifting
cultivation {(natural fallow rotation systems) to continuous intensive
systems with substantial inputs of fertilizers. Robertson and Rosswall
{1984) have attempted a detailed model for the nitrogen cycle in West
Africa south of the Sahara, and rightly argue that the differeat
ecological regions of West Africa provide a suitable basis for wider
considerations of the nitrogen cycle in the developing countries of the
troples, Thelr wodel provides a valuable background for the discussions
in the present paper, with additional reference to semi-arid regioms of
south Asia, which are climatically similar but much more densely
populated, the acid savannas of Tatin America which de not have a
parallel 1n West Africa, and most importantly the wetlands of south and
goutheast Asia. The vast areas of wetlands in tropical Africa were
recently estimated to cover more than 200 million hectares (IRRI, 1985).
This figure may be compared with the 140 million hectares of wetlands
presently used worldwide for rice production (IRRI, 1982). Thus,
although not all of the African wetlands are suitable for development,
they do repregsent a major underexploited reserve for food production.
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THE SEMI-ARID TROPICS

Much of the seml-arid reglon of West Africa is used for shifting
cultivation with infrequent periods of crop production. The soils are
mostly of low inherent fertility. In the drier parts bordering the
southern Sahara low availability of nitrogen and phosphorus often limits
productivity {(Jones and Wild, 1975; Penning de Vries and Djiteye,
1982). If nutrients are supplied as fertilizers or manures, water
becomes limiting. The complex interaction of water and nutrients in
controlling crop producticn in semi-arid areas In Africa and elsewhere
largely determines the success or failure of any agricultural system.
Nitrogen and other nutrlents accumulate slowly In the soil under the
savanna vegetation as a result of biological nitrogen fixatiom, but may
be of little benefit to crops produced when the vegetation 1s cleared if
the cropping period coincides with a period of drought.

Fertilizer responses

Responses to fertilizers may be limited by periodic lack of water,
especially 1in the more arid regions with shallow soils of poor water
retention, The classical illustratieon of this 1s provided by work in
the semi—arid regions of Australia (Filg. 1).

Response of grain + straw (Ib/acre)

20001
Meaan May-Oct rainfall
15.68 inches (956
)
1.8D.
P=008
1245 Inches
1958
00D}

11.66 inches {960

47| inches 1959,

i 1
© 05 23 a6

Nitrogon applied as armmonlum sulphate
UbN/acre)

Fig. 1. Mean yearly respoase of grain + straw of wheat at four locations
during the seasons 1956 - '61 (Russell, 1967).
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Wheat shows progressively smalier responses to nitrogen as ralnfall
decreases, The frequency of drought has meant that nitrogen fertilizers
are not generally used on wheat in Australia., In India similar areas
have had to be cultivated more or less continuously, because of the high
population densities. Mostly yields have been low or very low, lack of
water limiting both yields and response to fertilizers, Traditionally,
nitrogen fertilizers have been little used although the almost complete
absence of use of nitrogen for cereals such as sorghum and millet may be
a more conservative policy than is warranted (Kampen and Burford, 1880).
Recent work has shown that careful soil management to conserve water,
combined with appropriate fertilization and crop varieties, can give
much better yields, at least on heavier soils (Table 1, from Chowdhury,
1979; Kanwar, 1582)}.

Table 1. Yields on farmers' fields under dry farming conditiomns in the
Indian semi-arid tropics -— traditional v. improved techmology
with N fertilizers. (Choudhury, 1979).

Traditional Improved Ratio
practice practice
(Tons/ha)

Barley 1.28 2.93 2.3
Maize 1.22 2.80 2.3
Sorghum 0.52 2.52 4.8
Wheat 0.84 2.41 2.8
Pulses 0.55 1.77 3.2

The great increase in the use of nitrogen fertilizers in India has
been recorded 1in the drrigated areas, and predominantly for rice and
wheat production.

In the semi-arid areas of south Asia and Africa much careful study
will be needed of water availability to crops, as determined by climate
and soll, te ascertain where nitrogen fertilizer wuse will give
consistent respenses.

Graln legumes

Grain legumes are often included within the cropping sequences used
in semi- arid veglons. They may fix their own nitrogen (50 to 100 kg
N/ha). and if well supplied with nutrients and adequately suppiled with
water provide nitrogen equivalent to 20 to 50 kg of inorganic fertilizer
nitrogen to a subsequent crop {(App et al, 1980). At the present time
most grain legumes grown in the tropics recelve inadequate nutrients,
particularly phosphorus, and are citen promne to drought, so that -the
amounts of nitrogen fixed and contributed to a subsequent crop are
significantly less than the potential. Work on cowpea and soybean
improvement at JIITA, groundnut improvement at ICRSAT, and on other

iz
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legumes at other international centers and in national breeding programs
has demonstrated that both varietal improvement and better management
can do much to help realize the nitrogen fixation potential which
exists. How much further improvement may come from inoculation with
more effective rhizobia has still to be established.

Pasture legumes to supply N to food crops

The uncertain economics of nitrogen fertilizer use on wheat in
Australia has led to the widespread system of pasture-wheat rotatioms.
Nitrogen is accumulated under legume based pastures, and utilized for a
cereal crop after two or four years (Greenland, 1971}, The accumulation
of nitrogen is divectly dependent on phosphorus applied to the pasture
(Donald and Williams, 1955) because the legumes will only grow well and
fix nitrogen actively when adequate phospherus is present. About 10 kg
of N may be fixed per kg of P applied. The system is economic bacause
of the low cost of the nitrogen addition, particularly if the pastures
are well managed and support livestock production effectively,

A legume-based pasture and livestock management system for African
savanna regions, combined with perieodic cereal production as has been
advocated for many vears {e.g. Nye and Greenland, 1960; Jones and
Wild, 1975, Sprague, 19753 Boudet, 1975). Research directed to the
development of such a stable, productive system for the semi-arid
tropies of Africaz should be given high priority. At the present time
however there appear to be few forage legumes adapted to these areas of
long dry season and high temperatures. The International Livestock
Centre for Africa (ILCA) has recently formed a Forage Legume Agronomy
Group, seeking to evaluate and promote the introduction of more
productive legumes Into African livestock production systems of all
types (ILGA, 1983).

Under mnatural pastures nitrogen accumulation is very slow
(Robertson and Rosswall, 1984, estimate 12 kg/ha/an.}, and much is lost
by burning. This may be compared with estimates of 45~60 kg/ha for
legune based pastures in Australia (Greenland, 1971).

THE HUMID ZONE

The Guinea Savanna area of West Africa lies at the border with the
semi-arid zone, and enjoys greater rainfall than the Sahelian or Sudan
savanna. In the northern part of the =zone the rainfall is often
concentrated over a few months. When combined with deep soils which
store substantial quantities of available water, much more vigorous
natural grasslands are supported. Often they are assoclated with more
fertile soils with higher nitrogen contents.

The Guinea Savanna merges into the derived savanna, which is
followed by the drier forest, and molst, humid and perhumid forest

13
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zones, as the rainfall and number of wet months continue to increase.
COuce precipitation exceeds evapotranspiration significantly, at about
1500 mm. rainfall per annum, the soils start to become iIncreasingly
acid and depleted of nutrients. There is a transition in the dominant
soils, from Alfisols to Ultisols (Greenland, 1981b}. In the Amazon
Basin the nutrient depletion is more extreme, and in splte of the high
rainfall, savanna Cype vegetation appears to be the true climax, and
covers large areas of Oxisols under rainfalls of 2,500 mm and more
(Sanchez aus Salinas, 1981). These soil differences of course influence
fertilizer efficiency and biological nitrogen fixation.

Fertilizer responses

In these more humid forest areas, responses are normally obtained
from nitrogen fertilizers, as they are In the wet savannas of the
Caribbean and Latin America (De Geus, 1977; Tolaedo and Sero, 1982).
The economics of nitrogen use depends on the availability of inputs, and
of markets for produce. It must also be recognized that, as Juo and
Kang and thelr colleagues have shown in eastern Nigeria (ILTA Ann.
Reports, 1979-82) and as Sanchez and his colleagues have shown iIn the
acid savannas  of Brazil and Peru (Sanchez and Salinas, 1981;
Nicholaides et al., 1983) properly balanced fertilization 1is necessary
to wmaintain yields. Furthermore, use of nitrogen fertilizers on upland
solls inevitably leads to acidification, due to the nitrification
process, or the leaching of cations in association with nitrate (Jones
and Wild, 1973). Correction of the acidity is then essential to
maintain yields.

The rate at which acidification develops depends on the source of
nitrogen. It is most rapid with ammonium salts, slower with urea, and
very slow if nitrates are used. It 1is also slow when the nitrogen
addition is due to biological nitrogen fixation, but it is important to
recognize that it alse inevitably gccurs with nitrogen mineralizatdion,
whether the nitrogen c¢omes as inorganic fertilizer, or as an organic
form of nitrogen associated with biological processes. This has been
well demonstrated by recent work in Australia where soil acldity in the
pasture~wheat rotation areas has become a problem (Willlams, 1980).

In spite of some uncertainties about the efficiency of nitrogen
tfertilizer recovery in the very acid soils of the superhumid areas, the
work at TITA's Onne station by Juo, Kang and others, and in ZLatin
America by Sanchez and  others, has shown clearly that these
uncertainties can be forgotten. Although recovery may be below 50
percent, that figure 1is quite typical of nitrogen recovery by arable
erops, even in temperate areas. If acidity 1is mnot corrected, 1littcle
response may be obtained. Liming te correct aluminium toxicity has been
widely recommended and used (e.g. Juo and Uzu, 1977; Friessen et al.,
1%80). This requires annual applications of as 1ittle as 0.5 tons of
lime per hectare., However, marganese toxicity may persist tc rather
higher pH levels, and 1f legumes are to be grown successfully 1t may be
necessary to lime slightly more  heavily (Van Raij, personal
communication}.,
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There is a very large volume of evidence now available to show that
use of nitrogen fertilizers is the most effective way to produce high
yields, and when complemented by appropriate weed control and other
autrients can be effective din maintaining yields (Figure 2). Lt 1s
still mnot clearly established whether a suitable crop rotation,
adequately fertilized, will maintain high yields indefinitely, whether
under zero tillage or other cropping systems (Greenland and Okigbo,
1982). If erosion is controlled and sufficient organic matter returned
in crop residues, and as mulch from assoclated tree crops as im alley
farming systems, it 1is probable that it does., 1In these high rainfall
areas continued cropping with nitrogen added as ammonium salts leads to
very rapid acidification. With urea or legumes acidification will be
slower, but again inevitably occurs, and will need to be corrected,

Nitrogen fixation in moister savamna grasslands

There has been much debate about the extent to which nitrogen is
fixed under savanna grasslands. Greenland and Nye (1959) estimated that
under Andropogoneae grasslands the annual fixation might be 40 kg/ha/an,
of which 25 kg might be lost in the annual burn. Robertson and Rosswall
{1984) suggest an average anmual nitrogen fixation of 30 kg/hafan. The
source of this nltrogen fixation under grasslands has been” the subject
of much speculation and more recently of much study (Dommergues et al.,
19713; Day, 1975; Neyra and Dobereiner, 1977). At present there
appears to be little immediate prospect of emhancing the quantity of
nitrogen  accumulated under grasses. Legumes planted as pasture
components such as Centrosema Sp. and Stylosanthes may contribute
substantially  larger amounts of fixed nitrogen to the ecosystem (100
kg/ha. and more have been reported), particularly when they are
adequately supplied with phosphorus (Sprague, 1975; Jomnes, 1967). If
the pastures can be effectively managed for livestock production, which
is difficult in areas where the tsetse fly is prevalent, considerably
greater benefits could be obtained from biological nitrogen fixatiom.
Grass pastures, which provide open grazing for cattle, are successfully
utilized in Brazil. The pastures are not regularly cultivated, although
they require renovation aftetr several vyears, and this may be best
achieved by taking an arable crop ot c¢rops, prior to reseeding. Direct
tranglation of the Brazilian systems to West Africa is still made
difficult because of the trypanosomiasis problem in West Africa. Tn the
Cerrados of Brazil, and the acid soil regimes of Colombia, Brachiaria,
Panicum and Andropogon grasslands are quite extenslvely wused for heef
production, but legumes have proved difficult to maintain (CIAT, 1982).

Nitrogen fixation under trees

In the humid troplcs there are few examples of wunpland food crop
production systems which invelve vregular cultivation. Tree crops of
course are widely a&nd successfully grown, and shifting cultivation
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practiced in which infreguent arable crop production is combined with
periods of natural forest regeration., Tree crops combined with arable
crops, either in indigenous systems such as oil palm-yam farwing syscem
of eastern Nigeria, or the "alley-farming" system studied at TITA (Kang
et al., 1981), offer more productive alternatives.

The stability of the shifting cultivation system is dependent on
the regeneration of soil conditions under the forest fallow. The early
work of Bartholomew, et al, (1953) in Zaire, which showed a rapid
aecumulation of nitrogen and other nutriemts in the regenerating forest
vegetation, has recently been confirmed in a similar study in Colombia
{De las Salas, 1978).

Table Z. HNitrogen accumulation in tropical forest vegetation.

Location Approximate Biomass N content N accumulation  Ref,
age (yrs) (t/ha) {kg/ha) rate (kg/hafan)

Yangambi, Zaire 5 86 389 73 1
18 143 355 31

Cerare, Colombia 5 68 357 71 2
16 203 712 45

Kade, Ghana 40 330 1,797 45 3

Marafunga,

New Guinea 40 592 1,415 35 4

Ref. 1: Bartholomew et al.,1953
2: De Las Salas, 1978
3: Greenland and Kowal, 1960
4: FEdwards, 1973.

Several studies on older forest vegetation (Table 2) show the
extent of nutrient accumulation in tropical forests. The high levels of
nitrogen in the solls supperting the forest show that the nitrogen
accumulation in the vegetation is not at the expense of the soil, and
indicate a high biological nitrogen fixation rate under the forest.
Robertson and Rosswall (1984) estimate the annual gain in the ecosystem
to be between 15 and 100 kg/ha/an.

Much of the nitrogen accumulated in the vegetation is lost when it
is burnt prior to crop establishment, but the accumulation in the soil,
at least partly arising from cycling between vegetation and sofil during
the forested period, will be wmineralized to the advantage of a
subsequent crop. Immediately following clearing the availabhility of
nutrients Iin the soil may be adequate for one or two substantial crops,
but the subsequent rapid decline in yilelds has been well documented, 1In
the subhumid (Alfisol) areas use of nitrogen, phospherus and potassium
may be adequate to maintain yields for several years (Figure 2a) but in
the perhumid areas lime and trace elements are dlso likely to be
necessary (Fig. 2b).
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Fig. 2a., Maize yield changes in successive years after forest clearance
at IITA, Ibadan, Nigeria, and the response to fertilizers and
weeding (Kang et al., 1977).
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Fig. 2b, Yield of upland rice grown in rotation with groundouts and
soybeans, with N, P, K lime, and trace elements. {Techmnical
report, 1980-81, Sp. Science Dept. North Carolina State
Univ. and Inipa, Peru).
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The great disadvantage of the matural rotation system in the forest
areas 1is the largely non-productive use of land under the regenerating
forest vegetation. Although the forest is a wvaluable source of many
fruits and medicinal plants, as well as firewoed and timber, it is much
less productive than cultivated land. Many attempts have therefore been
made to develop more intensive land use systems, and in wany parts of
the humid tropics the need for more continuously productive systems 1is
becoming imperative because of developing population pressure.

The proposed "ratlonalization" of shifting cultivation in the
"corridor system” described by Jurion and Henry (1967) was a first
attempt in this direction, but lacked sensitivity in respect to
ecological factors. 1t also required rigid control of land ownership,
and did not provide any great advantage in terms of laund use d1ntensity.
Nevertheless there are many advantages to be obtained by combining trees
with arable cultivation, not least rheir ability to recycle basic
cations from subsoil to surface and so minimlze acidification of the
surface soil (Greenland, 1975).

Deliberate planting and coppicing of selected tree species for
improving soil fertility is an indigenous practice in eastern Nigeria.
The specles utilized include both non-legumes such as Acloca barterii
and legumes (Okigbo and Greenland, 1976; Okigbo, 1983). The advantage
of these speciles probably lies in their ability to root deeply iIn acid
soils.

Tree legumes have been as yet 1little studied {Huxley, 1983).
Leucaena leucocephala has received the most attention in recent years.
It is best adapted to moderately acid soils (Brewbaker and Hutton, 1979)
where it has the ability to accumulate up to 500-600 kg N/ha/an {Rachie,
1983). Scientists at TITA (1981-82) have shown that it can be very
successfully utilized in "alley cropping" systems, and these have
subsequently been studied in Latin Amerlca and Indonesia (Rachie, 1983).

The relatively few studies which have been completed demonstrate
the potential of different combinations of trees with arable farming.
Legumes have the great advantage of contributing large amounts of
nitrogen to the ecosystem, and may be used as browse plants, and can
provide timber, stakes and fuelwood, as other species can. The success
which TLeucaena leucocephala has already achieved implies that active
efforts need to be made to extend the range of conditions in which it
can be successfully grown, to seek alternative species for different
conditions where it is not well adapted, and to obtain data from
long-term experiments on problems of competition with food crops for
nutrients and water, the interaction with pests and diseases of food
crops, and optimum fertilizer and other management techniques. The tree
crops are valuable not only to maintain the nitrogemand organic matter
status to soll movement, and as a provider of surface mulch.

The mulch will help to maintain an organiec matter supply for
microorganisms, as well as minimize temperatures at the seil surface and
reduce evaporation, thereby enhancing non-symbiotic nitrogen fixation.
However, such evidence as is available suggests that the magnitude of
bioclogical nitrogen fixation from non-symbiotic sources ia cultivated
soils, eveun when mulched, is low.
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Grain legumes

There is a substantial body of evidence now available to show that
grain legumes grown as a sole or mixed crop in association with others
may make a measurable contribution to the nitrogen economy (Agboola and
Fayemi, 1971; Oelsligle, et al., 1976), although this is not always so
{Henzell and Vallis, 1977). Comparative studies with and without the
legume, and with and without nitrogen fertilizer, indicate that up to 50
kg N/ha may be contributed to the associated or succeeding non-legume
crop. Thus the total fixation by the rhizobia, which also supply most
of the nitrogen absorbed by the legume itself, an from which there are
likely to be some sipultaneous losses, may be two to three times this
amount.

Green manures

There have been many studies of the potential of Jlegume green
manures for wuse in cropping systems of the humid tropics. Pueraria
spp., Crotclaria spp. and Centrosema spp. amongst others have been
frequently studied as green manures for arable crops. In general thelr
use has not proved economic, aithough their contribution of nitrogen to
a succeeding arable crop has often been found to be o¢f the order fo 50
kg/ha or more (Sprague, 1975; Juo and Lal, 1977; 4App et al., 1980).
The green manure crop often requires phosphorus if it is to contribute
this much nitrogen (Ponnamperuma, 1984) some of which may be available
te a succeeding crop. The amount of nitrogen will almost certainly need
to be supplemented with inorganic fertilizer if the yield potential of a
subsequent cereal crop 1is to attained —— a 5 ton/ha crop of maize
requires at least 100 kg N, and so vields of thils order or more will
only be obtained 1f inorgic <fertilizer is used, or if soil unitrogen
reserves can supply considerable nitrogen.

Live mulches and legume fallows

Use of leguminous "live mulches” such as Arachis repems, Degsmodium
triflorum and JIndigofera spicata, grown simultaneously with a cereal
crop, may contribute similar amounts of mnitrogen to the cereal as a
preceding green wmanures (Akobundu and Okigbo, 1984}. They are also
effective weed suppressants, but mwmay compete with the crop for
nutrients, notably phosphorus, and water. Many studies of systems where
arable production alternates with planted legume fallows have been made
(Jones and Wild, 1975). This system has not been widely adopted because
it has oot wusuwally been possible to utilize the legume fallow
economically, and it then offers little advantage over matural bush
vegetation.
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THE WETLANDS

Rice farming in the wetlands of Asia has been the one system of
continuous arable use of land in the humid tropics that has undoubtedly
succeeded. It has been practiced for serveral thousand years (Chang,
1976}. The success of the system, in contrast to arable cropping in the
uplands, derives from the higher natural availability and replenishment
of nutrients in the lowlands, combined with a lesser susceptibility to
erosion, strengthened by the common practice of bunding and teracing to
retain water on the land. Nutrient replenishment comes from inward
moevement of water and silt, and a significant contribution from
bieological nitrogen fixation.

Nitrogen (%)

025
Kade 0-5

G2 Wetland rice,
Q15

Sare Bidji 0-10

Diankancouda Orgueil 0-10 —
N. Ghana C-30

1 Samaru 0-15
Dicgle‘-Sine O—IEO ‘ | | T | | T

() z 4 6 8 10 12 1 6 I8
Years or no. of crops (wetlond data)

Samaru C-I5

Fig. 3. Nitreogen changes in upland soils after clearing from natural
vegetation (Nye and Greenland, 1964; Jones and Wild, 1975;
Juo and Lal, 1977), and of wetland soil cultivated to rice
(Greenland and Watanabe, 1982).

Many studies of the rapid decline of soil nitrogen levels when
upland socils are cultivated in the humid tropics have been reported.
The halflife of 14-C labelled ryegrass In the Egbeda soil at IITA was
found to be 30 days (Jenkinson and Ayanaba, 1977). It has been thought
by many that 1in the wetlands the reduced conditions will retard
mineralization (e.g. Buresh et al., 1980), but in recent studies using
14-C labelled rice straw (Neue, 1985) a half-life of 43 days was found,
in the Maahas Clay {Tropaquept} at LRRI. Thus in some flooded soils at
least mineralization may proceed as fast as in well aerated soils,
although the products are different. Mohr and van Baren (1954) did in
fact indicate, that at temperatures above 30 C this was to be expected.
Nevertheless there are major differences In nitrogen changes found for
wetland soils and upland soils after many years of cultivation (Fig.
3).
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The reason appears te¢ be due to the difference in inputs, rather
than differences in the rate of wineralization and subsequent nitrogen
loss., The question mest often posed regarding nitrogen in wetland soils
is '"Where did it come from?" and not "Where did it go to?”, which is
that most frequently asked regarding the nitrogen balance of wupland
soils in the humid tropics {Greenland and Watanabe, 1982).

It is of course well known that bioleglcal nitrogen fixation rates
tend to be high in paddy solls. The topic has been reviewed several
times, most recently by Roger and Watanabe (1985). Several studies
conducted over many years ln a range of conditions have shown biological
nitrogen fixation during the cropping period adds around 50 kg/ha of
nitrogen to the soll crop ecosystem (Table 3).

Fig. 4. Diagram of environments and N -fixing components in a rice field
ecosystem. N ~fixing bacteria: 1) associated with the roots;
2) in the soil; 3} epiphytic on rice; 4) epiphytic on weads.
Blue green algae: 5) at soll-water interface; 6} free floating;
/) at air-water interface; 8) epiphytic on rice; 9) epiphytic on
weeds. Azolla:i0 (Roger & Watacabe, 19853).

Several mechanisms contribute to the fixation, notably
contributions from blue green algae living in the paddy water and on and
around the rice plant, and contributions from wnon-symbiotic nitrogen
fixing bacteria 1living in the rhizosphere, and in the soil, and
eplphytic on rice and weeds growing in the paddy water (Fig. 4).
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Table 3. Soil N changes and N remcval in paddy rice fertility experiments.
(Greenland and Watanabe, 1982).
Kg N/ha/year
Site Annual Duration Treatmt. N fert. Soil Plant Balance
cropping {yrs) added change uptake (N2-N1)=C*
pattern
Aomori{a) Wetland 21 PK 0 -20 45 +25
Japan rice
41 W) NPK 57 -33 66 -25
Kagawa(lb) Wetland 21 PX 0 -42 80 +38
Japan rice and (55)%*%
{34 N barley NPE 157 -18 154 -21
(96)
Sorachi{ec) Wetland 12 PK 0 44 142 +98
Japan rice
(45 N) NEK 39 -51 136 +46
Ishikawa  Wetland 22 Unfert. 0 -34 53 +19
(d)Japan rice
(36 ¥ PK ¢ -30 64 +34
CaPK 0 =34 72 +38
NPKCa 100 -15 119 +4
Shiga(e) Wetland 40 Unfert. 0 -1.7 41 +39
Japan rice and (30)
(35 N) wheat PK 0 -13.1 67 +55
{51)
NPK 152 +2.2 112 -37
(74)
Los Banos Wetland 12 Unfert. 0 +3C 116 +146
Philippines rice
(14 (D
Maligaya Wetland 8.5 Unfert, 0 +30 91 +121
Philippines rice
(14 N}(E)
Chainat(g) Wetland 2 -N 0 +47 58 +63
Thailand rice 2 +N 240 +39 139 -62
(15 M Wetland 2 -N 0 -28 36 +37
rice and
fallow
* N1 = final soil N content; N2 = initial soil N content;

C = N removed in crops.
The positive figures in the final column are the amount of N fixes, less

any losses by leaching or volatilization.
*%: Figures in parentheses are N uptake by rice.

References:

(a): Koyama and App (1979); (b}: Ando (1975); {c): Inatsu and Watanabe (1969);
(d): Kouishi and Seino (1961); (e)}: Takahashi (1979, personal communication);

(£): Koyama and App (1979); (g): Firth et al. {1973).

22



i) L

Fertilizer responses

Yields of the order of 10 tons/ha are fregquently obtained from
paddy rice producticn, when water 1is well controlled. The nitrogen
inputs requirved may be quite modest, of the order of 150 kg W/ha (e.g.
in the Nile delta in Egypt, as well as many locations in northern India,
east and southeast Asia). Perhaps more interesting is the fact that
vields of 2 to 4 tons/ha are widely obtained in south and southeast Asia
with much smaller inputs of nitrogen fertilizers, raunging from 0 to 50
kg H/ka. The mnet nitrogen balance is wsually found to be positive
(Koyama and App, 1979; CGreenland and Watanabe, 1982) indicating that
the extra nitrogen removed in the rice creop has not come from the soil.

Table 4. Estimates of rice area harvested, type of water regime,
percent MV, yield, and average N use for selected areas
in Asia (Staugel, 1979)

Country/ Harvested Yield of Irr. Rainf, Upl. Planted Average N
Region rice area rice to modern wuse based on
var. arable land

('000 ha) (mt/ha) (%) (%) () (%) “ (kg N/ha)

Group 1

(high rice yields)

Japan 2,764 5.5 94 2 4 100 149

8, Korea 1,218 5.9 85 14 1 90 209

Taiwan 787 5.2 83 14 3 95 149

Group 2

(moderate rice yields)

China 35,390 3.2 76 4 20 80 32

Indonesia 8,369 2.6 58 21 21 40 26

W. Malaysia 585 2.8 48 47 5 38 115

Iran 461 3.5 90 o 10 NA 12

Group 3

(low rice yields)

India 39,688 1.8 43 47 10 25 13

Pakistan 1,710 2.3 80 0 20 43 38

Bangladesh 10,329 1.9 5 65 30 14 16

Philippines 3,579 i.8 45 5 20 56 28

Vietnam 5,310 2.2 16 81 3 17 36

Thailand 8,383 1.8 37 48 15 5 12

Burma 5,069 1.8 16 66 18 6 4

Sri Lanka 597 2.0 66 32 2 60 42

Afghanistan 210 2.1 6 50 44 NA 3

Nepal 1,256 1.9 1G¢ 81 9 19 4
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In spite of the relatively high rates of nitrogen fixatlon in paddy
solls, nunitrogen fertilizers are almost universally used on rice. The
rates currently used are very high in countries such as FKorea and
Tatwan, and 1n parts of India (Table 4)., In areas with poor water
control they tend to be lower, and are negliglible for wupland rice and
deepwater rice.

Graln legumes

Mungheans, cowpeas, soybezans and other grain legumes grown in
rotation with a rice crop can contribute significant amounts of nitrogen
to the succeeding rice crop (Pandey and Morris, 1983). Establishment of
the legume at the close of the monsoen, and in a soil that has been
puddled for rice, is often unsatisfactory. However, the introduction of
short duration, hilgh yielding rice varieties such as IR36 and IR56, has
enabled the legumes to be established earlier. The unfavorable physical
condition of the soil after it has been puddled for the rice erop can
make establishment difficult, Minimum tillage techniques are often
better than more intensive cultivatlon practices (8yarifuddin, 1982),
and conserve the residual water better (Angus et al., 1983).

Azolla

One ecological niche which has recently received much attention is
that beneath the fonds of the water fern Azolla, where the blue green
algae Anabaena azollae finds conditions particularly well suited to
rapid nitrogen fixation {(Lumpkin and Plucknett, 1980). Azolla occurs
naturally in most parts of the tropics, Tt undoubtedly provides great
opportunity for further development of its potential as a green manure
crop, as it has the ability to fix several hundred kilograms of nitrogen
per hectare under appropriate condftions —- which include an adequate
phosphorus supply. Lumpkin and Plucknett (1982} have recently reviewed
its potential as a green manure very thoroughly,

Other green manures

Legumes grown before a rice crop, or legumes such as the
stem~nodulated Sesbania rostrata which are tolerant of wetland
conditions {Rinaudo et al. 1982) have alsc been widely examined. Where
economic factors related to the labor requirement for their production
are favorable, green manuriag is a common practice. In China it 1is
currently practiced over eight million hectares {(Qi-xiao Wen, 1984) and
the extent to which it is used has been 4increasing rapidly in recent
years. Other forms of organic manures are also utilized to contribute
to rice production {(Table 5}.
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Organic manuring 1is less common in tropical regions, perhaps
because of the alternative demands for the organic materials e.g. for
fuel and animal feed, as in India {(Venkatamaran, 1984). Even in China
the amount of nitrogen added to paddy soils in various forms of manures,
about 60 kg/ha/an, is rather less than the average amount of inorgaunic
fertilizer nitrogen applied (ec. 100 kg W/ hafan). Nevertheless it can
be readily demonstrated that many Ilegume green manures countribute
nitrogen to a succeading rice crop {Pandey and Morris, 1983; Pandey and
Pendleton, 1984).

When legumes or azclla are used as green manures for rice, yields
of 3-4 t/ha can be maintained. But their use is demanding in labdour
termg, and can only expand where the cost of labour is cheap relative to
the cost of land and fertilizer, Straw incorporation promctes
heterotrophic nitrogen fixzation (Matsuguchi, 1979) and it may increase
rice yields significantly (Ponnamparuma, 1984)., Tts use is limited,
again because of the high Ilabour demand for dncorporation, and
alternative uses of the straw.

N fixation In the rice rhizcsphere

Some rice varieties have recently been shown to stimulate nitregen
fixation more than others (Rinaudo, 1977; Dommergues, 1978; IERT,
1983). The full significance of this finding is yet to be explored. If
varieties can be selected which encourage greater nitrogen fixation and
st11]l yield well ——IR42 appears to be one such varlety-- then the
finding is of considerable importance.

Algal inoculation

Results of algal lnoculation of paddy £fields have been highly
conflicting, showing large advantages in some instances, and none in
others (Roger and Kulasooriya, 1980). The reasons for the differences
may Dbe associated with factors controlling the establishment of a
vigorous algal population. These are at present Llittle understood,
Algalization merits further study because of the low labour requirement.

Roger and Watanabe (1985) conclude, "BNF is purposefully used in
only a small percentage of rice fields, in a few countries and rice
farmers are far from realizing its potential. This underutilization is
due to ecological and socioeconomic factors and lack of technological
development and knowledpge. On a short to medium term basis, BNF has
underexplolted potential where fertilizers are not available or
affordable. On a long term basis, integrated management should permit
high yields with lower N fertilizer applicatiomn."
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INTEGRATED NITROGEN MANAGEMENT

Considerable potential exists for biclegical nitrogen fixation to
contribute to food production in the tropics, in the semi-arld as well
as the humid zene, and in the drylands as well as the wetlands (Table
6).

In the drylands of Africa shifting cultivation provides a system of
low productivity whereby nitrogen fixed under the natural fallow is
utilized in subsequent cultivation periods. More productive systems are
essential to support increasing populations, For the savanna regions it
should be possible to develop alternate pasture-crop systems which are
able to contribute much more nitrogen to the crop from nitrogen fixed
under the pasture, than does the natural fallow rotation system.
Similarly in forest areas, alley-farmlng promises to provide a
productive system in which leguminous tree crops can be combined with
arable crops, The nitregen contribution is not obtained without cost.
It requires land and labor, and usually phosphorus and perhaps other
additions to ensure that nitrogen £ixation proceeds actively. The
pasture or tree legume may itself be utilized to provide animal feed to
offset these costs. But the net cost must always be compared with that
of inorganic nitrogen fertillzers. In many instances 7 inorganic
fertilizers are the cheaper source of nitrogen for the crop. In the
wetlands, in spite of the relatively high rates of niltrogen fixation,
vield responses to applied nitrogen are almost always found.

The optimum economic response to nitrogen fertilizers are obtained
when they are wused as efficiently as possible, and in such a way that
biological nitrogen flxation processes are not reduced. For wetland
rice it has been found that placement of nitrogen fertilizer in the
80il, rather than distributing it in the paddy water, not only leads to
wuch higher recoveries of fertilizer nitrogen (De Datta and Gomez, 1981;
De Datta et al., 1981; INPUTS, 1979) but also involves mninimal
interference with biological nitregen fixation by blue- green algae
(Roger, et al,, 1980}). Thus nitrogen Cfertilizer placement in paddy
soils provides an "integrated nitrogen management technique".

Inorganic nitrogen is also known to inhibit nitrogen fixation by
rhizobia (see for example Kang, et al., 1975). Thus, while "starter"
nitrogen -- a small application of inorganic nitrogen arcund seeding
time -- is widely used with grain legumes, it is llkely to reduce the
amount of nitrogen fixed, Where legumes and cereals are grown in alley
systems, in mixed cultures, or in succession, there is need for much
further study to determine optimal use of the fertilizer. Where
phosphorus is also mneeded, optimum placement and timing of the
phosphorus application needs to be established,

For both dryland and wetland areas, the importance of the
interaction between nitrogen and water, and where phosphate is alsec
severely deficient, between phosphorus and nitrogen, cannot  be
overemphasized. Response to nitrogen 1s extremely common for fully
irrigated rice crops. However, seventy percent of the area where
lowland rice is grown Iin the tropics is not fully irrigated, but is
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Table 6. Estimates of biologically fixed nitrogen in foed crop production
systems in the tropics.

N fixed
(kg/ha/an) Comments

A. Semi-arid tropics

1) Natural (grassland) fallow 0-20 Soll accumulaticn only

2) Legunme based pasture 30-60 Satisfactory legume to be
. identified

3) Non-legume crops 0-10 Residual seoil N ounly

4) Grain legumes 10-40 Need adequate P and

favorable rainfall

B. Humid tropics

1) Regenerating forest fallow 40~100
2) Grass fallows 20-40
3} Legume fallows 50-100 Difficult to maintain
4) Nom-legume crops without mulch  0-10
with mulch 10-30 Residual soil N only
| 5) Grain legumes 10-50 Need adequate P
6) Live (legume) mulches 20-40
7) Green manures 30-60 Values refer to single

crop, grown 40-80 days
8) Alley farming with leguminous

trees (300-600) X X = fraction of land
occupied by leguminous
trees

C. Wetlands

1) Fully irrigated rice (10-30) x 3
2) Grain legume after rice 40-80

3) Azolla applied to rice 60-100

4) BGA inoculated rice 10-40

5) Green manure before rice (30-80) + 30

Data from Robertson and Rosswall (1984); Roger and Watamabe (1985); and others.
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dependent on rainfall entrapped by bunds, and diverted from seasonal
streams. In this type of rice productien, referred to as "hydromorphic
rice" in West Africa, and rainfed lowland rice in Asia, little nitrogen
fertilizer 1s currently used. Much further work is needed to establish
optimum management conditions for rice and other crops in such soils.

The problem of acidification is a general one for upland soils. 1Im
the wet lands natural inward movement of cationic nutrients usually
prevents it from becoming serious. In upland areas wmanaged under
shifting cultivation, recycling of cations through forest or savanna
vegetation will correct the acidity. Use of lime, or where this is
uneconomic, inclusion of planted trees in the cropping system as in
alley farming, may provide an alternative solution,

CONCLUSIONS

To produce the food crops needed from the soils of the tropics will
require wvery large quantities of nitrogen., In the semi-arid savanna
regions there is little prospect at present of achieving greater
production through enhanced biological nitrogen fixaticn. Much further
research 1s needed to find well adapted pasture and grain legumes which
can contribute. The work by several national programs, and at ICARDA,
ILCA, and ICRISAT, may change the situation if it is continued for a
sufficient period. Where rains are concentrated in a short wet season,
it is probable that propar wuse of nitrogen fertilizers wiil give
economic yield increases. As Penning de Vries and Djiteje (1982) have
shown, fertility rather than water shortage is often the major
limitation to plant growth. Where the rains are less concentrated, and
fall over a longer period, it may be possible to develop a sulitable
legume-based pasture rotation with arable cropping, in which much of the
necessary nitrogen is accumulated under the pasture (Srague, 1975). In
the wetter savanna areas, as in Brazil and parts of Colombia, vigorous
grass species such as Brachiaria spp. and Andropogon sp. support
economic beef producticn, and some nitrogen fixation. Some progress has
been made in the identifiction of pasture legumes for these areas (CILAT,
1982) and grain legumes have been shown to contribute nitrogen to
associated or succeeding crops. But here also fertilizer aitrogen is
likely to be required at least as a supplement if high yield levels are
to be obtained.

In the intermediate, forest-savanna transition zone, and in the
forest areas with less acid soils, alley-farming appears to offer a
system in which major contributions from Wbiological nitrogen fixation
may be made, Alley farming offers further advantages of supplying mulch
material cheaply and conveniently, of recycling nutrients to reduce
acidity, and centrolling erosion. Nitrogen fixation is further enhanced
if grain legumes are included in the cropping system. It still has to
be established how far alley cropplng can meet the nitrogen requirements
of high yielding varieties of cereals over an extended period. It is
probable that it 1is an appropriate method to combine with use of
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nitrogen fertilizers. Legumes as live mulches or as green manures, and
grain legumes may also contribute. BSome nitrogen is accumulated under
non-leguminous fallows of trees or vigorous grasses. Although the
amounts are relatively low, and adequate for low populaticon densities,
it cannot support high vyields without sufficient supplementation of
inorganic nitrogen.

Wetland rice production systems benefit from significantly larger
amounts of biologically fixed nitrogen than do dryland cropping systems.
There are several sources of the nitrogen, and the total can be enhanced
by growing green manures in Succession to rice. Nevertheless rice
production would be well below quantities required to meet present needs
if the fixed nitrogen were not supplemented by substantial quantities of
inorganic fertilizers, and lesser amounts of other organic manures.

Miltion mt of nitrogen
280 ]
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- Supply capobilities

24.0

200

1€.0

12.0

j=1e)
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Africa Latin America Asia/Oceonia  Eostern Western  North America
Europe Europe

Fig. 5. World nitrogen fertilizer supply and consumption by region
1985/86.(Source: FAO/UNIDO/World Rank working group on
fertilizers, 1981. Current fertilizer sitation and outlook,
Rome, Ttaly).

L

The additional crop production that will be needed to meet the food
requirements of Africa, Asia, and Latin America will only be obtained if
greatly increased quantities of inorganic nitrogen fertilizers are used.
In Asia, mnotably in India and China, where the needs will be greatast,
large increases in nitrogen production capacity are planned (Fig. 5).
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For Africa, and to a lesser extend Latin America, it 4is necessary
to plan now for substantially greater use of nitrogen fertilizers. At
present in Africa nitrogen from fertilizers is less than 0.5 percent of
nitrogen fixed each year (Robertson and Rosswall, 1984). This may be
compared with Soderlund and Svensson's global estimate of 50 percent.
0f course as much advantage as possible needs to be taken of biological
nitrogen fixation as fertilizer use is increased. Integrated mnitrogen
management practices must be developed, to allow nitrogen ferti lizers
to be used in such & way that they do not iohibic the mnatural fixatlon
processes. Much further research is needed, in the field as well as the
laboratory, and predominantly Invelving long term rather than short term
studies, and vrequiring studies in a wide range of enviromments.
Hopefully the political will exists to ensure national and international
efforts can be supported and sustained to ensure the resezrch will be
successful.
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