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FOREWORD

Agricultural systems must provide not only the food humanity needs today but what the human
family will require a decade or even a century from now. This will put a substantial strain on
agriculturally productive lands. World population has doubled since 1950 and is expected to reach
almost 7000 million by the year 2005. More than 95% of this increase will occur in developing
countries. Every year the earth must sustain 80 to 100 million more people. Although massive
starvation as predicted in the 1960s has been averted, more than 1000 million people still go hungry
daily. Increased demand for food is stated to be 3 to 4% a year. The task of meeting this need is
becoming more complex than ever before. In a grim cycle of exploitation and degradation, the
planet's finite soil, water, forest, plant and animal resources are steadily diminishing. It is against this
background that sustainable and 'environmentally friendly' crop production systems will have to be
developed without damage to the resource base, for future generations.

In Asia, where arable land is already limited, crop production is slowing down. An
understanding of the interactions and complexities of agricultural systems is necessary to address a
wide range of issues, such as increasing household incomes of resource poor farmers; identifying and
implementing production practices that are sustainable over a number of years; minimizing the
adverse environmental effects of production practices on the natural resource base; and providing
information on resource use and crop yields on a regional and national basis. In an attempt to find
answers to these questions, an FAO/IAEA Regional Seminar for Asia and the Pacific on Nuclear and
Related Isotope Methods in Soil-Plant Aspects of Sustainable Agriculture was held in Colombo, Sri
Lanka, 5-9 April 1993. Among the participants at this seminar were scientists from Australia,
Bangladesh, Belgium, China, India, Indonesia, Malaysia, Myanmar, Nigeria, Pakistan, the
Philippines, Sri Lanka, Thailand, Turkey, the United States of America and Viet Nam.
K.S. Kumarasinghe of the Soil Fertility, Irrigation and Crop Production Section, Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture, was the Scientific Secretary. This document
contains the reports presented at this seminar. It covers a wide range of topics including nitrogen and
phosphate fertilizer studies, micronutrients, biological nitrogen fixation, agroforestry, soil/plant water
relationships, photosynthesis and carbon metabolism, crop production in deleterious soils, sustainable
agriculture, and environmental preservation.

The seminar was sponsored by the Food and Agriculture Organization of the United Nations
and the International Atomic Energy Agency. The local host was the Atomic Energy Authority of Sri
Lanka. We are grateful to the Australian International Development Assistance Bureau (AIDAB) for
funding the participation of two scientists from the region. The seminar was a very stimulating event
and a successful one as well. We thank all who helped to prepare, organize and contribute to this
endeavour. In a world of ever increasing need for food, fuel and fibre we are in urgent need of more
regional ventures of this nature to find ways of increasing and sustaining soil fertility and crop
production for future generations.
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Abstract

FERTILIZATION, SUSTAINABLE AGRICULTURE AND PRESERVATION OF THE ENVIRONMENT.
Food production in the developing world needs to be increased in order to keep up with the growing population.

To achieve this goal, the use of fertilizers and improved agricultural management techniques are necessary. However, this
action needs to be controlled; excessive use of fertilizers and agrochemicals resulting in possible pollution of the
groundwater and the atmosphere should be avoided.

1. INTRODUCTION

Being permanently faced with large groups of people in different parts of the world, having
an absolute shortage of food, research on increasing food supply should get top priority. It is expected
that by the year 2100 the population will stabilize at about 10.5 billion, of which 87% will live in
developing countries [36].

Taking into account this growth rate, the problem will even be more severe within the years
to come. Indeed, the population growth puts not only stress to the amount of food supply, but also
to the amount of agricultural land. Through farming, the fragile tropical and subtropical soil system
may rapidly become depleted and infertile. Adequate amounts of fertilizer are often beyond the means
of farmers. Next to insufficient nitrogen, lack of available soil water is also an important factor
limiting productivity. Therefore, sufficient attention should go to increasing the effectiveness of
fertilizers by using the proper management techniques (timing, placing, type of fertilizers), through
efficient use of water, through incorporation of nitrogen fixing plants, through the use of high
yielding cultivars, and through proper mechanization, irrigation and use of agrochemicals. No.doubt
the search for highly responsive plant genotypes is very important.

Despite the call for reducing excessive use of N fertilizers in developed countries, increased
use of N fertilizers will be necessary throughout the developing world. On the other hand, over-use
of fertilizers creates environmental problems as the developed countries have been facing now.
Walking on this small line is an art and a challenge. However, it asks for good knowledge on fertility
problems and environmental consequences.

All processes influencing the combined action of providing enough available nutrients but
keeping the environment clean are difficult to study without the use of isotopes. Indeed nuclear
techniques are unique (1) to determine the efficiency and residual effect of the applied fertilizer, (2)
to quantify the amount of biologically fixed N, (3) to study the fate of the non-efficient part of the
fertilizer, and (4) to evaluate the amount and movement of water, in many cases the most important
limiting factor. Stable isotopes can give important information on functions of ecosystems, organic
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FIG. I. Factors influencing positively and negatively the plant available mineral N (afterf 441).

matter dynamics and other N and C transformations. The use of 15N, I3C and other isotopes has been
proven to be very beneficial [26].

2. FERTILIZATION AND SUSTAINABLE AGRICULTURE

Although the use of mineral fertilizers costs money, the beneficial effect of them has been
proven for many decades. This is reflected in a continuous increase of the world fertilizer
consumption [18]. For economic and environmental reasons, however, fertilization should be carried
out with great care.

2.1. The use of mineral fertilizers
If water is not a limiting factor, application of fertilizers (especially N) normally significantly

increases yield. However, the amount of fertilizer N to be added depends on a number of factors
which influence positively as well as negatively the total amount of plant-available N (Fig. 1).

Fertilization should balance the N present in the soil profile (rooting depth) plus the N
provided by mineralization and the need of the plant for obtaining maximum yield, when taking into
consideration the amount of N which might escape out of the rooting zone. The importance of other
influencing factors on plant yield such as deposition, erosion, and fixation on clay minerals might be
of minor importance, although not always negligible. Ammonia volatilization, denitrification and
leaching should, however, be controlled. Therefore, the use of a proper management is important.

Crop response to N fertilizers in field trials typically follows a Mitscherlich-type curve. Upon
harvest, the residual N importantly increases under conditions of excess fertilization as well as under
conditions of limited growth as e.g. with stress of water or other elements. The effect of water stress
as a result of lack of rainfall on residual fertilizer N is illustrated in Table I.

Considering sustainable agriculture, control of the amount of residual N is very important as
it is a potential source for water pollution, but also to some extend a reserve for the following crop.
If this amount of residual N is not known, additional fertilization might become very harmful to the
environment. Fertilization upon a season whereby plant growth was limited should always be carried
out with great care. On the other hand, sufficient residual nitrogen is necessary to assure maximum
yield. This amount of nitrogen is influenced by the type of crop and soil characteristics.



TABLE I. EFFECT OF RAINFALL DURING WHEAT GROWING ON
ACCUMULATION OF RESIDUAL N (0-80 cm) UPON HARVEST*

(after SANAA, M. [38])

Year

1988
1989
1990
1991

Rainfall (mm)

113
151
356
670

Residual N
(kg N03--N

262 ± 52
263 ± 57
153 ± 29
120 ± 25

ha'1)

* Fertilizer: 100 kg NH4NO3-N ha'1; split application

2.2. Alternative nutrient sources
Grain legumes, legume as green manure as well as Azolla can be successfully grown and

contribute fixed N to the system [15,28,48]. Grain legumes may fix their own N (50-100 kg N ha"1)
and provide N equivalent to 20 to 50 kg of fertilizer N to the subsequent crop [3]. Nitrogen is also
accumulated by BNF under forest fallow, and released to crops grown when the forest is cleared. In
general, management of BNF is very important to substantially reduce the need for mineral N
fertilizers. Growth limitations due to lack of P and water, limit the BNF and the contribution the next
crop is as such limited. The use of labelled 15N fertilizers is now accepted as the most reliable method
for determination of BNF [15,28,48]. In both temperate and tropical areas the use of mixed legume-
grass systems is to be recommended on the basis of increasing the production potential (organic matter
and nitrogen), controlling erosion as well as desertification.

The intensity of fertilization depends also on systems such as shifting cultivation (natural
fallow rotation systems on soils with low inherent fertility) to continuously intensive systems with
substantial inputs of fertilizers. This shift is not always evident as "low input" cropping systems is
for most farmers in the tropics economically the most practical solution.

Again water availability is a key factor. In zones where rainfall is concentrated over a few
months and on soils with deep profiles to store substantial quantities of available water, vigorous plant
growth can be expected.

An accompanying phenomenon to the use of organic fertilizers (but also to the use of
ammonium fertilizers) is acidification due to the nitrification process or leaching of cations in
association with nitrate [1]. Correction of the acidity is then essential to maintain yields. This
acidification (rapid with ammonium, slower with organic matter and biologically fixed N) has
environmental consequences as it influences rates of N transformation processes.

3. FERTILIZATION AND ENVIRONMENTAL CONSEQUENCES

Control of fertilization is essential for optimum growth. However, it can't always be
controlled. Indeed climatic conditions can importantly influence crop growth and indirectly influence
fertilizer and soil nutrient uptake. As a consequence some of the nutrients can escape out of the
soil/plant/animal system and arrive somewhere it is not wanted. These flows can be grouped into the
following fluxes : (1) losses through drainage (mainly NO/, but also other soluble compounds), (2)
losses through erosion and runoff, (3) gaseous losses through N2O, N2, NO and NO2 via



denitrification and to some extend nitrification, and (4) gaseous losses through volatilization. The
relative importance of the various N loss mechanisms, volatilization, leaching and denitrification,
varies with site and fertilization time. Their importance needs to be taken into account when N
fertilization strategies are being developed [4]. In fact, both physical and chemical techniques of
preventing accumulation and subsequent loss of nutrients are required in order to improve the
efficiency of fertilizer use and to protect the environment.

3.1. Leaching and groundwater pollution
Nitrate is the key compound. Indeed, the 'blue-baby' syndrome or methaemoglobinaemia can

occur when children less than 1 year old consume too much nitrate. In addition, there are good
theoretical reasons for associating stomach cancer with high concentrations of nitrate in potable water.
Upon reduction of nitrate to nitrite in the stomach, it could react with secondary amines coming from
the breakdown of meat. As a result of these threats to the health of the population, the World Health
Organization set two limits, a 'recommended' limit of 50 mg NO3" I"1 and a maximum of 100 mg I"1

in domestic water supply. In 1980, the European Commission recommended 50 mg I"1 [1].
Pollution of groundwater has mainly been found in light textured soils with high fertilization

and/or manuring rates. Conditions of high rainfall or intensive irrigation promote the leaching.
However, plant cover and cropping conditions can be very helpful in reducing leaching [23]. Timing
and method of fertilizer application can result in lower amounts of residual fertilizer N and
consequently lower leaching. It should also be noticed that after harvest an important amount of
nitrate can be formed from mineralization of organic nitrogen. It has been found that most of the
leaching comes from this mineralized N [27],

In general, the following principle should be put forward: the plant available N should only
be provided when the plant needs it. Split application may further increase the fertilizer efficiency
[16], as illustrated in Table II [39]. According to [5], split application up to three splits was effective
in reducing leaching losses of N beyond the root zone of rice, but increasing the number of split doses
of urea from 3 to 10 did not enhance the efficiency of the urea-N.

The mode of application is also important. It has been found that band application gives more
efficient fertilizer use than broadcasting [29], and consequently less risk for loss. Rate of application
and timing are important and very helpful for deep-rooting crops. Shallow rooting crops, such as
potatoes, however, need high levels of N for economic optimum yield and can leave substantial

TABLE II. INFLUENCE OF SPLIT APPLICATION ON LABELLED FERTILIZER RECOVERY
AND LOSS (after SATRUSAJANG et al. [39])

Timing

Basal
12 DT
5-7 DBPI
PI

Applicat.

Incorpor.
Broadcast
Broadcast
Broadcast

% N recov.
plant

5.1
20.6
46.3
34.4

% N recov.
soil

(0-30 cm)

8.2
26.0
26.2
16.4

Unrecov.
N-15 (% of
applied N)

85
53
27
49

DT: days after planting
DBPI: days before panicle initiation
PI: panicle initiation

10



amounts in the profile susceptible for leaching. It should also be noticed that the availability of
fertilizer N to crops might be influenced by the type of tillage. A study in Northeastern Thailand on
poorly-drained rice-growing soils with low sorption capacity, fertilized with labelled urea showed that
a sizeable fraction of the fertilizer N remains in the floodwater following application. Runoff can be
an important mechanism of nutrient loss in areas with high probability for inundation following
intense rainfall [39]. According to [27], the following management practices can help: (1) minimising
the period when the soil is left bare; (2) avoiding to apply fertilizers and organic manures long before
the plants can use them; and (3) avoiding ploughing up of old grassland and clearance of old
woodland.

The use of nitrification inhibitors is another tool to limit the nitrate accumulation. They inhibit
nitrification and thus leaching; they also lower denitrification of fertilizer N applied with irrigation
water.

3.2. Gaseous losses
Part of the mineral nitrogen in the soil profile can be transformed into a gaseous form, such

as NH3, N2O, N2, NO, and NO2. The conditions governing these conversions are determined by
factors related to climate, to agricultural management techniques, and to soil conditions. It leads not
only to economic loss but it also has environmental consequences. The greenhouse effect, ozone
depletion and acid rain are the most important ones. Excellent reviews on greenhouse gases, impact,
characteristics as well as detection can be found in [2,7,8,24,25,35,40]. The main biologically-formed
gaseous forms are NH3 and N2. An excellent summary of formation of these gases is given in [43].

3.2.1. Ammonia volatilization
Ammonia formation is the end-step of a series of chemical and physical transformations,

which NH4
+-containing fertilizers, urea and manure can undergo. Most of the NH3 loss occurs within

2 weeks after fertilizer application. Surface application of ammonium fertilizers to calcareous soils
undoubtedly leads to ammonia loss. Losses up to 50% of the applied fertilizer are possible [45].
However, they are mainly within 20%. Among the factors influencing volatilization, pH is the most
important one [17]. The losses increase with temperature, but decrease with increasing surface
moisture content. The cation exchange capacity, type of fertilizer and mode of application are
important factors.

The behaviour of urea is somewhat different. Upon application, urea hydrolyses into
ammonium ions with an accompanying rise in pH. The rate of urea hydrolysis, and the buffer
capacity of the soil determine the pH rise and volatilization rate. The use of urease inhibitors can slow
down the hydrolysis rate, lower the pH rise and ammonia loss, as illustrated in Table III. Urea treated
with nBTPT at O. l % level with surface broadcasted urea increased 15N uptake by wheat by 79% and
increased yields by 15% [11]. According to [37], on the other hand, not much difference was found
between treatments with and without nBTPT (Table IV).

However, it was found by [10] that band placement of urea at 2 cm soil depth was more
effective in reducing N loss than broadcasting urea with phenyl phosphorodiamidate. To avoid
volatilization losses of fertilizer N as NH3, urea must be transported into the soil before hydrolysis
occurs [6]. It is recommended to apply the urea prior to rainfall or relatively small amounts of
irrigation [20].

The use of nitrification inhibitors such as wax coated calcium carbide effectively inhibited
NO3" production and denitrification for long periods [22]. Dicyandiamide (DCD) was also proven to
importantly limit gaseous loss upon application at a rate of 10% N on (NH4)2SO4 basis. It reduced

11



TABLE III. CUMULATIVE LOSS FROM UREA AS CONTROLLED
BY CONCENTRATION OF nBTPT UPON 14 DAYS IN A SANDY
LOAM SOIL (after CHRISTIANSON, C.B. [11])________

Treatment % fertilizer loss

Urea alone 52
Urea + 0.5% nBTPT 5
Urea + 0.1% nBTPT 8
Urea + 0.05% nBTPT 14
Yrea + 0.01% nBTPT 23
Urea + 0.005% nBTPT 32

TABLE IV. RECOVERY OF !iN OF UREA AND nBTPT-AMENDED
UREA IN THE FLOODWATER-PLANT-SOIL SYSTEM AT 37 DAYS
AFTER FERTILIZATION (50 kg N ha'1) (after SAKORN PHONGPAN [37])

Distribution Urea Urea + nBTPT

Floodwater 0.20 0.54
Plant 28.50 28.34
Soil (including roots) 21.14 21.60
Total recovered 49.83 50.47
15N unaccounted for 50.17 49.33

losses by denitrification from 61 to 15% [46], This inhibitor is especially recommended to be used
in poorly drained or flooded (rice) soils.

3.2.2. Denitrification and nitrification gases
While anaerobic conditions are favourable for denitrification, aerobic conditions allow for

nitrification. In flooded systems and in the rhizosphere of aquatic plants, both oxic and anoxic zones
are linked to each other. The following scheme (Fig. 2) gives a survey of the different nitrogen
transformations and their links under these conditions (after [19,32]).

Within the denitrification process, N2O and N2 are the main gaseous end products. Nitric
oxide (NO) as denitrification product is of less importance [32]. The gases produced during
nitrification (NO and N2O) in aerobic soils are usually less than 1 % [9]. While N2 does not undergo
reactions within the atmosphere, N2O is more dangerous. Although it is relatively inert in the
troposphere, it diffuses into the stratosphere where it is photochemically decomposed into NO, which
reacts with ozone [13, 14]. The actual N2O concentration is 310 ppbv but it yearly increases with 0.2
to 0.3% [7, 42]. It is estimated by [34] that by the year 2030 the N2O concentration will be in the
range of 350 to 450 ppbv. Nitrous oxide is not only linked to destruction of the stratospheric ozone,
it is also reported to be the most important N-containing gas with respect to the climate warming
trend. Together with CH4 and CO2 it is an important greenhouse gas (Table V).

Perhaps 90% of the emissions are derived from soils through soil-biological nitrification and
denitrification. It should, however, be mentioned that soils can also act as a sink for N2O [21,30].

The conditions determining the denitrification rate are importantly influenced by the moisture
content, oxygen and carbon availability. Of course, the favourable conditions must be met at the same

12
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FIG. 2. Links between nitrogen transformations in aerobic and anaerobic environments (after [19,32]).

TABLE V. CHARACTERISTICS OF SOME GREENHOUSE GASES AND THEIR
CONTRIBUTION TO THE GREENHOUSE EFFECT (GHE) (after BOUMAN, A.F.[7] AND
WATSON et al. (47])

Characteristic

% share of
anthropogenic GHE

Concentration (ppmv)

Residence time (year)

Increase (%/year)

Relative potential for thermal
absorption (CO2 = 1)

CO2

50

352

100

0.5

1

CH,

19

1.72

10

1

30

N20

6

0.31

170

0.25

150

time NO3"-N is available. As far as impact on the environment is concerned, the formation of N2O
is important. In Table VI a list of parameters is given influencing the ratio of N2O to N2. In general,
all conditions lowering the rate of denitrification favour the production of N2O relative to N2.
Consequently, under marginal denitrification conditions, N2O will be an important denitrification
product.

The importance of denitrification is difficult to judge from measurements of moisture content,
oxygen level, available carbon or pH as these parameters only reflect a macroscopic or average
situation in the soil. The condition in aggregates or around roots might be completely different from
the average.

Also small amounts of NO and NO2 evolve from the soil/plant system through
chemodenitrification. As NO inhibits the nitrate reduction the NO/N2O is greater than 1 for nitrifyers
and smaller than 1 for denitrifyers. As such NO is mainly a product of aerobic environments.

No doubt that the major amounts of gaseous nitrogen compounds develop under conditions
of anaerobiosis. This means that conditions of better drainage and soil structure minimise gaseous
losses. On the other hand, these conditions are favourable for leaching.
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TABLE VI. LIST OF PARAMETERS AND THEIR INFLUENCE ON THE N,O/N, RATIO

Factor

nitrate, nitrite
available C
anoxicity
pH
temperature
sulfide
enzyme status
plants
soil depth
drying/wetting
moisture content

marginal aerobic conditions
low rate of denitrification

Action

concentration t
availability t
02 t
high
low
high
-
presence t
deep
period T
high

Ratio N2O/N2

increase
decrease
increase
decrease
increase
increase
in/decrease
decrease
decrease
decrease
decrease

increase
increase

Agricultural activities not only influence the movement of nutrients and development of
gaseous products, they are also responsible, under certain conditions, for emission of CH4. The
emission of this greenhouse gas is influenced by many physico-chemical, agronomical and
climatological parameters [34]. Areas with paddy soils are in particular susceptible for CH4 emission
[42]. Temperature changes (throughout the season as well as diurnal) are responsible for the observed
fluctuations. Redox potentials of -200 mV are necessary values to allow for production of CH4

[12,31]. The CH4 emission is also significant in soils with a high content of clay and adequate organic
matter. The application of organic manure generally enhances CH4 emission, although the extent of
the enhancement reported in different studies exhibits great variance. Indeed, most of the reported
gaseous research indicates a high to very high variability. Addition of rice straw results in a
significant increase of emission rates, whereas application of organic manure and compost only
slightly altered CH4 emission.

4. CONCLUDING REMARKS

Taking into account the pressure to produce more food, it should not result in an excessive
use of fertilizers. The best strategy is to apply fertilizers for an economic and environmental optimum.
This means that the fertilizer should be applied only when there is a immediate need for plant growth.
The amount should be in accordance to the need of the plant, taking into account the amount that the
soil provides and the amount which can be supplied by non-fertilizer sources. One should, however,
realize that under specific conditions related to climate, type of soil and management practices some
leaching can occur and some gases can escape into the atmosphere.
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Abstract

MANAGEMENT OF NITROGEN FOR SUSTAINABLE AGRICULTURAL SYSTEMS.
A fundamental shift has taken place in world food production. In the past, the principal driving force in agriculture

has been to increase the yield potential of food crops. Today, the drive for productivity is increasingly combined with a
desire for sustainability. For farming systems to remain productive, and to be sustainable in the long-term, it is necessary
to replenish the reserves of nutrients which are removed or lost from the soil. In the case of nitrogen (N), inputs into
agricultural systems may be in the form of N-fertiliser, or occur via biological N2 fixation. The paper discusses the role
of N2 fixation in tropical and temperate environments of the Asia-Pacific region and compares the relative recoveries and
losses of organic and inorganic N by crop and forage species. Management strategies to manipulate N supply and control
the extent of N losses are also considered.

1. INTRODUCTION

Biological N2 fixation has been an important component of traditional farming systems since
ancient times, but in the past few decades fertiliser-N has been used in increasing amounts. In coun-
tries of Asia and Oceania, N-fertiliser consumption increased from 19.9 to 36.4 million tonnes be-
tween 1980 and 1990, despite almost a doubling in average fertiliser costs to farmers over the same
period [la]. Nevertheless, with current international emphasis on sustainable development and renew-
able resources, and the increased use of legumes in cropping systems in the Asia-Pacific region (areas
grown to legume pulses or oilseed crops increased from 34.9 to 38.1 million ha, and 10.9 to 13.6
million ha, respectively between 1979 and 1989 - [lb]), there is still considerable interest in biological
N2 fixation as a N source for agriculture. Regardless of whether N is organic or inorganic in origin,
N mismanagement and losses can have serious environmental consequences. Leaching of unutilised
nitrate, for example, may contaminate streams and groundwater, or accelerate soil acidification, and
gaseous emissions of nitrogen oxides contribute to the greenhouse effect [lc]. Therefore, N must be
managed to control both N inputs and losses if we are to avoid environmental degradation and move
towards productive and sustainable agricultural systems.
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2. INPUTS OF N

The use of fertiliser N will largely be regulated by economic considerations and the avail-
ability of effective infrastructures for fertiliser production and distribution. For this reason, fertiliser
N is generally restricted to high-return cash crops. In Asia-Pacific, rates of application of fertiliser
N [la,b] range from an average of < 1 kg/ha of arable land (Australia, Bhutan, Laos), through 40
and 60 kg/ha (Bangladesh, China, India, Indonesia, Malaysia, Pakistan, Philippines, Sri Lanka,
Vietnam), to > 100 kg/ha (Japan, Korea, Singapore). Although it is apparent that N inputs by
fertiliser sources are of major importance in many countries of the region, this current discussion will
focus on biological N2 fixation rather than fertiliser N. The extent of contributions of fixed N to the
N-cycle is controlled by many physical, environmental, nutritional and biological factors, and
consequently are open to manipulation. Therefore, it should be possible to manage N2 fixation better
to complement or in part replace fertiliser inputs and for the development of more sustainable
agricultural systems. Most attention will be directed towards legumes because of their proven ability
to contribute N and their wide integration in many of the farming systems in both tropical and
temperate environments. Potential roles of non-legume N2-fixing associations will be discussed in less
detail.

The N2 fixation data have been selected to indicate how inputs of fixed N may be influenced.
These examples generally come from experiments which may be atypical of farmers' fields. The
values for N yield might be expected to be larger in experimental investigations than in farmers' fields
because of better plant husbandry, but levels of N2 fixation could be lower because of the generally
higher N status of soils on research stations [1]. For comparative purposes, legume data in Tables I
and IV have been separated where possible on the basis of data source: (i) research stations, (ii) on-
farm experimentation, or (iii) farmers' fields.

The N2 fixation data presented were obtained using either 15N-enriched, 15N natural abun-
dance, or ureide (for tropical legumes) techniques. The measurements obtained from farmers' fields
have been restricted to the latter two methodologies because of their non-intrusive nature. The advan-
tages and limitations of these methodologies are detailed elsewhere [3]. We have found 15N natural
abundance (d'5N) procedures [4] particularly versatile for measuring N2 ixation both at experimental
sites and in farmers' fields [5]. In many instances, the levels of dI5N in the extractable mineral N
of soil do not change greatly with depth (e.g. Fig. la), or time [e.g. 6]. In locations where values for
d'5N of mineral N do increase markedly with depth, the concentrations of plant-available mineral N
decline rapidly down the soil profile (e.g. Fig.lb), and therefore, different sources of reference mate-
rial have similar d'5N contents. Particular experience with 15N natural abundance in tree and pasture
systems will be briefly described in section 2.1.2.

2.1. Legumes

2.1.1. Food legumes
Estimates of the proportion of plant N derived from N2 fixation (Pfix) and the amounts of N2

fixed by important tropical and cool season crop legumes have been found to range from 6 to 98 %
and 12 to >250 kg N/ha/crop, respectively (Table I). The amounts of N2 fixed were mediated by
both Pfix and crop N yield. Treatments, or crop and soil management regimes which influence either
Pfix (e.g. soil N status, cropping system) or crop biomass (e.g. cultivar, plant nutrition) or change
both Pfix and N yield (e.g. environment, water supply) affect inputs of fixed N (Table I).
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TABLE H. LEVELS OF 15N NATURAL ABUNDANCE (6I5Na) IN PLANT PARTS OF TREE LEGUMES
GROWING IN INDONESIA AND THE PHILIPPINES.b

Species sampled Uncut trees Tree hedgerows

Old Young Regrowth
growth growth

Leaf Stem Trunk

Acacia auriculiformis 0.55 0.65
Acacia mangium 1.41 1.20
Albiziafalcataria -0.88 -0.96
Cassia spectabilis
Calliandra calothyrsus 1.09 1.37
Desmodium rensonii 0.60 0.50
Enterdobium cyclocarpum 1.30 1.48
Gliricidia sepium 0.74 0.68

Leucaena leucocephala 5.26 6.25

6.51
1.13°

3.72
5.80°

6.77

4.04

6.22

3.14

5.06

3.39

a 15N composition expressed in terms of part per thousand (%o) relative to atmospheric N2 [4],
b Source [5, 18] and unpublished data of Nurhayati, Suratmini, Almendras, Dart and Peoples.
c One third of the branches of individual trees were cut, and after 3 months the S15N of regrowth was
compared with old and young growth on the remaining uncut portion of the same trees.

TABLE m. PROPORTION (Pfix) AND AMOUNT OF PLANT N DERIVED FROM N2 FIXATION FOR
TROPICAL FORAGES, TREE AND SHRUB LEGUMES, COVER-CROPS AND GREEN MANURES*

Species

Forages
Siratro
Stylosanthes

Trees and shrubs
Acacia
Aeschynomene
A Ibiziafalcataria
Calliandra
Gliricidia

Leucaena
Sesbania

Legume
N - yield

(kgN/ha)

6-95
34 - 102

5-13

, 9
132
3,2

314 296
226 - 360

N2 fixation

Pfix
(%)

,8-83
60-82

34-95 (63)b

100 93
43-80 (61)b

14
,5
46

58 -, 8
65-, 8

Amount
(kgN/ha)

59 -.9
20-84

,5-12,

11
99
1,0

182-231
14 -281

Period of
measurement

lyr
9-llwks

116d

90d
90d

13 months
3 months

116d

Cover-crops and green manures
Calopogonium caeruleum
Crotalaria

9-91 (5, )b

152 146 102d

a Information derived from research undertaken in Australia, China, India, Indonesia, Malaysia and
Philippines. Source [3,, , 18, 19] and includes unpublished data of Nurhayati, Suratmini, Faizah, Almendras,
Dart, Palmer and Peoples.
b Values in parentheses are means of estimates for each set of data.
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TABLE IV. PROPORTION (Pfix) AND AMOUNT OF PLANT N DERIVED FROM N2 FIXATION BY
TEMPERATE PASTURE LEGUMES*

Location
and species

Research station
Lucerne
Subterranean clover
White clover

On-farm experimentation
Medic spp.
Subterranean clover

Farmer's fieldb

Medic spp.
Subterranean clover
Balansa clover
Serradella

Legume N2 fixation Period of
N - yield measurement

Pfix
(kgN/ha) (%)

402 72-92
55-79 82
87 - 380 62 - 77

101-125 51-82
22-40 95 90
96 - 120 97 94

30-99 (69)
44-91 (77)
44-91 (68)
70-99 (91)

Amount
(kgN/ha)

288 - 369 seasonal av.
45-65 lyr
54 - 291 lyr

52 - 102 3 months
21-36 seasonal av.
93 - 1 13 seasonal av.

a Information derived from research in Australia and New Zealand. Source [20,21] and includes unpublished data
of Gault, Lilley, Turner, Burnelt, Ridley, Brockwell, Bergersen and Peoples.
b Unpublished data of Sandford, Unkovitch and Pate. Values in parentheses are means of estimates for each set of
data.

At maturity, crop N is partitioned either into seed, or the vegetative parts which remain as
crop residues. Therefore, the contribution of fixed N to the soil following harvest is the difference
between the amount of N2 fixed and seed N removed. When the quantities of N involved in plant
growth, in N2 fixation, and in the seed were calculated, it became apparent that levels of fixation
achieved by many crops were not always sufficient to offset the N removed with the harvested seed
(Table I). In most studies, total crop N was determined from standing shoot N and so these net N-
balances are probably underestimated since nodulated roots can contain 10-40 kg N/ha at final harvest
and may progressively release N during crop growth [7], This might explain in part why the benefits
of crop legumes to a subsequent cereal crops can be considerable despite apparent modest returns of
N in vegetative residues [2,3].

The ranges in values for N2 fixation obtained in farmers' fields were similar to those deter-
mined in experimental studies (Table I). Experimental studies are generally designed to generate
ranges of N2 fixation as a means of investigating factors regulating the N2-fixing process. However,
it will be in farmers' fields where sustainable production and agriculture's contribution to environ-
mental degradation will be determined. The presence of low Pfix values and poor N yields in surveys
of commercial crops suggest that farmers do not fully exploit the potential benefits of legumes.

A survey of 36 commercial, irrigated soybean crops in south-eastern Australia (mean Pfix
53 %, Table I) indicated that only one-third of the crops were deemed to be in positive balance ( > 15
kg fixed N/ha in residues) after harvest, and one-half were calculated to have depleted soil N by more
than 15 kg N/ha). Similar results were obtained from a survey of 24 commercial green gram crops
[10]. About one-third of those crops had fixed more N than was required for seed. Mean Pfix value
was 39%. Higher mean levels of Pfix were measured in farmers' soybean crops in Thailand (77%)
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from cropping and pasture soils collected from researchstations or farms. Examples showing d'5N that
are constant (A) and that vary with depth (B). Data derived from soil sampled at depths of 0-30 (or
0-15 and 15-30 cm), 30-60, 60-90 and 90-120 cm in cropping soils, and 0-10, JO-20, 20-30, 30-50,
50-100 and 100-150 cm in the pasture soil.

and in lupin crops in Western Australia (70%). However, crop growth was generally well below
potential and on average N2 fixation was small (51 and 64 kg N/ha, respectively, Table I), much of
which would have been removed in seed.

In the Australian soybean survey, the level of soil nitrate was the principal factor determining
final N-balance. Soil N status was successfully managed by some growers to maximise contributions
of fixed N, but many farmers did not consider soil N when introducing a legume into their cropping
sequences. The suppression of nodulation and N2 fixation by soil mineral N might not always be a
major constraint to N2 fixation, particularly in lowland rice-food legume sequences [14,15]. However,
it is clear from the data of Table I that inputs of fixed N can be manipulated. Considerable improve-
ment in on-farm management of N2 fixation will be required if crop legumes are to play a prominent
role in providing N for sustainable agricultural production [2].
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2.1.2. Multipurpose tree and shrub legumes, forages and green manures
Despite the importance of multipurpose tree and shrub legumes, there are relatively few esti-

mates of N2 fixation available because of problems in applying 15N techniques to long-lived, woody
legumes [3,16,17]. Major constraints include difficulties such as labelling of soil with I5N, selection
of appropriate reference plants, and reliably sampling tree 15N content [16]. Recent 15N natural abun-
dance investigations with both uncut and hedgerow trees suggest that choice of reference material
could be less critical than for 15N-enriched studies [5,18], and indicate that d15N is similar within a
tree's architecture, or between organs and branch regrowth (Table II). Therefore, the d15N method
could be very useful for providing estimates of Pfix in trees.

Estimates of N2 fixation by tropical forages, trees, and cover-crops are presented in Table III.
While only a few detailed determinations are given, it appears that levels of N2 fixation can be similar
to crop legumes, but because less N is removed from the system, larger amounts of legume N were
available for return to the soil (cf. Tables I and III). Therefore, the contribution to the N-cycle by
these species could be greater than that of crops.

The same may also be said of temperate pasture legumes (Table IV). With the exception of
one value where N2 fixation was inhibited with N-fertiliser [21], levels of Pfix in experimental stud-
ies were all >60% and seasonal amounts of N2 fixed were often considerable (up to 369 kg N/ha).
Inputs of fixed N were influenced by soil N status, pasture composition, soil acidity and plant nutri-
tion. Almost all the data were obtained from cutting or mowing trials. Only very rarely have studies
included grazing animals [20]. Spatial variability induced by non-uniform distribution of faeces and
urine can represent problems for application of I5N techniques, but there can be particular difficulties
with isotope discrimination and 15N natural abundance [22]. However, despite localized variability in
soil d5N introduced by the presence of animals [5], it is still possible to obtain measures of plant-
available soil d15N (Table V). Levels of Pfix in legumes in farmers' pastures using 15N methods
(30-99%, Table IV) covered a wider range than those obtained under experimental conditions, but
mean estimates for the various species sampled (69-91%) were generally similar.

TABLE V. LEVELS OF l5N NATURAL ABUNDANCE (0 15N) IN GRASS AND DICOTYLEDONOUS
WEED SPECIES GROWING WITHIN PASTURES.»

Number of species Range of Ö1 5N
sampled (%«)

Farm#l
Grasses
Weeds
All species

Farm #2
Grasses
Weeds
All species

Farm #3
Paspalum
Ryegrass
Barnyard grass

6 5.73
4 6.73

lb 2.35
lb 2.04

3 3.80
3.71
3.94

-8.39
-8.27

-4.42
-4.13

-5.54
-5.42
-5.66

Mean515N±SE
(%o)

7.31 ±0.95
7.27 ± 0.82
7.30 ±0.89

3.29 ±0.93
3.34 ±0.89
3.31 ±0.89

4.67 ± 0.75
4.37 ± 0.80
4.86 ± 0.72

a Unpublished data of Gault, Lilley, Turner, Bergersen, Brockwell and Peoples.
b Systematically sampled across approx. 4ha of grazed pasture.
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2.2. Non-legumes
It is difficult to assign a realistic role to N2 fixation by non-legumes since so few measure-

ments have been undertaken using reliable methodology [23]. Indications are that N inputs by
cyanobacteria, or free-living N2 fixers in soil are unlikely to be easily manipulated and, anyway would
be insufficient to sustain crop yields [17,24,25]. Putative associative N2 fixation has been described
with crops such as rice and wheat, but contributions to crop N-dynamics have been trivial and
inconsistent [23,24]. More reliable evidence suggests that certain C4 grasses can obtain a proportion
of their N requirements from associative N2 fixation. However, there is some uncertainty concerning
the accuracy of estimates of amounts of N2 fixed when confined small-plot data have been
extrapolated to a per ha basis (56-163 kg N/ha in sugarcane, 10-40 kg N/ha in forage grasses [7,23]).
Unfortunately, the micro-organisms responsible for N2 fixation in some of these associations have
not been isolated or characterised, and it may be necessary for plants to be growing in impoverished,
N-deficient soil or under special environmental conditions before they derive any net benefit.
Therefore, further discussion on inputs of fixed N by non- legumes will be restricted to symbiotic
systems involving actinorhizal plants and the aquatic fern Azolla since their contribution to the
farming systems of the Asia- Pacific region can be readily demonstrated.

2.2.7. Actinorhizal plants
There are far fewer plant species nodulated by N2-fixing actinomycetes (Frankia spp.) than

there are N2-fixing legumes, but their numeric inferiority is offset by their capacity to occupy
ecological niches where legumes do not thrive. Of all these actinorhizal associations, Casuarina
probably has the most potential for agriculture. Unfortunately, only a few measurements of N2

fixation are available. In one investigation in Thailand [26] values of Pfix for mature trees, either
growing on farms or as part of natural communities under many different environments and soil
types were found to range from 65 to 90% (mean 81%). Studies conducted in Senegal suggest that
Casuarina has the capacity to fix over 400 kg N/ha/yr [7,23].

2.2.2. Azolla
Because of its rapid growth and high N content (4-6%N in dried material), Azolla has long

been used both as a weed suppressant and green maure in conjunction with labour-intensive lowland
rice cultivation in Asia. Under optimal cultural conditions, Azolla doubles its biomass every 2 to 3
days and one crop can accumulate between 20 and 146 kg N/ha. This might represent an annual N
production of 450-840 kg N/ha [24]. With values of Pfix commonly >70% [25,27], this represents
a potentially large contribution to the N-economy of rice-based agriculture. The growth and N2 -
fixing capacity of Azolla however, can be affected by many environmental variables, mineral
nutrition (particularly phosphorus), insect prédation and pathogens, so it is uncertain whether this
potential is ever realised in farmers' paddies [17,24].

3. UTILIZATION OF ORGANIC AND INORGANIC SOURCES OF N

Most studies measuring the transfer of organic N to a subsequent crop replace existing plant
residues with dried, 15N-labelled leaves, stems and sometimes roots in a ground, unground, or hand-
crushed form. The 15N plant tissues are usually obtained by growing plants on 15N-labelled inorganic
N (usually in a glasshouse) and harvesting material prior to physiological maturity. The quality of
such material in terms of C:N ratio and N content may be substantially different from field residues
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and it is likely that N will be more rapidly released. Attempts to grow 15N-labelled plants to
physiological maturity under conditions that mimic field conditions, on the other hand, can generate
material that might be more resistant to decomposition [Russell, Thompson and Fillery, unpublished
data]. There is evidence to suggest that drying plant material has Ittle effect on the recoveries of
legume N [30,31], but the particle size of the residue added has a large influence because breakdown
will be dependent upon soil-residue contact. Until techniques are used to in situ label above- and
below-ground residues with I5N using either leaf-feeding [35], or stem-feeding techniques [36], the
residue data of Table VI should be considered to represent "notional" recoveries.

3.1. Legumes and N fertiliser
The N transformations occurring during breakdown of legume material are influenced by

residue management and soil physical or chemical properties [3]. In rice cropping systems, this will
be depend on whether soils are flooded immediately or remain aerobic [14,15]. Decomposition may
be modified by lignin and polyphenol content, or soil pH, but it is the tissue N concentration, C:N
ratio, soil temperature and water status which are the primary factors influencing the rate of
mineralization and availability of legume N to a subsequent crop [3].

In a study of cropping systems in Indonesia [8], 28% of cowpea N was recovered by a
following crop of upland rice and a further 45 % was recovered by 5 successive crops over a 2-year
period (Table VI). This compared with a 19% recovery of urea N in the rice and only another 4%
in the following crops, despite twice the amount of N having been applied as fertiliser than supplied
in cowpea residues [8]. Utilisation of fertiliser by upland crops elsewhere in the tropics range from
12 to 74%, with poor recoveries reportedly occurring under both dry and very wet conditions [37].

Far more modest recoveries of N from crop residues and pasture legumes have been reported
in temperate environments (6-19%, Table VI), although contributions to the N-economy of the
following crop may still be high (e.g. providing up to 33% of a cereal's N requirements, [30]). A
comparison of recoveries of organic and inorganic N under Mediterranean climatic conditions (i.e.
wet cool winter, hot dry summer) in southern Australia [30] indicated that the first crop of wheat
utilised more fertiliser N (41-50%) than legume N (16-19%, Table VI). Uptake by wheat of N
derived from animal urine in similar environments can be very low (15-17%; Table VI).

Total recoveries of fertiliser N from plant and soil under dryland farming range from 54 to
91 % of the N applied (Table VI). Recoveries of N appear to be dependent upon climatic conditions,
the form of fertiliser used and the method of application, and are not necessarily affected by the
timing of application [32]. Despite smaller uptake of legume N in the following crop (typically
< 20%, Table VI), large quantities of the applied 15N were immobilised in the microbial biomass and
semistable organic materials in soil so that total recoveries from plant and soil pools (between 80 and
100%, Table VI) were generally greater than fertiliser sources. Rapid losses of N from animal urine
(up to 40% within 14d, Thompson and Fillery, unpublished) on the other hand can result in low total
recoveries (<45%, Table VI).

When green manure is grown, either the entire crop is returned, or quantities of green leaf
mulch are applied to soil [18,24]. The amount of N and the N concentration in green manure material
is generally high and rates of decomposition can be very rapid following incorporation in tropical
flooded soils [24]. Substantial increases in rice yield can follow incorporation of green manures
[14,17]. Studies using 15N-labelled legume material indicate between 21 and 33% of green manure
N can be taken up by a following rice crop and a further 60% recovered in soil (Table VI). With
total recoveries of urea-N of between 15 and 73%, it would seem that, under some conditions,
legume-N may be less subject to loss than fertiliser sources in lowland rice systems (Table VI).
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Legumes improve forage quality and intake and increase overall productivity of pastures [3].
Legumes contribute substantial amounts of N (up to 130 kg N/ha in ryegrass/white clover swards in
New Zealand [20]) to associated grasses through decomposition and release of legume N into soil,
or by cycling through animals (Table VI).

3.2. Azolla and N fertiliser
Decomposition of Azolla is rapid and recoveries of Azolla-N by subsequent rice crops can

range from 39 to 63% depending upon the method and time of incorporation, and the amount of
Azolla applied (Table VI). Uptake of N derived from Azolla was greater than fertiliser because of
reduced losses in some experiments [28], but recoveries from both sources were similar in other
studies ([26], Table VI).

4. LOSS MECHANISMS

Nitrogen can be lost from agricultural systems by product removal, leaching, gaseous
emission and erosion. The relative importance of these loss processes can vary widely depending on
the agricultural system and the environment. Thus leaching is significant in the sandy soils of the
Punjab in India where extensive irrigation is practiced [38], erosion (runoff) is important in Indonesia
where water is allowed to flow down slopes from one flooded field to another (Wetselaar,
pers.comm.), ammonia volatilization is the major loss mechanism when urea is applied to crop
residues [39] which have little ammonia retention capacity, and denitrification assumes importance
in irrigated agriculture [40].

4.1. Leaching
Under climatic conditions where rainfall may sometimes exceed evapotranspiration, losses of

N through leaching can occur. The potential for leaching of nitrate is likely to be greatest under bare
fallow. Accelerated leaching following cultivation of old grassland might also occur due to rapid
mineralisation of organic N. Research conducted in New Zealand suggests that 40-90 kg N/ha may
be leached from grazed pastures [41]. The main effect of grazing is to concentrate soluble N in soil
(30-60 g N/m2) via urine patches (70-90% urea). While mineralisation of faecal N is very slow (< 1 %
per season - Thompson and Fillery, unpublished), urea in urine hydrolyzes rapidly in soil to
ammonium carbonate; in turn this can be nitrified to form high concentrations of nitrate which is
vulnerable to leaching [41]. Leaching in cropping systems depends on the rate of nitrification and
rainfall pattern. 15N-labelled nitrate was observed at a depth of 1m within 42d of fertiliser application
to crops in a sandy soils of south-western Australia [32]. However, in similar studies conducted on
heavier soils in eastern Australia, < 1 % of 15N applied as ammonium sulphate was detected below
0.2m [33].

4.2. Ammonia volatilization
Ammonia (NH3) is constantly formed in soils from biological degradation of organic

compounds or from fertiliser. The driving force for NH3 volatilization may be the difference in NH3

partial pressure between that in equilibrium with moist soil, floodwater, or intercellular air space of
plant leaves, and that in the ambient atmosphere [42]. Studies on NH3 volatilization using
micrometerological methods suggest that direct gaseous losses of N from plants may be small ( < 2
kg N/ha, [24]), but indicate that losses from N-fertilisers can range from 0 to 56% in soils of upland
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and flooded cropping systems in temperate and tropical environments [24,39]. Important variables
regulating losses are the pH, pH-buffer capacity and cation exchange capacity of the soil, urease
activity, availability of moisture and the presence of plants and plant residues [39,42]. In rice systems,
the ammoniacal N concentrations, the pH and temperature of flood water, and windspeed are
particularly important. Other factors such as fertiliser composition, rate, time and method of
application, floodwater depth, and algal growth, exert their influences through those primary variables
[43].

Grazed pastures represent an important source for NH3 losses. Typically, 30 to 70% of the
N ingested by cattle and sheep is excreted as urine, depending upon the N content in the feed. Urea
in the urine voided on pasture or soil surface undergoes rapid enzymatic hydrolysis (>80% in 2h
[44]), and produces a high pH and high ammonium concentrations in surface soil which increases the
potential for NH3 volatilization. Measurements of NH3 flux from grazed pastures indicate that 25 to
40% of N in sheep urine may be lost via NH3 in temperate environments [45, Thompson and Fillery,
unpublished], and between 14 to 28% of N from cattle urine can be lost in subtropical pastures [44].

4.3. Denitrification
During denitrification nitrate is converted to N2 through a general pathway that includes the

intermediates nitrite, nitric oxide (NO) and nitrous oxide (N2O). Anaerobic conditions, the presence
of denitrifying organisms, nitrate (nitrite or NO), a source of energy (e.g. organic matter), and heat
are all required for denitrification to occur. Under field conditions, the yield of N2O relative to N2

can range between < 1 to 20%, depending on the type and efficiency of denitrifying bacteria present,
pH, reactant concentration and temperature [lc]. Calculated denitrification losses from N-fertilisers
applied to flooded rice and irrigated crops, or temperate cropping systems range from 0 to 50% and
0 to 27%, respectively [24,32,40,46]. Studies with rice [47] suggest that denitrification losses and
NH3 losses may be complementary in some soils (i.e. denitrification losses were low when NH3

losses were high and high when NH3 losses were low), but independent in others. Whether the 2 loss
processes are truly independent will determine whether management practices can be designed to
reduce total N losses and improve fertiliser use efficiency [24].

4.4. Fire
Fire-induced gaseous emissions of N can represent an important source of N loss from

farming systems since 80 to 90% of the plant N would be lost during burning. A review of biosphere-
atmosphere exchange of trace gases over Australia [48] estimated that on average around 25 kg N
might be lost per ha of land burnt, although losses of between 80 and 120 kg N/ha have been reported
from a single fire in a legume-based tropical pasture [49]. Between 5 and 20% of the losses during
burning could be volatilized as oxides of N, 4 to 10% as NH3, and the remainder as N2 [48].

5. MANAGEMENT STRATEGIES

5.1. Management of biological N2 fixation in cropping systems
Effective management of legume N2 fixation is discussed elsewhere in this volume [2], and

strategies to enhance inputs of fixed N such as:
(i) reducing the amount of nitrate in the rooting zone through cropping intensity and sequence,

or tillage,
(ii) optimizing the numbers and effectiveness of rhizobia, and
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(iii) plant breeding and selection to reduce legume sensitivity to the inhibitory effects of soil
nitrate, or to promote promiscuous or selective nodulation,

have been detailed in many reviews [1,3,7,15,17] and will not be amplified here.
Some of the cultural and environmental variables affecting N2 fixation have been identified

in Table I, but even simple management options such as alternative production methods can greatly
increase N2 fixation. The competition between legumes and cereals in intercropping systems for
instance can stimulate N2 fixation, improve productivity and enhance N yield/ha compared to
monocrop systems [50]. Choosing appropriate legume species or cultivars, and optimizing plant
nutrition to maximise legume N yield are other important factors [see also 2]. Data in Table VII
illustrate the capacity of different crop legumes to fix N. Species and cultivar comparisons of upland
crops during the mid-rainy season at Chiang Mai demonstrated that black gram was better adapted
to the environment and consequently fixed more N than either green gram or soybean under the same
conditions (Table VII). A related study with irrigated crops in Australia indicated that soybean, being
a longer duration crop than cowpea, green gram or black gram (140d vs 76-95d to physiological
maturity), had a much greater potential for N2 fixation and the accumulation of plant N (Table VII).
By contrast, another long duration crop, pigeonpea, grew and fixed N very poorly (Table VII). This
reflected erratic nodulation, N2 fixation and yield in the alkaline soils at Breeza [51,52] which may
have been related to iron deficiency [52]. Concepts of matching legume species to the environment
can also be applied to the use of drought tolerant legumes such as pigeonpea, indigo, or groundnut
to maximise yield potential in semi-arid areas, or in situations where N inputs throughout the dry
season can be limited by soil-water availability [15].

TABLE VII. COMPARISONS OF THE N2-FIXING CAPACITY OF DIFFERENT CROP LEGUMES.»

Location and
Species

Chiang Mai, Thailand

Green gram
Black gram
Soybean

Breeza. NSW. Australia

Cowpea
Green gram
Black gram
Soybean
Pigeonpea

Maturity
(days after sowing)

57-64
66

64-73

76
83
95
140
140

Crop N-yield
(kgN/ha)

71-74
125 - 143
33-65

62
58
56

282
36

Pfix
(%)

89-90
95-98
78-87

38
15
37
90
44

N2 fixation

Amount
(kgN/ha)

64-66
1 19 - 140
26-57

24
9
21
254
16

a Unpublished data of Sampet, Herridge and Peoples.

5.2. Management of organic and fertiliser N

5.2.1. Organic residues
Maximizing N gains through the use of legumes not only entails maximizing N2 fixation, but

also requires that recovery of legume N is optimised and N losses from the system are minimized.
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Soil nitrate-N assimilated by relay legume crops or green manures in lowland rice-based systems is
effectively conserved against possible loss due to subsequent soil flooding [15]. One management
objective, therefore, may be to include a legume in a rice cropping sequence to utilise soil nitrate,
that might otherwise be lost, and convert it into an organic form which releases N slowly during-
subsequent crops. The optimal interval from incorporation of legume residues to planting the next
crop will vary with residue management, soil type, climatic conditions and the farming system
involved. For example, on coarse-textured, neutral-alkaline soils in tropical lowland rice
environments, transplanting immediately after legume incorporation gives better transfer of N and
higher rice yields than does delaying cropping to allow residue decomposition. A delay following
organic matter incorporation may result in the formation of nitrate which can be lost by leaching or
denitrification upon flooding [14]. In acid soils on the other hand, delaying transplanting can be
beneficial since the adverse effects of organic acids formed during decomposition of organic matter
on rice seedlings are increased at low pH.

Several field experiments have shown that adding leguminous green manure with urea to
flooded rice can enhance grain yield and reduce, but not eliminate, loss of urea N. Application of
green manure reduced floodwater pH and partial pressure of NH3, and consequently reduced the
potential for NH3 volatilization [14]. The lower floodwater pH was attributed to production of CO2

during decomposition of organic matter. However, the inclusion of legume residues in rice-based
cropping systems could also result in enhanced formation of the greenhouse gas methane [le] during
anaerobic decomposition and increase fertiliser N loss in soils where carbon limits denitrification [14].

The use of alternative sources of organic matter may also be worth considering. For instance,
non-legume residues from crops such as sugarcane, cotton and irrigated cereals might be used to
immobilize N in soil. Immobilization prevents N being lost , and that N may be remineralized later
for the benefit of crops [37].

5.2.2. Fertiliser N
It is puzzling that farmers tolerate poor efficiency of fertiliser use. They persist with poor

agronomy when simple management options which could increase the efficiency of N uptake and
decrease costs of production are available. Special problems arise with crops such as cotton and
sugarcane which require large applications of N, but lose large amounts of N by denitrification and
NH3 volatilization [39,40]. When the economic situation is good, farmers are unconcerned about
applying excess amounts of N, but the environmental consequences of this wasteful practice certainly
need to be considered by the farmer.

Timing of fertilisation, split applications, the use of irrigation water to wash in fertiliser-N,
and the use of different application methods or alternative chemical or physical fertiliser formulations
(e.g. sulphur-coated urea or "super-granules") can either retard nitrification or, reduce NH3

volatilization and may result in improved recoveries of fertiliser-N and higher crop yields[29a,38].
Appropriate fertiliser placement (e.g. banding or incorporating rather than broadcasting) is also a
strategy well known to improve the effectiveness of fertiliser application [37].

The use of chemical inhibitors has been proposed to retard the hydrolysis of urea to NH3 by
soil urease. The proposal is attractive since the inhibitors need work for only a few days to allow the
urea to diffuse or be washed into the soil and thus reduce the potential for NH3 volatilization [53].
Effectiveness of such inhibitors might be further enhanced by including slow-release nitrification
inhibitors (e.g acetylene provided by wax coated calcium carbide) to prevent losses by denitrification
[40,46].
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5.3. N management in pasture systems
As with crop legumes, the inputs of N into grazing systems by N2 fixation will depend upon

optimizing legume yield. Alleviation of nutritional stress in legume- based pastures can have a
considerable impact on both pasture productivity and N2- fixing potential. Amelioration of soil acidity
with lime in a subterranean clover- based pasture (60% clover, 37% grass, 3% weed) increased
pasture growth over winter from 1.8 to 2.4 t dry matter/ha, but applications of phosphorus with the
lime further increased yield to 3.6 t/ha. In terms of inputs of fixed N, amendment of soil acidity only
increased N2 fixation from 37 to only 44 kg N/ha. However, the addition of phosphorus resulted in
71 kg N being fixed/ha [Burnett, Ridley, Lilley and Peoples, unpublished data]. Inputs of fixed N
may also be influenced by the presence of grazing animals. Sheep, cattle and goats each have
specialized browsing patterns which can affect pasture botanical composition and competition between
legumes and grasses. Spatial variability in N2 fixation can also be induced by animal excreta as N2

fixation can be depressed by 90% in urine-patches. The N2- fixing activity can recover after 30-60d,
although urine stimulation of grass, and resultant competition with the legume, might reduce N2

fixation per unit area for relatively longer periods. It has been estimated that under intensive cattle
stocking in New Zealand, where 40% of the pasture may be affected by excreta, total inputs of fixed
N may be reduced by up to 24% on an annual basis [20].

Livestock also play a dominant role in influencing the magnitude and pathway of N loss from
pastures. Annual losses will depend upon stock type, stocking rate and grazing intensity, pasture
production and climate [49]. Cycling of N in a grazed pasture can be improved by strategic fencing
to improve excreta distribution and prevent N transfer to camp sites. Losses may also be controlled
by applying different grazing options. Set-stocked pastures, because they are maintained in a more
uniform physiological state, are subject to less intensive return of animal excreta which might be
expected to lower the potential for NH3 volatilisation and leaching. The level of NH3 loss will also
be influenced by the extent of pasture cover [49].

6. BOTANICAL NAMES OF SPECIES CITED

COMMON NAME BOTANICAL NAME

Cowpea Vigna unguiculata
Green gram V. radiata
Black gram V. mungo
Groundnut Arachis hypogaea
Soybean Glycine max
Chickpea Cicer arietinum
Lupin Lupinus angustifolius
Pea Pisum sativum
Pigeon pea Cajanus cajan
Sirato Macroptilium atropurpureum
Stylosanthes Stylosanthes guyanensis
Acacia Acacia spp.
Aeschynomene Aeschynomene indica
Calliandra Caltiandra calothyrsus
Gliricidia Gliricidia sepium
Sesbania Sesbania rostrata
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Crotalaria Crotalaria juncea
Lucerne Medicago sauva
Medic spp. Medicago spp.
Subterranean clover Trifolium subterranean
White clover T. repens
Balansa clover T. balansae
Serradella Ornithopus sativus
Indigo Indigofera tinctoria
Azolla Azolla spp.
Casaurina Casaurina spp.
Wheat Triticum aestivum
Oats Avena sauva
Rice Oryza sauva
Sugarcane Saccharum spp.
Corn Zea mays
Cotton Gossypium hirsutum
Ryegrass Lolium multiflorum
Paspalum Paspalum spp.
Barnyard grass Echinochloa crus-galli
Rhodes grass Chloris gayana

7. CONCLUSIONS

Management to control the supply of available N for plant growth needs to be flexible to
accommodate different farming systems. Dryland farming, as developed in sub-humid and semi-arid
areas of the temperate regions, depends upon the accumulation of nitrate [2]. However, in the tropics,
nitrate is rapidly lost, particularly in lowland rice soils [14,15], Thus the crop's demand for N and
the N supply needs to be synchronized to avoid having excess mineral N in soil when it is not needed
and is, therefore, susceptible to loss [37]. Options are available in both tropical and temperate
agriculture to manipulate N inputs via biological N2 fixation and to minimise N loss through leaching
and gaseous emissions. The amount of N accrued in soil under pasture-ley systems, or where
perennial legume cover- crops and tree legume leaf mulch are used may be sufficient to supply crop
N requirements [2,3,18]. However, the N released from crop legume residues and short duration
green manures appears capable of meeting only part of the N demand of high- yielding cereal crops.
It may be necessary to integrate the prudent use of industrial fertilisers with biological N2 fixation to
sustain high yields in systems which contain crops such as rice [14].
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Abstract

USE OF 15N IN DETERMINING THE INFLUENCE OF FERTILIZER POTASSIUM ON NITROGEN UPTAKE AND
UTILIZATION EFFICIENCY IN COWPEA AND FINGER MILLET.

A study was conducted using 15N enriched fertilizer to determine the impact of potassium (K) on the nitrogen (N)
nutrition of two popular annual crops grown in the region. The species used were cowpea (Vigna unguiculata WALP) and
finger millet (Elucine coracana L), and the study included two soil moisture regimes. The plant N content, N uptake and
efficiency of utilization of fertilizer N were affected by potassium fertilizer and soil moisture. The plant N content of cowpea
was greater than that of millet. In contrast, the response of all other parameters were greater in millet at all levels of fertilizer
K. Soil moisture also had a significant impact on the measured parameters, and cowpea required greater quantities of fertilizer
K to utilize applied N more efficiently under dry conditions. The response of millet in terms of fertilizer N utilization
increased upto the highest level of K, irrespective of soil moisture status. In addition, N fertilizer uptake and utilization
efficiency was greater than in cowpea at all levels of K. The results are presented in relation to the N fertilizer use pattern
of these species under low and high soil moisture levels. The study also presents the positive interactions between N and K,
and possible implications for fertilizer programmes.

1. INTRODUCTION

Agriculture in the rainfed dry zone of Sri Lanka is primarily centered around rainfed farming,
and is based on a bimodal pattern of rainfall [6]. With the development of agricultural schemes,
cropping under irrigation is becoming a common phenomenon in this region, especially in the dry
season lasting from May - August of each year.

The soils of the dry zone of Sri Lanka are predominantly Rhodustalfs [1], which are extensively
used for lowland and highland agriculture. Food crops are grown under intensive and subsistance
conditions in this soil with chemical fertilizers to obtain greater yields and sustain productivity.
Amongst the applied fertilizers, nitrogen (N) sources are widely used due to the readily visible response
of crops to this element. Furthermore, the low N levels of soils, losses due to volatilization and
leaching enhances the requirements for this nutrient. Thus N requirements for Sri Lankan agriculture
is estimated to be approximately 180,000 MT per annum [9], all of which is imported. This quantum
of N, while increasing yields has an adverse effect on the environment. The recent removal of the
fertilizer subsidy in Sri Lanka makes it an expensive input to farmers. Thus, studies on its optimal use
becomes important in terms of cost effectiveness and control of environmental degradation.

The optimal use of N fertilizer is centered around proper timing of application and the use of
adequate quantities [13]. Furthermore, interactive effects of other nutrients could increase N fertilizer
efficiency. Studies [10, 15] illustrate that fertilizer potassium enhances utilization efficiency of
nitrogenous fertilizer, especially in the ammonium form. In addition, potassium is also a major nutrient
in dry regions, due to its capacity to induce drought resistance in plants [12]. Research in the
temperate zones also report that potassium and N uptake by plants is enhanced by the presence of both
nutrients [13].
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Plant uptake of nutrients is dependant upon the soil, plant morphology and growth. Thus, the
response of a species to an element in one location may differ from another. Species and genotypic
differences also exist. However, these interactive effects of N and potassium are not widely reported
for tropical zones, especially in developing countries where fertilizer use could be optimized by the
evaluation of such interrelationships. Such studies could reduce costs to farmers. An experiment was
therefore carried out to identify the effects of potassium fertilizer on plant N contents, fertilizer N
uptake and N utilization efficiency of two common crops grown under rainfed conditions in the dry
zone of Sri Lanka, using 15N. The species, cowpea (Vigna unguiculata Walp) and finger millet
(Elucine coracana L) have different growth patterns although both are resistant to dry conditions.

2. MATERIALS AND METHODS

The experiment was conducted at the experimental, station of the University of Peradeniya, Sri
Lanka ( 7°N, 81°E, 375 m above sea level) over a dry season lasting from May - August. The trial,
located in the plant house was laid out as a randomized block design with five replicates per species.
The planting medium used was made up of equal parts of soil and sand. Some important parameters
of this mixture are presented in Table I.

Plastic pots (capacity 4.0 1) were filled with 4 kg of the air dried planting mixture. A uniform
application of phosphorus (80 kg P205) was added to all pots prior to planting. Seeds (germination
95.4%) of cowpea (variety MI 35) and Millet (variety MI 301) were planted and thinned to two plants
per pot soon after germination. The potassium fertilizer levels used were equivalent to 0, 50, 100, 150
and 200 kg K2O/ha, and was applied at planting, using Muriate of Potash (60% K2O). The uniform
rate of N was equivalent to 30 kg N/ha, and was applied in the form of 10% 15N atom excess NH4SO4

at planting. During the experiment, soils of 50% of the pots in each treatment were maintained at a
moisture content between field capacity and 50% of available moisture content. The soils of the other
pots were maintained at a moisture content of 50% available soil moisture or below. Thus each species
was subjected to four potassium levels and two soil moisture regimes.

Sampling was carried out at 30 days after planting (HI) and at the onset of flowering (H2) of
both species wh,ich corresponded to 55 - 60 days after planting. At each sampling, plant dry weight,
total N content (Kjeldhal method) and 15N enrichment were determined. The 15N/14N ratio was

TABLE I. IMPORTANT PHYSICAL AND CHEMICAL PROPERTIES OF
THE POTTING MEDIUM

Characteristic Value

Texture Sandyloam
pH (1:2.5 H20) 6.42 + 0.14
Cation exchange capacity (m eq/100 g soil) 4.86 + 0.21
Total Nitrogen 0.46 + 0.03
TotalC (%) 0.74 + 0.17
Exchangeable K (m eq/100 g soil) 0 .11+ 0.02
Available P (Olsen) (ppm) 34.4 + 0.96
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TABLE II. EFFECT OF POTASSIUM ON NITROGEN CONTENT OF COWPEA AND MILLET

Rate of K20 (kg/ha) 0 50 100 150 200 SE

COWPEA
Low moisture 3.45 4.01 4.32 4.56 4.42 0.16
High moisture 3.85 4.32 4.46 4.58 4.58 0.23

FINGER MILLET
Low moisture 1.86 2.01 2.21 2.55 2.76 0.13
High moisture 2.01 2.24 2.36 2.70 2.94 0.19

SE = Standard error

determined by mass spectrometry using a modification of Breamer [4]. The calculations on fertilizer
uptake and utilization efficiency were based on equations described by Kumarasinghe et al, 1992).

3. RESULTS AND DISCUSSION

Cowpea, the legume had a higher plant N content than millet, the cereal. However, the total
N contents of both species were significantly greater under the high soil moisture regime (Table II).
This, as suggested by Eck (1984) clearly shows the influence of soil moisture in enhancing the N status
of both species. Furthermore, the differences in N contents of plants grown under high and low
moisture regimes are greater at lower levels of K. This exhibits a positive relationship between fertilizer
K and N contents of plants, and the influence of soil moisture on this parameter. The N contents of
cowpea plants increased significantly upto 100 and 150 kg K2O under high and low soil moisture
regimes respectively. In contrast, the N content of millet increased significantly upto 150 and 200 kg
K2O at the high and low moisture regimes. Thus, at both soil moisture regimes, a greater quantity of
K is required to increase the N content of millet, a species dependant upon either soil or fertilizer
sources for this nutrient.

Calculation of rates of increase in plant N contents show the overall responses of the selected
species to applied fertilizer K. The rate of increase in plant N of cowpea in relation to K could be best
expressed by the equation Y = 1.86 + 0.042X - 0.001X2, (r = 0.96) and Y = 2.02 + 0.024X -
0.0024X2, (r = 0.88) for the low and high soil moisture levels respectively. In millet, the rates of
increase in plant N in relation to that of applied K is presented by the equations Y = 1.42 + 0.024X -
0.0011X2, (r = 0.95) (low moisture) and Y = 0.995 + 0.015X - 0.0041X2, (r = 0.85) (high moisture).
These rates showed a greater response of plant N in cowpea to applied fertilizer K at both soil moisture
levels. This could be related to the influence of K on all sources of N to cowpea, namely soil, fertilizer
and biological N2 fixation [3, 5, 7].

Potassium had a significant impact on fertilizer N uptake of the two species at both harvests
(Tables III and IV). In the low soil moisture regime, K increased fertilizer N uptake of cowpea and
millet upto 150 and 200 kg K2O/ha respectively. In contrast, the K requirement for maximizing
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TABLE III. NITROGEN FERTILIZER UPTAKE AND UTILIZATION EFFICIENCY OF
COWPEA AS AFFECTED BY POTASSIUM FERTILIZER AND SOIL MOISTURE

Rate of Kß (kg/ha) 0 50 100 150 200 LSD(P=0.05)

Fertilizer N uptake (mg/pot)

Low moisture Harvest 1 7.42 18.42 26.24 35.55 35.19 3.93
Harvest 2 15.80 24.84 31.40 37.26 38.44 2.59

High moisture Harvest 1 12.99 25.56 32.44 35.56 36.14 4.21
Harvest 2 20.64 29.58 36.54 37.95 37.69 3.96

LSD (P=0.05) moisture level 1.85 0.75 2.32 0.69 0.67

Fertilizer use efficiency (%)

Low moisture Harvest 1 9.89 24.62 34.98 46.61 46.92 5.15
Harvest 2 21.24 33.12 41.86 49.65 51.53 5.41

High moisture Harvest 1 18.46 30.46 41.45 48.45 48.89 6.60
Harvest 2 25.95 38.90 44.58 50.18 51.08 6.60

LSD (P=0.05) moisture level 2.65 3.12 1.99 1.87 0.95

TABLE IV. EFFECT OF POTASSIUM FERTILIZER AND SOIL MOISTURE ON NITROGEN
UPTAKE AND UTILIZATION EFFICIENCY IN FINGER MILLET

Rate of K20 (kg/ha) 0 50 100 150 200 LSD(P = 0.05)

Fertilizer N uptake (mg/pot)

Low

High

LSD

moisture

moisture

(P=0.05)

Harvest
Harvest
Harvest
Harvest

1
2
1
2

moisture level

9.42
18.
18.
26.

36
56
24

1.24

22.65
34.42
29.45
39.42

0.53

32.46
38.86
38.40
41.45

3.31

37.42
44.55
42.40
46.54

1.60

40.84
48.41
46.56
50.41

0.86

3
2
1
0

.93

.19

.85

.46

Fertilizer use efficiency (%)

Low

High

LSD

moisture

moisture

(P=0.05)

Harvest
Harvest
Harvest
Harvest

1
2
1
2

moisture level

12.
24.
21.
28.

2,

56
48
24
40
.65

30.20
45.89
36.84
49.26

3.12

43.28
51.92
45.41
55.64

1.99

49.89
58.65
51.04
61.96

1.87

54.45
64.58
57.74
66.26

0.95

4.01
3
3
2

.01

.56

.98
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fertilizer N uptake in cowpea at the higher moisture regime was 100 kg K2O, while that of millet was
200 kg K2O. Thus, fertilizer N uptake in the legume was affected by reduced soil moisture, and
greater quantities of K was required for increasing this parameter under dry conditions. The higher
requirement of K for increased fertilizer N uptake in millet is attributed to the greater utilization of both
nutrients from fertilizer sources for growth and development. Further increases in rates of K may have
developed differences in responses by millet at the two moisture regimes.

Fertilizer N uptake by millet was greater than by cowpea at both soil moisture regimes at all
levels of fertilizer K. This is shown by the regression equations Y = 15.24 + 0.245X - 0.0051X2, (r
= 0.91) and Y 20.54 + 0.225X - 0.0066X2, (r = 0.83) for cowpea at low and high soil moisture,
levels respectively and Y = 26.16 + 0.328X - 0.0061X, (r = 0.96) and Y = 20.24 + 0.313X -
0.0024X2, (r = 0.93) for millet at low and high moisture levels respectively. The lower rate of N
uptake in cowpea may be related to the N2 fixing ability of the legume, which is an integral part of N
nutrition of this species [14].

Analysis of data indicated a positive interaction between soil moisture and K in terms of
fertilizer N uptake. Thus, while potassium enhanced fertilizer N uptake under dry conditions, soil
moisture had a positive impact. Plants, especially the legume, required greater quantities of K for
increased fertilizer N uptake under dry conditions. Fertilizer use efficiency also illustrated a similar
trend (Table II and III). In cowpea, this parameter is lower than that of millet which depends upon
fertilizers for plant requirements.

Optimum fertilizer use efficiency of cowpea was observed at 100 and 150 kg ïCjO/ha at both
harvests under high and low soil moisture regimes, thus confirming the data on fertilizer uptake values.
Again, a greater quantity of K was required for optimal fertilizer use efficiency by cowpea at the lower
soil moisture regime. Fertilizer use efficiency was greater in millet at both soil moisture regimes at
all levels of K. For example, at the second harvest, the increase in fertilizer use efficiency of cowpea
at optimal levels of K2O at the low and high soil moisture regimes were 28.14% and 18.63%
respectively when compared to that of the control. In contrast, at these rates of K2O, which were sub-
optimal for millet, the increases in fertilizer use efficiency over the control at the second harvest are
34.17% and 27.24% at low and high soil moisture regimes respectively. This again highlighted the
ability of N in enhancing fertilizer use efficiency of millet over that of cowpea at both soil moisture
regimes. It also emphasized the role of K in enhancing fertilizer use efficiency of both species,
especially under dry conditions.

All measured parameters of this study illustrated the impact of N and soil moisture in increasing
uptake and utilization efficiency of fertilizer N by cowpea and millet. This is attributed to the ability
of K to release N, especially NH4

+ ions from the clay fraction (Gameh et al, 1990). The ability of
millet to use applied N to a greater extent than cowpea was also shown by the study. This could be
explained in terms of the symbiotic relationship between Rhizobium and cowpea, a phenomenon not
seen in millet. Thus, optimal rates of N use efficiency at lower levels of K in cowpea which had a
greater plant N content can be identified with the ability of fertilizer K to enhance biological N2 fixation
in legumes (Sangakkara, 1991; Cadish et al, 1993). In contrast, millet does not fix atmospheric N
biologically and is solely dependant upon soil and fertilizer sources for N. Thus, this species required
greater quantities of fertilizer K to develop higher plant N levels.

The study clearly illustrated the benefits of evaluating the interactions of N and K in two
important food crops grown in the dry regions of Sri Lanka and the tropics. The use of isotopically
labelled fertilizer quantified these interactions which hitherto have been shown qualitatively [2]. Thus,
farmers growing these species in a wide range of ecological and economic conditions could use
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profitable combinations of N and K under different soil moisture regimes to obtain optimal use of
fertilizer N which at present is applied in large and excessive quantities. The application of adequate
fertilizer K will also enhance the drought resistance or avoidance characteristics of these crops in
addition to optimising N fertilizer use.
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Abstract

CROP NITROGEN RECOVERY AND SOIL NITROGEN RESIDUES FROM I5N LABELLED UREA APPLIED TO
WHEAT.

The fate of an initial pulse of 15N-labelled urea applied to irrigated wheat at the rate of 120 kg N/ha was studied
over three years without further addition of 15N. Three !5N enrichments of urea, ie., 1,3 and 10% were used. Each sub-plot
was destructively sampled for detailed soil analysis at the end of 1st, 2nd and 3rd year, respectively. The applied fertilizer
was not utilized efficiently by wheat. N uptake was the highest during the first year and decreased subsequently. The first
crop, on the average, derived 15.7% of N from the applied labelled urea which represented a utilization efficiency of
12.6%. The second and third crop each derived less than 1% of the N applied to the first crop. Taking into account total
crop recovery and residue in soil, about one-third of the applied N remained unaccounted for. Most of this was incorporated
into the total N pool below 30 cm of soil profile or was lost through leaching during rainy season or through volatilization.
Surface management of this residue is of great importance.

1. INTRODUCTION

Nitrogen deficiency is a major problem in agricultural soils of Pakistan. The deficiency can
be overcome by application of N fertilizers. Since fertilizer is energy intensive and hence expensive,
it is important to ensure that management practices result in high utilization efficiency of N by crops.
The inefficient use may result, apart from financial loss to farmers, in groundwater contamination
through leaching of nitrate below the root zone. Many studies have been conducted on these lines in
other countries of the world but very little information is available under Pakistan conditions. The
present study was conducted to understand the fate of nitrogen applied to wheat, the major recipient
of commercial fertilizer, under semi-arid conditions of the Sindh Province.

2. MATERIALS AND METHODS

2.1. Experimental design
Nitrogen recovery in three successive wheat crops and the residue left in soil following an

initial pulse of 15N to wheat (Triticum aestivum) in 1977-78 were studied. There were two treatments:
No N fertilization and N fertilization at the rate of 120 kg/ha. The fertilizer treatment was further
subdivided into three sub-plots (size 8x8 m) which received three enrichments of 15N labelled urea
(1, 3 and 10%) at the same rate of application (120 kg N/ha). The isotopic micro-plot, situated in the
centre of each fertilizer subplot, was 2x2 m. Each sub-plot was destructively sampled at the end of
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Ist, 2nd and 3rd year, respectively for detailed analysis. Labelled urea was applied during the first
year only; during subsequent years, nonlabelled (ordinary) urea was applied at the same rate. All the
plots were fertilized with a basal dose of phosphorus at the rate of 50 kg P2O5 per ha.

Both the treatments received normal (three to four) irrigations of about 8 cm each in addition
to a presowing soaking irrigation of 15 cm. Between the consecutive crops, the soil was left
uncropped but weeding was done manually.

2,2. Chemical and isotopic analysis
The plant samples, after drying at 70 °C for two days, were ground. The soil samples, after

grinding, were passed through a 2-mm sieve. Nitrogen content of plant and soil samples was
determined by the Kjeldahl method [1]. Analyses of 15N was performed by the International Atomic
Energy Agency Laboratories in Seibersdorf, Austria.

3. RESULTS AND DISCUSSION

3.1. Crop uptake
The dry matter yield, nitrogen percentage in plant and total N uptake by three crops of wheat,

sown in November of 1977, 78 and 1979, are given in Table 1. The mean N uptake on the fertilized
plots was 95.7, 77.9 and 70.5 kg/ha which was higher by 75.6, 81.6 and 58.8% as compared to
unfertilized plots in first, second and third crops, respectively. The grain accumulated more than 50%
of the total plant N and of the remainder about two-third was found in straw (Table II). The
transportation of absorbed N to grain was highest during the first year as in evidenced by the highest
grain N/straw N ratio; the proportion decreased during subsequent years. The increase of 59 to 81%
in the N uptake, brought on by the application of fertilizer N, was mainly attributed to straw portion
relative to grain during the first and second years but to grain during the third year. Azam [2] also
found an increase of 57-80% in the N uptake by five wheat varieties at Faisalabad as a result of
application of fertilizer N but the increase was mainly attributable to grain portion.

The recovery of applied N by wheat was the highest during the first year and decreased
subsequently (Table III). The first crop, on the average, derived 15.7% of N from the applied labelled

TABLE I. DRY MATTER YIELD, NITROGEN CONTENT AND PLANT N UPTAKE BY THREE
CROPS OF WHEAT FOLLOWING APPLICATION OF LABELLED UREA TO THE FIRST CROP

Treatment
(kg 15N/ha)

iSxj i ta *
"120 **>

-3%
-10%

Mean

NO

1st crop
(1977-78)

DM
(kg/ha)

6510
6680
6479

6556
4360

N

1.49
1.42
1.47

1.46

1.25

uptake
(kg/ha)

97.0
94.9
95.2

95.7

54.5

2nd crop
(1978-79)

DM
(kg/ha)

DS
5803
5250

5527

4267

N

DS
1.35
1.47

1.41

1.01

uptake
(kg/ha)

DS
78.5
77.2

77.9

42.9

3rd crop
(1979-80)

DM
(kg/ha)

DS
5875

5875

3266

N

DS
1.20

1.20

1.36

uptake
(kg/ha)

DS
70.5

70.5

44.1

DS = Destructive sampling.
* Percentages refer to 15N enrichments of the labelled urea applied at the rate 120 kg N/ha to the first

crop. The 2nd and 3rd crops received nonlabelled urea at the same rate.
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TABLE H. RECOVERY OF N IN DIFFERENT PLANT COMPONENTS OF THREE WHEAT
CROPS FOLLOWING APPLICATION OF 15N LABELLED UREA TO THE FIRST CROP

Treatment

ISNia) -1%*
-3%
-10%

Mean

No

15N120 -356*
-10%

Mean

No

15N120 -10%*

No

Grain

56.0
56.1
54.9

55.7

34.2

36.1
34.2

35.2

25.2

44.8

20.7

Straw

26.7
28.9
25.8

27.1

13.8

2nd crop

20.7
23.9

22.3

14.8

3rd crop

24.4

12.9

Total

97.0
94.9
95.2

95.7

54.5

78.5
77.2

77.9

42.9

70.5

44.4

Grain/Straw

2.10
1.94
2.12

2.05

2.47

1.74
1.43

1.59

1.70

1.84

1.60

Percentages refer to 15N enrichments of the labelled urea applied at the rate 120 kg N/ha to the
first crop. The 2nd and 3rd crops received nonlabelled urea at the same rate.

urea which represented a utilization efficiency of 12.6%. The second crop derived 0.6% N from the
fertilizer applied to thti first crop and the third crop recovered 0.7% N. The N utilization efficiencies
for the second and third crops with respect to N applied to the first crop were 0.4 and 0.4%. Thus,
the three crops utilized a total of 13.4% N applied to the first crop. The grain derived higher portion
of their N from the fertilizer relative to straw. The roots were not sampled in the present study,
however, an estimate can be made of their contribution to 15N uptake by wheat. It has been reported
that about 5% of the 15N in the plant was located in the roots [3]. Applying it to our data, roots
contained about 0.8% (5% of 16.0%), bringing fertilizer N uptake to about 17% and utilization to
14.0%. It is obvious that nitrogen was not utilized efficiently. The recovery of applied N in the
harvested plant parts during the year of application usually varies between 20-80% [4]. Some of the
fertilizer N is incorporated in soil biomass. This nitrogen becomes progressively less available for
mineralization due to chemical and biological stabilization processes [5,6]. Hence, the contribution
of labelled N to subsequent crops becomes smaller. This observation is consistent with the findings
of Cervellini and coworkers [7] who found recoveries of labelled N of 31.2, 6.2 and 1.4% in the
first, second and third crops of tropical beans (Phaseolus vulgaris L.) from the fertilizer applied to
the first crop, thus giving a total recovery of 38.8% in the three crops. The recoveries of an initial
15N pulse in first, second and third crops of flooded rice were reported to be 21.0, 2.0 and 1.2%,
respectively giving a total crop recovery of 24.2% [8]. Arora et al [9] determined fate of applied N
in two cropping sequences. The total utilization in the three crops was 30% for the first sequence and
15.3% for the second sequence. The latter figure is quite close to the recovery figure of 13.6% in
the present study.

The data (Table III) showed that differences in fertilizer 15N enrichments did not affect
calculated amounts of nitrogen derived by wheat from applied fertilizer and nitrogen utilization. The
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TABLE UI. CONTRIBUTION TO TOTAL PLANT-N, RECOVERY AND UTILIZATION
EFFICIENCY, IN THREE WHEAT CROPS,OF THE LABELLED NITROGEN APPLIED TO
THE FIRST CROP

Treatment

13N120 -196*
-3%
-10%

Mean

15N120 -3%
-10%

Mean

NdFFC%) 15N-recoverv flcs/ha) in
Grain

8.5
5.9
4.2

6.2

0.4
0.3

0.4

Straw

3.3
2.5
1.3

2.4

0.2
0.2

0.2

Total

Isî
16.1
15.7
15.3

15.7

2ns
0.64
0.56

0.60

Grain

crop

4.8
3.3
2.3

3.5

I crop
0.14
0.10

0.12

Straw

0.9
0.7
0.3

0.6

0.04
0.05

0.05

Total

15.6
14.9
14.6

15.0

0.05
0.04

0.05

Fert-N

Utili-
zation

13.1
12.4
12.2

12.6

0.4
0.4

0.4

15N120 -10% 0.5 0.2 0.70 0.22 0.05 0.5 0.4

NdFF = Nitrogen derived from fertilizer
* Percentages refer to 15N enrichments of the labelled urea applied at the rate 120 kg N/ha to

the first crop. The 2nd and 3rd crops received nonlabelled urea at the same rate.

enrichments used were sufficient to indicate the residual value of applied fertilizer for the respective
periods. An enrichment of 1% was sufficient to determine N uptake by wheat for one year only; 3%
and 10% enrichments were sufficient if the residual value was to be monitored for two and three
years, respectively. Cervellini et al [7] reported that the enrichment of 1.116 atom % 15N, used in
their field experiment on fate of applied urea to tropical bean, seemed to be too low for studies
extended over long periods of time.

3.2. Soil residue
Most of the applied N not taken by wheat was still in the soil profile. The mean total N

content of top 30 cm of the soil profile derived from the applied labelled urea after the harvest of first
crop of wheat was 66.0 kg/ha or 55.0 % of applied fertilizer (Table IV). After the harvest of second
and third crops, 20.1 kg N/ha (or 16.8% of applied fertilizer) and 9.0 kg N/ha (or 7.5% of applied)
respectively owed their origin to the labelled urea applied to the first crop. Thus, a total of 72.3%
of the applied fertilizer was left as soil residue in top 30 cm of the profile at the end of three crops.
Actually, the labelled soil N content of 66.0 kg/ha is the true residue from the initial I5N application
as the contents during the second and third years resulted from the already determined residues of first
and second crops, respectively. In Australia, 40% residual N was reported in top 15 cm soil under
irrigated barley, the maximum crop recovery was 20% [10]. At the end of a four year field lysimeter
study, labelled microbial biomass of 0.4-0.7% was reported in the 1st, 2nd and 3rd year under barley
and perennial meadow fescue [11].

It is also noteworthy that total soil N content of 0-30 cm of the profile derived from the
applied labelled urea increased during the growing season (Table IV). The average total N content
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TABLE IV. TOTAL N CONTENT OF SOIL, AND PERCENTAGE AND AMOUNT OF APPLIED
LABELLED FERTILIZER RECOVERED IN TOP 30 CM OF THE SOIL PROFILE BEFORE SOWING
AND AFTER HARVEST OF THREE WHEAT CROPS FROM INITIAL APPLICATION OF I5N TO THE
FIRST CROP

Treatment Before sowing

Total N NdFF
content (%)
(kg/ha)

13N -1*
"' -3%

-10%

Mean

15N120 -3% 2323 0.5
-10% 2762 0.8

Mean 2543 0.7

I5N120 -10% 2420 0.8

After harvest

Soil 13N
content
(kg/ha)
1st crop

;
-
2nd crop

11.6
22.1

16.8

3rd crop

19.4

%of Total N
applied content

(kg/ha)

3270
5538
5494

4917

9.7 2663
18.4 2993

14.1 2828

16.1 2259

NdFF

2.5
1.4
0.5

1.5

0.5
0.9

0.7

0.4

Soil 15N
content
(kg/ha)

93.0
77.5
27.5

66.0

13.3
26.9

20.1

0.4

%of
applied

77.5
64.6
22.9

55.0

11.1
22.4

16.8

7.5

NdFF = N derived from fertilizer
* Percentages refer to !5N enrichments of the labelled urea applied at the rate 120 kg N/ha to the first

crop. The 2nd and 3rd crops received nonlabelled urea at the same rate.

of the soil before sowing of the second crop was 16.8 kg/ha which increased to 20.1 kg/ha after
harvest indicating that an amount of applied N equivalent to 3.3 kg/ha has been further immobilized
to
become part of total N pool during the growing season. In an earlier paper, we reported an increase
in the mineral (NH4)-N content of 0-90 cm profile after harvest of wheat from the same experimental
site [12].

3.3. *N Balance
Taking an average total crop uptake of 16.0 kg/ha (or 13.4% of the applied 15N) in three

crops of wheat and a soil residue of 66.0 kg/ha (or 55% of applied N) in the top 30 cm of profile
after the harvest of first crop, the accountable N comes to 82.0 kg/ha or 68.4% of applied N (Table
V). Thus, 31.6% or about one-third of the applied N remained unaccounted for. Cervellini et al [7]
reported that at the end of 2nd and 3rd crops, 75.7 and 79.3 kg/ha of applied N was accounted for
showing that 20 to 25% of the applied N was lost from the system.

The avenues for the unaccountable N in the present study may be losses through leaching,
denitrification and volatilization or incorporation of applied N into total-N pool below 30 cm layer.
The inorganic N contents of soil samples down to 1.8 m depth and the post-irrigation moisture
dynamics showed that water movement in the soil profile during the growing season was restricted
within top l m of the profile implying that leaching losses were nonexistent [13]. The N contents of
these samples were too low to permit 15N assay.However, some increases in the soil N content were
noted at certain lower depths (data not shown). These increases could be due to local mineralization
of organic N, interspersed with denitrification pockets, or due to movement of N to lower depths
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TABLE V. BALANCE OF N IN THREE CROPS OF WHEAT AND SOIL FROM AN INITIAL
APPLICATION OF "N-LABELLED UREA (120 KG N/HA) TO THE FIRST CROP

N parameter

kgN/ha
Wheat
Soil
Total

% of applied N
Wheat
Soil
Total

1st crop

15.0
66.0
81.0

12.6
55.0
67.6

2nd crop

0.5
20.1*

0.5

0.4
16.8
0.4

3rd crop

0.5
9.0*
0.5

0.4
7.5
0.4

Total

16.0
66.0
82.0

13.4
55.0
68.4

Unaccounted

38.0

31.6

during the fallow period. The rainy season (July to September) could be the most favourable period
for leaching. Some losses could be attributed to volatilization of nitrogen as NH3 in view of dry
surface application of fertilizer and high atmospheric temperature at the time of sowing/fertilizer
application.

Keeping in view the fact that more than half of the applied labelled nitrogen found its way
into total-N pool in the top 30 cm of the soil profile under the present set of experimental conditions,
surface management of such residues assumes the greatest importance.

4. CONCLUSIONS

The fate of an initial pulse of 15N applied to wheat at the rate of 120 kg/ha was studied over
three seasons without further addition of 15N. The first crop, on the average, derived 15.7% of N
from the applied labelled urea which represented a utilization efficiency of 12.6%. The uptake
decreased drastically during the subsequent years. The second and third crops each derived N which
was less than 1 % of that applied to the first crop. Obviously the applied fertilizer was not utilized
efficiently by wheat. The differences in 15N enrichment of fertilizer did not affect the calculated
amounts of N content of wheat derived from fertilizer and N utilization. Taking a total crop recovery
of 16 kg/ha (13.4% of applied) and soil residue of 66 kg/ha (55% of applied), 68% of the applied
N was accounted for. Most of the unaccounted N was incorporated in the total-N pool below 30 cm
of soil profile or was lost through leaching during the rainy season.
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Abstract

THE DYNAMICS OF NITRATE FERTILIZER IN SOIL IN THE AUTUMN AND THE EFFECT OF FARMYARD
MANURING.

The effect of long-term farmyard manure application on denitrification and leaching of nitrate during autumn was
studied in uncropped plots. Denitrification was measured directly using the acetylene inhibition technique. Bromide, being
a good tracer for nitrate movement in soil, was applied together with 15N-labelled nitrate fertilizer to test a method for
distinguishing leaching from denitrification. This study was conducted on plots of a long-term experiment at Rothamsted
which have received farmyard manure (FYM) or an inorganic fertilizer treatment (PK) annually since 1852. Nitrate (as
K15NO3) and bromide (as KBr) were applied to both the FYM and PK plots at about 25 kg N or Br ha'1. Soil and weeds
were sampled 28 and 64 days after fertilizer application. Despite considerable denitrification, the initial recovery of 15N
in plant and soil considerably exceeded that of Br. This was due to the greater immobilisation of 15N in plants and soil.
However in the final sampling period, measured losses of I5N and Br were similar within each treatment, indicating leaching
was the dominant loss process. After 64 days, the losses of applied 15N were 45% and 46% for the PK and FYM plots,
respectively. Measured denitrification from the FYM plots was considerable (29 kg N ha"1) but was small (< 5 kg N ha"1)
from the PK plot.

1. INTRODUCTION

Organic wastes, including animal manures and sewage sludge have long been used as sources
of nutrients for crops. In Western Europe they are often applied to agricultural land both as a
convenient method of disposal and because they supply a large quantity of nitrogen and organic matter
which improves soil fertility. In autumn and winter nitrate, whether derived from fertilizer residues
or from mineralization, is at risk to leaching [1,2]. During early autumn, soil temperature may be
high enough to allow significant denitrification [3,4]. Denitrification activity is highly correlated to
water-soluble organic carbon [5] and so should be greater in soils receiving organic matter.

The objective of the study was to investigate the fate of nitrate during autumn from two
contrasting but uncropped plots. This work was conducted on the "Classical" Hoosfield Continuous
Barley Experiment at Rothamsted Experimental Station. Denitrification was measured directly using
the acetylene inhibition method. Halides (e.g. chloride and bromide) are known to be chemically
inert in most soils and have been shown to leach through the soil profile at a similar rate to nitrate
[6,7,8]. In this study a small amount of bromide was applied together with 15N-labelled nitrate to
detect nitrate leaching.
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2. MATERIALS AND METHODS

2.1. Experimental site and layout
The long-term experiment on Hoosfield started in 1852 [9]. This study used plots which had

received either annual additions of farmyard manure (FYM) or inorganic fertilizer (PK) since 1852,
see Table I. Inorganic nitrogen fertilizer was applied in spring, soon after sowing spring barley.

The soil is a flinty silty clay loam overlying clay-with-flints, classified as Batcombe series (a
Paleudalf) and the topsoil contains 20-25% clay. Table I shows some of the chemical properties of
the soil.

TABLE I. SOME CHEMICAL PROPERTIES OF THE SOILS IN PK AND FYM PLOTS IN
HOOSFIELD

Chemical properties

Carbonate, %
Organic C, %
Total N, %
C/N ratio

PK+ +
(Plot 423)

0.01
0.96
0.098
9.9

FYM+++
(Plot 724)

0.01
3.38
0.297

11.4

+ Sampled in 1975
+ + PK plots: 33 kg P, 90 kg K, 15 kg Na and 11 kg Mg ha'1 annually

since 1852
+ + + FYM plots: 35 t ha'1 FYM (containing 3.0 t C and about 225 kg N)

annually since 1852

The experiment was conducted on Plots 423 (PK) and 724 (FYM) in autumn 1987, between
28 September and 1 December. An area of 2 m x 6 m was established on both the plots. Each
received 15N-labelled nitrate (as K15NO3) and bromide (as KBr) on 28 September, at about 25 kg N
or Br ha"1. Within each of the 12 m2 treatment plots, 6 microplots of 40 cm x 100 cm were marked
out for crop and soil sampling. Denitrification was measured regularly throughout this period using
the acetylene inhibition method [10], from three surface boxes installed between the microplots.

Soil samples were collected on 14 October by semi-cylindrical auger and on 26 October and
1 December using a motorised screw auger. At each date soil samples were taken from 3 microplots
in each treatment plot. Weeds growing in the microplots were also sampled on the two later dates.
One composite soil sample from outside the 12 m2 treated area was also taken for measurement of
the background concentration of bromide.

2.2. Chemical analysis
Soil samples were analyzed for total N and 15N, total inorganic N and 15N, and inorganic

bromide. Weed samples were analyzed for total N and 15N, and total bromide. Total N and 13N
analyses for soil and plant material are according to Prüden et al. [11,12]. The total inorganic N and
15N concentration in soil was determined by the method of Shen et al. [13]. Inorganic bromide was
extracted from soil with distilled water (1:4 ). Bromide in dried ground plant tissue was extracted
by ashing at 400°C in the presence of alcoholic KOH and dissolving the ash in hot water [14].
Bromide concentration in the water extracts was measured using high pressure liquid Chromatograph.
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3. RESULTS

3.1. Recoveries of ^N-labelled nitrate in soil and weed
Table II shows the recovery of labelled N in soil and weed after autumn application of

K15NO3. Although there was no sown crop in the field, weeds grew and assimilated a substantial
amount of the applied nitrogen. At 28 days after application, about 53% and 65% of the 15N applied
was recovered in weeds of the PK and FYM plots, respectively. By 64 days 15N recoveries in the
weed of both treatments had halved; in contrast the recoveries in the soil (0-70 cm) remained almost
constant between these sampling dates.

Total N uptake by weeds in the FYM plot was almost twice that in the PK plot, but there was
no significant difference in the uptake of labelled N between the treatments at either sampling time
(Table III). At 28 days, about 74% of the N in weeds on the FYM plot was derived from soil N
compared to 54% in the PK plot. This difference is not surprising because of greater N
mineralization in the FYM plot as a result of past applications of organic manure, even though the
current years application was delayed until after the third sampling. This is also shown by the greater
content of unlabelled inorganic N in the FYM treatment (Table IV).

Figure 1 shows the dynamics of applied 15N in the soil. The quantity of labelled nitrate
decreased rapidly in both plots. Immobilization of applied 15N (as measured by the increase in
labelled organic N in soil) was similar at 28 days in both treatments. By 64 days it was slightly
greater in the PK treatment (21% of applied N c.f. 17%). This was almost certainly because of the
greater quantity of unlabelled mineralized N in the FYM treatment, which caused a lower labelled
N : unlabelled ratio in the soil inorganic N pool.

The total recovery of applied N in soil plus weeds at 28 days in the FYM plot was 91%
icompared to only 78% from the PK plot. This difference, although not statistically significant
because of variability between the replicate plots (Table II), was due to greater uptake by weeds in
the FYM plot. By the third sampling (64 days) the content of labelled and unlabelled N in weeds had
declined in both plots and much was presumably lost by leaching and denitrification. Both plots had
similar final 15N recoveries of about 55%.

3.2. Recoveries of applied bromide in soil and weed
The percentage uptake of bromide by weed was generally lower than of labelled N, but

followed the same trend: a decrease between the 28th day and the 64th day (Table II). Bromide was
lost very rapidly from the FYM plot between the 16th and the 28th day. Conversely, in the PK plot,
a small amount of applied bromide was still present in the soil after 64 days.

Recovery of applied bromide in the weed at 28 days was significantly greater in the FYM plot
than the PK plot, i.e. 55% and 34% respectively. By 64 days, only about 20% was recovered in
weeds on both plots and there was no corresponding increase of bromide in the soil. Rainfall during
October 1987 was very heavy and the Br lost (Table V) must have been leached.

3.3. Denitrification activity in FYM and PK plots
The denitrification rate measured was of total N (labelled plus unlabelled) as no distinction

could be made between labelled and unlabelled N emissions.
Figure 2 compares denitrification activity in the FYM and PK plots in relation to the soil

temperature and rainfall distribution. Denitrification was consistently greater in the FYM plot than
the PK plot. Greatest denitrification rates were measured following heavy rain in early October when
soil temperature was still quite high, (8-12°C). Denitrification rate declined thereafter due to lower
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PK FYM
TotaLrecoyeryofla bwed nitrate

• Lob«!l»d organic N
o Lab«llt<l inorganic N
s, ̂ ^

" ^ - 60

\QQ

20

-4.

64 0 16
Days a ft«r application

28

FIG. 1. Dynamics oflsN labelled nitrate in the 0-23 cm layer soil in autumn
(28 September to 1 December) (*. - totalJS N recovery in soil and weed).

TABLE V. COMPARISON OF PERCENT LOSSES OF 15N-LABELLED NITRATE AND
BROMIDE AT DIFFERENT TIMES OF SAMPLING

Time of sampling

26 October
(28 days)

1 December
(64 days)

isN

22.4
± 9.5

44.6
± 10.5

PK

Br

51.7
± 4.5"

78.3
± 10.9

«N

9.1
± 8.9

45.8
± 7.1

FYM

Br

45.2
± 13.7

179.2
± 6.6

Period between 26
October to 1
December

22.2 26.6 36.7 34.0

15N-Iabelled nitrate and bromide was applied on 28 September

temperature and possibly a decrease in availabile carbon. By 50 days denitrification was almost nil.
Table VI shows the total denitrification loss during the different measurement periods. Total losses
for the duration of the experiment were 29.0 and 4.6 kg N ha'1 from the FYM and PK treatments
respectively.

4. DISCUSSION

Nitrate and bromide have similar physical mobility when subject to water percolation through
soil. Use of a combined Br and 15N application to estimate total N loss by leaching and denitrification
involves accurate and, ideally frequent, measurement of the mineral-15N:Br and mineral-15N:total
mineral N ratios, and of the incorporation of these anions in other parts of the soil/plant system.
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FIG. 2. Denitrification activity in PK and FYM plots in relation to rainfall distribution and soil
temperature (!i N labelled nitrate and bromide was applied on 28 September).

Theoretically it could be assumed that equal fractions of Br and N03 will be leached from the soil
pool. However, immobilisation of 15N in the soil and the considerable uptake of 13N and Br by weeds
followed by their later release confused the determination of the necessary ratios. Therefore in this
study, bromide recoveries could not be used to make quantitative deductions of labelled or total nitrate
loss through leaching and denitrification.

Between the final two sampling dates (28-64 days) 15N recoveries in weeds of both treatments
declined considerably while that in the soil remained almost constant. Presumably warm weather in
early October had allowed rapid N assimilation by the weeds whilst later growth was suppressed by
cold weather and also, possibly by Br toxicity. During the subsequent senescence 15N and Br were
released. Adverse environmental factors could also cause exudation of nutrients [15,16]. From his
study of N exudation from wheat, Janzen [17] found that regardless of source (mucilages, products
of cell lysis or root debris), the N deposited in the rhizosphere was highly labile. The almost constant
recoveries of labelled N in the soil between 28 and 64 days of both treatments (Table II) implies that
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TABLE VI. TOTAL DENITRIFICATION LOSSES OF TOTAL N (LABELLED PLUS
UNLABELLED N) IN PK AND FYM PLOTS AS MEASURED BY THE
ACETYLENE INHIBITION TECHNIQUE (kg N ha'1)

Period between soil & weed sampling

28 September to 14 October (16 days)

15 October to 26 October (12 days)

27 October to 1 December (36 days)

Total losses during the period between 28
September and 1 December

PK plot

2.6

1.0
1.0

4.6

FYM plot

10.1

8.5

10.4

29.0

any labelled N released from the weed was lost from the soil by a combination of leaching and
denitrification.

The greatest gaseous 15N loss will have occurred by the first soil sampling (16 days), as this
period had the greatest denitrification rates and the minimum dilution of 15N by unlabelled nitrate.
Table V shows that, between 26 October and 1 December, when plant and microbial assimilation was
small, the percent losses of 15N and bromide were similar in both the PK and FYM plots. Rainfall
during this period was above average and as Br is not subject to gaseous loss it must have been
leached. By inference leaching was largely responsible for 1SN loss. Although considerable
denitrification loss was measured from the FYM treatment during this period (Table VI), labelled N
lost by this route was probably small as the 15N pool was being continually diluted by fresh
mineralisation. The extent of mineralisation from the FYM treatment is indicated by the increase in
mineral N concurrent with considerable loss by denitrification and leaching.

5. CONCLUSIONS

The study showed that denitrification of nitrate in soil in autumn, either from residual
fertilizer N or organic N, can be considerable in soil with high available carbon such as that induced
by FYM application. It was also observed that when plants decay, N and other labile nutrients could
be released and become susceptible to leaching. The use of bromide together with 15N-labelled nitrate
in this study was found to be useful in indicating the occurence of leaching but it could not be used
to quantify nitrate losses by leaching and denitrification.
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FATE OF FERTILIZER NITROGEN IN SOIL
UNDER DIFFERENT CULTIVATION, IRRIGATION
AND FERTILIZER MANAGEMENT PRACTICES

S.U. PATWARY
Bangladesh Institute of Nuclear Agriculture,
Mymensingh, Bangladesh

Abstract

FATE OF FERTILIZER NITROGEN EST SOIL UNDER DIFFERENT CULTIVATION, IRRIGATION AND FERTILIZER
MANAGEMENT PRACTICES.

Separate field experiments were conducted to evaluate the fate of fertilizer nitrogen and the contribution of residual
N to the following crop for two different sequential cropping systems adapted to the growing conditions of Bangladesh in
order to sustain high yield crop production. The results from 15N application study suggests that the maximum efficiency
of N utilization for Aman rice, Boro rice and wheat was 33, 28 and 29% respectively. The corresponding total residual -
N in 0-40 cm soil profile after each crop harvest were 12, 12 and 18% respectively. The nitrogen utilization rate of the
crops averages 30%, residual N in 0-40 cm profile 14% and loss accounted for was 56%. Results from moisture regimes
and depth of ploughing suggests that the average N utilization for Aman rice, wheat and Aus rice were 35, 22 and 41 %
for rainfed and 44, 36 and 48% for irrigated plots respectively. The corresponding total residual-N in 0-40 cm soil profile
was 12% and loss accounted for was 55%. For the same under irrigated conditions, N utilization averages 43%, residual
N in 0-40 cm profile 13% and loss accounted for was 44%. Results from plant recovery of residual fertilizer nitrogen
revealed that the relative availability of the residual N to the following crop (Aman rice) were 17, 9 and 9% with respect
to residual 15N present in 0-40 cm soil profile after preceding wheat, chickpea and lentil respectively. The data show that
around 50% of the N applied is lost irrespective of the cropping pattern and the method of N treatment suggesting that
further studies are needed to find ways by which these losses could be reduced so as to maximize N fertilizer use efficiency
and to make rice based cropping systems more sustainable.

1. INTRODUCTION

Nitrogen is an indispensable nutrient for the growth and development of all crops, and as
indicated by the experience of age-long farming practice in Bangladesh, one of the most vital and
limiting plant nutrients for maximizing crop production. Production of every pound of food, feed and
fiber requires a near constant amount of nitrogen [1]. If crop production capacity is to be maintained,
the amount of nutrients removed in harvested crops must be replaced, otherwise the soil fertility and
soil productivity will decline [2,3]. Therefore, to have a sustainable agriculture system, we need to
study the fertilizer nitrogen utilization rates of various crop and how the efficiency of nitrogen
fertilizer use and the amount of unused nitrogen carried over from one growing season to the next
could be raised. The available nutrients from biological nitrogen fixation should be used for crop
production as efficiently and effectively as possible. Accurate recommendations for supplemental N
to meet crop yield targets are difficult to determine because the amount of N2 fixed by legumes and
the N available for the following crop are not well understood [3, 4]. We need to know the answers
to these questions which many have a significant impact on the future N fertilizer management
programmes.

With this in view, several field experiments were conducted with different sequential cropping
systems adapted to the growing conditions of Bangladesh in order to sustain high yield crop
production. The experiment was also conducted to evaluate the contribution of residual N to the
following crop so that accurate recommendations could be made with respect to supplemental N to
meet the desired crop yields.
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2. MATERIALS AND METHODS

Separate field experiments were conducted using two different sequential cropping systems
viz., Aman rice-Boro rice-wheat and (b) Aman rice-wheat- Aus rice at the Regional Agricultural
Research Station (RARS), Bangladesh Agricultural Research Institute (BARI), Ishurdi. The soil falls
under general soil type - Calcareous Brown Flood Plain soil. The chemical and physical analytical
data of the soils were pH - 8.3, organic carbon - 0.38%, total nitrogen - 0.04%, available P - 3.0
ppm, exchangeable K - 0.13 m.e.(%). The soil is a were sandy loam having 59% sand, 30% silt
and 11% clay.

For Aman rice (Binasail) and Boro rice (Iratom-24), 100 kg N/ha as Urea (1% 15N atom
excess) was applied at four growth stages under eight fertilizer management practices. The experiment
was arranged in a randomized block design with 4 replicates. For wheat (Sonalika) 80 kg N/ha as
urea (1% 15N atom excess) was used at two growth stages i.e. as basal and at 56 days after
transplanting (DAT) in a separate treatment. For Aman rice (Binasail)-wheat (Kanchan)-Aus rice
(Iratom-24) cropping pattern, two water regimes (I0 = rainfed and Ij = saturation to 3.0 cm
irrigation as and when necessary) and four tillage treatments (8, 15, 20 and 30 cm deep ploughing)
were used having 100 kg N/ha as urea (1% 15Natom excess) applied in two splits. Each plot of 5m
x 4m was sub-divided into three isotope sub-plots of 4m x 1m each and one yield sub-plot of 4m x
2m each. In each treatment, 80 kg P2O5/ha, 60 kg k2O/ha, 20 kg S/ha and 5 kg Zn/ha were applied
at the time of final land preparation. Total and fertilizer nitrogen contents in plant and soil up to a
40 cm depth at 10 cm intervals were determined after each crop harvest.

TABLE I. NITROGEN BALANCE (KG/HA) FOR T. AMAN - BORO RICE AND WHEAT PATTERN AS AFFECTED BY TIME
OF APPLICATION AND WATER MANAGEMENT

Treatment
No.

T,

T3

T,

T. Aman (Rice)

Fert.-N Total Total Fert.-N
in plant Residual Fert.-N in lost

Fert.-N in crop +
0-40 cm Soil
Soil Profile

28.9ab 10.4 39.3 60.7

13

20

3d 5.2 18.5 31.5

6bc 6.4 27.0 23.0

Tj 28.8ab 8.4 37.2 62.8

T6

T7

Ts

F-value

T3

34

33

23

.3a 10.3 44.6 55.4

.2a 6.4 39.6 60.4

.6bc 4.9 28.5 71.5

** .

Wheat

24.0

(Sonalika)

14.7 38.7 41.3

Boro (Rice)

Fert.-N Total Total Fert.-N
in plant Residual Fert.-N in loss

Fert.-N in crop +
0-40 cm Soil
Soil Profile

ISab 10.9 28.9 71.1

12b 3.9 15.9 34.1

16ab 7.6 23.6 26.4

18ab 6.4 24.4 75.6

25a 6.7 31.7 68.3

24a 3.3 27.3 72.7

22a 3.5 25.5 74.5

** .

** = Significant at 1 % level
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For experiments on relative availability of residual N to the following Aman rice, the isotope
sub-plots (1.5m x 2m) of the earlier experiment designed to determine the amount of biological N2

fixation by chickpea and lentil taking wheat as a test crop, were used. The experiment was conducted
at the same location (RARS, Ishurdi) using a randomized block design with 4 replicates. Three week
old Ama rice seedlings were transplanted in the 15N added plots after harvest of the previous crops
(chickpea, lentil and wheat). The labelled 15N urea (20 kg N/ha used for chickpea and lentil with a
5% 15N atom excess and 80 kg N/ha at 1% 15N atom excess for wheat. Normal recommended ,doses
of N, P, K, Zn, and S for Binasail were applied at the time of final land preparations. N was applied
in three splits.

The 15N/14N ratio in grain, straw and soil was determined using an emission spectrometer
(JASCO, model N-150).

3. RESULTS AND DISCUSSION

3.1. Aman rice-Boro rice-wheat cropping pattern

3.1.1. Aman rice
Results from Aman rice showed that fertilizer N in plant ranged from 13.3-34.3 kg/ha under

different treatment conditions (Table II). Timing of N fertilizer applications generally revealed the
desirability for delayed application of N into the crop 15 DAT. Total residual N in 0-40 cm soil
profile ranged from 4.9-10.4 kg/ha which may be available for the following crops to be grown in
the same field. However, the highest residual N (10.4 kg/ha) was found in the fertilizer management
where N was applied in two equal splits viz transplanting and 7 days before primordial initiation
stages and the lowest was found with treatments where N was not applied at primordial stage. The
total fertilizer N recovery from both crop and soil ranged from 27.0-45.5 kg/ha in different N
treatments. But applications of N at stages 1 and 4 (T3+T4) gave the highest (45.5%) percentage of
added-N recovery by both soil + crop. Fertilizer lost from the system ranged from 23-72% of the
added fertilizer.

3.1.2. Bow rice
Results from fertilizer nitrogen uptake by the Boro rice revealed that (Table II) spliting of N

at stages 1 and 4 (T3+T4) gave the highest fertilizer-N uptake and utilization (28 kg/ha) by the crop,
which was followed by three splits of N at stages 2, 3 and 4 and incorporated. The lowest N was
taken up by the crop (18 kg/ha) where N was applied in three splits at stages 2, 3 and 4 (T5) and
incorporated immediately. Fertilizer N uptake was higher where N was applied at Tj stage compared
to basal application. Total residual N in 0-40 cm soil profile ranged from 3.3-11.5 kg/ha. The
highest residual N (11.5 kg/ha) was found in treatments where N was applied at stages 1 and 4
(T3+T4). The total fertilizer-N recovery from crop and soil ranged from 24.4-39.5 (kg/ha) with
respect to treatment variations where 100 kg N/ha was applied to the system. The highest fertilizer
N (39.5%) was recovered where N was applied at stages 1 and 4 (T3+T4). However, the results
revealed that nearly 61-76% of the added fertilizer is lost from the system.

3.1.3. Wheat (Sonalika)
Results from wheat showed that splitting of N at stages 1 and 4 gave 24.0 kg/ha fertilizer N

uptake by the crop (Table II) which gave nearly 30% utilization of the applied N (80 kg/ha) by the
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TABLE II. NITROGEN BALANCE (KG/HA) FOR T. AMAN RICE - WHEAT - T. AUS RICE PATTERN AS AFFECTED
BY MOISTURE REGIMES AND DEPTH OF PLOUGHING

Recoveries of N from Fertilizer applied
Treatment

Basal 30 DAT

Total Fertilizer-N
in crop

Total Residual-N in
0-40 cm Soil profile

Fertilizer N loss

T. Aman (Rice)

W

IiT,

Wheat

W

I|T\
T. Aus (Rice)

15.9
15.9
15.5
17.8
22.0 (38)
20.1 (26)
21.5 (39)
21.6 (21)

9.6
12.1
10.5
9.1

19.7 (105)
16.4 (35)
14.8 (40)
16.1 (77)

15.7
18.1
19.9
17.6
22.4 (43)
23.0 (27)
23.1 (16)
21.8 (24)

9.4
11.5
10.1
13.5
19.1 (103)
18.8 (63)
20.8 (106)
17.9 (32)

31.6
34.0
35.4
35.4
44.4 (41)
43.0 (27)
44.6 (25)
43.4 (23)

19.0
23.6
20.6
22.6
38.8 (104)
35.2 (40)
35.6 (72)
34.0 (50)

11.8
12.4
11.2
11.0
10.2
8.2
9.3
9.8

17.7
13.4
12.9
12.7
15.4
17.1
17.4
16.3

56.6
53.6
53.4
53.6
45.4 (-20)
48.8 (-9)
46.1 (-14)
46.8 (-13)

63.3
63.0
66.5
64.7
45.8 (-28)
47.7 (-24)
47.0 (-29)
49.7 (-23)

loTo
IoT,
I0T2
loTj
IiT,
I|T,
I,T2

IiT,

17.9
19.0
17.4
21.2
21.9 (22)
23.5 (23)
28.2 (63)
26.8 (27)

17.9
22.6
19.3
26.7
21.8 (21)
24.3 (8)
25.5 (32)
28.6 (8)

35.9
41.6
36.7
47.8
43.7 (22)
47.8 (15)
53.7 (47)

' 55.4 (18)

7.6
10.6
9.1
9.1

11.9
8.7

12.3
13.1

56.5
47.8
54.2
43.1
44.4 (-21)
43.5 (-9)
34.0 (-37)
3 1. 5 (-27)

Figures in parenthesis indicate % increase or decrease over corresponding rainfed treatments.

crop. Results from residual fertilizer revealed that nearly 15 kg N/ha was present in the 0-40 cm soil
profile which is about 18% of the amount added to the crop. This amount may be available for the
next crop. About 41 kg N/ha (52% of the applied fertlizer) was lost from the system.

3.2. Aman rice-wheat-Aus rice cropping pattern

3.2.1. T. Aman Rice
Results from the averaged data revealed that there were positive effect of moisture regimes

on the uptake of fertilizer N applied at different stages of plant growth, but depth of ploughing had
no effect on fertilizer N uptake by the crop (Table III). Results from N applied as basal showed 21-
39% increased uptake of fertilizer N when irrigated compared to non-irrigated treatments. The same
trend was followed for N applied 30 DAT and gave 16-43% higher uptake of N over non-irrigated
treatments. The total fertilizer N utilization was also higher for irrigated compared to non-irrigated
treatments and utilized 23-41% higher N. The uptake of total fertilizer N from both the applications
ranged from 31.6-44.6 kg/ha under different treatments. The highest percentage of N utilization
(44.6%) was made by irrigated treatment where the land was ploughed up to 0-20 cm depth. Results
from total residual N recoveries in 0-40 cm profile ranged from 8.2-12.4 kg/ha under different
treatment conditions. The lowest residual N value was obtained with irrigated and 0-15 cm deep
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TABLE III. RELATIVE AVAILABILITY OF RESIDUAL 15N TO AMAN RICE (BINASHAIL) GROWN FOLLOWING WHEAT,
CHICKPEA AND LENTIL

Preceding 15N application
crop rate (kg/ha) for

preceding crop

Wheat 80

Chickpea 20

Lentil 20

F-value

Fert. 15N
uptake (kg/ha)
by the preceding
crop

23.96a
(29.9)

0.92b
(4.6)

0.59b
(3.0)

*

Residual "N
(kg/ha) in 0-40
cm soil profile
after preceding
crop

14.67a
(18.3)

3.86b

(19.9)

4 . l lb
(20.6)

*

Residual
N uptake
(kg/ha) by
Aman rice

2.50a

0.34b

0.36b

*

% Availability % Relative
of fert. 15N to availability
Aman rice of fert. L5N

to Aman rice

3.13a 4.46a

1.70b 1.78b

l.SOb 1.85b

* *

% Relative
availability
of residual
15N to Aman
rice

17.0a

8.80b

8.76b

*

Values in parenthesis indicate results in % of total fertilizer 15N applied in preceding crop.
* = Significant at I % level.

ploughing and the highest value was obtained with non-irrigated 0-15 cm deep tillage treatment. The
fertilizer N lost from the system ranged from 45.4-56.6 kg/ha under different treatments. About 9-
20% higher N fertilizer was lost under rainfed condition compared to irrigated conditions.

3.2.2. Wheat (Kanchan)
Results show that there are positive responses of moisture regimes on the uptake of fertilizer

N by the crop at different times of N application (Table III). The rate of increase of N uptake under
irrigated condition ranged from 35-105% compared to non-irrigated treatments. The same for N
applied 30 DAT ranged from 32-103% over non-irrigated treatments. The total fertilizer N uptake
from both the applications ranged from 19-39 kg/ha under different treatment conditions. The
average increase of total N uptake under irrigated condition ranged from 40-104% over non-irrigated
treatments. Results from the cumulative residual-N in 0-40 cm deep soil profile ranged from 12.7-
17.7 kg N/ha under different treatment conditions. The lowest was found with rainfed and 0-30 cm
plough and the highest with the rainfed and 0-8 cm ploughed treatment. The fertilizer N lost from
the system was higher for rainfed compared to irrigated treatments and the loss ranged from 23-29%.

3.2.3. Aus rice
Results from Aus rice pattern (Table II) showed comparatively less response to depth of

ploughing and moisture regimes on fertilizer N uptake by the crop. For initial N application the total
fertilizer N uptake in plant ranged from 17.4-28.2 kg/ha and the same for 30 DAT application which
ranged from 17.9-28.6 N/ha. The total fertilizer N uptake in plant from both the applications ranged
from 35.9-55.4 kg N/ha which was also equivalent to % N utilization by the crop. The highest
fertilizer-N utilization (55.4%) was found with irrigated treatments where the land was ploughed up
to 0-30 cm depth.

The total residual N recoveries from 0-40 cm soil profile ranged from 7.6-13.1 kg N/ha. The
lowest residual N was found with rainfed and 8 cm plough treatment while the highest value was
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found with irrigated and 30 cm plough treatment. Here also the fertilizer N loss was higher for
rainfed and ranged from 9-37% compared to irrigated treatments.

3.2.4. Relative availability of residual /5N
The effects on residual N uptake by Aman rice due to preceding crops (Table III) showed

a significant difference. The cropping pattern having wheat as the preceding crop showed
significantly higher N uptake (2.5 kg N/ha) compared to legumes (chickpea and lentil) as preceding
crops (0.34-0.36 kg N/ha).

Relative values refer to the availability of labelled fertilizer N present in the soil during that
cropping period. The relative values with respect to N not recovered by the previous crops and also
with respect to residual N present in 0-40 cm soil profile during the cropping period gave higher
availability in the case of cereal (4.5 and 17% respectively) compared to legumes (1.8 to 8.8%
respectively). It is interesting to note that as high as 17% of the residual N was taken up by the
following rice crop from a 0-40 cm soil profile which warrants attention while suggesting optimum
fertilizer rates for different cropping patterns.

5. CONCLUSIONS

Results from timing of N fertilizer studies with Aman rice-Boro rice-wheat cropping pattern
suggests that the highest efficiency of fertilizer N utilization in crops come from treatments with a side
dressing at primordial initiation stage. The N utilization rate of the crops averaged 30%, residual N
in 0-40 cm soil profile 14% and loss accounted for was 56%.

The study on depth of ploughing showed no significant effect on fertilizer N use efficiency
for the Aman rice-wheat-Aus rice cropping pattern under both rainfed and irrigated conditions. The
N utilization rate of crops under rainfed condition averaged 33%, residual N in 0-40 cm profile 12%
and loss accounted for was 55%. The same under irrigated conditions were 43, 13 and 44%
respectively.

The relative availabilities from residual 15N urea N to the following Aman rice crop were 17,
9, and 19% after a preceding wheat, chickpea and lentil respectively.

While a Aman rice-Boro rice-wheat cropping pattern benefits most by an N side dressing at
primodial initiation stage, the common observation was that around 50% of the N applied was lost
irrespective of the cropping pattern and the N treatment. The data suggests that further studies are
needed to minimize N losses in rice based cropping systems so that N use efficiency and sustainability
of the systems could be increased.
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Abstract

PHOSPHATE FERTILIZER STUDIES USING 32P DILUTION TECHNIQUE.
Agronomic effectiveness of highly soluble phosphate fertilizers for annual crop production is well known and

documented. In recent years considerable research effort has been focused on search for alternative means of cheaper
forms of P fertilizers to fill the needs of poor farmers, who has limited capital availability for purchase of fertilizers. Since
some countries in the world have naturally occurring phosphate rocks (PR), the most appealing alternative is for direct
application of PR. The low capital and energy inputs required to prepare these PR for use makes it the cheapest mineral
P fertilizers possible. Thailand, Sri Lanka, Indonesia and Vietnam are some countries in the Asian region blessed with
natural PR. Coupled with the inherently acidic and P deficient soils found in this region, research on direct application of
these PR for crop production is indeed timely. Studies done in the temperate regions on direct application of PR have
concluded that PR are not suitable for use in intensive agricultural system, because PR cannot maintain a sufficiently high
P concentration in the soil solution for high crop yields. Research in direct application of PR to acidic soils of the Asian
region have proven otherwise. The use of radioactive 32P isotope has helped in quantification of the amounts of P from the
PR tested being utilized by the crop, and its distribution in the plant can also be monitored. In Malaysia, highly reactive
North Carolina phosphate rock has been found to be as effective as triple superphosphate, where a total of about 18% of
the P fertilizer applied was utilized by three consecutive crops of sweet corn grown under field conditions. Initial
glasshouse screening of efficacy of PR can also be determined by the use of the 32P isotope.

1. INTRODUCTION

The widespread use of P fertilizers especially in tropical regions, where the soils are usually
P deficient have had an enormous impact on agricultural productions. The P requirement of
cultivated crops plants are high especially at the early growth stage. Since P fertilizers are expansive,
the use of phosphate rocks (PR) in place of superphosphates on strongly acid soils can be
economically attractive. Using conventional field experiments, researchers in Indonesia [1] have
found that Tunisian PR was more effective than TSP for upland rice production. The same findings
were reported from research conducted on rice grown on acid sulphate soils in Thailand and Vietnam
[9, 12].

32P labelled superphosphates have been used to measure phosphate fertilizer uptake by a crop
and to evaluate natural phosphate availability to a crop [4]. In 1970, IAEA produced two Technical
Reports on fertilizer management practices for maize and rice using the direct isotope labelled
superphosphate from results of coordinated research carried out in various countries.

Another technique used was where the soil will be "labelled" with a 32P-carrier solution, and
the specific activity of the test crop will be measured in presence and absence of the natural
phosphate. The magnitude of decline in specific activity (isotope dilution) of the crop in presence of
rock phosphate with regard to that in absence of rock phosphate is an index of P-availability of the
rock phosphate [16].
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Field experiments using 32P to evaluate fertilizer P utilized by a crop and to evaluate residual
P fertilizers were reported in the 1950's [13, 10]. This paper will demonstrate results of using 32P
in evaluating phosphate rocks on annual crop production both in glasshouse and field conditions.

2. INITIAL SCREENING FOR EFFECTIVENESS OF PHOSPHATE ROCKS

Initial screening of PR to evaluate their effectiveness for crop production is usually carried
out in pot experiments in the glass house. IAEA laboratory in Seibersdorf is routinely conducting
PR agronomic evaluation using 32P dilution technique under the FAO Fertilizer Programme. Malaysia
has been using PR in their plantation crops for over 60 years, but qualitative evaluation of the
agronomic effectiveness of these PR was only initiated in the 1980's.

Pot experiments carried out to evaluate the agronomic effectiveness of six PR obtained from
the local fertilizer market, viz North Carolina (13.3% P), Morocco (14.8% P), Jordan (13.6% P),
Christmas Island (15.8% P) and China (15.7% P) PR were tested against the water soluble triple
superphosphate (21 % P) applied to a Bungor series soil (Typic Kandiudult). The amounts of P taken
up by a crop of Pueraria grown for 12 weeks showed that the highest amount was taken from NCPR
and TSP followed by MPR and finally by JPR, CIPR and CPR (Figure 1).

When the test crop used was corn, it was found that NCPR was just as efficient as TSP.
This was followed by MPR and JPR. CPR was the least efficient P supplier (Figure 1). The
efficiencies of these fertilizers were found to be much lower than those measured by growing
Pueraria. This has been explained to be due to the root rhyzosphere acidification as a result of excess
cation-over-anion uptake pattern of nitrogen fixing leguminous plants [11]. This acidification of the
root rhyzosphere was also shown to result in considerable solubilization and utilization of phosphate
rocks by bean plants that fix atmospheric nitrogen [2]. The lower P uptake is also due to lower yield
obtained from corn as compared to Pueraria, where corn is known to be low Ca-absorption plant [11]
thus resulting in lower yield when PR was added as the phosphate fertilizer source, especially the low
reactive PR (Table I).

Utilization of residual PR can also be determined by 32P isotope dilution. From previous
experiment where corn was grown in the first crop, the second crop of corn all showed the lowest

TSP NCRP MRP JRP CRP CIRP

P FERTILIZERS

FIG. I. Percentage of fertilizer P utilized by Pueraria and corn - Crop 1.

68



TABLE I. DRY MATTER YIELD OF PUERARIA AND CORN (G POT1)

Treatment

TSP

NCPR

JPR

MPR

CIPR

CPR

Crop 1

Pueraria

11.67 a

11. 32 a

12.49 a

12.58 a

11.90 a

13.45 a

Crop 2

Pueraria

10.92 a

11. 35 be

12.49 ab

12.45 ab

12.03 abc

13. 15 a

Crop 1

Pueraria

11.67 a

11.32 a

12.49 a

12.58b

11.90 a

13.45 a

Crop 2

Corn

13.60 ab

14.57 a

13.68 ab

12.70 b

12.75 b

12.70 b

Crop 1

Corn

9. 17 a

8.62 a

8.35 a

6.67 b

6.22 b

4.23c

Crop 2

Corn

2.44 b

364a

3.69 ab

4.97 a

2.84 b

4.35 a

% P UTILIZED
10

1
TSP NCPR MPR JPR CIPR CPR

FIG. 2. Percentage of fertilizer P utilized by Pueraria and corn - Crop 2.

residual P utilised (Figure 2). When the first crop was Pueraria and the second crop was corn, the
percentage of P utilized was higher than corn after corn crop. This is due to the higher root volume
resulted from the legume crop, thus a higher root turnover. The acidity produced from root
decomposition will affect the PR solubilization and thus P uptake by the subsequent corn crop. Under
field conditions, Dahama and Sinha [3] also found that utilization of applied P by wheat was higher
after cowpea than in other crop sequences. When the first and second crop was Pueraria, the
utilization percentages was still higher than corn after corn. Thus legume crop is found to be a more
efficient P utilizer than a non-legume.

In another experiment, we measured the current and residual effectiveness of CIPR, MPR and
the heat treated CIPR (Citraphos) and Barandite compared to the water-soluble TSP, with corn as the
indicator crop. The %P utilized by the first crop was similar to the values obtained in field
experiment (about 6 %), and all the PR tested gave significantly lower values (Table II). In the second
crop, percent P utilized from TSP dropped drastically, while those treated with PR increased.
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TABLE H. P FERTILIZER UTILIZED FROM RECENT AND RESIDUAL
P FERTILIZER APPLICATION (%)

Treatment

TSP

CIPR

MPR

Citraphos

Barandite

P fertilizer utilized

Crop 1

6. 12 a

3.10b

2.76 b

2.07 b

0.83 c

Crop 2

1.94c

6.77 b

10.06 a

5.98 b

5.69b

TABLE III. P FERTILIZER UTILIZATION (%) BY CORN GROWN ON
DIFFERENT SOILS

Fertilizers

pH

TSP

NCPR

APR

GPR

CIPR

CPR

Bungor

4.82

5.33 a

5.21 a

4.98 ab

4.80b

1.03 c

0.97 c

Lating

4.99

5. 80 a

5.04 ab

6.97 a

4.94 b

2.23 c

1.45d

Katon

4.71

7.92 a

5.70 ab

5.02 ab

4.13 b

2.48c

1.38 d

Rengam

5.65

11.63 a

8.96 ab

10.17 a

9.90 ab

6.00e

2.78 d

Bt. Tuku

7.56

13.29 a

2.17b

2.04 b

1.53 be

2.84 b

1.12c

It has been a known fact that soil pH played a very important role in the dissolution of
phosphate rocks and plant uptake of P [7]. Using of 32P isotope dilution technique we have been able
to quantify the decrease in P uptake from PR by corn grown on soil with pH 7.56 as compared to
soils with pH of around 4.5 (Table III). Soils with pH of 5.65 or less showed similar percentages
of P utilization from reactive PR and were similar to utilization percentage from TSP in some soils.
The unreactive PR (China and Christmas Island PR) showed significantly lower utilization percentages
in these soils. In the soil with pH of above 7.0, utilization percentages of all the PRs tested were
significantly lower than TSP, and no significant differences were obtained from either reactive or
unreactive PR used.

3. FIELD EVALUATION OF PHOSPHATE ROCKS

Conventional field experiments to evaluate the efficacy of PR on crop growth and yield have
been reported by numerous authors. It has been shown that some reactive PR were found to be as
effective as the water soluble P fertilizers tested in terms of yield response. Few results on field
experiments have been reported on quantification of the amount of P fertilizers utilized by a crop,
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TABLE IV. PERCENTAGE P DERIVED FROM FERTILIZERS BY SWEET
CORN (FIELD EXPERIMENT)

Plant parts

Mean

TSP

25.82 b

% PdfF

SSP

25.95 b

CIRP

Cobs

Stem

Flowers

Leaves

21.36 b

25.52 b

25.63 b

20.77 b

20.30 b

36.94 b

26.40 b

20.18b

2.59 a

2.06 a

7.36 a

1.11 a

3.28 a

using the 32P isotope dilution. Fried and MacKenzie [5] first reported the results of using neutron
irradiated PR on P and Ca uptake by vetch, alfalfa and ryegrass.

Our study showed that for field grown sweet corn, about 26% of the total P in the plant was
taken up from TSP and SSP, and only 3% from CIPR [14]. This is due to the CIPR being an
unreactive PR, and the initial soil pH was 5.70, which did not allow the solubilization of the PR for
the P to be utilized by the crop (Table IV).

In another experiment, using the same soil, we observed that for the first crop of corn, the
specific activity in the corn fertilized with TSP was much lower than the control plots, showing the
dilution of the 32P isotope with the P taken up from the TSP applied. The percentage of P derived
from TSP was concentrated mainly in the stem, cobs, leaf and followed by the flowers (Table V).
The P derived from NCPR was found to be highest in the stem followed by the cobs, leaf and
flowers. The percentage of P derived from CPR was only found in the stem and the cobs. None of
the CPR derived P was detected in the leaves and flowers [15].

In the second corn crop, fertilizer P was still made available by TSP, NCPR and CPR. In
crop 3, very little P was found to derived from TSP, NCPR and CPR. The total amount of P derived
from fertilizers for the three crops is shown in Figure 3. The total amount of fertilizer P used by
the three corn crops were found to be 13.65 kg ha'1 18.04 kg ha'1 and 8.56 kg ha'1 for TSP. NCRP
and CRP respectively.

The rates of fertilizer applied has also been shown to affect P fertilizer utilization by crops.
In the same experiment, we found that for the 100 kg P ha"1 treatment, for corn 1, both TSP and
NCRP were just as efficient, while the CRP showed the lowest percentage of utilization. For corn
2, the highest contribution was from NCPR, while CPR showed a residual value equivalent to the
residual value of TSP (Figure 4). At the higher rate of 200 kg P ha'1 TSP showed the highest
utilization in all the three crops (Figure 5). NCPR and CPR were shown to contribute their P to the
second crop of corn, and for corn 3, only TSP showed some P contribution to the crop. While at 400
kg p ha"1, the percentage of P derived from CPR by the second crop was the highest (Figure 6). The
percentage of P utilized from all the three P sources decreased significantly with increasing rates of
P applied.

Thus under field conditions it is seen that the percentages of P fertilizer utilization by a crop
decreased with increasing rates of P applied. TSP did show a residual contribution of P to the crop
with time. NCPR at 100 kg P ha"1 only lasted for two corn crops, while CPR consistently proved
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TABLE V. %PDFF IN DIFFERENT PLANT PARTS

Fertilizers

CORN 2

TSP

NCPR

CPR

CORN 3

Flower

0.00

40.69

31.62

Leaf

37.62

65.56

0.00

Stem

24.25

42.11

48.43

Cobs

CORN 1

TSP

NCPR

CPR

25.82

2.78

0.00

27.82

11.42

0.00

65.68

37.50

11.46

52.69

34.72

2.90

43.62

25.58

52.53

TSP

NCPR

CPR

0.00

1.06

0.00

10.09

0.00

10.90

0.00

0.00

0.00

20

TSP NCRP CRP

• CORN 1 H CORN 2 D CORN 3 S TOTAL

FIG. 3. P fertilizer utilization (kg ha'1) from three consecutive corn crops.

to be a poor P contributor to the corn crops except at very high rates of P application and given the
time for the dissolution reaction to take place. It can be concluded that NCPR can be substituted for
TSP for immediate use by a crop of corn. CPR can only be effective if time is given for its
dissolution reaction to take place, and a higher rate of application is made. This reactivity of NCPR
has been related to the mineral composition of these rocks [8].
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TABLE VI. THE EFFECT OF P FERTILIZER SOURCES OF FRESH COB
YIELD OF SWEET CORN (MG HA'1)

P fertilizer Corn 1 Corn 2

TSP 8.34 7.60

NCPR 6.83 7.54

CPR 6.45 6.69

SE 1.52 1.43

For sweet corn production, we did a conventional field experiment comparing TSP versus
NCPR and CPR. Our results showed that yield of fresh cobs obtained from the first crop was
significantly higher in the TSP treated plots than NCPR and CPR plots. In fact these two PR did not
give any significant difference in the yield of fresh cobs obtained (Table VI). But in the previous
experiment using 32P isotope we have shown that NCPR was superior to CPR and its effectiveness
is equivalent to TSP. Thus this proves that 32P isotope dilution technique is an invaluable tool for
screening effectiveness of P fertilizers.

3. CONCLUSION

Results from experiments conducted in the field and glasshouse have shown that 32P isotope
is very useful in screening the effectiveness of phosphate fertilizers. Using the conventional field
experiments, the differences in the effectiveness of these P fertilizers as measured by yield, especially
phosphate rocks are sometimes masked due to the initial P status and other interacting ions present
in the soil. The use of 32P can still measure the amounts of P taken up from the different fertilizers
tested.

32P isotope is safe to handle due to its weak beta irradiation, cheap to purchase, and easy
sample preparation and detection. Thus its use can be very useful especially in the developing
countries.
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Abstract

LEGUME Nj FIXATION - AN EFFICIENT SOURCE OF NITROGEN FOR CEREAL PRODUCTION.
Nitrogen deficiency is a major factor limiting yields of cereals. With wheat, the most commonly-grown cereal in

rain-fed agriculture, the soil must supply 30-40 kg N/ha in a plant-available form (usually as nitrate) for each tonne of grain
produced. In some of the developed countries and energy-rich LDC's, N is supplied in sufficient amounts as fertilizers. In
the majority of countries, however, this is not possible principally because of the high cost. Research has shown that the
soil following an annual crop legume often contains 30-60 kg N/ha more than after a cereal crop and that this increased
plant-available N is converted into increased cereal grain yield. The N benefits are due to the legume's capacity to fix
atmospheric N2. Amounts fixed by the annual crop legumes range from zero to more than 400 kg/ha. There is, however,
scope to manage legume N2 fixation for maximum benefit, through practices that optimize crop growth and minimize the
suppressive effects of soil nitrate. One possible aid to management may come through the development and use of simple
mathematical functions (models) that will allow farmers to estimate amounts of N2 fixed by a legume crop and the potential
net N benefit resulting from that crop.

1. INTRODUCTION

Nitrogen deficiency is a major factor limiting yields of cereals [1, 2]. In some of the
developed countries and energy-rich LDC's, N is supplied in sufficient amounts as fertilizers. In the
majority of countries, however, this is not possible because of the high costs, the low per capita
incomes and limited credit facilities of most farmers, and the lack of effective infrastructure for
production and distribution. As a consequence, farmers either use the available organic sources of N
or the crops remain unfertilized. Thus, low yields, i.e. <1.0 t/ha, are common because of N
deficiencies [e.g. 3]. This is particularly so for rain-fed crops, where the risk to the fanner of crop
failure is high compared with irrigated crops. It is unlikely that the negligible amounts of fertilizer
N currently applied to these crops will ever be increased. As economic pressures on the less
developed countries intensify, the more likely scenario is for reduced usage.

It is in such systems that the annual crop legumes could play an increasingly important role.
Their ability to fix atmospheric N2 allows them to grow in N-impoverished soils. The nodulated roots
and above-ground residues, left after the seed and other components of the crop have been harvested,
represent valuable sources of N for the replenishment of soil organic N. Estimates of the annual value
of legume N2 fixation to the global economy have been put at US$100 billion [4].
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2. NITROGEN AND CEREAL PRODUCTION
With wheat, the most commonly-grown cereal in rain-fed agriculture, the soil must supply

30-40 kg N/ha in a plant-available form (usually as nitrate) for each tonne of grain produced (Fig.
1). The relationship between grain yield and total crop N, i.e. the N needed to produce the grain, was
plotted using data from a number of sources. The problem facing farmers everywhere is that the
capacity of their soils to supply the quantities of N required (30 to 80 kg/ha for the majority of rain-
fed crops) declines rapidly once cropping is commenced [5] and N supplied from the breakdown of
organic matter must be supplemented from other sources.

The effect of the amount of nitrate in the soil at sowing on grain yield is shown clearly in Fig.
2, using data from an experiment in the northern wheat belt of Eastern Australia. In this particular
case, the relationship was virtually linear between soil nitrate levels of 50 and 150 kg/ha, when water
replaced nitrate as the limiting factor. These data confirm that the soil must supply 30-40 kg N/ha in
the plant-available form for each tonne grain produced. The relationships in both Figs 1 and 2 suggest
that the amount of plant-available (nitrate) N in the rooting zone (in these cases 0-1.2 m depth) at
sowing provides an accurate measure of the amount of N that will eventually be taken up by the crop
and converted into grain yield.
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TABLE I. EFFECTS OF CROP LEGUMES ON GRAIN YIELDS OF FOLLOWING CEREALS, RELATIVE TO THE

CEREAL-CEREAL SEQUENCE

Location Soil type
Pre-crop

United Kingdom
Fababean-wheat
Fababean-barley

India
Chickpea-wheat
Lentil-wheat
Pea-wheat

Australia
Chickpea-wheat
Faba bean-wheat
Lupin-wheat

Increase in
(t/ha)

1.04
1.27

1.04

0.90

0.81

1.43
1.25

1.33

yield

( °/°)

47
52

77

66

60

88

77

82

Fertilizer N
equivalence

(kg/ha)

<48
<48

<60
<60
<60

>50
>50

>50

Reference

[13]
M

[111
N

M

[12]
»

"

Lupin-wheat (year 1)
(year 2)

0 .91 -1 .82 2 8 - 1 0 3 60->80
0.51-0 .92 33-48

[10]

Black gram-sorghum
Green gram-sorghum

3.68
2.82

79

61

68

68

[14]

3. LEGUMES AND CEREAL PRODUCTION

When cereals are grown after legumes, yields are almost always increased compared with cereals
grown after cereals. The contribution of the legume is often quantified in terms of yield improvement
in the absence of fertilizer N, and in the amount of fertilizer N required in the cereal-cereal sequence
to match production in the legume-cereal sequence. Reported yield responses to previous legume
crops are mainly in the range of 1-2 t/ha, representing 50-80% increases over yields in the cereal-
cereal sequences (Table I). These responses are equivalent to applications of 50-100 kg N/ha as
fertilizer.

Effects of legumes on yields of a second cereal crop vary. Armstrong et al. [10] reported
beneficial effects of the cool-season legumes, pea, faba bean and lupin, on two subsequent wheat
crops at both experimental sites. Increases in the absence of fertilizer-N were between 0.17 and 2.46
t/ha (5 and 140%) for the first wheat crop and between 0.48 and 0.93 t/ha (17 and 88%) for the
second crop (data for lupin in Table I). Doyle et al. [8] reported significant effects of the narrow-
leafed lupin on a second cereal crop at two of three sites.
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Differences in rotational effects amongst the crop legume species appear to be minor. Ahlawt
et al. [11] and Marcellos [12] both reported similar responses in wheat yields to a range of legume
crops. However, in one Australian study, Strong et al. [6], recorded larger responses in wheat yields
to white lupin, lentil and field pea than to chickpea, faba bean and the narrow-leafed lupin. Effects
of the legumes were strongly correlated with amounts of nitrate in the top 120 cm of the soil profiles,
which in turn appeared to be influenced by nodulation and general vigour of the legume. Two of the
three legumes with low rotational benefits (chickpea and faba bean) were poorly nodulated and
produced low plant and grain yields. Thus, in research to evaluate legumes as rotational crops in
cereal systems, it is critical to appreciate environmental effects on legume growth and, at the same
time, to ensure that the growth of the legume is optimized for the particular environment of study.

Benefits of legumes have been attributed to control of cereal diseases and insect pests, and
improvements in soil structure. Without doubt, the most widespread and consistent effect of legumes,
however, is to improve the N economy of soils through N2 fixation. This does not mean that legumes
always make net contributions of N to soils in which they grow. They do not. What it does mean is
that the N balance for a legume-cereal sequence is, in most cases, more positive than for a cereal-
cereal sequence in the same soil. Thus, the inclusion of legumes in cropping systems can arrest the
decline of soil N fertility that inevitably accompanies intensive agriculture and, at the least, reduce
the requirements for inputs of fertilizer N. The latter is of particular relevance to less developed
countries where N fertilizers are used sparingly because of their high costs, the low per capita
incomes and limited credit facilities of most farmers, and the lack of effective infrastructure for
production and distribution.

4. LEGUMES AND SOIL NITROGEN

The key to the long-term sustainability of soils and productivity of soils is organic matter, in
particular organic N and C. In the western and southern parts of the Australian cereal belt, pasture
legumes were introduced into the cropping systems in the 1950's and have since played a major role
in the maintenance of soil fertility [15]. The pasture systems were highly successful in increasing total
(organic) soil N, estimated at between 35 and 100 kg N/ha/annum, plant-available (mineral) N and
in improving structure (Fig. 3). Once the pasture phase is replaced by cereal cropping, however, both
N fertility and structure quickly decline. Thus, the system demands alternating pasture-cropping
phases.

Effects of the annual crop legumes on soil N, particularly total (organic) N, are not as clear cut.
Strong et al. [16] and Reeves et al. [17] detected no consistent effect of prior legume crop on levels
of total soil N. Mason and Rowland [18] reported similar declines in total soil N for both lupin-wheat
and continuous wheat rotations, practiced over 9 years in the cereal belt of Western Australia. In the
same experiments, total soil N was unchanged for a pasture legume-cereal sequence. On the other
hand, Rowland [19] reported that total soil N in long-term lupin-wheat rotations in Western Australia
increased by an average of 0.0021% p.a.

Thus, the dogma that the annual crop legumes contribute little if anything to organic N in the
soil [20, 21, 22] may not be entirely correct and measured net effects will be based on a number of
factors: (a) In virtually all of published studies of crop legume - cereal rotations, the legumes are
grown for a single season. By comparison, pasture legumes are more likely to be grown in the
rotation for a number of seasons. Holford [23] found that at least two and a half years of lucerne
were required to significantly increase levels of total soil N. The study of Rowland [19], cited above,
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FIG. 3. Changes in total soil N and soil structure (water stable aggregates) following years of legume-
based pasture (P) and years of wheat (W) at Rutherglen in the southern wheat belt of Australia
(redrawn from Reeves [15]).

in which lupin increased total soil N was long-term and not just one-year experiments. Thus, it may
be quite unreasonable to expect large and detectable increases in total soil N following just one
legume crop, (b) Measurement of small increments in total soil N, likely in one-year or short-term
experiments, is a problem, (c) Soils are normally cultivated in the fallow period between the legume
crop and the following (cereal) crop, thereby encouraging rapid transformation of the N contained
in the legume residues (organic form) to the mineral forms, (d) Grain legumes are usually grown
in soils that have been cultivated and fallowed. Consequently, nitrate levels can be sufficiently high
to depress legume nodulation and N2 fixation, (e) A large proportion of the N accrued by the legume
during growth, from both soil and atmospheric sources, is removed with the harvested seed.

The most readily measured effect of the annual legumes on soil fertility is through effects on
plant-available (nitrate) N. In the six studies reported by Herridge [24], nitrate-N levels in the plots
following legumes were, on average, 30 kg/ha greater than the levels in the cereal plots. Most of this
extra nitrate, detectable even during growth of the legume, results from the 'sparing' of nitrate by the
legume, i.e. reduced use of soil N by the legume, relative to the cereal. After a period of time
(fallow) these differences are usually increased as N contained in the legume residues is released. This
scenario does not imply that the legume has necessarily made a net input of N to the soil. It just
means that the N economy of the soil following the legume is enhanced, relative to the cereal.

The data presented in Table II further illustrate the beneficial effect of the annual crop legumes
on soil nitrate. Results are from a chickpea-wheat rotation experiment in the northern wheat belt of
Australia. Nitrate levels were 33 kg N/ha higher at chickpea harvest, compared with the wheat, even
though the demand for N by the chickpea was around 70 kg N/ha more. The fact that nitrate levels
in the soil following chickpea were less than in a fallowed, i.e. crop-free, soil implied that the net
result of the chickpea crop may have been a loss of N. These data do not account for the N in the
unmineralized chickpea residues, however, which may be greater than the 18 kg N/ha difference
between chickpea and fallow plots. Thus, additional measurements, e.g. N2 fixation, soil organic N,
are required to determine the overall impact of the chickpeas on soil N, i.e. mineral N plus organic
N.
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TABLE II. SOIL NITRATE LEVELS UNDER AND FOLLOWING WHEAT, CHICKPEA AND FALLOW AND
EFFECTS OF PRE-CROP ON YELDS OF WHEAT AT WINDRIDGE IN THE NORTHERN CEREAL BELT OF
N.S.W., AUSTRALIA (H. Marcellos, W.L Felton and D.F. Herridge, unpublished results).

Pre-crop Crop N (kg/ha) Soil nitrate (kg/ha) Wheat yield
Harvest Sowing (t/ha)

1989 1989 1989 1990 1990

Wheat
Chickpea
Fallow

33
102

0

26
59

76

58

104

122

1.65
3.37

3.41

TABLE III. RANGES IN VALUES FOR PFIX (%) AND N2 FIXED (KG/HA) FOR THE ANNUAL CROP

LEGUMES (source [25, 26, 27]).

Species

Cool-season legumes
chickpea
lentil
pea
f aba bean

Warm-season legumes
soybean
pigeon pea
cowpea
com mon bean
ground nut

Pfix

(%)

8 -

39 -

23 -

59 -

0 -

6 -

8 -

0 -
22 -

82

87

83

92

95

88

89

73

92

N2 fixed

(kg/ha)

3 -
10 -
17 -
78 -

0 -
4 -

9 -

0 -

37 -

141

192

330

330

450

88

125

125

206

Thus, we can conclude that the net N benefits of the annual crop legumes are not as consistent
as those observed for the pasture legume systems and the balances may be negative as well as positive
once the economic products (e.g. seed, residues) are removed [see reviews 24, 25]. However, there
is no doubt that compared with a cereal-only system, the annual crop legumes leave more N in both
the plant-available, mineral-N and organic-N pools, either directly through net inputs of (fixed) N or
through the sparing of soil nitrate, thereby providing conditions for increased production of
subsequent cereal crops and long-term sustainability.

5. MANAGEMENT OF LEGUME N2 FIXATION

Legume N2 fixation is variable. Ranges of values for both Pfix and N2 fixed for pulse and oilseed
legumes are presented in Table III. The range of values reflects both the genetic capacities of the
legume crops to yield and fix N2, the environmental constraints on those capacities and the effects of
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TABLE IV. ESTIMATES OF N2 FIXATION BY THE COOL SEASON FOOD LEGUWES AND FACTORS

RESPONSIBLE FOR REDUCED ACTIVITY (source [28, 29]).

Location
Species

Tel Hadya, Syria
Chickpea
Fababean
Lentil
Pea

Total crop N
(kg'/ha)

55-87

70-101
67-97

102-110

N2

(kg/ha)

28-75

54-91
50-84

81-96

fixed
Pfix

51-

77-
74-

79-

(%)

86

90

86

88

Soil N use
(kg/ha)

12-27

10-16
13-17

14-21

Major factors restricting
N 2 fixation

N yield

N yield
N yield
N yield

(low

plus

temps, HaO)

Sitona weevil

Dromolaxia, Cyprus
Chickpea 61
Fababean 194-220
Pea 64-144

25 41 36
122-176 63-80 44-72

23-91 36-63 41-53

N yield, soil nitrate
Soil nitrate
N yield, soil nitrate

cultural practices on both. Legumes grown in the field do not necessarily fix atmospheric N, and can
derive all of their N requirements from soil N sources. In practice, this is highly unlikely because
plant-available soil N tends to be limiting, i.e. of low to moderate concentration, in the majority of
agricultural soils and, provided effective rhizobia are present, the unfulfilled demand for crop N
would be naturally met by N2 fixation.

There may be an upper limit on N2 fixation. Herridge and Bergersen [25] theorized that the
upper limit was as high as 635 kg N/ha for soybean and in excess of 300 kg N/ha for pigeon pea and
ground nut. In practice, highest values recorded for these species are lower (450 kg N/ha for soybean,
88 kg N/ha for pigeon pea and 206 kg N/ha for ground nut) (Table HI), although values approaching
the theoretical limits may be possible under optimized conditions of growth, i.e. high crop yield, low
soil nitrate.

To illustrate effects of environment, plant genetics and cultural practices on legume N2 fixation,
data from two studies are presented in Table IV. At Tel Hadya, growth of all four species and, as
a consequence, N2 fixation was restricted by low temperatures and lack of water. In the case of lentil,
the Sitona weevil further suppressed N2 fixation through destruction of the nodules. Soil nitrate effects
were minor because of the low values for soil-N use, i.e. high Pfix values. At Dromolaxia, on the
other hand, soil nitrate levels were higher, thereby reducing Pfix and N2 fixation. Genetic and
environmental constraints on plant yield of chickpea and pea accounted for further reductions in N2
fixation.

Management of legumes for increased proportions and amounts of N2 fixed is the next logical
step. Increases will come through (i) practices that maximize legume yield either genetically or
through amelioration of yield-reducing factors, (ii) reduction of the suppressive effects of soil nitrate,
either at the plant level (genetically) or through soil management, and (iii) optimizing nodulation and
nodule function.

Examples of where increase in legume N2 fixation has been achieved are presented in Table V.
In all cases, the increases were achieved through effects of the management practice to increase
legume yield (inoculation, time of sowing, insect pest control and species) or to increase Pfix through
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TABLE V. CROP AND SOIL MANAGEMENT PRACTICES LEADING TO INCREASED LEGUME N£ FIXATION.

Management
practice

Inoculation
+

-
Tillage practice

No-tillage
Cultivation

Crop sequence
Winter crop
Winter fallow

Time of sowing
Winter sown
Spring sown

Pest (sitona) control
+ insecticide
- insecticide

Species
Large
Small

Crop
species

soybean

soybean

soybean

chickpea

lentil

f aba bean
chickpea

Total

267
108

264
245

267

347

142

21

119

98

220

61

N (kg/ha)
Fixed

149

0

232

180

149

32

115

6

107
84

176

25

Reference
Increase

+149 30

+ 52 31

+117 30

+109 32

+ 23 28

+151 29

a reduction in nitrate inhibition of N2 fixation (tillage practice, crop sequence). Other practices that
may result in increased N2 fixation are weed control and phosphorus nutrition (effects on yield) and
the use of nitrate tolerant cultivars and species (effects on Pfix).

6. MODELLING LEGUME N2 FIXATION

Scientists and through them, farmers, in order to be able to manage legume N2 fixation, will need
to draw on basic information on their crops (e.g. total crop dry matter) and soils (nitrate level at
sowing) and combine that information with an understanding of the factors that determine how much
N is contained in the legume crop and how much of that N is derived from N2 fixation. They will
then be able to manage the legume crop so that N2 fixation, and therefore N inputs, are maximized.
They will be able also to calculate the net benefit of the legume, i.e. fixed N2 - harvested N, and use
that calculation in the overall management of N in their cropping. One way to foster this
understanding and eventual management of the process of N2 fixation is through the development of
simple functional models. We are aware that complex simulation models on growth and grain
production of agricultural crops have been developed and incorporated into computer-based decision
support systems. Such systems have had only mild acceptance as management tools by farmers [33],
because of their complexity and the lack of expertise of most farmers in using computers. Thus,
simple models, i.e. mathematical functions, may have a wider application.
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The concept of describing N2 fixation in terms of other variables is not new. Evans et al. [34],
Peoples and Herridge [35], Thies et al. [36] and Doughton et al. [37] have published mathematical
functions which describe the relationships between various factors, namely soil nitrate, legume yield
and populations of effective rhizobia, and legume N2 fixation. The Thies et al. [36] model may be
the most valuable as a practical management tool, although its purpose is to describe the yield
response of legumes to inoculation, rather than describe N2 fixation per se. The major problem with
the others is that the studies from which the models were derived involved either one or, in the case
of Evans et al. [34], two species of legume, grown either at a single site or , in all cases, in a single
season. As well, there was a tendency to relate N2 fixation to just one factor. Evans et al. [34] related
N2 fixation of pea and the narrow-leafed lupin only to crop yield; Doughton et al. [37] related N2

fixation of chickpea only to soil nitrate. We consider that both of these factors, i.e. total crop yield
and soil nitrate, are critical in determining legume N2 fixation and should be considered together.

A substantial amount of research has now established that plant (crop) yield is the major
determinant of N2 fixation, particularly when the levels of nitrate in the soil are low to moderate, and
effective rhizobia are present in the soil in sufficient numbers. Yields in these instances are often
related to species or cultivar, mediated through growth rates or crop duration, and to nutrition/ water
availability. Thus Pfix can be described by:

Pfix (%) = (b + a/x) 100 (1)

where x is the N yield (kg/ha) of the legume; Pfix is N2 fixed/N yield. The function is derived from:

N2 fixed (kg/ha) = a + bx (2)

Examples of the strong relationship between crop (N) yield and N2 fixed, and from that, between
N yield and Pfix, are presented in Fig. 4. With each species, variation in yield was due entirely to
cultivar effects. Generally N yield varied with crop duration. Each data set is site specific; the values
for N yield that correspond to nil N2 fixation (i.e. values for x when y =0; Fig. 5a) are determined
by the levels of soil nitrate. Modifying soil nitrate will shift the line of best fit either to the left or to
the right.
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FIG. 4. Relationships between N yield and (a) N2 fixed and (b) Pfix for field-grown crops offaba
bean, pigeon pea and soybean (source: soybean, [38]; pigeon pea, [39]; faba bean, [40]).
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N2 fixed = a +bx - cy

where:
a, b, c are constants
x is legume yield, water use
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and (B) net N input by the legume.

86



After yield, soil nitrate, or more specifically the amount of nitrate in the rooting zone, is the
major factor determining legume N2 fixation. The suppressive effects of nitrate on nodulation and N2

fixation have been studied intensively and there is now a considerable literature on the subject [e.g.
41, 42]. The data of Doughton et al. [37] show clearly the inverse relationship between soil nitrate
and N2 fixation of chickpea, grown in the field in the northern cereal belt of Australia (Fig. 5). These
data are for a single experiment, however, with all treatments having similar total crop yields, i.e.
around 120 kg N/ha. It is unlikely that the relationship shown applies to crops of different yields.

The next step is to combine data on total legume yield, grain yield, soil nitrate levels at sowing,
and N2 fixation from experiments involving a range of species and environments (geographical and
climatic) to develop robust models of legume N2 fixation. A suggested framework for development
of the models is outlined in Fig. 6A. In that, the relationships between legume growth (yield) and N2

fixation and soil N fertility (nitrate at sowing in the rooting zone) and N2 fixation are determined and
multivariate analysis used to account for both factors in determining N2 fixation. If data on water use
by the legume were included, the water use efficiency (WUE) of N2 fixation could be calculated and
water use substituted for legume yield in the model. Determinations of productivity in water-limited,
rain-fed systems in terms of water use and WUE are particularly useful and relevant.

A useful extension of the model is to describe the relationship between legume growth, soil N
fertility and the net input of N (either positive or negative) by the legume (Fig. 6B). Doughton et al.
[37] calculated this relationship for the single chickpea experiment, referred to in Fig. 5. The
calculated net input of N would not necessarily be in a form that was available for use by a
succeeding cereal crop, but would represent the net potential benefit of the legume to the system.

5. CONCLUSION

The annual crop legumes clearly have a role to play in the maintenance of soil N fertility in
agricultural systems and in the productivity of succeeding cereal crops. Under experimental
conditions, net benefits of legumes are often equivalent to the addition of 50-100 kg N/ha as fertilizer.
Effective management of legumes by farmers to optimize crop yield and to minimize the suppressive
effects of soil nitrate on nodulation and N2 fixation will ensure that the potential benefits of the
symbiotic processes are realized.
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Abstract

EFFECTS OF ROW SPACING AND N FERTILIZER ON N2 FIXATION OF GROUNDNUT, N TRANSFER TO
INTERCROPPED MAIZE AND CROP YIELDS.

A field experiment was conducted to examine effects of row spacing and nitrogen fertilizer on N2 fixation, N
transferred to the intercropped maize, (Zea mays, L.) and the yields of crops in cropping systems involving maize and
groundnut (Arachis hypogea, L.). The cropping systems involved were: (1) L,, one groundnut row between maize double
rows; (2) Lj, two groundnut rows between maize double rows; (3) l^, one groundnut row between maize single rows; (4)
L4, sole groundnut; and (5) M, sole maize. The rate of N fertilizer studied was 80 kg N/ha. Both with and without the
N fertilizer, L, produced not only the highest maize yield but also the highest total crops dry matter. Without the N
fertilizer, groundnut in L,, LI, Lj, and L4 gave percent N derived from fixation of 53, 63, 46 and 60, and of 22, 52, 31,
and 175 kg/ha of N2 fixed by the legumes, respectively. With the N fertilizer, the corresponding figures were 41, 44 and
34 percent and 14, 25, and 20 kg/ha for L,, Lj, and 1̂ , respectively. Quantities of fixed N2 estimated by Acetylene
Reduction Assay (ARA) and by N-Balance Method (MB) highly correlated with those estimated by the I5N isotope dilution
method. However, ARA generally gave higher figures than ID, especially in the cases of high N2 fixation whereas NB gave
higher figures than ID in the cases of low fixation and lower figures in the cases of high fixation. There was no evidence
to support transfer of fixed N from the legume to the intercropped maize in any of the systems. Without the N fertilizer,
L-2 gave smaller amount of N deficit due to cropping than Lt and L,. With the N fertilizer, the three systems were
comparable. Both with and without the N fertilizer, the three systems were comparable in their quantities of N returned
to the soil in stubbles. Taking these and crop yields into account, LI is the most recommendable intercropping system.

1. INTRODUCTION

Advantages of intercropping grain legumes to maize over cropping sole maize have been
demonstrated [1, 2, 3]. One of the main advantages was from nitrogen (N^) fixation by the
intercropping legumes that might supply N to the intercropped maize. The yields of the intercropping
legumes have been found to be decreased by N and NP fertilizers in some cases [1, 4]. This
depressive effect was presumably due to shading of the intercropped maize which is in turn enhanced
by fertilizers. Moreover, optimum rates of N fertilizer for maize have been shown to decrease N2

fixation of legumes [5]. Spacing between the intercropping legume and the intercropped maize may
therefore be expected to determine the yields, N2 fixation of the legume, and transfer of the fixed N
to the intercropped maize, since it determines the distance from the legume to N fertilizer applied for
the intercropped maize.
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This paper presents results of a field experiment conducted to examine effects of row spacing
of maize-groundnut intercropping systems and N fertilizer applied to the intercropped maize on: (1)
N2 fixation of the intercropping groundnut, (2) transfer of the biologically fixed N to the intercropped
maize, and (3) the yields of the component crops.

2. MATERIALS AND METHODS

2.1. Experimental site and design
A field experiment, using 15N-Dilution Technique [6, 7], was conducted at the National Corn

and Sorghum Research Center from June 9 to September 12, 1989. The soil was of Pakchong series,
Reddish Brown Lateritic Great Group (Oxic Peleustult) with a loamy clay texture, pH 4.6 (soil:
water, 1:1), 0.12% total N (semi-micro Kjeldahl method [8]), 113 ppm available P (Bray-II method
[9]), 210 ppm extractable K (NH4OAc extraction, pH 7.0).

A randomized complete block design with 8 treatments and 5 replications was used. The
treatments were: (1) NoL,, (2) N«^, (3) N^, (4) NJL,, (5) N0M, (6) N,L„ and (7) N,L2 and (8)
NjLj. NO represents no application of N fertilizer besides the basal N application (20 kg N/ha by
broadcasting and incorporating in the 8-10 cm surface soil over the entire plot); N1; application of
80 kg N/ha in addition to the basal fertilizer by banding 5-10 cm under soil surface between maize
and groundnut rows, 5-10 cm from maize row; L„ one groundnut row between maize double rows;
L2, two groundnut rows between maize double rows; L3, one groundnut row between maize single
rows; L4, sole groundnut; and M, sole maize. Plant rows were parallel to the shorter sides (7.50 m)
of the plots. In the systems with double-row maize, row spacings were 1.30 m between the centers
of double rows and 0.40 m within each double row. For L3, row spacing for maize was 1.00 m.
For the sole maize crop, row spacing was 0.75 m. In all of the systems involving maize, a spacing
of 0.25 m between hills of one plant was arranged. In all of the cases, spacings for groundnut were
0.40 m between rows and 0.125 m between hills of 3 plants. It may be noteworthy that sole maize
grown with the double-row spacing and that grown with 0.75 cm row spacing has been found
comparable in grain yield [10].

Each plot was divided into two isotope subplots (1.50 m x 4.50 m each) and one yield subplot
(6.00 m x 4.50 m), except the plots for N0M which were not divided. One of the isotope subplots
grew non N2-fixing groundnut as the reference crop and the other grew N2-fixing groundnut. The
yield subplots grew N2-fixing groundnut to provide crop yields and total N yields.

2.2. Soil preparation, basal fertilizers and UN labelling
One year prior to the experiment, maize cob crushed to pieces smaller than 3 cm was

incorporated into the soil at a rate of 2.0 t/ha in order to lower availability of N in the soil.
Urea at the rate of 20 kg N/ha (for facilitating 15N labelling of the soil), triple superphosphate

at the rate of 52.4 kg P/ha and ZnSO4 at the rate of 40 kg/ha were applied as basal fertilizers by
broadcasting and incorporating into the soil at planting.

In the isotope areas of L1? L^,, L,, and L4, urea with 5.048% )5N atom excess was applied,
instead of ordinary urea, by dissolving in water and then spraying onto the soil surface followed by
incorporating into the soil. The isotopes areas were 1.50 m x 3.00 m, 1.50 m x 2.25 m, 1.50 m x
3.00 m, and 1.50 m x 2.00 m for L„ l^, L,, and L4, respectively.

2.3. Crop varieties, rhizobia inoculation and harvest
Maize (var. Suwan-3) and groundnut (var. Thainan-9) were used. Non-nodulating groundnut

(var. Moket) was used as non-N2 -fixing legume. Groundnut seeds were coated with rhizobia peat
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inoculum using tapioca paste as sticker. The N2-fixing groundnut plants were found well nodulated
whereas the reference groundnut plants formed no nodule. Both maize and groundnut were harvested
on the same day at 95 days after planting when maize had just reached physiological maturity.

2.4. Acetylene Reduction Assay (ARA), analyses of total N and ^N/^N ratio
Acetylene Reduction Assay technique [ 11] was used to measure N2 fixation rate of the legume

at 3, 5, 7, 9 and 11 weeks after planting. Four sample groundnut plants were taken by digging out
the surrounding soil before pooling the plant so that loss of nodules was minimized. The root systems
were then immediately incubated in an air-tight 500-ml bottle containing air with 10% acetylene for
1 hour under groundnut plants. The reduced gas was transferred with a syringe into vacuum test
tubes for determination with gas chromatography.

Analysis of total N in plant samples was done by semi-micro Kjeldhal method [8]. The
digestion temperature was controlled at 360°C. 15N/14N ratios were measured with a JASCO N-150
emission spectrometer.

3. RESULTS

3.1. Dry matter and N yield
Without the N fertilizer, the intercropping groundnut did not significantly affect dry matter

(DM) and N yields of the intercropped maize in any type of row spacing, though it tended to increase
DM an N yields of maize in L, and tended to decrease DM and N yields in L^ (Figs. 1 and 3). The
N fertilizer generally increased DM and N yields of the intercropped maize. Maize in L2 was most
responsive to N fertilizer, suggesting competition for N between the two crops. DM and N yields
of the intercropping groundnut in all of the intercropping systems were only about 15-30% of those
of the sole groundnut system (L3) when the ^ fertilizer was not applied (Fig. 1 and 3). This was
presumably due partly to the lower population of the crop in the intercropping systems. The N
fertilizer markedly reduced DM and N yields of groundnut in L2 but did not significantly affect DM
and N yields of groundnut in Lt and L3, suggesting shading effect of the intercropped maize which
was more serious in L2 than in L[ and L2.

Comparison of DM of maize and groundnut from standard subplots (Fig. 2), with non N2-
fixing groundnut, for different systems revealed effects of intercropping groundnut, which were very
similar to those from plots grown with N2-fixing groundnut. This suggested that N2 fixation in
intercropping groundnut did not appreciably affect DM and N yields of the intercropped maize.

It may be noteworthy that all of the intercropping systems produced land equivalent ratios
(LER) of higher than 1.0 (Table II). Lt produced the highest LER.

3.2. %NdfA of groundnut
Without N fertilizer, percent N derived from fixation (%NdfA) of intercropping groundnut

(Fig. 4) were highest in 1̂  and lowest in L,. These suggested that the legume in Lj suffered shading
more than that in Lt and the legume in L^ competed with the intercropped maize for soil N more than
the legume in I^. Comparison between Lt and L4 suggested that the legume in L, also suffered
shading by the maize. The N fertilizer reduced %NdfA of all of the intercropping systems by 22-
30%. The negative effect was largest in 1̂  and smallest in L,, suggesting that the effect of N
fertilizer were through enhanced shading of maize on groundnut that was more serious in systems
with smaller distance between maize and groundnut rows.
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3.3. Quantity of N2 fixed in groundnut
Quantities of N2 fixed in groundnut aerial parts estimated by the 15N isotope dilution (ID)

technique (Fig. 4) showed that without the N fertilizer the legume in L2 fixed more N2 than the
legumes in Lt and Lj. The amount of N2 fixed per plant (Fig. 4) showed that this was due to higher
population and N2-fixing intensity of the legume. The amounts of fixed N, for intercropping systems,
were markedly reduced (34-52%) by the N fertilizer, especially those for L2.

The amounts of fixed N2 estimated by the 15N technique highly correlated with those estimated
by Acetylene Reduction A technique (ARA), with a conversion factor of 1.0, and with those by N-
Balance (NB) method (i.e., N yield for N2-fixing system minus N yield for non-N2-fixing system)
(Fig. 5 and 6). However, ARA generally gave higher figures than ID especially in the cases of high
N2 fixation. NB method gave higher figures than ID in the cases of low fixation and lower figures
in the cases of high fixation.

3.5. Assimilation of fixed N by intercropped maize
Assuming that the intercropped maize in the N2-fixing subplots and in the non-N2-fixing

subplots saw the same amounts of available N in soil, percent of N derived from fixation (%NdfA)
of maize in N2-fixing plots calculated using maize as reference crop may be used as an estimate of
fixed N assimilated by the intercropped maize. The %NdfA of all of the cropping systems, except
L2, were negative (Table I), suggesting that the intercropped maize of the standard (non-N2-fixing)
plot took up less N from the basal N fertilizer than that of the N2-fixing plot. This was in fact
supported by % fertilizer use efficiency (FUE) (Table 1). This further suggested that the %NdfA
were underestimates. In the case of L2, the %NdfA was +1.0 and %FUE of maize in standard
subplot was higher than that in N2-fixing subplot. This suggested that the %NdfA obtained in this
case was an overestimate. These indicated that no N fixed by the intercropping legumes was
transferred to the intercropped maize. The effects of groundnut on the intercropped maize mentioned
in the preceding section also support this.

350

300

250

Fixed N
by AR

y = 11.8+1.18x
r = 0.92** y = x

50 100 150
Fixed N by ID

200 250

FIG. 5. Relationship between the amount of N fixed (kg/ha) as measured by the ISN dilution technique
(ID) and the acetylene reduction technique (AR).
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100 -

50

y = 20.8+0.48x
r = 0.84**

y = x

50 100 150
Fixed N by ID

200 250

FIG. 6. Relationship between amount of N fixed (kg/ha) as measured by the 1SN isotope dilution
technique (ID) and the N-balance method (NB).

TABLE I. FERTILIZER USE EFFICIENCY (FUE, %) OF THE N FERTILIZER IN N2-FIXING
AND NON-N2-FIXING SUB-PLOTS AND THE % NDFA FOR MAIZE IN THE N2-FIXING
SYSTEM

FUE of maize (%)
Treatment

Fs Nfs
%Ndfa

N0L,
N0L,
N0L,
N,L,
N.L,
N.L,

%CV

28"
19b

2T
31*
34"
34»

19.6

22*
24a

25"
25*
27"
24"

21.2

- 7.6"b

+ 1.0"
- 0.4ab

-12.1bc

-22.7e

-12.5*

106.5

Fs = N2-fixing sub-plot; Nfs = non-N2-fixing sub-plot.
Values in a column with the same letter are not significantly different (P<0.05).

3.6. Changes in N in soil due to cropping
Changes in amounts of N by crops (dN) were calculated as: dN = NdfA - Ncg - N^; where

NdfA, Ncg and N^ were amount of N fixed by groundnut (estimated using the ID method), amount
of N in maize grain, and amount of N in groundnut pods, respectively.

Since loss of N from a plot can be minimized by harvesting only maize grain and groundnut
pods, leaving maize and/or groundnut stubbles for incorporating into the soil, dN may be used to
estimate change in the amount of N in the soil as a result of cropping. The obtained calculated dN
(Table II) showed that all of the cropping systems resulted in loss of N (giving negative dN) both
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TABLE II. N IN MAIZE AND GROUNDNUT STUBBLE, CHANGE OF N DUE TO CROPPING,
AND LAND EQUIVALENT RATIO AS AFFECTED BY CROPPING SYSTEMS AND N
FERTILIZER

N, dN LER
Treatment

kg/ha

N.LL
NJL,
N0L3

N0L4

N0M
N,L,
N.L,
N,L3

43.3d

47.4^
47. 1*
58.8°
32.2e

56.2abc

57.7ab

53.3abcd

-55"
-36"
-50b

-53*
-38C

-72"
-73"
-77a

i.35
1.10
1.21

-
-
-
-

"
%CV 22.1 13.1

N, - Nitrogen in stubble; dN = (total fixed N) - (N in maize grain) - (N in groundnut pods);
LER = Land equivalent ratio.
Values in a column with the same letter are not significantly different (P<0.05).

without and with the N fertilizer. Without the N fertilizer, Lj and M (Table H) produced lower loss
than L,, L, and L4. However, with the N fertilizer, the three intercropping systems were comparable.

Since crop stubble are usually not removed from the plot but incorporated into the soil,
amount of N present in stubble may be used for estimating comparative effects of different cropping
systems on N status of the soil in the succeeding growing season. Total amounts of N presented in
stubbles of maize and/or groundnut in different cropping systems suggested that the N status would
be lowest in plots grown with sole maize and highest in plots grown with sole groundnut without N
fertilizer. The three intercropping systems were comparable in the N status.

4. DISCUSSION

Results of the present experiment showed that a closer row spacing between the intercropped
maize and the intercropping groundnut would enhance competition for N in the soil between the two
crops which in turn increased the intensity of N2 fixation of the legume. A closer row spacing would
also enhance shading by the intercropped maize which, on the other hand, might decrease the intensity
of the N2 fixation and the growth of the legume. Application of N fertilizer between the cereal and
the legume rows would decrease the amount of N2 fixed per unit area through inhibitory effect of the
applied N on N2 fixation and enhanced shading of the cereal on the legume. The depressive effects
of shading as well as of N fertilizer on N2 fixation are supported by data of other workers [13-16].

The lack of transfer of N2 fixed by the intercropping legume to the intercropped maize are
in agreement with the findings of Henzell and Valus [17]. However, data supporting such transfers
have also been reported by other workers [15, 18]. It is thought that the transfer of N fixed by a
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legume to the intercropped maize would occur only when the soil is very low in N. The yields of
maize of the present experiment indicated that N status of the soil was moderate. This suggested that
the lack of transfer of fixed N was a result of high N status of the soil.

The beneficial effects of the legume on the intercropped maize obtained from L, in the present
experiment, in spite of lack of transfer of N fixed by the legume to the intercropped cereal, might be
to some extent a result of higher soil moisture supply enhanced by the intercropping legume. It is
known [19] that intercropping legume to maize reduces evapotranspiration.

5. CONCLUSIONS

From the present experiment, the following conclusions may be drawn:

(1) L! produced not only highest maize grain but also highest total crop dry matter,
regardless of N fertilizer.

(2) Lj was highest in both quantity and intensity of N2 fixation as compared with L^ and
L3.

(3) There was no clear evidence supporting transfer of N from the intercropping
groundnut to the intercropped maize.

(4) L!, L2 and L3, both with and without the N fertilizer, were comparable in the
amounts of N to return into the soil as crop residues. Without the N fertilizer, these
systems gave lower figures than L, but higher figures than M, suggesting that the
intercropping systems would be more effective than sole maize but less effective than
sole groundnut in sustaining N status of the soil.

(5) Considering the crop yields in conjunction with sustainability of soil N-status, Lj is
the most recommendable intercropping system.
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Abstract

STUDIES ON GENOTYPIC DIFFERENCES IN NITROGEN FIXATION IN GROUNDNUT (Arachis hypogaea) AND
SOYBEAN (Glycine max) IN VIETNAM.

Varietal differences in nodule mass and dry matter production of groundnut (Arachis hypogaea) and soybean
(Glycine max) varieties were determined at flowering stage. Results of these studies have shown a high variability for traits
linked with nodule mass and dry matter production. Aetylene reduction assays made at the flowering stage demonstrated
significant varietal differences in biological N2 fixation among bred lines and mutants induced from Senlai groundnut variety
and V70 soybean cultivar, respectively. The 13N isotope dilution technique was used for screening for differences in N2

fixation ability of groundnut and soybean varieties in a greenhouse. The results indicate that the %Ndfa values as measured
using an upland rice cultivar "CH1" as a reference crop were high for some groundnut and soybean cultivars.

1. INTRODUCTION

After rice, legumes such as groundnut (Arachia hypogaea) and soybean (Glycine max) are
important crops in Viet Nam where soils are highly deficient in N [9]. Chemical N fertilizers are
often scarce and their input is becoming a considerable burden to farmers in developing countries.
Therefore considerable interest has developed amongst plant scientists and agronomists to find ways
by which efficiency of biological processes such as N2 fixation could be maximized in order to reduce
the use of chemical fertilizer and at the same time increase and sustain yields of soybean and
groundnut [5, 7, 8].

Differences in biological nitrogen fixation have been observed in many species, including not
only legumes but also non-nodulated plants such as rice, maize, etc. [4-8, 10]. At present, Viet Nam
is focusing research on legumes, with emphasis on aspects of N2 fixation, to sustain food production
and soil fertility in general. Up to now there has been very little research on nodulation and N2

fixation of legume cultivars in Viet Nam. However, as an initial step, the studies on genotypic
differences in biological nitrogen fixation of groundnut and soybean have been carried out and some
of these results are reported here.
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2. MATERIALS AND METHODS

2.1. Plants
Seeds (non-sterilized) of groundnut and soybean cultivars were germinated and the plants were

grown under field conditions.

2.2. Experimental design
The sandy loam soil was taken from the field of Khuong Dinh village and prepared as

previously described [5, 6]. The soil was moistened by addition of a solution of 15N labelled
(NH4)2SO4 (46,6% atom excess) at the rate of 60 mg N/kg soil"1. The earthenware pots contained 3
kg of soil. Five seedlings were planted in each pot. They were all kept in a greenhouse with a
day/night temperature (natural) of about 18-35°C. An upland rice named "CH1-NG90" served as a
reference crop for groundnut, and "CH1-NG92" for soybean, respectively. The plants were
periodically supplied with water until harvest.

The field experiment was conducted in the spring season of 1992 at Co Nhue village (Gia
Lam district, outside Hanoi) 20 km west of the station. Soil was a sandy loam with a pH = 6.5.
Fertilizer was applied at the rate of 30 kg N, 60 kg P2O5, and 20 kg K2O/ha as a basal dressing.
Groundnut and soybean seeds of five bred and mutant lines of each of the legumes were sown in
plots. The experiment consisted of a complete randomized design with 4 replicates. Water supply
and pest control were maintained as required.

2.3. N content determination and isotope analysis
After drying at 60°C for three days, the plant samples from the greenhouse were milled.

Nitrogen contents were determined by the Kjeldahl method [2]. Nitrogen-15 determinations were
measured by using an emission spectrometer (Model N-150, Jasco, Ltd.) [4, 6]. The percent of N
derived from atmosphere (%Ndfa) was calculated from the following equation:

%Ndfa = (1 - N~15 atom excess 0/-fo""g cr°P ) x 100
N -15 atom excess of reference crop

2.4. Acetylene reduction assay (ARA) for nitrogenise activity
At flowering, acetylene reduction assay (ARA) of nodulated roots in the field experiments

were carried out by using a mixture of 10% acetylene and 90% air [3]. The nodules were incubated
for 3 hours. During this period 0.5 mL gas samples were taken 1, 2 and 3 hours after acetylene
injection. Ethylene produced was detected by gas chromatography (Pye Unicam Ltd, Cambridge,
England) with a H2-flame ionization detector and N2 gas as the carrier. ARA of nodulated roots
represented the nitrogenase activity of plants and has been calculated as previously done [1 , 5] .

3. RESULTS

3.1. Nodulation and dry matter yield
The nodule parameters especially nodule weight of groundnut and soybean were related to the

dry matter yield of plants (Tables la and Ib). In the experiment where the field was not fertilized,
the parameters associated with nitrogenase activity have been estimated, including varietal differences
in ARA, nodule mass/main root, nodule dry weight, dry matter of plants, and dry weights of roots.
It has been possible to establish correlations between some parameters. They are:
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TABLE la. NODULE PARAMETERS OF GROUNDNUT CULTIVARS AT FLOWERING STAGE
(SPRING SEASON, 1992)

Lines or strains

UPL-PN2
HB5
K448916
C75/16
DB6(M)
K395
CT2-V79
K1026
4498-1
329
332
CDH
NN2
NN1

CV005

Nodule mass
(number/plant)

60
55
57
64
52
48
70
54
80
108
68
115
78
95

35

TABLE Ib. NODULE PARAMETERS
(SPRING SEASON,

Lines or strains

12-07
18-25
MT-42
93-21
58-25
AK-03
15-12
CHB
XBH
MT-41
VX-93
52-06
DT-76
DT-84
DT-83

CV005

1992)

Nodule Mass
(number/plant)

13
12
17
19
18
16
16
21
24
16
17
30
14
41
39

10

Nodule weight
(g/plant)

0.15
0.18
0.10
0.21
0.12
0.16
0.16
0.18
0.18
0.20
0.24
0.25
0.30
0.35

0.10

Proportion of nodule to
total dry matter (%)

6.39
7.75
8.09
8.21
8.14
9.15

10.16
9.78
8.34
7.56
10.21
9.18

10.34
10.28

4.25

OF SOYBEAN CULTIVARS AT FLOWERING STAGE

Nodule weight
(g/plant)

0.09
0.12
0.14
0.15
0.17
0.19
0.19
0.19
0.21
0.21
0.23
0.30
0.30
0.35
0.39

0.09

Proportion of nodule to total
dry matter (%)

0.30
0.49
0.50
0.66
0.72
0.76
0.79
0.85
0.80
0.81
0.89
1.11
1.24
1.09
1.27

0.18

(i) partial correlations between:
nodule mass and plant dry matter;
nodule mass/main root and nodule weight;
nodule mass/main root and dry weights of roots.
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(ü)

The correlations (r) ranged from 0.75 to 0.85.

ARA of different lines and varieties at heading was also highly positively correlated with the
nodule weight and dry weight of roots.

3.2. Genotypic differences in nitrogen fixation
Laboratory AR assays were made for measuring N2 fixation of groundnut and soybean

varieties under field conditions. ARA (nmol C2H4/plant/h) of bred lines and mutants induced from
Senlai groundnut variety ranged from 4601 in 322-1(M) mutant to 9731 in G2(F) bred line. At the
same time ARA value of Senlai parent variety was 5398 (Table Ha). The analysis also indicated that
the variation among lines was highly significant. The same picture was observed in soybean lines and
mutants induced from V70 cultivar (Table lib). It has been demonstrated that the ARA of bred lines
or mutants were higher by 2 or 3 times compared with the parent Senlai and V70 varieties. The
%Ndfa calculated from 15N data showed that N2 fixation of groundnut and soybean cultivars grown
under the greenhouse conditions were relatively high. The values were 63% and 79% for Senlai
groundnut variety and for AK(05)-R soybean variety, respectively (Tables Ilia and IHb). These data
show that there are substantial differences in the abilities for N2 fixation among bred lines and mutants
of soybean and groundnut.

TABLE Ha. NODULE PARAMETERS OF INDUCED MUTANTS OF SENALI GROUNDNUT
CULTIVAR AT FLOWERING STAGE

Mutants (M)
or

Bred lines (F)

322-1 (M)
330-5 (M)

Gl (F)
02 (F)
Senlai

Number of
nodules/plant

22 ± 2
58 ± 5**
25 ± 3.
60 ± 4**
32 + 2

Nodule dry
matter

(g/plant)

0.31 ± 0.01
0.55 ± 0.05**
0.28 ± 0.03
0.50 ± 0.04**
0.30 ± 0.02

Plant ARA
(nmol C2H4/plant/h)

4601 ± 176.25
8427 ± 138.54*
5564 ± 125.21
9731 ± 168.52**
5398 ± 132.16

Significant at P < 0.01** and 0.05* levels using Duncan's multiple range test

TABLE lib. NODULE PARAMETERS OF INDUCED MUTANTS OF V70 SOYBEAN
CULTIVAR AT FLOWERING STAGE

Mutants (M)
or

Bred lines (F)

A64-1 (M)
A103- (M)
MV1 (F)
MV2 (F)

V70

Number of
nodules/plant

62 ± 3
98 ±4*
128 ± 2
132 ± 5**
82 ± 4

Nodule dry matter
(g/plant)

0.25 ± 0.01
0.42 ± 0.05*
0.54 ± 0.07
0.48 ± 0.02*
0.34 ± 0.02

Plant ARA
(nmol C2H4 /plant/h)

2015 ± 98.32
5131 ± 121.18*
6889 ± 105.25
7582 ± 135.47**
2463 ± 102.16

Significant at P < 0.01** and 0.05* levels using Duncan's multiple range test
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TABLE m a. NODULE NUMBER, PLANT N CONTENT AND N FIXED
BY GROUDNUT

Strains

Senlai
TX-3
N2(G)
329 (FM)
DB6(M)
CH1-NG90

Number of
npdules

38
32
30
29
25
-

Plant N
content

(rag/plant)

90.28 a
76.37 b
70.34 c
65.57 d
62.03 d
30.32 f

15N dilution
(% a.e.)

7.968 f
15.314 e
16.264 d
18.618c
19.037 b
2 1.328 a

Ndfa*
(«)

62.68
27.98
23.42
14.40
10.36

-

Ndfa(%) = Percent N derived from atmosphere.
Vakues in a column followed by the same letter are not significantly different (P<0.05).
CHI-NG90 = Reference crop.

TABLE Hlb. NODULE NUMBER, PLANT N CONTENT AND N FIXED
BY SOYBEAN

Strains

AK(05)-R
F-366
M 103
MVK9
V70
CH1-NG92

Number of
nodules

52
49
41
39
36

~

Plant N
content

(mg/plant)

115.00 a
93.96 b
88.58 c
86.23 c
65.90 d
28.46 e

15N dilution
(% a.e.)

4.041 f
13.842 e
15.634 d
16.388 c
17.221 b
19.002 a

Ndfa (*)
(«)

78.85
27.54
18.16
14.21
9.85

~

Ndfa(%) = Percent N derived from atmosphere.
Vakues in a column followed by the same letter are not significantly different (P<0.05).
CHI-NG90 = Reference crop.

4. DISCUSSION

The legume-Rhizobium symbiosis is a complex interaction of a host, microsymbiont and the
environment. It has been shown that the variation in initial root infection and nodule induction and
their function are commonly associated with polygenic inheritance [7]. The data reported here show
that there is considerable genotypic variation among soybean and groundnut varieties in their capacity
for nitrogen fixation as assessed by ARA, %Ndfa and other nodule parameters. These confirm the
previous observation in screening experiments as well as in other breeding programmes which
involved hybridization or induction of genes which are responsible for high N2 fixation. Legume N2

fixing activity is a very mobile character dependent on the environment. In order to study
differences, an accurate estimate of the capacity for N2 fixation must first be made. In this regard,
the !5N isotope dilution techniques has proved invaluable as it provides a reliable cumulative estimate
of the N2 fixed over an entire growing season. However, the accuracy of the method depends largely
on the selection of an appropriate reference crop. In this study, it appears that the upland rice
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varieties used performed well as reference crops as they met the following requirements [4]: (i) the
upland rice varieties used did not themselves fix nitrogen as determined by ARA, (ii) the rooting
depths of both reference and fixing crops were similar, i.e., they derived labelled fertilizer N form
the same soil, (iii) both reference and fixing crops have a similar growth duration. These rice varieties
can therefore be recommended as suitable reference crops for future N2 fixation studies using the 15N
isotope dilution technique.

While identification of varieties of grain legumes for high potential for N2 fixation is well
recognized in terms of reducing fertilizer inputs and increasing soil fertility, it is also important to
develop the yield potential of such varieties unless they are already high yielding. In this regard, we
recommend that any attempts for breeding high nitrogen fixing legumes should also consider the
aspect of yield potential as this is the final economic parameter the farmer would be primarily
interested in.
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Abstract

ENHANCED BIOLOGICAL NITROGEN FIXATION OF SOME MUNGBEAN GENOTYPES.
Nitrogen fixation potential of fifteen mungbean genotypes under acid and limed soil conditions was assessed in

a pot experiment using soil previously labelled with 15N. Nodule number, dry matter yield, the %Ndfa and N-fixed differed
among mungbean varieties and soil treatments. L5N methodology differentiated the N-fixation ability of the range of
genotypes tested. Mungbean varieties M82-6-8, PAEC 3, Pagasa 3, M79-25-106, Ace 638 and Taiwan Green belong to
the group which showed good biological nitrogen fixation potentials. Liming increased dry matter yield and other
parameters related to nitrogen fixation except the %Ndfa and N-fixed. Cotton, wheat and non-nodulating soybean were
equally suitable as non-fixing reference crops.

1. INTRODUCTION

It is often difficult to obtain high yields of most upland crops specially legumes in acidic soils.
This can be attributed to the occurrence of one or more of the acid soil infertility factors that limit
the growth and yield of crops. The constraints to production in acid soils vary from toxic levels of
aluminum, iron and manganese to deficiencies in phosphorus, calcium, magnesium, potassium and
other micronutrients. Reduction in yield of high yielding cultivars of mungbean, peanut and soybeans
in strongly acidic soils even when adequately fertilized, irrigated and protected from pests suggest that
the cultivars are sensitive to one or more of the nutritional constraints. For example, soil fertility
experiments in the Philippines have shown yield depressions of 79% for soybean and mungbean and
30% for peanut (Samonte and Ocampo, 1977; Samonte, 1985; Layug, 1979). Thus, the NPK
fertilization practices of farmers may not be a sufficient strategy to improve and sustain the
productivity of extensive acid soils.

The selection or development and growing of crop varieties that are tolerant to very strongly
acidic soil conditions is an important and practical alternative strategy. Varieties with greater acid
tolerance and higher yields can withstand the adverse soil conditions more effectively resulting in
reduced lime requirement and improved or efficient utilization of soil and fertilizer nutrients.
Furthermore, acid tolerant genotypes can be grown by farmers with limited financial resources and
low-cost inputs to achieve higher yields and sustained productivity on acid soils.

The 15N isotope dilution technique was applied in this study to quantify nitrogen fixation using
different reference crops. The main objective of this investigation was to identify mungbean cultivars
with high nitrogen fixation potential in acid or limed soil.
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2. MATERIALS AND METHODS

2.1. Experimental layout
Preliminary screening of 15 mungbean genotypes for N2 fixation ability in acid and limed soils

was conducted in a greenhouse using soil from a previous 15N field experiment at the Rizal College
of Agriculture and Technology (RCAT), Tanay, RLzal. Soil from the test site (pH 4.6) was dug to
a depth of 30 cm, passed through a 10 mm screen, mixed and weighed. Lime was added to half of
the total bulk soil to raise the pH to about 6.5. The bulk soils were alternately mixed, watered and
air-dried for one month before putting into individual pots. A total of 108 pots (54 each for the acid
and limed treatments) were filled with 5 kg of soil each.

Fifteen mungbean genotypes and three non-fixing reference crops in two soil treatments
replicated three times in a factorial randomized complete block design (RCBD) were used in the
experiment (Table I). Acid tolerant Rhizobium inoculant was applied to all treatments.

2.2. Plant sampling
Plants were harvested at early pod filling stage, 42 days after planting. They were cut 1 cm

above ground level cleared of adhering soil, oven-dried at 70°C for 48 hours and weighed. The root
systems were washed free of soil and the nodules were collected, counted and weighed after oven-
drying at 70°C for 48 hours. Composite tissue samples of leaves, stems and pods (5 g) were
prepared and sent to the IAEA Laboratory in Seibersdorf, Austria, for total N and 15N analyses.

Total N content (N yield in kg/ha) was calculated from %N and dry matter yield data.
Percent nitrogen derived from atmosphere (%Ndfa) and N-fixed (kg/ha) were estimated as follows:

TABLE I. CHARACTERISTICS OF MUNGBEAN CULTIVARS USED

Variety No.

VI
V2

V3

V4

V5

V6
V7

V8

V9

V10

Vll

V12

V13
V14

V15

Name Characteristic

Pagasa 3 Recommended variety
Pagasa 5
Pagasa 7
PAEC 3

Taiwan green

M79-17-91 Acid tolerant line

M79-25-106

M82-22-2

M82-6-8

M79-22-165

M79-20-124

Ace. 658 Good N2 fixing accession
Ace. 638
Ace. 2041 Poor N2 fixing accession

Ace. 71
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%Ndfa = ! - ( • % JV-15 atom excess of legume
% N-15 atom excess of reference crop

) X 100

N fixed =
JLUU

X N yield

Data were summarized by analysis of variance and comparison of treatment means by
Duncan's Multiple Range Test (SAS, 1985).

3. RESULTS AND DISCUSSION

The performance of 15 mungbean cultivars varied significantly in terms of nodule number,
nodule weight, dry matter yield, nitrogen yield, and other expressions of biological nitrogen fixation
(Table II). The effect liming is summarized in Table III. Liming significantly increased shoot dry
weight, nodule number per plant, dry matter yield, percent nitrogen in the tissues and nitrogen yield.

TABLE II. NODULE NUMBER, NODULE WEIGHT, DRY MATTER YIELD, NDFA AND N FIXED BY
DIFFERENT MUNGBEAN CULTIVARS

Variety

M82-6-8
PAEC3
Pagasa 3
M79-25-106
M79-22-165

Ace 638
Taiwan Green
M79-17-91
M79-20-124
M82-22-2
Ace 2041
Pagasa 5
Ace 658
Pagasa 7
Ace 71

Nodule
Number

29.67 a
28.37 a
27,36 a
26.87 ab
26. 12 ab
25.33 ab
24.74 ab

24.38 ab
22.54 abc
19.58 abc
19.50 abc
18.79 abc
17.75 abc
14.79 bc
12.21 c

Nodule
Weight

45.03 a
43.67 a
44.24 a
40.87 ab
31. 17 abed
39.33 ab
42. 14 ab
33. 14 abed
35.67 abc
26.25 bed
22.18 cd
28.42 abed
19.37 cd
20.83 cd
18.57 d

Dry Matter
Yield
(kg/ha)

520.50 bed
575.00 ab
522. 17 bed
670.00 a
436.67 cd
545.00 bc
595.00 ab
493.33 bed
418.33 de

485.00 bed
479.50 bed
555.67 b
318.33e
590.00 ab
416.67 de

N Yield
(kg/ha)

18.73 bcde
21. 85 ab
17.13bcdef
23.64 a
16.78 cdef
19.91 abcd
21.53 abc
16.24 def
14.47 ef
16.07 def
17.70 bcde
18.54 bcde
12.35 f
21.41 abc
14.75 ef

Ndfa
(%)

47.95 abc
47.74 abc
42.24 abcd
49.40 ab

44.28 abcd
49.95 a
44.55 abcd
34.60 d
37.37 bed
40.16 abcd
38.14 abcd
39.91 abcd
36.90 cd
40.03 abcd
34.50 d

N-fixed
(kg/ha)

9. 15 abcd
10.41 ab
7.57 abcde

11.37 a
7.16 abcde
9.73 abc
9.73 abc
5.79 cde
5.03 de
6.88 bcde
6.76 bcde
7.38 abcde
4.64 e
8.38 abcde
5.29 de

Means followed by the same letter are not significantly different at 5% level by DMRT.
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TABLE III. COMPARISON OF DRY MATTER YIELD AND OTHER PARAMETERS
RELATED TO BIOLOGICAL NITROGEN FIXATION IN SEVERAL MUNGBEAN
VARIETIES GROWN EITHER IN ACID SOILS OR LIMED SOILS

Parameter

Nodule number
Nodule weight
Dry matter yield
Percent total N
Percent 15N
Nitrogen yield
%Ndfaa

%Ndfab

%Ndfa°
roNdfa"
Nitrogen fixed (kg/ha)e

Acid soil -

18.3
35.2

488.0
3.5
0.05

16.90
59.71
61.25
60.25
60.40
10.44

Limed soil

26.7
30.3

528.4
3.6
0.07

19.23
25.29
24.57
20.04
23.30

4.96

Significance of
F-value

Significant
Not significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant
Significant

" Reference crop = wheat; b Reference crop = cotton;c Reference crop = non-nodulating
soybean; d Mean of three reference crops; e Mean of three reference crops

3.1. Nodule number
Nodule number ranged from 12.2 in Ace 71 to 29.6 in M82-6-8. However, despite the wide

range in values observed, only the first 3 cultivars, (M82-6-8, PAEC 3 and Pagasa 3) are significantly
different from the last two cultivars (Pagasa 7 and Ace 71). This is attributed to the high coefficient
of variation for nodule number per plant (CV = 39%). Liming the acid soil significantly increased
nodule number per plant (from the mean value of 18.3 to 26.7) as shown in Table III.

3.2. Nodule weight
Nodule weight (mg/plant) was significantly influenced by cultivars. M82-6-8 which exhibited

a higher nodule number per plant together with Pagasa 3 and PAEC 3 also gave the highest nodule
weight per plant while Ace 71 was consistently the lowest. Only the first 3 cultivars (M82-6-8,
Pagasa 3 and PAEC 3) significantly differed from the lowest 5 genotypes (M82-22-2, Ace 2041,
Pagasa 7, Ace 658 and Ace 71) despite the wide range of values observed (18 to 45 mg/plant).
Liming, on the other hand failed to significantly increase nodule weight (Table III).

3.3. Dry matter yield
Mean dry matter yield ranged from 318 kg/ha to 670 kg/ha but the order of increasing dry

matter yield appeared to be independent of nodule number or nodule weight except a few genotypes
which consistently showed low values of the parameters measured (e.g. Ace 71 and Ace 658). M79-
25-106 gave the highest dry matter yield but was only intermediate in nodule number and nodule
weight. Liming, on the other hand, significantly increased mean dry matter yield from 488 kg/ha to
528 kg/ha.

3.4. Percent nitrogen
Nitrogen content (%) was significantly influenced by cultivars and lime treatment. The

cultivar with the lowest dry matter yield (Ace 658) also gave the highest nitrogen content. The values
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for each cultivar were only a small fraction different from each other so that only the cultivars with
the highest value (Ace 658) gave significantly higher percent nitrogen from the last 6 genotypes in
addition to a few more groupings. Liming also significantly increased nitrogen content from 3.46%
to 3.64% (Table III).

3.5. Nitrogen yield
Nitrogen yield is the product of dry matter yield (kg/ha) and percent nitrogen. Table II shows

the differences among cultivars in terms of nitrogen yield while the effect of liming the acid soil on
nitrogen yield is shown in Table HI. Very few cultivars exhibited differences in nitrogen yield. M79-
25-106 gave the highest nitrogen yield while Ace 658 gave the lowest. The position of Ace 658 in
the ranking of cultivars indicate the greater influence of dry matter yield (which was lowest for Ace
658) than of percent nitrogen. The dry matter yield of Ace 658 was less than half that of M79-85-106
while the difference in percent nitrogen is only 0.3% (3.89% for Ace 658 vs 3.50% for M79-25-106).

3.6. Percent nitrogen derived from atmosphere (%Ndfa)
The computation of %Ndfa using different reference plants differed with one another.

However, wheat and cotton gave almost the same values but both these were higher than those
calculated using non-nodulating soybean. The general trend for %Ndfa is similar regardless of the
reference crop (wheat, cotton and non-nodulating soybean). The lowest was by Ace 71 which was
also the genotype with lowest nodule weight and nodule number per plant and one but the lowest in
dry matter yield.

Ace 638 showed the highest value of Ndfa followed by M79-25-106, an acid tolerant variety,
but significantly different only from lines M79-20-124, Ace 658, M79-17-91 and Ace 71 (Table III).
Liming did not improve the Ndfa. This could be attributed to greater availability of soil N from the
limed soil compared to acid soil. It could also be coupled with the specific interaction of the
Rhizobium strain used in this experiment. This result needs further investigation.

Mean values for %Ndfa were significantly higher in the unlimed than limed treatment (Table
III). Using the mean %Ndfa calculated from the three reference crops, it would appear that the first
11 cultivars were not significantly different from each other. Ace 638 gave mean %Ndfa values
significantly higher than the last 4 genotypes (M79-20-124, Ace 658, M79-17-91, and Ace 71).

3.7. Nitrogen fixed (N-fixed)
Liming the acid soil significantly decreased N-fixed from 4.9 kg N/ha to 10.4 kg N/ha (Table

III). Mean N-fixed (based on mean of 3 reference crops) ranged from 4.6 to 11.4 kg N/ha (Table
III), the lowest by Ace 658 and the highest by M79-25-106 (Fig. 1). Despite the wide range in
values, nitrogen fixed by M79-25-106 was not significantly different from 10 other cultivars and was
significantly different from 4 cultivars only, namely M79-17-91, Ace 71, M79-20-124 and Ace 658.
Ace 658 consistently gave the lowest value as in other parameters (Table II). Apparently, correction
of soil acidity was not sufficient to improve growth and other parameters related to nitrogen fixation
in Ace 658.

4. SUMMARY AND CONCLUSIONS

Biological nitrogen fixation of 15 mungbean cultivars was studied in a greenhouse experiment
conducted in October 1991 to identify cultivars with a high ability to fix atmospheric nitrogen in acid
soils.

I l l



NfixedBSoil+fertN

12 11 15 8 6 10 1 14 2 9 13 3 5 4 7
Mungbean varieties

FIG. 1. Genotypic differences in the amout of N2 fixed in mungbean.

Liming increased dry matter and nitrogen yields but not the %Ndfa and the amount of
nitrogen fixed. The data also shows that the nodules were about the same size so that cultivars with
more nodules had a higher total weight of nodules. These cultivars also had a higher %Ndfa and
higher amounts of nitrogen fixed. Cultivars M82-6-8, PAEC 3, PAGASA 3, M79-25-106, Ace 638
and Taiwan Green are examples of this category.

Although the variances for cultivars in the %Ndfa and the amount of nitrogen fixed were both
statistically significant, the high coefficient of variation in both cases prevented a sharper
differentiation among the fifteen cultivars with respect to these parameters. The reduction in the
coefficient of variation through improvement of experimental technique should result in better
evaluation of these cultivars with respect to their relative efficiencies in fixing nitrogen from the
atmosphere.
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Abstract

MANAGEMENT OF BIOLOGICAL PROCESSES IN ALLEY FARMING: NEED FOR MORE RESEARCH.
Alley fanning involves the integration of trees, managed as hedgerows, within cropping systems. Research has

shown that the system is highly stable and sustainable. The trees act within the system both as a nutrient pump and nutrient
source, ensuring the constant injection of nutrients and their efficient cycling within the system. Nitrogen-fixing trees have
a great capacity for maintaining soil fertility and sustainability in such systems, because of biological nitrogen fixation and
its contribution to soil fertility. Some tree species such as Leucaena leucocephala, Glirlcidia sepium can fix as much as
200-300 kg N/ha/year while others such as Faidherbia albida may fix only one tenth. Senna siamea and S. spectabilis do
not fix N2. Nitrogen input from prunings of nitrogen fixing trees to alley fanning systems is high but its use efficiency by
an associated crop is low (10-30%). It may be that not enough is known of the basics of the biological processes to improve
N use efficiency in alley cropping. This paper calls for increased research into such processes using precise and appropriate
methodologies such as isotope aided techniques.

1. INTRODUCTION

\

Evidence of trees which improve soil productivity and crop yields and enhance cropping
sustainability has been shown in a number of cropping systems. The central role played by trees in
shifting cultivation or bush/fallow rotation system is the most widely known of such systems. Planted
fallow, preferably with leguminous shrubs, is another means of restoring soil fertility. This has been
practiced traditionally by several ethnic groups in Africa [9] but the system needs to be improved in
view of the increasing land shortage which allows only short fallow periods.

Two farming systems in which trees have traditionally been scattered in the cropland are
frequently being cited as systems in which trees sustain productivity of associated crops (through
improvements in soil fertility): (a) Faidherbia albida with peanut and millet associations in the Sahel
[10, 17, 21]; (b) Prosopis cineraria and pearl millet associations in the semi-arid and arid zones of
India [17, 'l8, 21].

One other system which is receiving increasing attention is the alley cropping system by
which legume trees or shrubs are established in hedgerows within cropping fields [14] . The shrubs
or trees are pruned periodically during the cropping season to prevent shading and to provide green
manure for the companion food crop, firewood and staking materials. There is now some ongoing
research in alley farming and a growing number of completed results [15, 19]. However, too much
emphasis has been placed on a pragmatic approach of "try it and see if it works" rather than a basic
understanding of the processes involved . This is illustrated by alley cropping experiments on species
and spacing designs, in which results are evaluated solely in terms of crop yields, without monitoring
changes in the soil. This leads to results which can not be extrapolated or manipulated. For
example, although N2 fixation by trees plays a key role, almost nothing is known on what affects it,
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and what trees actually fix N2, how much and how we could manage N2 fixation more effectively.
Little information exist on how and the rates at which these trees change soil properties.

The basic understanding that is needed in this field is the mechanisms by which trees improve
the soil. The thesis in this paper is that the issue has not received enough attention and conventional
non isotopic methods used so far have serious shortcomings in field conditions. Techniques such as
15N dilution method and the use of UC and 15N natural abundance have a particular attraction with
perrenials but these have to be developed. This paper briefly discusses quantification and contribution
of some biological processes in alley cropping and suggests issues which still require research
attention.

2. NITROGEN FIXATION IN TROPICAL TREES

Until recently, few studies have been conducted on the examination of root nodules (Alien
and Alien, 1981) and the magnitude of atmospheric N2 fixed by different Rhizobiwn orFrankia strains
in trees. To maximize the contribution of this natural and inexpensive source of N in tree-based
systems such as agroforestry, reliable methods are needed for quantifying biologically fixed N2 in
trees.

Nitrogen-15 techniques have been suggested in many studies to be the most reliable method
for quantifying N2-fixed [7,8]. These 15N techniques are particularly useful in that unlike many
others, they can at a single harvest, measure the separate and integrated amounts or proportions of
soil, fertilizer and atmospheric N2 assimilated in field-grown crops.

The 15N substratum labelling techniques were first used to estimate N2 fixed in pasture and
grain legumes. Experience gained from grain and pasture legumes would therefore be valuable for
extending this technique to trees. This would involve the selection of suitable reference trees as well
as the labelling methods and sampling factors associated with the large size of trees. Also some
practical problems associated with the perennial nature of trees would need to be critically considered.
Some of the factors that need to be considered and which affect N2 fixation are (i) the high genetic
variability within most tree species, (ii) the large variations in climatic conditions during the seasons
and years that occur throughout the life of trees, (iii) the differences in redistribution of N that occurs
in the plant as well as (iv) differential litter accumulation and its mineralization in the soil profile
under different perennial plants. In this paper we will only consider the effect of the reference tree,
labelling techniques, sampling and cropping systems on the estimations of N2 fixed by trees.

2.1. Reference tree
The reference crop constitutes the main potential source of error in the I5N technique when

used to measure N2 fixation. Accurate determination of the actual amounts of N2 fixed in the field
is however crucial only in some instances such as in N-balance studies in soil or in the soil/tree
system in agroforestry, or for comparing N2 fixed in different seasons, years and environments. The
selection of an appropriate non-N2-fixing tree is therefore an essential step in applying the
methodology to quantify N2 fixed.

Uninoculated N2-fixing legume or actinorhizal trees have been used as reference crops. Since
no indigenous rhizobia or Franfda were present in the experimental soil, the uninoculated N2-fixing
trees were found to be suitable reference crops [4, 12, 23, 28]. However, care must be taken to
thoroughly examine roots of such uninoculated trees to ensure that they are not nodulated. Cross
contamination of uninoculated control from inoculated treatments has been observed in our pot
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experiment involving N2 fixing trees (NFTs) [25] and has also been reported by others [29]. Using
such controls, N2 fixation measured by the isotope dilution and the difference methods are
underestimated, compared to results obtained by the "A value", [25]. It may be difficult to avoid
cross contamination in the field and even in the greenhouse unless special precautions are taken [2].
If possible, uninoculated control plants should be compared with other potential reference crops such
as known non-N2-fixing trees. These non-N2-fixing trees, however, have to fulfill the conditions
outlined by Fried et al. [11] for an appropriate reference control. The validity of several non-N2-
fixing tree species such as Senna siamea; S. spectabilis and Eucalyptus species have been assessed
under both greenhouse and field conditions [27, and Sanginga et al. unpublished results). Results so
far obtained indicate that the validity of these reference crops is a function of the age of the plant, N
uptake and plant growth during growing seasons.

2.2. Labelling techniques
There are several practical questions on the method of applying the labelled 15N materials

which need to be addressed before designing 15N experiments to measure N2 fixed in tree systems.
These include the N rate and 15N enrichment, chemical and physical form and time of application.
There is evidence that labelling techniques can have a significant effect on estimates of N2 fixed [7].

The N rates and I5N enrichment used for grain and forage legumes have been successfully
used on small trees grown in the greenhouse and field conditions [27, 29]. Data obtained in field
experiments with large-sized trees (3 years old) have shown that N2 fixation can be measured after
a single application of 20 kg N/ha enriched with 10 % 15N atom excess. Better results are however
obtained by split application of this amount once a year during the 3 years of the growing period.
Recovery of 15N in trees, however, varies depending on the tree species, location and soil
characteristics (Sanginga et al, unpublished results).

i
2.3. Sampling of plant material

Witty (1983) emphasized that an isotope dilution based estimate on N2 fixation is not an
estimate of the amount of N2 fixed by a crop, but rather an estimate of the amount of fixed N
contained in the harvested portior) of the crop. The 15N enrichments in different plant parts of crops
grown on 15N enriched soils frequently differ [11, 27]. Measurements of N2-fixation, based on only
one plant part may therefore not adequately represent N2 fixed in the whole plant. This difference
in enrichment has been cited as a problem in the 15N-isotope technique for estimating N2-fixed [3, 13].
Our studies showed that 15N of different organs of trees varied widely [26]. For example, roots of
L, leucocephala contained as much as 60% of the fixed N in the whole plant. This could still be an
underestimate because fine-root turnover which can be extremely large were ignored. Thus, any
estimates of N2 fixation in trees that exclude roots should be regarded as underestimates.

Sampling of N2 fixing trees constitutes the greatest problem in N2-fixation estimation and ways
to overcome this need to be seriously addressed. These sampling procedure problems are further
confounded by the practicality to use single trees usually as experimental units to cut down cost, a
practice that introduces high variability in the estimates.

2.4. Cropping systems and N cycling
The cropping systems could also affect N2 fixation as shown in grain and pasture legumes [6]

by influencing the suitability of the reference crop and therefore the validity of the estimates made.
Variations in N2-fixing activity with the age of trees, or interference by different processes

such as litter fall and litter decomposition, and the redistribution of nitrogen in the different
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compartments of the tree/soil system may present some difficulties for measuring N2-fixation using
15N isotopic methods. Significant amounts of N2 fixed by N2-fixing trees are undoubtedly
incorporated into the soil, but the magnitude has seldom been quantified.

This could be very important in agroforestry systems such as in alley cropping where N2-
fixing trees and non-N2-fixing trees are grown in alternate rows. The soils under these contrasting
plants have been reported to mineralize at different rates due to differences in quality of litter [30,
31]. Nitrogen fixing trees because they contain more N than non-N2-fixing trees tend also to
contribute more N to the soil. This may lead to conditions where the fixing and non-fixing crops are
not absorbing N from the same pool during the growing period and thus invalidate one of the most
important assumptions of N2 fixation estimates [3]. These factors can significantly affect the
application of the 15N methodology. The periodic collection and an estimation of the N in fallen
leaves in a given area could be used to assess the error of measurement caused by N in falling and
decomposing litter.

2.5. N2 fixation estimates by some N2-fixing trees
The direct isotope dilution method or more appropriately the 15N enrichment method has

predominantly been used to evaluate N2 fixation by a few trees in the field. Estimates of N2-fixed
by some trees by different methods are summarized in Table 1.

Some tree species such as L. leucocephala, Gliricidia sepium can fix between 200-300 kg
N/ha/year while others such as Faidherbia albida may fix only one tenth as much. However, there
are large genotype/microbial symbiont differences not only in N2 fixation but also in tolerance of tree
species and N2 fixation to soil constraints such as low P, and combined N. Management practices
such as cutting or pruning in alley farming also affect N2 fixation [25].

TABLE I. N2 FIXATION ESTIMATES (PROPORTION AND ACTUAL AMOUNTS OF N2

FIXED) BY N2 FIXING TREES

Fixing plant N2 fixation estimates

% Nitrogen derived from Atmosphere

Difference N Isotope D A-value

C. equisetifolia

A. holosericea

L. leuocephala

L. Leucocephala

S. rostraia

S. sesban

C. equisetifolia

Casuarina, Allocasuarina

A. albida

Gliricidia sepium

49

29

39

ND

35

18

62

ND

ND

ND

55

33

40

78

36

18

45

30-80

14-44

19-78

39

32

ND

ND

ND

ND

46

30-80

14-37

28-79

ND = not determined

116



TABLE II. RECOVERY OF N (KG/HA) FROM PRUNINGS OF LEUCAENA LEUCOCEPHALA
AND SENNA SIAMEA IN MAIZE, WEEDS AND SOIL MICROBIAL BIOMASS IN AN
EXPERIMENTAL FIELD AT THE INTERNATIONAL INSTITUTE OF TROPICAL
AGRICULTURE, IB AD AN, NIGERIA, IN 1990.

Hedgerow species

N recovery L.

Total N in pninings

N released at harvest

N uptake Maize

N uptake Weed

N in microbial bioamss

leucocephala

187

169

33 (20*)

21 (13)

6(3)

S. siamea

141

106

34 (32*)

16 (15)

10 (10)

" Values in brackets are percentage of total N.

3. NITROGEN TRANSFER IN ALLEY CROPPING SYSTEMS

In alley cropping systems, primings of leguminous woody species supply N. Studies
conducted at IITA have however shown that the N recovery by maize from these prunings is low [16,
19, 20, 23]. Van der Meersch et al. [32] summarized their findings in Table II. L. leucocephala and
S. siamea contributed to maize 20 and 32% respectively of the N released from the prunings.
Nitrogen recoveries in alley cropped maize as low as 10% have also been reported [19].

Factors contributing to low N use in alley cropping are losses due to N volatilization and
leaching. Nitrogen volatilization was estimated for L. leucocephala and S. siamea prunings in the
greenhouse using short-term incubations. It represented about 5% of the N applied within the two
weeks following application and was influenced by the quality of the prunings. Leaching of mineral
N represented 20% of N released from L. leucocephala leaves at 12 weeks after pruning application
(S. Liya, personal communication).

Some of the N released from the prunings is certainly immobilized in the soil microbial
biomass. Van der Meersch et al. [32] found that an amount of 6 and 10 kg N ha"1 was available in
the soil microbial biomass under L. leucocephala and S. siamea alley cropping systems, respectively.

Other N gains and losses unnaccounted for in alley cropping systems include denitrification,
N retained in the soil organic matter or recovered by hedgerow trees and N contributed by root (e.g.
exudates) and nodule turnover especially after the trees have been pruned. In order to draw up a
complete N balance, we must quantify all these processes. This calls for further studies using isotope
tracers such as 15N, 13C and 14C.

4. CONCLUSION

It is widely recognized that N2-fixing trees and shrubs can make a great N contibution in alley
cropping systems. However, direct N contribution, N2 fixation and other benefits from their
introduction in alley cropping vary greatly depending on the species, climate, soil and management
practices. The measurement of N2 fixation in the field and questions such as the rate of N availability
to associated plants are areas requiring precise studies.
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The N use efficiency from hedgerow primings in alley cropping is low and management
practices such as time of application, placement, quality and quantity of prunings could improve N
recovery by maize or other companion crops. Losses by leaching and volatilization should be
minimized. The use of isotope tracers such as 15N, 13C and I4C are expected to yield more accurate
and unequivocal data than using non labelled material to study these biological processes.
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Abstract

USE OF DOUBLE ISOTOPE («P AND 15N) TECHNIQUE IN STUDIES OF FERTILIZER USE EFFICIENCY IN
COFFEE TREES.

Root activity of surface (5 cm depth) feeder roots at the 25, 50, 100, 150 and 200 cm radial distance
from the trunk were determined on 6 year old coffee viz Coffea liberica and Cqffea robusta grown on the
Rengam series and C. liberica on the Bungor series (both Typic paleudults) using the central plant sampling 32P
soil injection technique. In all cases, root activity was significantly (P = 0.01) higher by 3-5 folds at the 25 cm
and 50 cm radial distance than at the dripline. Uptake of (1SNH4)2SO4 in terms of plant leaf atom %15N excess
and NDFF in the leaf biomass applied between the 25-75 cm, 75-103 cm and 103-125 cm radial distances which
accounted for 52.1 %, 30.1 % and 17.7 % respectively of the total activity between the 25-125 cm radial distance
was significantly influenced by the root activity. This is evident by the highly significant and positive
correlation between root activity and plant leaf atom %15N excess/NDFF in the leaf biomass. Plant leaf atom
% 15N excess appeared as effective in predicting response to fertilizer placement as the NDFF leaf biomass
method. (

1. INTRODUCTION

One method to improve fertilizer use efficiency would be to apply it in the area where it can
be rapidly taken by the roots. Unfortunately the root system is hidden from direct observation by the
soil matrix. Measurement of the root system by the conventional methods like excavation and coring
are either distruptive or destructive. In the case of perennial trees which change their own
environment overtime by the accumulation of litter and redistributing nutrients in the soil profile,
repeated coring overtime would further confound the spatial distribution of its root system.

For perennial tree crops, the use of 32P soil injecton technique in root activity study represents
a major advantage in that the technique is non destructive and allow in-situ investigation of the roots.
It is based on the assumption that fertilizer uptake is most efficient when applied in the area where
root activity is highest. However the technique provides only qualitative information on the relative
activity of living functional roots present at a given location. Thus, it is necessary to complement the
use of the 32P soil injection technique together with a stable isotope to quantify the effect of root
activity/fertilizer placement on uptake efficiency. The main objective of this paper is to study the
relationship between root activity/fertilizer placement on fertilizer uptake efficiency using 32P and I5N
tracer technique.

121



2. MATERIALS AND METHODS

Experiments were conducted on 6 year old Coffea robusta and Coffea liberlca on the Rengam
series (Typic paleudult) and C. robusta on the Bungor series (Typic paleudult). The Rengam series
(0-10 cm) had an initial pH of 4.6, CEC of 10 meq 100g'1, organic matter content 2.68% and bulk
density of 1.25 g/cc. The corresponding figures for the Bungor series were pH 4.8, CEC 11.49 meq
100g"1, organic matter 0.90% and bulk density of 1.19g/cc. In both the root activity and nitrogen
fertilizer placement studies, the trees were selected for uniformity in terms of biomass, girth size and
plant vigour. Both experiments were conducted in a completely randomized design replicated 3 (root
activity study) and 6 (N placement study) times. In all cases single trees were used as experimental
units. All trees received an annual application of 1kg/tree of a 12N:12K2O:17P2Os:2MgO+trace
compound fertilizer broadcast below the canopy. Both experiments were timed to coincide with the
rainy season.

Root activity was determined using the 32P soil injection technique based on the concept and
methodology prescribed by IAEA (1975). On the basis of results obtained from an earlier study
(Tham et al 1992), treatments were applied only at the 5 cm depth at the 25, 50, 100, 150 and 200
cm radial distant from the trunk in 8 equal aliquats around the tree at equidistant apart. Labelled 32P
solution was applied at the rate of 2 mCi (Rengam) and 2.4 mCi (Bungor) using KH2PO4 (lOOOppm
P) as carrier solution.

Twenty 10 cm length of recently matured shoots (plus leaves) were sampled at 29 and 49 days
(Rengam) and 21 and 49 days (Bungor) after 32P injection. Samples were then dried in a force-
draught oven at 65°C for 24 hours and then crushed. Five gram sub-samples were then ashed at
550°C and then dissolving in 20 ml 2M HC1 before being filtered. Ten millilitres of the filtrate was
then pipetted into plastic scintillation vials for Cerenkor counting using a liquid scintillation counter.

A follow-up study to relate root activity/fertilizer placement on fertilizer uptake efficiency was
investigated. 15N labelled (NH4)2SO4 (5.14% atom excess) mixed with soil from the same area was
carefully broadcast (over similar surface area) around the tree between the 25-75 cm, 75-103 cm and
103-125 cm radial distance at the rate of 20gN per tree. These areas accounted for 52.1%, 30.1%
and 17.7% respectively of the total root activity between the 25 cm to 125 cm radial distance from
trunk at the 5 cm soil depth. In order to avoid excessive run-off, the fertilizers were watered-in with
two
liters of water using a watering can. 15N recovery in the leaves during the experiment were estimated
by taking a systematic sample of every fourth leaf, equivalent to 25 % of the total biomass in the
leaves. The leaves were harvested at 36 and 71 days after 15N application and weighed. Dry matter
was determined on sub-samples and dried over night in a forced draught oven at 65°C. Total plant
nitrogen was determined by the Kjeldahl method and I4N/15N ratio by Optical Emission Spectrometry
(Jasco).

3. RESULTS AND DISCUSSION

No significant interaction between treatments of the two harvests on root activity were
observe. Results of the combined harvests are presented in Figure 1. Root activity was highest at
the 25 cm and 50 cm radial distance from the trunk and declined thereafter. In all cases, root activity
(5 cm depth) were significantly higher (P = 0.01) at the 25 cm and 50 cm radial distance than the
area below the dripline. In C. liberica the difference was about 4.9 folds on Bungor and 3.1 folds
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FIG. 2. Relationship between atom %ISN excess/Ndff and root activity (cpm).

on the Rengam soil; in C. robusta it was approximately 4.9 folds. These figures strongly implied that
most of the functional roots are found in the area closer to the trunk and is consistent with results
reported earlier (Tham et al, 1992). Since coffee grown on similar soils are generally considered to
be shallow rooted (Tham et al, 1992), broadcast application of fertilizers in the area closer to the
trunk would be most desirable. In most cases surface application of (15NH4)2SO4 between the 25-
75 cm, 75-103 cm and 103-125 cm radial distance significantly (P = 0.05) influened the plant leaf
atom %15N excess and the (15NH4)2SO4 uptake in the leaf biomass (Table I). Uptake of (15NH4)2SO4

as measured in terms of plant leaf atom %15N excess or nitrogen derived from (15NH4)2SO4 fertilizer
(NDFF) in the leaf biomass was highest when applied between the 25-75 cm radial distance where
root activities were highest and lowest between the 103-125 cm radial distance. The magnitude of
response was greatest in C. robusta on the Rengam which recorded 2.3-folds increase in the plant leaf
atom %15N excess levels and 3.2-folds increase in NDFF. For C. liberica the corresponding figures
were 1.5 and 1.8 folds on the Bungor and 1.5 and 1.4 folds on the Rengam.

In all cases, the relationship between root activity and (15NH4)2SO4 uptake (viz atom % 15N
excess and NDFF in the leaf biomass) were positive which supports the assumption that fertilizer
uptake is most efficient when applied in the area where root activity is highest (Figure 2). The extent
to which root activity influened (15NH4)2SO4 uptake, can be explained by the slope of the response
curve. The effect was greater on the Rengam soils as evident by the steepness of the slope than on
the Bungor.

The relationship between (15NH4)2SO4 fertilizer uptake and root activity can be explained by
the regressions given in Figure 2 where x represents root activity and y represents the atom %15N
excess in the leaf or NDFF in the leaf biomass (Figure 2). In both soils the coefficient of
determination (R2) were significant in all cases in terms of plant leaf atom % 15N excess and NDFF
in the leaf biomass. In terms of plant leaf atom %15N excess the effect was most marked on Rengam
where 75% of the variation in y was accounted for by x in C. liberica (R2 = 0.7451") and 65% (R2

= 0.6527") in C. robusta. The coefficient of determination was lowest on the Bungor (C. liberica)
which accounted for 36% (R2 = 0.3625**) of the variation. With the exception of C. liberica on
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TABLE I. EFFECT OF (15NH<)2SO4 PLACEMENT ON LEAF ATOM % I5N EXCESS AND NDFF
IN THE LEAF BIOMASS

Placement

Radial

distance

24-75 cm

75-103 cm

103-125 cm

LSD 0.05

C.

Atom %

excess
isN

0.17a

0.17a

O.llb

0.019

Rengam

liberica

Ndff

g/plant

1.22a

l.lOa

0.85

ns

series

C.

Atom "/

excess
15N

0.14a

0.09b

0.06

0.032

Bungor series

robusta

<0

Ndff

g/plant

1.75a

0.89b

0.55b

0.514

C. liberica

Atom %

excess
15N

0.16a

0.14ab

O.llb

0.034

Ndff

g/plant

1.95a

1.54ab

l.lOb

0.497

Values with the same letter are not significantly different at the 5% level based on Duncan's multiple range
test.
Values are means of two harvests.

TABLE II. RELATIONSHIP BETWEEN ATOM %15N EXCESS (X) AND NDFF (Y)

Species

C. liberica (Rengam)

C. robusta (Rengam)

C. liberica (Bungor)

Regression equation

Y = 0.303721 + 5.079190X

Y = 0.351845 + 14.2643X

Y = 0.182085 4- 12.317739X

R2

0.3532**

0.8291**

0.5776**

Rengam (R2 = 0.2291"), the corresponding coefficient of determination in terms of 15N uptake in the
leaf biomass were comparable or higher when compared to atom %I5N excess in the leaf.

Of the two variables tested viz. atom %15N excess and fertilizer uptake (NDFF), to predict
response to fertilizer placement, plant leaf atom %15N excess appeared to be as effective. This is
shown by the highly significant linear relationships, where between 35%-83% of the variation in y
[(15NH4)2SO4 uptake] was accounted for by changes in x [atom %15N excess] (Table II).

4. CONCLUSION

Results of the experiments a) illustrate the advantages of the 32P soil injection/I5N tracer
technique in fertilizer efficiency studies on trees, b) supports the hypothesis that for maximum
efficiency of utilization, fertilizers should be applied in the area where root activity is highest, c)
recommends that for coffee (viz. C. liberica and C. robusta) grown on Typic paleudult, fertilizer
should be broadcast over the inner section of the area around the trunk below the canopy to achieve
higher fertilizers use efficiency and d) shows that by using a systematic leaf sampling procedure plant
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leaf atom %15N excess was as effective in predicting response to fertilizer placement as (15NH4)2SO4

uptake in the leaf biomass. However, the sampling procedure should be further tested to take into
account the confounding effects of trees with specific translocation pathways eg apple trees and
sampling duration.
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Abstract

CROP PRODUCTION IN SALT AFFECTED SOILS: A BIOLOGICAL APPROACH.
Plants are susceptible to deleterious effects of various abiotic and biotic stresses, thus grossly affecting the growth

and productivity. Amongst the abiotic stresses, soil salinity is most significant and prevalent in both developed and
developing countries. As a consequences, good productive lands are being desertified at a very high pace. To combat this
problem, various approaches involving soil management and drainage are underway but with little success. It seems that
a durable solution of the salinity and water-logging problems may take a long time and we may have to learn to live with
salinity and to find other ways to utilize the affected lands fruitfully. A possible approach could be to tailor plants to suit
the deleterious environment. The saline-sodic soils have excess of sodium, are impermeable, have little or no organic matter
and are biologically almost dead. Introduction of a salt tolerant crop will provide a green cover and will improve the
environment for biological activity, increase organic matter and will improve the soil fertility. The plant growth will result
in higher carbon dioxide levels, and would thus create acidic conditions in the soil which would dissolve the insoluble
calcium carbonate and will help exchange sodium with calcium ions on the soil complex. The biomass produced could be
used directly as fodder or by the use of biotechnological and other procedures it could be converted into other value added
products. However, in order to tailor plants to suit these deleterious environments, acquisition of better understanding of
the biochemical and genetic aspects of salt tolerance at the cellular/molecular level is essential. For this purpose model
systems have been carefully selected to carry out fundamental basic research that elucidates and identifies the major factors
that confer salt tolerance in a living system. With the development of modern biotechnological methods it is now possible
to introduce any foreign genetic material known to confer salt tolerance into crop plants. Some of the approaches and results
obtained are being discussed.

1. INTRODUCTION

Crops are susceptible to deleterious affects of various biotic and abiotic stresses. Among the
biotic stresses, the plant diseases caused by virus, bacteria, fungi, nematodes, insect and pest are the
most prevalent factors affecting crop productivity. However the abiotic stresses which include
drought, salinity, water logging, temperature and soil chemical and physical stresses are most
widespread and are a major impediment in increasing crop productivity.

Amongst the abiotic stresses, soil salinity is most significant and wide spread cause of
reduction in crop yields both in developed and developing countries especially in the irrigated areas.
Most major irrigation schemes through out the world suffer to some degree from the effects of
salinity. There are no accurate statistics available as to the extent of this damage. FAO and UNESCO
[1] have estimated that about one half of all existing irrigation systems (totalling about 250 mha) are
seriously affected by salinity and water logging and that 10 mha of irrigated land are abandoned
annually.

In Pakistan, this hazard assumes more serious proportions as we have one of the world's
largest irrigation system. According to one estimate there are 14 million acres of salt affected land
out of which 3 million acres are presently in the canal commanded area [3]. The remaining 11 million
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acres now termed as salt affected wastelands also have a history of being productive and fertile in the
past. This salinity has adversely affected the soil chemical and physical properties making it unfit for
conventional crop production.

2. CAUSES OF SALINIZATION

The main source of salts found in saline soils can be the parent material, the irrigation water,
the under ground water or excessive use of fertilizers which may be the case in the developed
countries. The salt composition of the soil water influences the composition of cations on the
exchange complex of the soil colloids and jointly salinity level and exchangeable cation composition
influences soil permeability and other physical properties [2]. All irrigation waters contain some salt
which concentrates in the root zone because water and not all the salts, are taken up by crops.
Accordingly to an estimate by Rhoades and Loveday [2] each application of 100 mm depth of water
containing as little as 500 mg salts/L adds 500 kg of salt to each hectare of irrigated land; this salt
concentration will progressively increase over time and irrigation unless it is removed through
leaching and drainage. Salts within the root zone may be redistributed towards the soil surface through
upward flux of water driven by evaporation in the absence of net downward flux through leaching
and drainage.

In Pakistan the salinity is mainly due to the seepage of water from the rivers and irrigation
canals constituting the world's largest irrigation system. Seepage and lack of drainage system have
resulted in rise in water table and accumulation of salts in the soil profile. To combat this problem
various approaches involving soil management and drainage are underway but with little success. It
seems that a durable solution of the salinity and water-logging problems may take a long time and we
may have to learn to live with salinity and will have to find other ways to utilize the affected lands
fruitfully.

3. BIOLOGICAL APPROACH

A possible approach could be to tailor plants to suit the deleterious environment, Sandhu and
Malik [4] proposed plant succession scheme for utilization of salt affected soils. In this scheme,
Leptochloa fusca (Kallar grass), being highly salt tolerant to salinity [5] and sodicity [6] is used as
primary colonizer for plant establishment and biomass production on saline lands. Soil conditions also
improve in the process and less salt tolerant plants can be introduced.

Such an approach is essentially based on the rationale that the soil is not just a mass of dead
chemicals but is a living system undergoing numerous chemical and biological reactions and is in
constant interaction with numerous environmental factors. The saline-sodic soils have excess of
sodium, are impermeable, have little or no organic matter and are biologically almost dead.
Introduction of a salt tolerant crop will provide a green cover and will improve the environment for
biological activity, increase organic matter and will help fertility. The penetrating roots will provide
crevices for downward movement of water and thus help leaching of salts from the surface. The plant
growth will also result in higher carbon dioxide levels, and would thus create acidic conditions in the
soil which would dissolve the insoluble calcium carbonate and will help exchange of sodium with
calcium ions on the soil complex. Further, the biomass produced could also be used as green manure
which will quicken the lowering of pH and result in further release of ionic calcium. The soil
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structure, its permeability, its biological activity and fertility could thus be restored and with extra
irrigation the surface salts could be leached down [7,8].

A complete amelioration of the deleterious soil effect can be achieved if good irrigation water
for leaching the salts is available. However, irrigation is already in a short supply for existing arable
lands and therefore its use for reclaiming the salt affected waste lands is not feasible. In order to
overcome this problem, brackish underground water has been used for leaching the salts in the above
described biological approach. The chemical and physical properties of the saline sodic soil where
Kallar grass was grown for different periods were monitored. It was shown that the relative hydraulic
conductivity increased which resulted in accelerated leaching of salts downward resulting in removal
of salts from the top soil layer essential for plant growth [9].

In order to effectively implement this biological approach, work has been carried out on the
following aspects:

Screening of plants for salt tolerance.
Mechanism of salt tolerance.
Development of salt tolerant variation
• breeding
• protoplast fusion
• Recombinant DNA technology
Utilization of biomass on saline lands.

3.1. Screening of plants for salt tolerance
The plants are not only known to grow in all kinds of extreme environments but also have

inherent ability to adapt to varying degrees to such stress. Therefore the best strategy is first to look
for natural ability of plants to tolerate such abiotic stresses like salinity. In order to accumulate this
information a large number of germplasm of different plant species collected from Pakistan and
elsewhere have been screened using a gravel culture hydroponic method [36]. The salt tolerance limits
were calculated on the basis of 50% reduction in the biomass yield as compared to the control. An
uptodate list of plant species screened so far is presented in Table I. The plants are listed in their
decreasing order of salt tolerance. These include forage crops, legumes, different grasses and some
fast growing trees [5,12,13,14,37]. The screening of all the germplasm is quite time consuming and
laborious as all the plant species tested were grown to maturity or flowering before determining their
salt tolerance. However such an information is useful while devising strategies for utilizing salt
affected areas and also for introducing salt tolerance to other crops using conventional or modern
biotechnological methods.

Majority of the plant species screened so far have also been tested in the field at the Biosaline
Research Station of NIAB near Lahore. However among all the plants screened, Leptochloa fusca
(Kallar grass) has been selected as the primary colonizer of saline lands for its various properties
including salt tolerance. It is a perennial grass having C-4 photosynthetic pathway [10] and having
highly efficient associative nitrogen fixation in its rhizosphere [11,15,16,17] with its annual biomass
yield as high as 50 tons/ha. This grass has therefore been used as a model lignocellulosic substrate
that can be produced on salt affected wastelands and converted by various biotechnological procedures
into value added products. Such possible uses of Kallar grass have been presented in Fig. 1.

3.2. Mechanism of salt tolerance
For a successful strategy for developing salt tolerant plant species, an understanding of the

basis of osmoregulation is essential [19]. It is generally believed that there is no universal mechanism

129



TABLE I. SALT TOLERANCE OF DIFFERENT SPECIES/VARIETIES
CARRIED OUT UNDER CONTROLLED HYDROPONIC CONDITION.
ALL PLANTS WERE GROWN TO MATURITY/FLOWERING

Species/variety Salt tolerance (mS/cm)

Suaeda fruticosa 48.0
Kochia indica 38.0
Atriplex amnicola 33.0
Acacia cambagei 27.7
Atriplex lentiformis 23.0
Atriplex undulata 22.5
Atriplex crassifolia 22.5
Leptochloa fusca (Kallar grass) 22.0
Sporobolus arabicus 21.7
Cynodon dactylon (Tift 78) 21.0
Brassica napus (Gobhi sarson) 19.5
Beta vulgaris (Fodder beet) 19.0
Hordeum vulgäre (barley) 6 cultivars 19.5
Sorghum vulgäre (JS-263) 16.7
Sorghum vulgäre (JS-1) 16.5
Acacia calcicola 16.5
Panicum antidotale 16.0
Sorghum vulgäre (Japani millet) 15.0
Polypogon monspeliensis 13.7
Cynodon dactylon 13.2
Sesbania aculeala (Dhancha) 13.0
Hasawi rushad 12.5
Leucaena leucocephala (Ipit-Ipil) 12.4
Medicago sativa (Lucerne Hajazi) 12.2
Sesbania rostrata 12.0
Macroptilium atropurpureum (Siratro) 12.0
Lolium multiflorum (Italian rey grass) 11.2
Echinochloa colonum (Swank) 11.2
Acacia kempeana 11.0
Dichanthium annulation 11.0

aneura 9.5
cunnighamii 9.4

Acacia holosericea 9.0
Desmostachya bipinnata 9.0
Panicum maximum (N-S-1) 9.0
Panicum maximum (Exotic) 8.5
Sorghum halepense 7.0
Part of this table is taken from "15 years of NIAB", a report published by Nuclear Institute for
Agriculture and Biology 1987. This table is based on published material referred to in the text.

of salt tolerance. However, some of the mechanisms so far encountered are (i) curtailment of Na+

influx and prevention of intracellular Na accumulation which reduce the need to pump out excess Na+

and conserve energy, (ii) accumulation of internal osmoticum in the form of inorganic ions such as
K+ or organic solutes such as glycerol, sucrose, trehalose, proline, glutamate, glutamine or glycine
betaine and (iii) metabolic adjustments to tune the cellular activities to function at higher internal
osmoticum. All these mechanisms imply modifications of the synthesis of cell proteins to facilitate
osmotic adaption.

Detailed investigations have been made on the mechanism of salt tolerance in this grass [8].
It showed high uptake of salts [5,38,39] and there is no restriction on transport of Na+ and Cl" from
roots to leaves. Increased concentration of Na+ and Cl" in leaves and roots did not affect plant growth
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FIG. 1. A schematic presentation of the possible uses of Kallar grass.

and no toxic symptoms were observed in the leaves. Sandhu et al. [5] observed the accumulation of
glycine betaine and proline in the leaves/roots which act as compatible cytoplasmic solutes. Recently
Aziz et al. [43] studied salt response protean of 2 ecotypes of Kallar grass and. Atriplex and probed with
antibodies raised against some of the salt induced protein of Klebsiella sp. NIAB-1. These results
indicated presence of common epitopes among the salt responsive proteins.

3.3. Development of salt tolerant plants

3.3.1. Plant breeding
The conventional approach for developing new plant varieties is through selection and

breeding for high yield, disease resistance and other traits. The breeding programme for salt tolerance
run into difficulty because of lack of basic understanding of the mechanisms of salt tolerance which
is a polygenic character governed at levels of organization ranging from subcellular to organismic.
Most of the efforts in plant breeding for salt tolerance have been carried out in economic crops like
wheat and rice [34,35]. However these efforts are constrained by the fact that many of the wild
species for example wild rice which show some salt tolerance have no crossability with cultivated
rice [33]. Moreover non-availability of any phenotypic or biochemical markers for salt tolerance
makes the conventional plant breeding quite difficult. Efforts have also been made to use radiation
induced mutation to crate genetic variability for selection of salt tolerance [32] but desired results have
not been obtained.

3.3.2. Protoplast fusion
The application of biotechnology to the genetic imrovement of plant tolerance to salt stress

offers exciting possibilities and in addition provides basic information regarding the biochemical and
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FIG. 2. Effect ofNaCl concentration adjusted at pH 8.0 on the growth of (a) Klebsiella NIAB-1 (b)
MSal, (c)M5al harboring pNIAB-1, (d) MV10 and (e) MV10 harboring pNIAB-1. The optical density
of the cultures is plotted as a function of incubation time. Open circles represent control; closed
circles IM NaCl; closed triangle 0.8M NaCl and open triangle 0.6M NaCl [40].
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physiological mechanisms related to salt tolerance. One of such techniques which overcomes the
problems of crossability of two species, is somatic hybridization through protoplasts fusion of two
different plant species, one of which is salt tolerant. The hybrid cells could be selected by imposition
of salt stress. The important step in such an approach is the availability of a method to regenerate the
hybrid into whole plant. Some success has been obtained in several plant species namely brassica,
potato, tobacco, alpha alpha, petunia, citrus etc. [18]. Such an approach is now being applied to more
important food crops such as rice and sugar cane. In recent years, somatic hybridization through
protoplast fusion in rice has successfully been achieved by Tereda et al. [23]; Hayashi et al. [22];
Finch et al. [20,21]. Plant regeneration through tissue culture has been achieved in basmati rice [24].
Protoplast technology for several other cultivated indica rice species and few wild rice species are
being developed for somatic hybridization studies at NIBGE. The wild species represent an important
reservoir of genetic diversity and are a source of genes controlling natural resistance to biotic and
abiotic stresses and other characters useful to rice breeders. Protoplast fusion coupled with an efficient
screening protocol might be the only practical way to transfer poly genie traits. It is a valuable
complement to established plant breeding methods.

3.3.3. Recombinant DNA technology
With the recent developments in molecular biology it is now possible to transfer genes from

prokaryotes to eukaryotes. A number of genes have been found to contribute to osmotic adaptation
in enteric bacteria. Prominent among these are Kdp A-E required for K+ uptake [25,26]; ProU and
proP required for transport of proline and glycine betaine; pro ABC required for synthesis of B
proline, otsA and otsB required for synthesis of trehalose and betABT required for transport of
choline and synthesis of glycine betaine from choline [31].

In addition to these genes involved in osmoregulation, a plasmid pNIAB-1 has been
discovered in Klebsiella salinarium which harbors genes for salt tolerance [40]. This observation has
been confirmed by genetic transformation of pNIAB-1 to E. coli K12 and K. pnumoniae M5A1
(Fig. 2). This plasmid has been characterized and has been shown to carry a 1.9 kb fragment which
codes for glycine betaine transport [27]. This fragment is now being used to transform rice using
pACTl-D vector after placing the fragment under rice actin promoter for expression.

3.4. Utilization of biomass
One of the main facets of the biological approach is the economic utilization of biomass

produced on saline lands using brackish underground water. One of the source of biomass in
Leptochloa fusca (Kallar grass) which has been extensively studied [8]. Some of the uses of this grass
are already presented in Fig. 1. Its use as fodder is quite well established and its effect on livestock
nutrition has been studied [41]. The conversion of this material to compost has also been
accomplished [42]).

Photosynthesis is still the most efficient method for converting solar energy to chemical
energy. Kallar grass has been used as a model biomass composed of lignin, cellulose, hemicellulose
etc which is common to all such biomass. Using various biotechnological methods it is now possible
to convert this biomass into value added products thus making the biomass production of saline soil
an economic proposition.

Some of the possible uses of lignocellulosic biomass are presented in Fig. 3. Among these
the most attractive options are conversion of biomass to alcohol and methane gas. Such process will
add directly to the economy of the country by alleviating energy shortages which are prevalent in all
the developing countries. Several studies have been carried out to show the feasibility of both aerobic
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and anaerobic conversion of such lignocellulosic biomass to alcohol and methane gas [29,30].
Optimization of the process has been carried out and in order to further simplify the process, some
of the cellulase genes have been cloned into Saccharomyces cervisiae [28]. In addition, several
microorganisms have been isolated and characterized which can perform various function for
upgrading the economic value of the biomass produced on salt affected soils.

4. CONCLUSIONS

The biological approach for economic utilization of salt affected wastelands has become a
reality as many national agencies and international organizations are keenly pursuing it because of its
sustainable and environment friendly nature. It not only improves the general ecology of the area but
in return provides farmers with economic benefits [8]. In order to improve this approach and derive
maximum benefits, continuous input from scientific research both in basic and fields is essential.
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Abstract

SOIL/PLANT NUTRITION IN LOWLAND CROPPING SYSTEMS.
Farming system approaches have led to rapid changes in agricultural systems in Asia and the Pacific.They have

increased food and other agricultural commodities as well as developing awareness of scarcity of natural resources,
environmental degradation and dissemination of new agricultural technology. This paper reviews and summarizes recent
research and technology on soil/plant nutrition with emphasis on nitrogen, phosphorus, and sulphur in rice-based lowland
cropping systems in Asia and the Pacific region. It mainly focuses on the application of isotopes 15N, 32P and 35S in such
studies, but some current research using conventional methods is also covered. A search of the literature shows that
technology studies have mostly concentrated on identifying unproved varieties for short duration rice, improving tillage
practices, pest and weed management. Research in soil/plant nutrition in rice-based cropping systems particularly using
isotopes, is limited.

1. INTRODUCTION

Most countries in Asia are maintaining self sufficiency in rice production, but profitability of
rice is eroding and there is strong econoniic pressure on farmers to diversify into other crops. The
concept of rice based cropping system is widely accepted and these either under rainfed or irrigated
wetland conditions have been extensively practiced throughout the South and the Southeast Asian
countries. They comprise about 35% and 33% of the total rainfed and irrigated wetland rice areas
and produce 28% and 57% of rice output respectively [1]. Traditional cropping patterns in several
rainfed and irrigated wetland areas in Asia has been summarised by Hoque [2]. Rice is followed by
either wheat, maize, barley, millet, pulse or oil seeds making use of residual moisture. During the
early part of the rainy season before rice transplanting, farmers grow jute, maize or soybean. In areas
such as in Nepal, Bangladesh and South Korea where low temperature is a limiting factor during dry
winter months, farmers grow wheat mustard or potato after rice. In Thailand, research on rice-based
cropping systems have been conducted in 1977 in farmer's fields at four locations namely Pisai and
Ubon in the northeast Thailand, Bangpae representing rainfed cropping systems, and Inburi in the
central plains representing a partially irrigated area [3].

A search of the literature shows most research has been focused on testing cropping patterns
for yield and net income [4, 5, 6] with a limited number of research on aspects of soil/plant nutrition
using isotope techniques. Component technology research studies have concentrated on identifying
improved varieties of short duration rice, improving tillage practices and establishing dryland crops
before or after the rainy season rice crop, as well as pest and weed management [7, 8, 9]. Recent
studies on integrated nutrient management to improve soil fertility in irrigated rice and rice-based
cropping system in Asia have been reviewed by Kundu [10]. Results on integrated nutrient
management in rainfed lowland environment, and studies on nitrogen dynamics in rice-legume
cropping systems have shown that the use of modified form of N fertilizers as urea supergranules and
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sulphur coated urea in many cases are not remarkably more effective than prilled urea. In addition
to N contribution from legumes to rice additional industrial N fertilizer is needed to sustain high rice
yields [11, 12].

This paper reviews recent research using isotopes on soil/plant nutrition in rice-based lowland
cropping systems with emphasis on nitrogen, phosphorus and sulphur.

2. NUTRIENT SUPPLY IN LOWLAND RICE AND RICE-BASED CROPPING SYSTEMS

Rice is the major crop of both irrigated and rainfed areas in Asian and the Pacific countries.
Introduction of non-photoperiod sensitive high yielding rice varieties of shorter growth duration has
facilitated sequential cropping involving a wide range of crops that could be grown in succession in
a given ecosystem. Since in many countries there is no further scope to increase the area, the
required increases in production must come from increased yields per unit area. However, high
productivity of a cropping system cannot be sustained unless depleted nutrients are replaced through
supplementary application of major sources of nutrients through industrial fertilizers, soil reserves,
organic material and crop residues and biofertilizer. Recently there has been more concern for
sustainable agriculture with emphasis on integration of different available nutrient sources so that
proper combination of organic and inorganic fertilizers will maintain long term soil fertility and
sustain higher level of productivity.

3. NUTRIENT REMOVAL AND NUTRIENT BALANCE IN LOWLAND RICE-BASED
CROPPING SYSTEMS

Nutrient removal in general depends on the productivity levels and crops grown. Tandon et
al. [13, 14] reported that 438-814 kg of NPK are removed from some rice-based cropping systems
in India (Table I). The total uptake each year ranged from 324 to 741 kg of NPK ha"1 comprising
of 127 to 295 kg N ha'1, 28 to 421 kg P ha'1 and 169 to 365 kg K ha"1. The data is comparable with

TABLE I. CROP PRODUCTIVITY AND MEAN ANNUAL BALANCE OF N, P AND K UNDER SOME INTENSIVE RICE-BASED

CROPPING SYSTEMS

Cropping

system

Rice-rice

Rice-rice

Rice-wheat-jute

Rice-wheat-cowpea

Sources of

applied
nutrients

Ferts

Ferts + FYM

Ferts

Ferts+FYM

Ferts

Ferts+FYM

Fens

Ferts+FYM

Yield

(t/ha)

6.0

7.1

7.1

8.4

8.9

9.1

12.9

14.4

N

200

225

230

268

300

325

240

278

Nutrients
applied

(kg/ha)

P

52

58

17

26

66

71

52

61

K

99

120

49

81

148

169

70

101

N

127

152

151

190

159

168

254

295

Nutrients

removed
(kg/ha)

P

28

35

421

55

31

31

60

70

K

169

186

169

217

199

207

304

365

N

73

73

79

78

141

157

-14

-17

Nutrient
balance
(kg/ha)

P

24

23

-25

-29

35

40

-8

-9

K

-70

-66

-120

-136

-51

-38

-234

-264
Ferts = Mineral fertilizers; FYM = Farm yard manure.
Adopted from Kundu and Pillai [14].
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nutrient cycling in under rice-soybean cropping systems in Chiang mai valley [15] where nutrient
removal each year reached 252 kg N ha1, 71 kg P ha'1, 25 kg K ha'1, 120 kg Ca ha'1 and 77 kg Mg
ha"1. Generally, rice straw is burnt after harvest thus returning most of the nutrient except nitrogen
back to the field. With rice-soybean-rice, the rate of removal of soil nutrients was higher.

Kundu and Pillai [14] showed that N, P and K (Table I) is inadequate in the soil where annual
10-15 tonnes of farmyard manure ha"1 is applied annually in combination with the recommended rate
of chemical fertilizer. To ensure sustainability of production at the present level therefore, it is
necessary to apply N, P and K at higher doses.

4. NITROGEN

4.1. Industrial nitrogen sources

Rice plants generally utilize N fertilizer rather inefficiently. Extensive research using 15N has
demonstrated that the recovery of fertilizer N by a rice crop is only 20%-40% of applied N and that
it seldom exceeds 30% in wetland conditions. [13, 16, 17]. In a Sulphic Tropaquept in Thailand, rice
plant recovery of fertilizer N applied as ammonium sulphate by various methods of application and
timing ranged from 24-50%. [18]. A study on the same type of soil gave 28-30% fertilizer N
recovery when modified forms of N fertilizers (15N-labelled sulphur coated urea [SCU], urea and
ammonium sulphate [AS]) were broadcast incorporated into the soil before transplanting [19]. When
urea as urea super granules (USG) was point placed at 10-12 cm into the soil, the plant fertilizer N
recovery was improved to 55% [19]. A study to determine the relative effect of N fertilizers (urea,
USG and urea + PPD) incorporated as a basal compared to a delayed broadcast application of either
urea or ammonium phosphate sulphate ^16-20-0) has also made on a Sulphic Tropaquept soil in
Thailand [20]. Fertilizer N recovery in the plant at maturity ranged from 44-47% and were not
significantly affected by deep placement of USG or urease inhibition when urea was amended with
2% PPD. The fraction of added 15N recovered in the soil plus roots ranged 29% 36%. N losses as
determined from unaccounted-for 15N ranged from 20-26% and were not significantly affected by N
treatment [21]. In a similar experiment conducted on an Aquic Tropudalf in the Philippines using
15N-labelled fertilizers (SCU, USG and SCUSG [sulphur coated urea super granules]) urea, and
ammonium sulphate, Craswell et al. [22] reported that deep point placement (10 cm) of USG gave
an average 58% fertilizer N recovery in the plant at maturity, whereas approximately 34%, 26% and
37% respectively were recovered from urea, ammonium sulphate and SCU applied broadcast and
incorporated into the soil. Sulphur coating of urea supergranules did not improve plant recovery of
fertilizer N over SCU. N losses represent the 15N not accounted for in the above ground plant part
and in the soil plus root to normally a depth of 30 cm. Losses from USG and SCUSG were within
the range of 25-30% and were significantly lower than losses from broadcast urea. More related
research result especially in monoculture lowland rice have been reviewed by De Datta [23] and by
Phongpan [24].

The I5N balance technique measures only the magnitude of recovery and losses but provides no
data on mechanisms involved. De Datta [23] estimated by a micro-meteorological technique that 5-
47% of applied N is lost from the system by ammonium volatilization [21] with a simplified bulk
aerodynamic technique estimated ammonium losses under different fertilizer management treatment
to be 23-41 % in field sites in the Philippines when urea was surface broadcast into flood water at 10
days after transplanting.
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In rice-based cropping systems, 15N studies have shown that only 3-4% of the chemical N
fertilizer applied to rice is normally recovered by a subsequent rice or wheat crop [25]. When N
fertilizer applications to a crop preceding rice are likely to be excessive, substantial residual effects
on rice can be expected [26]. This residual effect may be realized only to a very small extent in non-
acidic soils, because of heavy denitrification losses [10]. A short duration catch or green manure crop
can effectively use the N03-N that becomes available during the period before land preparation for
rice. Birch [27] reported that wetting of dry soil by intermittent rainfall during the dry season or at
the onset of the wet season could stimulate N mineralization and nitrate formation. This accumulated
nitrate is rapidly lost when the soil is flooded. Buresh et al. [28] monitored soil nitrate at three sites
in the Philippines during a dry season mungbean crop and a subsequent weed fallow. Soil nitrate
obtained ranged from 39-91 kg N ha"1 from 3 sites (average 55 kg N ha"1 or 28 mg N kg"1 soil)
whereas earlier survey for nitrate-N ranged from 5-39 mg kg"1 soil from 28 sites (average 13 mg kg"1

soil) [29]. This nitrate-N can represent a substantial loss of native soil N. Buresh et al. [28]
observed the loss of nitrate to be inversely correlated to the weed biomass prior to land preparation
for wet season rice. This observation suggested that weeds may conserve soil N through assimilation
of nitrate which otherwise would be lost by denitrification. Decomposition of weeds following their
incorporation with land preparation would recycle the conserved N to rice. In Thailand, Rerkasem
and Rerkasem [15] reported that yields of unfertilized rice increased by 40% when weeds from a
heavily weed infested rice field were incorporated.

4.2. Supplemental nitrogen sources

Food legumes and green manure are important in Asian farming systems as supplemental
biological N sources. Similarly, organic matter in soils supply the nutrients N, P, S and Si to plant
through release and ssimulation processes. Green manures are widely used in short term annual
rotation sequences with crops such as rice [30, 31]. Nitrogen accumulation in green manure crops
ranged from 8-199 kg N ha"1 according to species and their growth [32]. Asian farmers may not be
willing to use green manure in the traditional practices, but some green manure species can
accumulate up to 150 kg N ha"1 in less than 8 weeks of growing. Such species, e.g., Sesbania
aculeata, and Crotalariajuneca would have high potential in rice-based cropping systems. Nagarajah
and Nizar [33] studied the effect of incorporating wild sunflower as green manure for rice yield. The
application of 40 kg N, 10.5 kg P and 8 kg K with 9 t green manure ha4 produced a grain yield
equivalent to that obtained with 82 kg N, 12 kg P and 32 kg K ha"1. Management practices that
influence the rate of N accumulation by green manure crops must be given special consideration in
cropping systems. In soil low in available P in Ludhiana, India, applying P to green manure crops
was beneficial to N accumulation and increased rice yield more than did P applied directly to rice
[34]. A study on the effect on rice yield of incorporation of Sesbania aculeata alone and in
combination with inorganic fertilizers in an acid soil resulted in higher rice grain yield than yield with
fertilizer alone or with only green manure. In a legume-rice system, nitrate nitrogen remaining in
the soil after N2 fixing crop is grown is higher than that obtained from non-N2 fixing crop. Buresh
et al. [28] observed nitrate N from 18-25 kg ha'1 at harvest, where mungbean was grown after
lowland rice in the Philippines. Many studies reviewed by Buresh and De Datta [12] have shown
increasing yields of subsequent lowland rice crop and reduction in the requirement for chemical
fertilizer. Study of residual effects of green manure on a second crop showed that only 6-10% of the
residual N remaining after the first crop was taken up by a second crop [35]. The results showed that
the amount of residual N from one application of green manure is not large.
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Patwary et al. [36] produced a balance sheet of nitrogen in soil, after two years of cropping in
the presence and absence of legumes in their rotations. The maximum net gain of soil N determined
by an extension of the A-value concept of Fried and Dean [37] was 50 kg ha"1 with soybean-rainy
season rice-autumn rice system followed by 38 kg N ha"1 with a wheat-mungbean-autumn rice system
and 27 kg N ha"1 with a soybean-jute-autumn rice system. The least gain of N was with fallow-
fallow-autumn rice system. There was a net loss of N in the systems with fallow-jute-autumn rice
and wheat-fallow-autumn rice systems.

Rice straw is the most available source of organic material for lowland rice in tropical Asia.
Incorporation of rice straw into wetland rice soil will recycle organic material useful for maintaining
soil fertility. Results from a pot experiment using 15N [38] showed that in tropical wetland rice soils,
rice plants recovered 44-56% of applied rice straw N in the first cropping, 12-15% in the second
cropping and 3-4% in the third cropping. Recovery of rice straw N by rice plant increased when rice
straw was supplemented with industrial fertilizer N [38]. Jirapornchareon et al. [39] studied balance
sheets of nitrogen, with and without rice straw amendment in single and double cropping systems.
Double cropping was better than in single cropping in terms of increasing plant N uptake, N
remaining in the soil, and also in reducing soil N loss. Straw application increased biological N2-
fixation by 5 and 8 kg N ha"1 yr"1, plant uptake by 2 and 11 kg N ha"1 yr"1 and nitrogen retention in
the soil by 85 and 97 kg N ha"1 yr1 in single and double cropping systems respectively. Ladha and
Boonkerd [40] found from laboratory studies of heterotrophic N2 fixation that the N gain ranged from
1-9 mg N gm"1 straw.

Bouldin [41] summarized decomposition fractions and measurement of total N released and the
residual effect of green manure on a second crop. The fraction that rapidly decomposes determines
the potential supply of N to the first crop. The fraction that slowly decomposed over a long time
determined the residual effect on N supply and soil organic matter. Estimation of total N can be
based on crop recovery of 15N from 15N enriched organic materials [42, 43]. There were wide
variability of fast decomposed N among the different organic materials and soils. Myers [44]
concluded that legume residues in rice-based cropping system in Indonesia made substantial
contributions of N to a subsequent crop. Cowpea and peanut tended to be better residual N suppliers
than soybean and mungbean. Up to 37% of legume N was recovered in rice tops. Further, research
green manure crops have beneficial effects on soil productivity in addition to supplying N [62] [63]
[64] [65].

5. PHOSPHORUS AND SULPHUR

Phosphorus levels of paddy soils in Southeast Asian countries are generally low. Main
sources of available P exist in organic compounds, aluminum compounds and iron compounds. They
release available P in the process of decomposition of organic matter. Phosphorus is removed from
the field in grain and straw. Research showed that 9.8 t ha"1 of rice grain and 8.2 t ha"1 of straw
remove about 31 kg P ha"1 from the soil [47]. Paddy soils in Thailand have low values of both total
and available P. The average available P (Bray No. 2) is 16 ppm in Central region, 7 ppm in the
Northeastern region, 18 ppm in the Northern region and 20 ppm in the Southern region. Field
experiments with 32P-labelled fertilizer conducted on clay soil at Bangkhen in Central Plain showed
that a single broadcast application on the soil surface at transplanting gave the highest fertilizer use
efficiency for P on rice. The percentage of P utilized by the rice plants ranged from 1-18% [48].
Up to 80% of the applied P remains in the soil for succeeding crops.
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TABLE II. P AND S BALANCE FOR RICE GROWN AT UBON, THAILAND (1986)

P treatment
S treatment

P Input (kg/ha)
Fertilizer
Rain

P uptake (kg/ha)

Brown rice
Stubble •

Straw + H + UFG
P balance (kg/ha)

Stubble returned

Stubble removed
S input (kg/ha)
Fertilizer

Rain

S uptake (kg/ha)

Brown rice

Stubble

Straw + H + UFG

S Balance (kg/ha)
Stubble returned

Stubble removed

PI
SI

0

2.2

3.0
2.3

1.3

-2.1

-4.4

0

3.6

1.5

1.5

1.2

0.9

-0.6

PI
S3

0

2.2

2.5

4.3
2.7

-3.0

-7.3

8

3.6

1.2

2.4

2.0

8.4

6.0

PI
S5

0
2.2

2.7

2.8
2.2

2.7

-5.5

32

3.6

1.4

2.1

1.5

32.7

30.6

P3
SI

S

2.2

3.0

3.3

1.8

5.4

2.1

0

3.6

0.9

1.1

0.9

1.8

0.7

P3
S3

S

2.2

2.8
3.7

1.7

5.7

2.0

8

3.6

3.1

1.6

1.1

9.4

7.8

P3
S5

8

2.2

4.2

6.3

4.0

2.0

-4.3

32

3.6

1.7

3.7

3.3

30.6

26.9

P5
SI

32

2.2

3.6
4.8
2.2

28.4

23.6

0

3.6

1.3

' l .7

1.1

1.2

0.5

P5
S3

32

2.2

3.5

4.7

2.1

28.6

23.9

8

3.6

1.3

2.0
1.1

9.2

7.2

P5
S5

32

2.2

3.4

6.1
2.9

27.9

21.8

32

3.6

1.3

2.8

2.0

32.2

29.5

Sulphur is a plant nutrient that behaves like P in inorganic reactions in the soil. The turnover
rate of organic matter in the tropical soil is a measure of the rate of S supply to the soil/plant system.
Soils in Thailand have in general low S status (unpublished data) especially in soils in the
Northeastern region. Satrusajang et al. [49] found that for rainfed lowland rice, S fertilizers either
in sulphate or elemental S form, did not increase rice yield as much as N fertilizers. Urea
supergranules gave greater rice yield than prilled urea, urea amended with a urease inhibitor, PPD
and ammonium phosphate sulphate. The fate of N and S fertilizers in soil/plant system were
measured by 15N and 35S-labelled fertilizers for different methods of application. The amount of N
remaining in the soil was 85% for basal incorporation, 53% for broadcast at 12 days after
transplanting, 27% for broadcast at 5-7 days before panicle initiation and 49% for broadcast at panicle
initiation. Sulphur fertilizers remaining in the soil were 37% and 34% for sulphate and elemental S
respectively. The balance sheets for P and S given in Table II show data for lowland rice in north
east Thailand [50]. There were inputs of 2.2 kg P ha"1 and 3.6 kg S ha"1 from rain. A negative
balance indicates the loss of P and S in the cropping system. In Thailand, where no P was applied,
the net loss of P was 2-3 kg ha"1 where the stubble was returned and the loss of P was doubled when
the stubble was removed. The P and S balance sheets for a site in Malaysia reported in the same
study showed a net loss of 5.3 kg P ha"1 where the straw was returned and 6.9 kg P ha"1 when it was
removed. Sulphur from rain water for Malaysia was 3 kg ha"1, with no data for P from rain. A P
balance sheet from field experiments in Indonesia cited by [51] indicate that 13 kg P ha'1 should be
applied to give a positive P balance for the cropping system.
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6. CONCLUSIONS

For rice-based cropping systems with wetland rice, upland crops be grown either before or
after rice. Soil productivity may decline after intensive cultivation unless efforts are made to maintain
soil fertility. Some research issues are basic to the identification and realization of sustainable rice-
based cropping systems. Isotope techniques for these particular cropping systems have had limited
utilization but could identify and rectify gaps in knowledge of nutrient dynamics for both rice and
other crops in addition to knowledge obtained from conventional studies. Efforts should continue and
emphasize regional research cooperation or networks for specific research areas and scope of cropping
systems.
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Abstract

AZOLLA AS A NITROGEN FERTILIZER IN SUSTAINABLE RICE PRODUCTION.
The economic and environmental costs of the heavy use of chemical N fertilizers in agriculture have now become

a global problem. Alternatives to the use of commercial N fertilizers must therefore be sought if we are to sustain crop
production. Plant species such as Azolla which in symbiosis with the blue-green alga Anabaena azollae are capable of
converting atmospheric N2 into usable forms through the microbial process of biological N2 fixation. Such nitrogen fixing
systems offer an attractive and ecologically sound means of reducing external inputs of chemical N fertilizers in cropping
systems. Azolla is a free-floating water fern widely distributed in aquatic habitats of the tropics and sub-tropics. Because
of its aquatic nature, Azolla is of particular value to flooded rice. Several methods have been used to estimate biological
N2 fixation of Azolla. In a Co-ordinated Research Programme on Azolla executed by the Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture, quantitative integrated values for biological N2 fixation by Azolla have been
obtained through use of the 15N isotope. Azolla can derive as much as 70% or more of its N from N2 fixation, yielding 22-
24 kg N/ha in about one month. Differences however in N2 fixation are common depending on the Azolla species or strain
and the environmental conditions. In this research programme, we also used 15N as a tracer to assess the N recovery by
rice from Azolla and N balance in the rice cropping system. Incorporation of 15N labelled Azolla into soil gave an 15N
recovery by rice of 40-50%. On an overall basis under a wide range of environmental conditions in six countries, the
percentage 15N recovery by rice as well as the rice yield increases from Azolla application were similar to those obtained
from urea. The general conclusion from this programme is that Azolla is as good as urea as a source of N for rice. In
addition, the results of this programme have revealed that an Azolla cover over the floodwater can increase the fertilizer
use efficiency of applied urea and consequently, the rice yield. In China, Indonesia, Philippines, Sri Lanka and Thailand,
a single crop of Azolla could bring a saving of US$ 440, 94, 40, 7 and 98 millions respectively, to farmers. There is no
more important crop in the world today than rice. It occupies 90% of the area under cereals in the Asia and Pacific region.
Research aimed at developing improved integrated fertilizer management practices involving the use of green manures such
as Azolla with reduced inputs of chemical fertilizers, is very much needed. Intensive efforts are also necessary to take the
results of agronomic research to the farmers so that the impacts of Azolla use in sustainable rice production could become
more visible.

1. INTRODUCTION

More than half of the world population is dependent on rice as a staple food. Presently rice
covers over 150 million hectares of land producing 470 million tons of grain. An additional 300
million tons of rice will be needed by the year 2020 to meet the demands of the rapidly increasing
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world population. Therefore technologies will have to be developed that can not only produce enough
rice for the present but that will sustain increased yields for future generations. For centuries, green
manures have been used as fertilizers by farmers but this was overtaken by chemical fertilizers in the
1960s. However, rapidly increasing oil prices, global concern for preservation of the environment
and the more recent realization of the need for sustainability in agricultural production, mandate that
alterntives to chemical N fertilizers must be urgently sought. Nitrogen fixing plants such as Azolla
can offer an economically attractive and an ecologiclly sound means of reducing external inputs,
improving internal resources, and increasing yields.

Azolla has been used as a green manure in rice production in China and Viet Nam for many
years. It is a free-floating water fern with a symbiotic association with a blue-green algae (Anabaena
azollaé) and widely distributed in the tropics and sub-tropics [1, 2]. Azolla usually multiplies
vegetatively and under optimal conditions doubles the biomass in 3 to 5 days [3,4]. The importance
of this symbiotic association lies in its capacity to fix atmospheric N2 [3, 5] and accumulate as much
as 25 to 30 kgN/ha in about 30 days [6]. It is agronomically a valuable crop for wetland rice because
of the ability to grow under flooded conditions, and release N to an associated crop [7] upon
decomposition.

From 1984 to 1989, the Joint FAO/IAEA Division of Nuclear Techniques in Food and
Agriculture of the IAEA in Vienna with financial assistance from the Swedish International
Development Authority (SIDA) Co-ordinated a Research programme on "Isotope Studies of Nitrogen
Fixation and Nitrogen Cycling by Azolla and Blue-green Algae" involving nine rice growing countries
in the Asia and Pacific region. 13N was the tracer used in this programme. In this paper we discuss
the data generated from this programme in the context of sustainable rice production.

2. MEASUREMENT OF BIOLOGICAL N2 FIXATION IN AZOLLA USING 15N

Several methods have demonstrated the ability of Azolla to fix atmospheric N2. Tsujimura
et al. [8] showed that Azolla can obtain N2 from the atmosphere by growing in N-free medium.
Actylene reduction assay demonstrated that Azolla fixes as much as 400 to 800 kgN/ha/year [9].
However, direct evidence for N2 fixation by Azolla comes from the work using 15N labelled N2 [10].
Both the acetylene reduction technique and the use of 15N gas have the disadvantage that they are
short-term measurements and are therefore of little value in quantifying N2 fixation under field
conditions where there are diurnal and seasonal variations in N2 fixation. Kumarasinghe et al. [Il]
used the isotope dilution technique [12] to quantify N2 fixation by Azolla under field conditions in
Hungary using Salvinia auriculata and Lemna minor as reference crops. In these studies, Azolla
derived as much as 79 to 83% of its N2 from fixation yielding 22-24 kg N/ha fixed in 28 days (Fig.
1). In the Philippines, Watanabe et al. [13] demonstrated that 73-78% of the N in Azolla was derived
from fixation. Yet, these values may be regarded as underestimates for several reasons. In
experiments conducted in Hungary (a) a relatively low temperature (average 15°C) during the first
half of the experimental period probably resulted in poor rates of N2 fixation, and (b) the relatively
poor growth of Lemna, may have resulted in a different pattern of 15N uptake in addition to taking
up a lesser quantity of 15N. Furthermore, Watanabe et al. [13) pointed out that simply using the %
15N atom excess values of the fixing and the reference plants to calculate the N2 fixed may lead to an
error especially when the standing N content in the inoculum is high. When corrected for the initial
inoculum N, values for the % nitrogen derived from atmosphere (% NdfA) were found to be higher
ranging from 80-82%. When measuring N2 fixation in Azolla using the isotope dilution technique,
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FIG. 1. Field estimates of N2 fixation by Azolla in China (CPR), Hungary (HUN), Japan (JAP),
Philippines (PHI) and Sri Lanka (SRL). Data from Japan are not part of the Co-ordinated Research
Programme.

it is therefore important to keep the initial inoculum as small as possible so that the errors involved
because of the inoculum N, become neglegible. In studies conducted by Kulasooriya et al. [15] in
Sri Lanka, the %NdfA in A. pinnata and A. microphylla (Fig. 1) was 50 to 60%. Rates similar to
this have been reported by You et al. [15] from studies in China. In experiments conducted in Sri
Lanka, 15N was applied to the floodwater in splits given every three days resulting in an increase in
floodwater N upto 40 ppm after each addition. While this method of 15N application ensures a greater
uniformity of 15N level in the floodwater, it also results in a constantly higher level of N than with
a single application. A greenhouse study [11] has shown that increasing N level in the floodwater
from 5 ppm to 35 ppm decreased % NdfA in A. caroliniana from 92 to 76%. Adverse effects of
combined N on N2 fixation by Azolla have also been shown by Ito and Watanabe [16] using the
acetylene reduction technique. It is therefore likely that the high level of N in the floodwater may
have contributed to a large extent to the relatively low % NdfA observed in Sri Lanka.

Genotypic differences in N2 fixation have been observed within plant species [17]. In the case
of Azolla, variations in the %NdfA have been reported using the natural 15N abundance method [18].
Although the % NdfA in one strain of A. pinnata was low (59%), values as high as 95% were
recorded for A. microphylla with an average of 77% for four species (Fig. 1). While the natural 1SN
abundance method may eliminate errors attributed to inoculum N and those due to differences in
growth patterns in fixing and non-fixing plants, it nevertheless requires high precision measurements
because even small differences in the natural 15N abundance of the reference crop caused by the small
differences in natural I5N abundances in different soils may lead to substantial variations in the
calculated %NdfA [18].

3. AZOLLA AS A NITROGEN FERTILIZER FOR RICE

3.1. Availability of Azolla N to rice.
Although excretion of fixed N from living Azolla has been reported [6], most of the Azolla

N becomes available to rice only after its death and decompostion. About 75% of the N in Azolla
mineralizes in 6 to 8 weeks [19]. The availability of Azolla N to rice was evaluated under field
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TABLE I. RECOVERY OF N BY RICE FROM AZOLLA AND UREA AS
DETERMINED BY THE DIRECT AND THE INDIRECT ISOTOPE METHODS

N treatment
Urea Azolla

(kg/ha)

Direct method
100 0

0 144
30 0
0 30
0 30
0 30
0 30
0 30

Indirect method
100 250
100 320

Azolla species

-
A. caroliniana

-
A. caroliniana
A. pinnata 1*
A. pinnata 2
A. pinnata 3
A. microphylla

A. caroliniana
A. caroliniana

DM
yield
(t/ha)

12.0
15.5
6.5
6.2
4.5
5.2

-
6.2

21.5
21.9

N
yield
(kg/ha)

107
138
42
40
40
30

132
39

258
316

N
recovery

(*)

26
32
21
22
22
18
26
24

43
53

References

[19]
[19]
[14]
[14]
[14]
[14]
[16]
[14]

[20]
[20]

1, 2 and 3 denote var. pinnata, var. imbricata and var. Bicol respectively.

conditions using (a) 15N labelled Azolla in a direct method and (b) unlabelled Azolla in an indirect
method involving the isotope dilution technique [20] (Table I). N recovery (%) varied depending on
the species of Azolla used, rate of Azolla N applied, and probably on soil and the environmental
conditions under which the experiment was conducted. Both direct and the indirect methods proved
to be equally good to estimate N uptake by rice from Azolla. However, for assessing the recovery
of Azolla N by rice the method using 15N labelled Azolla is preferable because N uptake from Azolla
is measured directly and no assumptions [12] need to be made with respect to the ratio of fertilizer
and soil N uptake.

In the FAO/IAEA/SIDA Coordinated Research Programme (CRP) on "Isotope studies of nitrogen
fixation and nitrogen cycling by Azolla and blue-green algae", we evaluated the availabilty of Azolla
N to rice using the direct method. In an experiment conducted in six countries, the availability of
Azolla N (60 kg N/ha) and urea N (60 kg N/ha) was compared, and an agronomic evaluation with
urea applied as the best split application recommended for the country was made. The 15N recovery
by rice (Fig. 2) from urea was higher when applied at maximum tillering than at transplanting, an
observation consistent with the findings of a previous CRP on "Isotope studies on rice fertilization"
conducted by the Joint FAO/IAEA Division of Nuclear Techniques in Food and Agriculture of the
IAEA in Vienna [21]. Averaged over data from the six countries, N recovery in the above ground
plant parts was 40% for Azolla and 36% for urea for fertilizer applied at transplanting, and the
corresponding values for fertilizer applied at maximum tillering were 48% for Azolla and 58% for
urea. The average for the best urea split was 43%. Thus, on an overall basis under a wide range
of environmental and soil conditions in six countries, the 15N recovery from Azolla was similar to that
from urea. Therefore, Azolla can be regarded as good as urea in supplying N to rice on a kg per kg
N basis.
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/•7G. 3. Comparison of panicle dry matter yield from !5N labelled Azolla applied at transplanting
(Az* +Az)plus maximum tillering (Az+Az*), 1SN labelled urea applied at transplanting (U*+U)plus
maximum tillering (U+ U*) and !5N labelled urea applied as the best split (U*-BS) for the country.

3.2. Rice yield responses to applied urea and Azolla.
Several workers [7, 8] have shown that incorporation of Azolla increases rice yields. The results

of INSFER trials [22] showed that rice yield increases from incorporation of 20 tons/ha of Azolla
fresh weight together with 30 kg N/ha as urea was equivalent to that from 60 kg N/ha as urea. In
experiments conducted under the FAO/IAEA/SIDA CRP on Azolla, except in Brazil and Thailand,
the panicle dry matter yield was not very significantly different whether the urea was applied in two
splits or as the best split recommended for the country (Fig. 3). Even in Brazil and Thailand where
Azolla gave a significantly lower yield response, the difference was small compared with the overall
yield increase and were similar to those for the urea best split. Averaged over the results from six
countries, the yields for the Azolla incorporated at transplanting plus maximum tillering, urea applied
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at transplanting plus maximum tillering, urea best split, and the control treatments were 5.3 (+. 0.4
SE), 5.5 (± 0.4), 5.6 (± 0.3) and 3.6 (± 0.4) tons/ha, respectively. Thus, over a wide range of
environmental conditions, Azolla was equally good as urea applied by either method in producing rice
yields [19, 23].

Although the culture of Azolla depends heavily on the availability of water, in the majority
of places it is possible to grow at least one crop of Azolla during one rice cropping season.
Incorporating one crop of Azolla could save a minimum of 30 kg N/ha as urea. In China, Indonesia,
Philippines, Sri Lanka and Thailand, a single crop of Azolla could bring a saving of US$ 440, 94,
40, 7 and 98 millions respectively on the current market price of urea (1 kg N as urea = US$ 0.44).
This would mean a considerable economic benefit to the farmers.

4. AZOLLA AS AN AGENT FOR INCREASING THE EFFICIENCY OF UREA

One of the major problems of wetland rice cultivation is ammonia volatilization, a process
by which appreciable amounts of the fertilizer N applied to flooded soils is lost [24]. In paddy fields,
the rise in pH of the floodwater because of the photosynthetic activity of the aquatic community
stimulates N volatilization resulting in decreased availability of nitrogen to the rice plant. A
laboratory experiment showed N losses to be 7-40% of the applied ammonium depending on the pH,
temperature and wind speed [25]. However, under the Azolla cover, the pH of the floodwater does
not rise because of light interception by Azolla. This will decrease ammonia volatilization. An added
advantage is that the applied N is absorbed by Azolla, some of which is later used by the rice plant.
In China, Sri Lanka and Thailand, the floodwater pH was reduced by about 2 units by an Azolla

cover over the floodwater. As a result, in China N losses were reduced by 18% with an Azolla cover
and by 50% with subsequent incorporation of this Azolla mat. In Sri Lanka, the percent I5N recovery
by rice from urea was increased by 26% with an Azolla cover and by 56% when the Azolla cover was
incorporated into the soil. In the Philippines, Sri Lanka and Thailand, rice yields increased by 28%,
11% and 14% respectively with an Azolla cover, and by 43%, 32% and 34% when this Azolla was
incorporated into the soil (Fig. 4). These data confirm the beneficial effects of Azolla in reducing
ammonia losses and increasing rice yields.
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FIG. 4. Effect of an Azolla cover and its subsequent incorporation into soil on increasing rice yields
by urea.
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5. CONCLUSIONS

The use of 15N as a tracer in this CRP made it possible to quantify N2 fixation by Azolla under
field conditions, assess the availability of Azolla N to rice, and examine the beneficial effects of
Azolla in increasing the efficiency of applied urea. The data indicate that substantial savings could
be made by the farmers even if the N from one cover of Azolla could be made available to a rice
crop. However, because of technological and socio-economic limitations, the agronomic potential of
Azolla is still underutilized in rice cultivation. Positive N balances in the soil following Azolla
incorporation have been observed [26, 27]. In addition Azolla adds organic matter to the soil [23]
which is a vital component for maintaining long-term soil fertility. Farmers in the Asia and Pacific
region, especially those in China and Viet Nam have practiced integrated farming for several years
where Azolla is used as an animal feed and as a fertilizer for rice and upland crops. Very little, if
any, external fertilizer inputs are used and the Azolla provides the N and other organic material.
With modest inputs of additional research, such farming methods could provide models for developing
more sustainable rice production systems for the future.
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Abstract

USE OF 15N TO DETERMINE THE N-BALANCE OF Azolla-N AND UREA-N APPLIED TO WETLAND RICE.
A field experiment was carried out to study the N-balance of Azolla-N and urea-N applied to wetland rice. The

experiment was conducted at the Field Station of the Agricultural Research Institute for Food Crops at Muara, Bogor.
Results show that an Azolla mat on the surface of the floodwater could prevent N losses from the field especially when
applied at transplanting. The %N derived from fertilizer and the % N recovery was lower in treatments where the fertilizer
was applied at transplanting than later in the growing season. This is probably because the root system of the young rice
plants was not fully established at the transplanting stage. The %N recovery however increased if Azolla is inoculated at
the same time and incorporated into the soil later. Here, Azolla probably acts as a slow release fertilizer absorbing some
of the fertilizer N when it is abundantly available and releasing it later to be made available to the rice plants, thus
increasing its efficiency of use. An Azolla mat over the floodwater also increased the rice yields compared with the control
and this may be explained as due to the supply of additional N from senescing fern fronds.

1. INTRODUCTION

Supply of nitrogen (N) is a major factor which usually limits crop yields. N is needed in large
amounts for plant growth, but is expensive and not readily available to many farmers. All these
factors make N a special nutrient from economic as well as from metabolic viewpoint (Allison,
1973). N is also the major limiting fac'tor for rice production (Patrick, Jr.and Mahapatra, 1968).
Simpson et al. (1984) reported that application of N fertilizer to rice can increase the yield
significantly but that it is expensive because of the low efficiency of N fertilization in flooded soils.
When applied to rice recoveries from N fertilizers could range from 10-60%. However, under
farmers' conditions in Asia the efficiency of N fertilizer applied is usually around 37% and 50% for
the wet and dry season respectively (International Atomic energy Agency, 1978). This means that
each year about 60% of the N fertilizer applied is not used by wetland rice. This is due to the high
solubility and mobility of N fertilizers in the soil and coupled with conditions in the wetland soils
which promote denitrification process leading to losses in the form of gasses, and leaching or run
off at the surface ISisworo, 1983).

In Indonesia (Sujadi et al., 1987) the national objective is to use urea more efficiently in
lowland rice so as to either achieve a reduction in rate of N fertilizer applied or to maximize rice
production without additional N inputs. For both alternatives N loss should be taken into
consideration so methods preventing N losses could be employed.

Several experiments done by the National Atomic Energy Agency (BATAN), have shown that
Azolla, a water fern, could be used to substitute a part of the N fertilizer applied to wetland rice
(Sisworo et al. 1989, 1990a, 1990b, 1990°, 1991). These experiments also showed that/4zo//a could
contribute around 30 - 45 kg N/ha to a crop of rice. Besides the use as an N-source for lowland rice,
it could be possible that an Azolla mat covering the floodwater surface of a paddy field could
prevent urea losses. If this is really the case then it may be possible to reduce the present rate of urea
application since the applied urea will be more efficiently used. This paper reports the results of
experiments conducted to determine the N-balance of Azolla-N and urea-N applied to wetland soils
and to study the N-losses from these sources.
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TABLE I. CHEMICAL PROPERTIES OF THE SOIL

_______________Depth_______

0-20 2MO 41-60

pH (H20)

C (%)

N (%)

NH4 (mg/kg)

N03 (mg/kg)

P (mg/kg)
OM(%)

5.07

1.19

0.28

9.50

7.70

5.00

2.04

5.38
2.17

0.09

5.60

4.20

4.95

3.73

6.14

0.63

0.07

4.92

3.54

5.21

1.09
OM = Organic matter.

2. MATERIALS AND METHODS

The experiment was conducted at the Experiment Station of the Agricultural Research Institute
for Food Crops - Muara, Bogor, West Java. The soil was an oxisol and the chemical properties of
the soil determined by the methods described by FAO (1980) is given in Table I. Rice (Oryza saliva
var. IR-64) was seeded on May 25th 1988, transplanted on June 24th 1988 and harvested on
September 13th 1988. Planting distance was 20 cm x 20 cm.

2.1. Nitrogen sources

2.1.1. Azolla
Azolla pinnata collected from the nursery stock at the Center for the Application of Isotopes

and Radiation (CAIR) was used as the source of Azolla-N. 15N-labelled Azolla was obtained by
growing the Azolla in a 1 m x 3 m nursery plot near the experimental plots. Initially half of the
plot (A) was flooded to a depth of 5 cm and inoculated with 1 kg fresh Azolla. One week after
inoculation 15N-Ammonium Sulphate (15N-AS) with a 95% atom excess (a.e.) was applied.
Application of 15N-AS was repeated twice at 2 and 5 days after the first application of 15N-AS. One
week after the first application of 15N-AS the border between sub nursery A and B was
demolished and again I5N-AS was applied. Two and 4 days afterwards the application of 15N-AS was
repeated. Two weeks after the first application of I5N-AS the 15N-labelled Azolla was ready for use
and it contained an a.e. of about 12%. P fertilization for Azolla was carried out using ground
TSP(46%P2O5) at a level of 1.5 g TSP/L. The P solution was sprayed on the Azolla mat starting at
the day Azolla was inoculated repeated once in two days and terminated three days before Azolla was
ready for use. The unlabelled Azolla was treated with N and P exactly as the 15N-labelled Azolla
except that in this case the N-source used was urea.

2.1.2. Urea
For the N-source from fertilizer-N 15N-labelled urea was used with a 20% and 10% a.e. while

for the unlabelled source, ordinary urea was used.

2.2. Experimental plots

2.2.1. Isotope microplots
The 15N-labelled Azolla and urea were used in the isotope microplots, each with a size of

0.6 m x 0.8 m. The isotope microplots will henceforth be referred to as microplots.
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2. 2.2. Yield plots
The yield plots were large plots each with a size of 5m x 4m. Parallel treatments were

carried out in the microplots and yield plots, but the Azolla and urea applied to the yield plots were
not labelled with 15N. All the experimental plots received a basal dressing of P and K fertilizers at
a rate of 60 kg P/ha and 60 kg K/ha respectively. The microplots and yield plots which were applied
with Azolla got an additional P fertilizer application at a rate of 5 kg P2O5/ha.

3. Treatments

A. Control : 0 kg N/ha.
B. 30 kg N/ha 15N-labelled urea (20% a.e.) incorporated at transplanting (equal to 3 g N/m2).
C. 30 kg N/ha 15N-labelled urea (20% a.e.) incorporated at transplanting + 2000 kg fresh

Azolla/ha. (equal to 200 g fresh Azolla/m2) applied at transplanting but not incorporated.
D. 30 kg N/ha fresh 15N-labelled Azolla incorporated at transplanting (equal to 1.25 kg fresh

Azolla/m2).
E. 2000 kg/ha unlabelled fresh Azolla apllied at transplanting not incorporated, and 15N-labelled

urea (20% a.e.) applied to the floodwater 2 weeks after transplanting.
F. Similar to treatment E but unlabelled Azolla was incorporated 4 weeks after application,

further Azolla growth was allowed but not incorporated.
G. Similar to treatment E but without Azolla application.
H. 60 kg N/ha 15N-labelled urea (10% a.e.) incorporated at transplanting without Azolla

application.
I. Unlabelled Azolla applied at transplanting at a rate of 2000kg fresh Azolla/ha., not

incorporated and without urea.

All treatments in the microplots were also carried out parallely in the yield plots.

4. Harvest
In the microplots the border plants were harvested separately from the two middle plants,

while in the yield plots the border plants were discarded and the remaining plants were harvested for
sampling. All the plants harvested in the microplots as well as in the yield plots were cut as low as
possible above the ground and cleaned thoroughly from the soil attached to them. Soil samples were
taken only from the microplots. For this purpose a soil sampler was pushed into the soil to a depth
of 30 cm in the microplots. Each soil sample was cut at depths of 0-10 cm, 10-20 cm and
20-30 cm.The soil samples were put into polyethelene bags and stored in a cooling box and
transported to the laboratory for analysis. The size of the soil sampler was 20 cm x 20 cm x 50 cm
and made of stainless steel with a 2 mm thickness, and was obtained from IRRI - Los Banos, the
Philippines. Total-N was determined by Kjeldahl analysis, and for the treatments where 15N labelled
Azolla and urea were applied ]5N was determined using an emission spectrometer (Jasco NIA-1) at
the CAIR.

5. Parameters recorded
Parameters recorded for floodwater included temperature, pH, NH+

4, NO 3, total-N, 15N %
a.e. during the first ten days directly after transplanting and two weeks after transplanting. For
plants, the parameters recorded were, total-N, % N derived from fertilizer (%Ndff), % recovery of
N, and N-yield. The parameters determined for plants were used for the soil at depths of 0-10 cm,
10-20 cm and 20-30 cm.

6. RESULTS AND DISCUSSION

Figure 1 shows the changes in temperature, pH, NH4
+, and the total-N content of the

floodwater recorded during the 10 days 2 weeks after transplanting. Vlek and Fillery (1984)
showed that in the Philippines NH4

+ loss accounted for 30-50% of the N applied to floodwater 2-3
weeks after transplanting. NH3 volatilization is an inherent process promoted by alkalinity in
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FIG. 1. Total N content (a), pH (b), ammonium ion concentration (c) and temperature (d) changes
infloodwater in the rice field measured during the 10 days, 2 weeks after transplanting.

floodwater in rice fields. Besides, high temperature in the floodwater also promotes NH3
volatilization. The data (Fig.l.) from the present study show that the pH of the floodwater in
treatment G where there was no Azolla cover was above 8 and was always higher than the other
comparable treatment E with an Azolla cover. Similarly in treatment G, the temperature was
generally above 30°C and was always higher that in the treatment E. Both the conditions of high pH
and high temperature promote rapid losses of ammonia from the floodwater. The relatively low
(76%) recovery of the applied N in the treatment without sen. Azolla cover as compared to that (86%)
in the treatment with an Azolla cover could be accounted for by a greater ammonia volatilization in
the former treatment. The changes in the NH4

+ ion concentration and the total N content follow
a similar pattern in all treatments and therefore no definite conclusions could be drawm from this
data. The same was true for the set of data recorded for the 10 days immediately after transplanting
for which reason they are not presented here.

The results show that urea applied at transplanting at a rate of 30 kg N/ha, with or without
Azolla resulted in a lower %Ndff compared to when applied two weeks later (Table II, treatments B
& C vs treatments E, F,G). These observations are in agreement with the data obtained by Abdullah
as reviewed by Myers (1992). The % recovery of N from fertilizer and/or Azolla are presented in
Table III and the N yields (mg N/2 hills) are presented in Table IV. In treatments receiving urea (
30 kg N/ha and 60 kg N/ha without Azolla innoculation) applied at transplanting, the %N recovery
in rice was similar (Table III; B and H). This indicates that the ability of the rice plants to take up
applied N is limited when they are young. For the later application of urea, it is likely that because
the root systems of the rice plants were already well established they were able to benefit immediately
from the fertilizer added than from the fertilizer added at transplanting. This means that much of
the fertilizer added at transplanting could have been lost. However, the highest %N recovery was
seen in the rice plants which had been supplied with urea at a rate of 30 kg N/ha with Azolla
innoculation followed by incorporation into the soil (Table III, F). In this treatment it is likely that
the Azolla was able to absorbed N from the labelled urea acting as a temporary storage or a slow
release fertilizer resulting in a higher %N recovery. In this study, it was also interesting to note that
when urea was applied at a lower rate, a higher % of N could be recovered in the top 0 - 10 cm
of the soil (Table III; B vs H). However, the reason for this was not evident from the present data.
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TABLE II. PERCENTAGE OF N DERIVED FROM FERTILIZR AND AZOLLA IN ROUGH
GRAIN (RG), STRAW (S) AND SOIL

Treatment

A

B

C

D

E

F

G

H

I

LSD 5 %

CV(%)

RG

-

15.28

17.84

20.29

23.68
22.92

30.06

25.87

-

4.28

14

S

-

14.45

14.06

19.73

22.46

24.66

19.87

19.95

-

4.72

17

Roots

0 - 10 cm

%
-

14.14

11.45

19.05

13.86

14.91

11.16

17.15

-

4.03

20

>11 cm

-

8.85

8.37

15.38

13.39

16.06

9.96

9.35

-

3.34

20

0 - 10 cm

-

0.76

0.69

0.99
0.57

0.65

0.27

0.48

-

0.20

22

Soil

> 11 cm

-

0.09

0.02

0.15

0.02

0.07

0.13

0.22

-

0.07

45

TABLE III. RECOVERY OF N FROM FERTILIZER AND/OR AZOLLA IN ROUGH GRAIN
(RG), STRAW (S), WHOLE PLANT (P), ROOTS AND SOIL

TR

A

B

C

D

E

F

G

H

I

LSD 5%

CV(%)

RG

25.11

32.04

36.16

41.51

39.64

39.54

25.27

-

09.64

20

S

11.50

11.51

20.64

17.96

23.27

20.09

10.09

-

05.72

24

P

36.61

43.55

56.80
59.47

62.91

59.63

35.36

-

13.30
18

Roots

0-10 cm

2.01

1.75

3.86

2.40
2.35

2.36

1.51

-

0.98
30

cm

_ ( % )

0.18

0.13

0.19

0.18

0.17

0.21

0.06

-

ns
43

Soil

0-10 cm

30.64

25.09

30.83
23.64

23.68

10.27

08.42

-

07.08
22

cm

2.88

0.58
3.60

0.49

1.35

3.85

2.81

-

1.69
53

Total

Total

71.82

71.10

94.35

86.18

90.23

76.20

48.50

-

12.80
12

TR = Treatment; RG = Rough grain; S = Straw; P = Whole plant
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TABLE IV. N DERIVED FROM FERTILIZER AND/OR AZOLLA ORF IN ROUGH GRAIN
(RG), STRAW (S), PLANTS (P), ROOTS AND SOIL

Roots

Treatment RG S P

a

Soil

b a b

Total

. .... mg N/2 hill ....

A

B

C

D

E

F

G

H

I

LSD 5 %

CV (%)

a = 0-10
b = >il

-

60.21 27.61 87.82 4.

76.91 27.62 104.53 4.

98.54 55.11 151.65 10

99.61 43.11 142.72 5.

95.13 55.48 150.97 5.

94.90 48.22 143.11 5.

121.30 48.40 169.70 7.

-

27.04 17.21 39.28 2.

21 28 20 29

cm soil depth
cm soil depth

82

82

.32

77

63

67

22

60

-

0.42 73.54 6.91

0.31 60.21 1.40

0.52 82.31 9.61

0.43 56.74 1.17

0.42 56.84 3.23

0.50 24.53 9.24

0.31 40.44 13.46

-

ns 19.55 4.95

43 24 51

-

173.51

170.65

251.91

206.83

217.51

182.88

231.13

-

36.37

12

TABLE V. DRY MATTER YIELD WEIGHT OF ROUGH GRAIN,
STRAW AND ROOTS OF RICE IN THE MICROPLOTS

Treatments Rough

grain

A 21

B 39

C 42

D 44

E 40

F 39

G 43

H 45

I 39

LSD 5 % 9

CV (%) 15

Straw

23

38

38

48

39

43

46

44

37

11

19

Dry weight (g/2hills)

Roots

0-10 cm > 1 1 cm

3.80 0.27

8.03 0.62

7.53 0.69

10.40 0.65

8.16 0.69

8.04 0.59

9.40 0.73

8.71 0.66

9.24 0.68

3.08 0.30

26 40
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TABLE VI. DRY MATTER YIELD OF ROUGH
GRAIN AND STRAW OF RICE IN YIELD PLOTS

Treatments

A
B
C
D
E
F
G
H
I

Rough grain
(kg/ha)
2775
4222
4424
4185
4182
4437
4186
4279
3961

Straw
(kg/ha)

3403
5020
4905
4938
4448
4680
4193
4893
4305

LSD 5 % 356 998

CV {%) 6 9

For the later application of urea with or without Azolla, a higher %N recovery was seen in
the straw compared to the plants which received urea at an earlier date with or without Azolla
(Table III; E, F, G vs B,C). This could be due to the fact that N taken up at a later date had a much
shorter time for distribution from the straw to the grains. A similar trend was seen in treatments
which received Azolla alone without urea at an earlier date (Table III; D). In this case however, the
delay could be because of the time needed for Azolla to be mineralized before its N could be made
available to an associated crop.

As expected, the dry matter yield of control treatments was lower than in the other treatments
in microplots as well as in yield plots. However, the dry matter yield in microplots and yield plots
did not differ much among the treatments B to H. It was interesting to note the response of treatment
I where only an Azolla mat was applied without incorporation into the soil which resulted in a higher
dry matter yield compared to the control. A similar trend was seen in microplots as well as in yield
plots. It is possible that an Azolla mat is able to provide some N to an associated crop through decay
of senescing parts of the fern frond.
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Abstract

RECYCLING OF PHOSPHORUS IN A KICE-AZOLLA CULTIVATION SYSTEM.
Adequate P fertilization affects the growth and properties of Azolla as a biofertilizer. Four Azolla species were

labelled with 32P and the release and uptake of Azolla-P by rice was investigated. Although the Azolla species had
differential P uptake abilities, the % recovery of Azolla-P by rice from the different Azolla species was similar. 48-65%
of the split applied P was found in Azolla. Following decomposition, this Azolla-P was readily available to the rice crop.
It may be concluded that the most important factor is to use Azolla strains with high P uptake capacity or ensure conditions
that will enhance the uptake of applied P by Azolla before it is incorporated into the soil. The results also show that the
availability of Azolla-P to rice is similar to that from superphosphate fertilizer.

1. INTRODUCTION

The usefulness of Azolla as a biofertilizer and the requirement of phosphorus (P) for the
growth of rice are well recognized. Azolla can store a considerable amount of P through "luxury
consumption" when P in excess of its requirement is available [1]. The growth of Azolla has been
shown to be affected by light, temperature and P level of the growing medium [2,3].

Since P application is essential for rapid multiplication of Azolla, it would appear that the rice
farmer has to spend extra money for chemical P-fertilizers. However, cultivation methods have been
developed [4, 5] that allow Azolla and rice to grow together using the same amount of P fertilizer
recommended to grow rice. Although, the application of P-fertilizers plays an important role in rice-
Azolla systems, reports on studies on the fate of the applied P are scarce. The uptake of Azolla-N
by rice has been confirmed using the 15N isotope [6, 7]. However, isotopic studies on the
mineralization of organic-P in rice soils, and its subsequent uptake by the rice plant are lacking. The
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present investigation was conducted to study the recycling of P in a rice-Azolla system using 32P as
a tracer.

2. MATERIALS AND METHODS

The experiment was carried out in the greenhouse at the IAEA Agriculture Laboratory in
Seibersdorf, Austria. Four Azolla species (Azolla caroliniana, A. mexicana, A. filiculoides and
A. pinnata) were grown in plastic trays (6 L tray"1, 2.8 cm depth) containing IRRI medium [9].
Labelled as well as unlabelled Azolla of each species was used (total 8 treatments). Each Azolla
species (200-300 g) was grown in an initial concentration of 40 mg P L"1 for 7 days. The total harvest
was well drained, 100 g (fresh weight) was transferred to a P-free medium and the Azolla allowed
to grow for another 4 days. This P starvation was expected to facilitate fast labelling in the
subsequent step. Before the addition of tracer material, about 100g of each Azolla species was allowed
to remain in each tray. Labelling of Azolla and subsequent removal of unabsorbed 32P from lower
surfaces of Azolla fronds before incorporation were important steps in this procedure. A 32P labelled
NaH2PO4 solution was added to the 4-day old P-depleted medium to have a final concentration of
40 mg P L"1 and a specific activity of 62.5 /xCi L"1. 32P was from a carrier- free orthophosphate
(Amersham, England) and 3IP was from Na^PO,,. Azolla was allowed to grow for 10 days in this
labelled culture medium. Adsorbed 32P was associated mainly with the lower surfaces and roots of
the Azolla fronds. The following washing procedure was carried out to remove adsorbed 32P. First,
the radioactive labelling medium was drained and replaced with water without disturbing the Azolla
mat. Draining and refilling with fresh demineralized water was repeated 3 times. Fronds were then
collected on a flat strainer, washed by pouring water several times over plants that were subsequently
kept for 3 days in a solution of NaH2PO4 (8 mg L"1) to facilitate exchange of 32P with 31P. Plants were
washed as previously described on a wire mesh, and blotted dry with absorbent paper several times
until no radioactivity was detected in the wet paper. Azolla was incorporated into soil by mixing 55 g
(fresh weight) of Azolla [17.5 t ha"1 on surface area basis] with 5 kg (dry weight) of soil in each pot.

The rice (Oryza sativa L.) (cultivar Nucleoryza) used (3.5 month growth duration) was
obtained from Hungary. The soil (pH 6.8; OM 2.7%; total N 0.16%; relatively high 'A-value' for
P [about 290 /ig P per l g of soil in equivalents of superphosphate fertilizer-P units]) used was
collected from the rice fields of the Irrigation Research Institute in Szarvas, Hungary. Each pot was
filled with 5 kg of air-dried soil. A 12 hour light/dark cycle was provided with day light lamps
(Phillips) and the day/night temperatures fluctuated between 30 °C and 15 °C. Treatments were
arranged in a randomized block design with 4 replicates and the pots were randomly rearranged every
3 weeks.

The pots were flooded 5 days before the incorporation of Azolla. Two 13-day old rice
seedlings were transplanted in each pot a few hours after the incorporation of Azolla. Flood water
level was gradually increased up to 4 cm during the first week without disturbing the soil. Macro-
nutrients were provided in the following way: basal nitrogen from Azolla, phosphorus from Azolla,
and K from KC1 in 2 splits (25 kg K ha"1 split"1, soil weight basis) as basal and at 42 DAT. Urea-N
was added at 21 and 42 DAT (25 kg N ha"1 spur1, soil weight basis).

Rice (above ground parts) was harvested at grain filling, at 60 DAT. Straw and panicles were
analysed separately. A 4 g dry matter sample per pot was taken for radiochemical analysis. For this
purpose, plant samples were oven dried and a known weight was ashed at 450°C. The ash was
dissolved in HC1 (2 mol L"1) and radioactivity was measured by Cerenkov counting using a liquid
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TABLE I. 32P LABELLING OF AZOLLA AND THE RECOVERY OF P BY AZOLLA FROM
THE MEDIUM

Incorporated Azolla
species

A. caroliniana
A. filiculoides
A. mexicana
A. pinnata

" total fresh weight x

Fresh weight
(g tray1)

277

278

264

282

sample dry weight

Dry matter0

(g tray1)

25.5

22.4

19.2

22.6

%PdfM
of Azollct

64.2%

64.8%

55.6%

48.4%

% recovery of F*

48.48

49.11
18.66
28.08

sample fresh weight
%PdfM = % P derived from medium
* specific activity of 32P in Azolla sample x 100

specific activity of 32P in culture medium
c total amount of P in Azolla x 100

total amount of P supplied

scintillation counter (Beckmann LS-7600). Total P was determined by colorimetry (phospho-vanado-
molybdate, yellow complex) method .

3. RESULTS AND DISCUSSION

Azolla derived from 48-65 % of its P from the medium. Biomass production ranged from 20-
26 g dry matter per tray (Table I). The % recovery of P from the labelled medium was not the same
for all four Azolla species. A. filiculoides and A. caroliniana had the highest recoveries (49%), A.
mexicana the lowest (19%) and for A. pinnata (28%) was intermediate. Depending on the species,
incorporated Azolla supplied equivalent rates (relative to superphosphate) of around 8-11 kg P ha"1

to rice (Table II). The data thus indicate that the Azolla-P was taken up by rice plant even in this P
rich soil. Rice recovered a similar percentage of P from the four Azolla species. Although the rate
of P supply from the four Azolla species was slightly different (so as to maintain the same level of
organic matter content rather than having same P level), the dry matter yield of rice from the four
treatments were more or less the same (Table II). The data thus show that the four Azolla species
had the same effect as a biofertilizer and were also equally effective as a P source for rice (Table III).

In general, the % of P derived by rice from applied Azolla (%PdfAz) increased with
increasing supply of Azolla-P. This is in agreement with the assumption that plants take up nutrients
from different sources in direct proportion to the available amounts [10]. This also explains the
relatively low %PdfAz in rice since the available soil P status was relatively high. According to the
results of a previous field experiment conducted by the IAEA [11] in the same soil, the %P derived
from a superphosphate fertilizer was about 2-3 %, while the % fertilizer recovery was around 2 %.
In another experiment [8] done in a relatively low-P soil using unlabelled Azolla together with 32P
labelled phosphate fertilizer, the Azolla-P recovery by rice grown in pots for 48 days was 6-8 %, while
the recovery of superphosphate fertilizer was around 8% in the control without Azolla incorporation.
These data show that irrespective of the available soil P status, the availability and uptake of P by rice
from incorporated Azolla were similar to those of a chemical fertilizer. Regarding the labelling of
Azolla, although some differences were observed in the % of P the different Azolla species derived
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TABLE II. SUPPLY OF AZOLLA-P AND DRY MATTER YIELD OF RICE

Azolla species

A. caroliniana
A. filiculoides
A. mexicana
A. pinnata

%P in Azolla"

0.71%

0.81%
0.66%
0.62%

Azolla-P" (mg P pof')
incorporated

35.93
35.95

26.19

27.15

Rate of P supply*
(kg P ha-1)

10.78

10.78

07.86
08.15

DMY o f rice"
(g pof1)

19.4 ±01.3
17.9 ±02.5

19.2 ±01.7

15.0 ±03.0
F = 3.361*

DMY = Dry matter yield.
* Mean of 4 samples.
6 Ccalculated for 55 g (fw) pof1.
c mg P pot'1 x IP"6 x (1.5 x 10s) kg

5 kg (dw) soil pot"1

à Mean of 4 replicate pots.
"* Differences among treatment means of replicates are not statistically significant.

TABLE III. P UPTAKE BY RICE FROM 32P LABELLED AZOLLA

Treatments"
Panicles

A.
A.
A.
A.

caroliniana
filiculoides
mexicana
pinnata

'• 3.4
3.3
2.4
2.8
F =

±0.3
±0.4
±0.2
±0.5

a
a
b

ab
6 .25**

%PdfAz
Straw
3.3 ±0.3
3.2 ±0.4
2.3 ±0.2
3.0 ±0.4

in riceb Percent recovery

Ricec (g pot"1)
a
a
b

a
F = 6.91**

3.3
3.2
2.3
3.0
F =

±0.3
±0.4
±0.2
±0.4
7.00*

a
a
b

ab

of Azolla-? in

3.9 ±0.2 a
3.5 ±0.6 a
3.6 ±0.4 a
3.5 ±0.4 a

F = 1 .17™

rice''

* Significant at 1% level.
™ Not significant.
a Mean of 4 replicates +SD.
* specific activity of rice x 100

specific activity of incorporated Azolla
c Weighted average calculated using total amount of P in panicles and straw.
d Total of Azolla-P in rice X 100

Total supplied as Azolla-P.

from the medium, their use as a biofertilizer resulted in similar dry matter production of rice (Table
I), an observation similar to those reported earlier [8, 12].

The %P levels of labelled Azolla (Table II) in this experiment are similar to those reported
by Lumpkin and Plucknett [1]. However, these values are nearly double those reported (3%) for
Azolla grown in 5 jug P cm"3 medium [13]. This may be due to the high level of P (40 /tig P cm"3)
used in the medium. The studies show that Azolla has an exceptional ability to store nearly six times
more P than is required for its normal growth. Thus Azolla may act as a valuable P storage agent
for rice cultivated under flooded conditions and fertilized with chemical P fertilizer.
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Abstract

SOIL ORGANIC MATTER DYNAMICS DEMONSTRATED BY ISOTOPE METHODS.
Much of the carbon accumulated by plants and returned annually to the soil has a relatively short residence time.

Upon entering the soil, some of this carbon transfers into the labile pool of soil organic matter (SOM). It may exist there
in the form of small fragments of the original plant residue. As the vegetative fragments further decompose, some carbon
transfers to the more resistant or humic component of SOM. We have demonstrated flow of carbon into the different SOM
pools from mature crop residues after artificially labeling the growing plants by exposure to UCO2. Under virgin tallgrass
prairie, partly decomposed litter comprises a large part of the SOM pool. Labeling studies suggest its half-life is about 10
years. Under cultivated crops a similar labile pool of plant residue fragments exists but it is much smaller in quantity than
under native prairie. The turnover time for these materials is not greatly different for the two systems. A contrasting, large
pool comprising at least 50% of the total SOM under cultivated crops is very resistant and appears to posses a turnover time
of about 1000 years. This persistent, or ancient SOM has been identified by I3C natural abundance studies to have
originated primarily from the native prairie vegetation.By physically fractionating the soil, the flow of labeled carbon into
different particle size units was investigated. Transfer of carbon from coarse vegetative fragments to progressively finer
material and into humus bound to silt and clay was demonstrated. Transfer of the label into stable soil aggregate structures
was also followed. Coarse aggregates were labeled first and apparently arose from fungal binding of mineral particles to
vegetative fragments. Microaggregates became labeled later and the suggested mechanism was the adhesive binding by
bacterially synthesized substances. i

1. INTRODUCTION

Sustainable agriculture requires that there be no decline in soil quality due to cultivation. Any
parameter that reflects soil organic matter (SOM) would be useful in expressing soil quality. Our
work in this area has focused not only on SOM level but on its rate of turnover as well. These
characterizations of soil have been demonstrated to bear significant relationships to soil physical,
chemical, and biological properties. Particularly recognized benefits of SOM are those of contributing
to a desirable soil structure thus minimizing potential for erosion, and contributing in plant nutrient
cycling.

The level of SOM has been established by climate, vegetation, and parent material as major
factors of soil formation. For the most part, this level is stable over time when left undisturbed by
man. The productivity of soils across the continental U.S. has long been associated with naturally
high levels of SOM.

Cultivation of native lands, unfortunately, brought a decline in the level of SOM. It dropped
to a new level that was determined by current input of vegetative residues and the type of
management for the particular agricultural system. Good soil management has served to keep
productivity high and today U.S. agriculture is concerned with sustaining biological productivity while
maintaining environmental quality.
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Currently we recognize that SOM includes a number of pools comprising a broad spectrum
of different carbon-containing components. Pursuing an understanding of this complex soil
characteristic including its dynamic nature is an active area of research. It is certainly relevant in
developing a truly sustainable agriculture. The difficulties in monitoring carbon flow through the soil
demand the use of special tools in order to be able to conduct studies beyond that of simple
measurements such as total quantity. Isotope techniques have proven to be powerful tools
contributing to high success in soil organic matter studies. In our laboratories and using our historical
fields (Sanborn Field and Tucker Prairie) we have successfully employed both 14C and 13C labeling
experiments to characterize SOM in several different ecosystem. The main focus has been on
quantifying SOM dynamics in agricultural ecosystems. For comparative purposes parallel studies of
the native prairie have been included.

In agricultural ecosystems the source of carbon for SOM is residues remaining from crops
grown primarily for their grain. Annual primary production for various crops can be used to
determine the quantity of carbon that enters the soil each year. The amount reaching the SOM pool
is relatively small but has a long duration in soil. The bulk of the annual input of carbon is returned
to the atmosphere as CO2 by action of heterotrophic organisms.

Fresh residues added to the soil are not completely decomposed during an annual cycle. A
part of the residue litter may accumulate and the extent to which this occurs will depend on the soil
management system in place. For this reason we have examined fresh residues, accumulated litter
and stable SOM by several approaches in the overall goal of quantitatively defining carbon flow
through the soil.

2. METHODS

This work has been carried out in a temperate region of the U.S. where annual rainfall is 960
mm. The field experiments have been on silt loam soil classified as Udollic Ochraqualf, with a dense
claypan at about 30 cm. Cultivated crops studied were winter wheat, corn and soybeans; these were
compared to the native tallgrass prairie. Each has been pulse-labeled in the field by exposing to 14CO2

during the period of intensive vegetative growth [1]. Labeling was carried out under a temporary tent
of clear plastic sealed against the surrounding atmosphere and air-conditioned. Typical, conventional
farming practices were imitated on these plots. At harvest the stems were cut into pieces and dropped
to the soil surface along with leaves. The residues were incorporated into the upper 10 cm of soil
the next fall (under wheat) or spring (under corn and soybeans). In each experiment (different crop),
soil respiration was monitored over the next several years and samples of soil were collected
periodically for analyses of SOM. The soybean experiment included detailed examination of
mechanically fractionated mineral particles and partially decayed vegetative fragments. Plant residue
pieces were separated from mineral soil and its litter SOM by passing through a 2 mm sieve. The
vegetative fragments of coarse mechanical fractions were separated by flotation. In an additional
study, various aggregates were separated by wet sieving and the label in these fractions was
determined over time.

3. RESULTS AND DISCUSSION

3.1. Primary production
Data on primary production of other major crops of the North Central U.S. have been

published previously [2]. In this report we want to compare net primary production of winter wheat
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TABLE I. PLANT RESIDUE PRODUCTION AND ACCUMULATION IN WINTER WHEAT AND
TALLGRASS PRAIRIE ECOSYSTEMS.

Biomass type
Winter
wheat

Tallgrass
prairie

Annual production (excluding grain)
aboveground
belowground*
Total

g/m2

590 ± 26
521 ± 42
1111 ± 59

479 ± 65
495 ± 28
974 ± 60

Past year's residues
above & belowground 393 ± 16 1788 ± 51

Total residue biomass 1504 ± 80 2762 ± 168
*Based on 50 cm profile

with that for native tallgrass prairie. The prairie and the wheat systems were studied under the same
climatic conditions and on the same soil series. Wheat produced a slightly greater amount of residue
biomass each year (Table I). The accumulation of dead plant material over time, however, is
significantly greater for the prairie. This total accumulation from past years of production in the
prairie was almost five times greater than for wheat, implying a significantly faster rate of
decomposition under wheat.

3.2. Carbon flow
We have traced the flow of carbon over time through the various soil pools until its eventual

return to the atmosphere as CO2.
Under the wheat ecosystem, the flow of carbon through the soil is conceptualized in a diagram

as Fig. 1. The quantity of carbon in various pools is reported along with the flow between pools on
an annual basis. Nearly 80% of carbon of wheat residues was mineralized during a one year period.
This includes the combined decay of fresh residues during the initial year after harvest and that of
residues remaining from previous years of production. The annual flow to SOM was 110 g m'2 from
combined above and below ground residues present in the soil. This amounts to 20% of annual
production or suggests a humification coefficient of 0.2. We note that the proportion humified from
belowground production is somewhat higher than that from residues produced aboveground. A more
complete discussion of carbon flow in the wheat ecosystem has been published elsewhere [1, 3].

The prairie ecosystem presents some interesting contrasts to that for wheat. The important
differences can be seen in Table II. Under the native prairie the allocation to SOM is 43 % of total
annual production or double that for wheat. A related difference is the very large litter pool that has
accumulated under the prairie. This contrast to the wheat system is particularly significant with
respect to the large amount of carbon in the underground biomass pool which includes perennial roots
and accumulated litter.
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Soil organic matter

6500-7000

Figure I

TABLE II. COMPARISON OF ANNUALIZED CARBON FLOW AND POOL SIZES FOR TWO
ECOSYSTEMS.

Compartment
Winter
wheat

Tallgrass
prairie

New production 543

Accumulated litter 155
(percent of underground origin) (42)

Total SOM 6,500

450

759
(75)

10,500

Transfer to SOM

Mineralization
from residue

from SOM

110

436
110

196

254
196
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TABLE III. QUANTITIES OF CARBON AT MAXIMUM ACCUMULATION AND MEAN ANNUAL
DECAY RATES.

Winter Wheat
Origin
of Carbon

Aboveground
biomass

Underground
biomass

quantity

g/m2

343

355

k
yr'1

0.74

0.82

turnover
time
yr
1.3

1.2

Tallgrass Prairie
quantity

g/m2

408

801

k
yr"1

0.45

0.29

turnover
time
yr
2.2

3.4

Soil organic 6,500 0.015 67 10,500 0.018 56
matter

3.3. Rates of decay
Decay of accumulated plant litter was examined by loss of I4C over time, taking as the starting

time the point of maximum litter accumulation in an annual cycle. By calculating decay constants for
the two systems further contrasts between the wheat and the prairie ecosystems were demonstrated.
These decay constants covering an annual cycle are reported in Table III and assume decay was a first
order reaction. It is recognized that decomposition of these residues does not strictly meet first order
kinetics but that the mean annual decay constants are useful in comparing differing systems and
different components of one system.

Stable SOM breaks down very slowly in both the agricultural and the native prairie ecosystems
as is shown by a decay constant of 0.015 yr1 for wheat and 0.018 yr1 for prairie. The plant residue
pools, however, decompose at a much more rapid rate and show a marked difference between the two
systems with the rate being most rapid in the case of wheat. The contrast is greatest when
considering the residues of belowground origin which are decaying very slowly under prairie.

These relationships indicate that transient sources of SOM are strongly influenced in terms of
decay rate by ecosystem differences such as disturbance, aeration, moisture and others. The stable
SOM, however, at equilibrium appears to be less affected.

3.4. Effect of residue composition on decay rate
The microorganisms attacking residues within the soil are known to be selective in utilizing

the residue constituents [4]. We have examined the chemical composition of some of the crop
residues decaying in the soil and the change in this composition over time. By considering the
progressive loss of a particular chemical constituent, individual decay constants were determined.
For wheat residues these decay rates and the mean residence times are reported in Table IV. Rates
of decay for hemicellulose and cellulose are rapid and not greatly different from one another
suggesting mean turnover times of 1 to 2 months. The decay of lignin is very much slower and its
turnover time is at least one year. It is recognized, of course, that some of the constituents of lignin
are not completely mineralized during its decay but enter into condensation reactions and flow into
the relatively resistant pool of SOM [5].
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3.5. Age of different fractions
Within the pool of SOM, even after humification, there exists a diversity of components each

showing different turnover dynamics. The relatively stable SOM includes several subordinate pools
each of which demonstrates a particular rate of carbon flow. Recently adapted techniques utilizing
natural isotopic abundance for different kinds of plants have allowed differentiation among some of
these pools.

Considerable contrasts in age of materials within the total SOM pool are established from I3C
natural abundance studies of plots on Sanborn Field. A wheat plot which annually received chemical
fertilizer will serve to show these differences. Characteristic 13C natural abundance of wheat which
contrasts with that of prairie grasses facilitated the identification of plant origins in SOM. In the plot
cultivated to wheat, the amount of SOM originating from the ancient prairie vegetation has been
distinguished from that originating from wheat residues during the past 100 years when this latter crop
was cultivated. Details of the utility of this technique and some results for other cropping systems
have been previously published [6]. In the case of the wheat, samples collected periodically during
the history of the field show the changes in the proportion of the contribution of the two contrasting
plant types in total SOM (Fig. 2). The SOM from prairie vegetation before initiating cultivation
included two pools with regard to rate of turnover. One began to disappear rapidly when wheat
cultivation was initiated and was characterized by a mean half-life of about 10 years. The other, a
very stable component made up a large part of the total SOM pool and much of it still exists after 100
years. Its turnover time appears to be nearly 1000 years. The SOM attributable to wheat was small
during the first 60 years or so when vegetative input consisted of root system and stubble only, with
the straw removed each year. After 1950 when the straw was retained and incorporated into the soil,
the level of SOM began to increase. The natural abundance labeling technique showed that the
increase was all attributable to wheat residues as the originating carbon source.

The natural abundance technique was also found useful in differentiating among two crop types
with regard to their respective contributions to SOM. Soil where C-3 forages were grown for about
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60 years with corn cultivated thereafter was found to include SOM of forage origin that declined after
the shift in cropping. The rate of loss, though rapid, did not result in a change in total level of SOM.
The new SOM from corn replaced that which disappeared. The labile forage SOM showed a half-life
of about 10 years, similar to that for labile SOM of prairie origin. A smaller fraction of SOM of
forage origin was much more stable and its current existence in the soil suggests it will persist for
hundreds of years just as is the case for the ancient prairie SOM.

3.6. Particle size fractions and SOM
Another approach to investigating compartments within the SOM pool is that which employs

mechanically separated soil components. This was used after labeling soybeans with 14C and
following the changes over time to trace the humification of the crop residues. The distribution of
the label over time in the respired CO2 and in various size fractions is reported for a period extending
for three years. The coarse fractions of the soil carried a significant proportion of the label in
vegetative fragments. Some label soon became associated with fine silt and clay particles and this was
in organic coatings that could not be separated from the minerals without chemical destruction.
Results of this study showing progressive decay of the residues are summarized in Fig. 3.

Decomposition during the initial fall occurred while the aboveground residues were laying on
the soil surface. By November of that year, less than 25% of the label had been released as 14CO2.
Soil label was greatest at the spring sampling after the surface residues had been incorporated by
action simulating disking. The SOM component carrying the major portion of the label was the
vegetative fragments. With time this label transferred to progressively finer material. The 14C
associated with SOM inseparable from fine silt and clay particles increased until fall of the second
year at which time vegetative I4C significantly decreased.

Beyond these measurements of total quantities of 14C in the various fractions it has been useful
to consider the activity concentration in each. Results reported in Fig. 4 are specific activities plotted
against time. The finer vegetative fragments displayed an increase in specific activity for a period
of about one year. Paralleling this was a decline in the specific activity in coarse vegetative
fragments.

This transfer of the 14C to progressively finer components within the SOM pool is taken as
evidence of humification. Each fraction is evidently being broken down to finer material but at the
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TABLE IV. MEAN DECAY RATES FOR CHEMICAL CONSTITUENTS OF WHEAT RESIDUES.

Constituent

Hemicellulose
Cellulose

Lignin

k
day'1

0.011
0.007
0.0029

turnover time
days
91
143
345

TABLE V. DECAY RATES AND MEAN RESIDENCE TIMES FOR LABELED CARBON IN
VARIOUS VEGETATIVE FRACTIONS OF SOM.

Fraction

2000
200
53

/im
- 200
- 53
- 25

k
day"1

0.0030
0.0018
0.0013

Residence

yr

1

1.

2.

time

5
1

same time some of the carbon is being oxidized to CO2. The overall decrease in 14C in any fraction
is likely reflective of these combined processes. Beginning at the point when maximum label
occurred in each fraction, we have calculated the decay constant for that substrate and the associated
mean residence time using data points during the following 12 to 15 months. These results are
reported in Table V. It appears that the turnover for the coarsest materials is about one year and that
for finer fragments this may extend to more than two years.

3.7. SOM in aggregates
The role of the decomposing crop residues and the newly formed SOM in contributing to a

desirable soil structure is of special significance. Some relationship is suggested by examining the
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TABLE VI. DECAY RATES AND MEAN RESIDENCE TIME FOR LABELED CARBON IN
VARIOUS AGGREGATE FRACTIONS OF SOIL DURING SOYBEAN RESIDUE DECAY.

Fraction k Residence time

mm yr"1 yr
Macroaggregates

2-1 1.26 1
1-0.5 0.65 2
0.5-0.25 0.38 3

Microaggregates

0.25-0.1 0.17 6

Non-Aggregated Soil 0.17 6

14C from decomposing soybean residues in various aggregate structures over a period of several years
when these residues were undergoing humification. A sizable body of data from this research is
contained in a recent Ph.D. thesis [7]. The results suggest that coarse aggregates are benefited by
fungal filaments that are binding together mineral particles with the vegetative fragments of residues
that are undergoing decay. Here we report only the decay constants for the residue components in
the various aggregates (Table VI). These decay rates were obtained from changes in quantities of
associated 14C over time. The coarse aggregate structures examined by this approach are relatively
short lived with durations of only a year* or two.

Microaggregates were found to be more stable, lasting for perhaps as long as 6 years. These
fine structural units were thought to be stabilized by adhesion attributable to microbial products that
bind together small clusters of fine silt and clay each of which carry coatings of SOM.
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Abstract

INCREASING FERTILIZER USE EFFICIENCY IN ACID SOILS USING ORGANIC MATTER.
In acid soils, food crops growth is often limited through a number of factors including low pH, toxicities of

aluminum (Al), deficiencies of phosphorus (P), and poor plant nutrition in general. Liming is an appropriate technology
to eliminate Al toxicity and increase P uptake, but it is very costly. Organic matter could be used to increase P uptake by
maize, but the percent P derived from fertilizer and the P fertilizer use efficiency is not well know in such systems.
Therefore a pot experiment was carried out using 32P labelled triple supper phosphate to measure the increase in P fertilizer
use efficiency of maize in the presence of organic matter (peat) and lime in acid soils (Ultisols). The experiment showed
that organic matter increased the P fertilizer use efficiency of maize by as much as 32% compared to the control, while
liming increased by 177%. The data suggest that organic matter can be used to effectively increase the P fertilizer use
efficiency in acid soils.

1. INTRODUCTION

More than 50% of the 191 million ha of land in Indonesia are acid soils, particularly Ultisols
[7]. These soils need to be limed and fertilized for increasing crop yield [4,5,6,8]. However, lime
and fertilizers are costly inputs. Therefofe, other alternatives for increasing the efficiency of use of
fertilizers, especially that of P must be found.

It has been reported that organic matter application could increase P uptake by crops and
decrease Al saturation in acid soils [1,3,4]. However, in these studies no distinction has been made
between P derived from fertilizer and that derived from soil. The P derived from fertilizer can be
measured by using the 32P isotope technique [2,9,10]. Manures including green manure have been
used to increase the P uptake by crops, but peat which is readily available in Indonesia has not been
used yet. The objective of this research was to measure the increase in P fertilizer use efficiency of
maize by application of organic matter (peat) and lime in acid soils (Ultisols).

2. MATERIAL AND METHODS

2.1. Material
Soil samples were taken from an acid soil (Ultisol) at the Andalas University Field station at

Limau Manis, Padang. About 5 kg air dried soil was placed in each of the plastic pots. Lime (CaCO3)
and peat were used as treatments, while triple super phosphate (TSP) with 32P, urea, and KC1 were
applied as fertilizer. Maize (variety Arjuna) was used as the test crop.

2.2. Experimental design
The pot experiment was arranged in a completely randomized design with 3 replicates. There

were 6 treatments. One was lime applied at 1.5 ton CaCO3/ha (equal to 100% exchangeable Al) and
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The increase of Pdff and P fertilizer use efficiency in limed soils is possibly caused by the
improvement of the rooting environment. Liming can decrease aluminum saturation and eliminate
aluminum toxicity thus making the conditions better for root growth. These results are in agreement
with those of other workers [4,5,6,8]

The lesser effects of organic matter application in increasing the Pdff and the P fertilizer use
efficiency may be due to the slow decomposition of organic matter which in turn slows down the rate
at which Al toxicity is reduced. These observations are however different from those reported earlier
(Nurhajati Hakim, 1982). In these studies, the total increase P uptake was 30.43 mg/pot with the
application of 2 % organic matter (green manure). Nita Yulinda [3] reported that the P uptake
increased to 31.19 mg/pot with the addition of 2 % organic matter (green manure). These differences
were probably due to the fact that peat as a organic matter source was not as effective as a green
manure. More studies are therefore needed to fully understand the differences in P fertilizer use
efficiency of peat, green manure, and other organic matter sources in different soils. The 32P isotope
techniques will be invaluable in such studies.

4. CONCLUSION

The application of peat equal to 1.5 % soil organic matter, can increase the P derived from
fertilizer and also increase P fertilizer use efficiency. If P fertilizer use efficiency on liming effect is
scored 100 %, thus the effect of 1.5 % organic matter equals to 71 % of liming effect. Compared
to control, the P fertilizer use efficiency on liming treatment was 177 % higher, while the 1.5 %
organic matter treatment was only 96 % higher. This shows that a peat application equal to 1.5 %
soil organic matter can be conveniently used to increase the P fertilizer use efficiency in acid soils.
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5 levels of peat (equal to 0, 0.5, 1.0, 1.5, and 2.0 % soil organic matter). Lime and/or peat were
incorporated into the soil and incubated for 30 days. After incubation, 2.5g 32P labeled TSF, 2.5g
urea, and 2.5 g KC1 were added to each pot. Then, maize was planted and grown for 30 days in a
plastic house. Plants were harvested and sampled at 30 days after planting. The plants were separated
into shoots and roots, but only the shoot samples were taken for analysis of dry matter, P uptake and
P derived from fertilizer (32P).

2.3. Isotope analysis
After drying at 60°C for two days, the plant samples were weighed for dry matter yield. A

Ig sample from this was ashed and digested in 2N HC1. Total P was measured using a
spectrophotometer and the radioactivity of 32P using a liquid scintillation counter [2,9,10].

TABLE I. DRY MATTER, P DERIVED FROM FERTILIZER (PDFF) AND P
FERTILIZER USE EFFICIENCY (PFUE) OF MAIZE 30 DAYS AFTER PLANTING AS
INFLUENCED BY ORGANIC MATTER (PEAT) AND LIME IN AN ACID SOIL
(ULTISOL)

Treatments
dry matter

(g/pot)

1.
2.
3.
4.
5.
6.

Lime
0.0 (Control)
0.5 % OM
1.0 %
1.5 %
2.0 %

OM
OM

11
4
3
5
7
5

.02

.11

.77

.71

.70

.86

a
b
b
b
c
b

Pdff Pfue Percentage
to lime effect

(mg/pot) (%) (%)

3
1
1
1
2

. 1

.05

.19

.06

.15

.16

.74

a
b
b
b
c
c

0
0
0
0
0
0

.61

.22

.21

.23

.43

.35

100
37
35
38
71
57

OM = organic matter (peat)
Means in a column followed by the same letter are not significantly different (P<0.05)

3. RESULTS AND DISCUSSION

Table I summarizes the dry matter data, P derived from fertilizer (Pdff) and the P fertilizer
use efficiency of maize. It can be seen from Table I that the Pfue was very low (less than 1 %). This
may be due to the high dosage of P application (2.5 g TSP or 500 mg P/pot), and a short growth
period only 30 days. Thus, about 99% of the P fertilizer applied is still in the soil which can give a
substantial residual effect.

Application of lime (1.5 ton CaCO3/ha) gives the highest dry matter yield, Pdff and P
fertilizer use efficiency of maize. The application of organic matter in form of peat from 0.5 up to
2.0% did not increase dry matter, Pdff, and P fertilizer use efficiency significantly. However, the
application of peat equal to 1.5 % soil organic matter tends to increase the dry matter yield, and the
Pdff significantly. The P fertilizer use efficiency was also the highest in this organic matter
treatment.

When the P fertilizer use efficiency obtained from the lime treatment is scored 100%, the
effect of 1.5% organic matter on P fertilizer use efficiency was only 71 % of the liming effect.
Compared to the control, the effect of lime application was 177%, while the effect of 1.5% organic
matter application was only 96% higher. The data show that application of organic matter up to 1.5 %
cannot replace the benefits brought about by lime, but it can reduce the amount of lime requirement.
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Abstract

DEFICIT IRRIGATION IN SEMI-ARID ZONE IRRIGATION PROJECTS: CASE STUDIES IN TURKEY.
Results of several field experiments on deficit irrigation programmes in Turkey are discussed. Deficit irrigation

of sugarbeet with water stress imposed during ripening stage saved nearly 22% water, yet with no significant yield decrease.
An experiment, conducted in Trakya Region, the European part of Turkey, and aimed at studying water production functions
of sunflower (i.e., yield vs water consumption), revealed that water stress imposed at either head forming or seed filling
stages influence yield the least, and 40% savings of irrigation water supply compared with traditional practices in the region
can be achieved without significant yield reduction. Water stress imposed at vegetative and flowering stages of corn had
the most detrimental effect on yield. The results showed that deficit irrigation can be a feasible option under limited supply
of irrigation if stress occurs during yield formation stage. A three year experiment on irrigation programmes of cotton was
conducted to test if irrigation schedules could be modified (changed) to increase field water use efficiency and thereby
increase effective use of restricted irrigation water supply during dry seasons. The results showed that a 20-day irrigation
interval, resulting 3 to 4 irrigations, would give optimum cotton yield with approximately 26% savings in irrigation water,
when compared with general practices commonly used in the area. Under severe shortage of water supply, the irrigation
interval can even be extended to 30 days, which would result 30 to 35% overall yield reduction but 50% savings in water
use. A four year field experiment aiming at developing deficit irrigation strategies for soybean showed that soybean was
the most sensitive to water stress during flowering and pod filling stages, and irrigation during these stages would ensure
high yields.

1. INTRODUCTION

Crop yields under irrigated agriculture are several fold higher than rainfed dry farming
systems. Investments for irrigation are usually top priority in all countries of arid and semi-arid
regions. However,it has become a matter of serious concern in recent years that, despite their high
costs, the performance of many irrigation projects has fallen short of expectations as a result of
inadequate water management both at farm and system level. Crop production has been well below
the project targets. Among the causes of problem, are poor standard of operation and maintenance
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of irrigation networks, and low irrigation efficiencies, resulting from traditional habits of fanners to
apply excess water which contribute more than one-third of the total water waste in the irrigation
projects. Excess water application at farm level compounded with seepage water along irrigation
networks additionally causes rising of the ground water table,triggering further soil salinity problem.
Therefore measures to increase effective use of water at farm levels are critical in sustaining and
increasing agricultural production in irrigated areas. An increase in world water crisis is a present day
reality faced by all nations. Industrial use of water is competing heavily with agricultural use, that
industrial use of water is favored to the detriment of agricultural production which is needed to sustain
food and fiber production for increasing population. Therefore, high efficiency in water use is of high
priority.

2. CROP YIELD RESPONSE TO DEFICIT IRRIGATION

Recently published works suggest new innovations which can improve traditionally used
irrigation practices and thereby increase effective use of water. For example, it has been reported that
exposing field crops to water stress at specific growth stages may not cause significant yield decrease
and therefore irrigation during these stages can be omitted and excess water left in the system can be
diverted to other areas. Stegman [16] reported that corn yield, irrigated with trickle irrigation which
maintained near zero water potential within the plant root zone, was not statistically different than the
yield obtained with sprinkler irrigation which allowed 30-40 % depletion of available water content
between the irrigation intervals. Stöckle and James [17], using a growth simulation model, concluded
that slight water stress for corn (i.e., ratio of actual to potential transpiration larger than 0.89) could
provide higher net benefit than full irrigation. Ziska and Hall [18] reported that cowpea had the ability
to maintain seed yields when subjected to drought during the vegetative stage as long as subsequent
irrigation intervals were not too great. For example an 8 day interval following a vegetative stage
drought produced the highest yields and water-use-efficiency. Therefore they could conclude that
water use of cowpeas can be reduced while maintaining seed yields by deficit irrigation (i.e., planned
water-deficit irrigation).

Soybean was also subjected to extensive research regarding its response to deficit irrigation.
Korte et al. [19] reported on genotypic response of soybean, regarding effects of irrigation on
reproductive ontogeny and showed that minimum reduction occurs in pods/plant, seeds/pod ratios,
and mean weight per seed relative to nonstressed control plants as long as water stress does not
coincide with flowering and pod development stages. Results by Eck et al. [20] led to conclude that
soybean is also amenable to limited irrigation and is even more suited than is corn. Specht et al. [21]
found that soybean yield with delayed irrigation until the flowering stage or mid-pod elongation stage
was not significantly different when compared with normally irrigated treatments where available soil
water content was maintained between 50 to 80% of the total plant available soil water content. Kirda
et al. [22] reported that earlier water stress followed by later watering was less detrimental to
biological nitrogen fixation ability of soybean. Stegman et al. [23] indicated that short term water
stress during the early flowering stage of soybean may result in flower and pod drop in the lower
canopy, but this effect is frequently compensated by more pod set at the upper nods if moisture is
adequate at later stages of growth. Stress effects are most detrimental to yield if imposed in full pod
and seed development stages, suggesting that plants can recover and minimum yield reduction occurs
from water stress imposed at early growth stages if irrigation is resumed at later stages [23].

184



3. CASE STUDIES IN TURKEY

Irrigation projects are of top priority in all Middle-Eastern countries. Among those, Turkey
is to put in operation a new irrigation project, targeted to irrigate 1.2 million hectares of agricultural
land in Southeastern Anatolia in near future. Although presently there is no scarcity of water
resources in Turkey, demand for water would steadily increase as a result of increasing population
which is projected to reach 100 million in 2010, and of rapid urbanization and industrialization.
Research teams in the national research institutes have been confronted with what could be done to
increase effective and efficient use of water in agriculture. In addition to engineering measures to
prevent waste of water at system level, new irrigation technologies like trickle and sprinkler irrigation
methods are being promoted to increase irrigation efficiency at field level. Deficit irrigation is
considered an other option which could save additional irrigation water when it replaces traditional
irrigation habits of growers. Several research institutes in Turkey launched extensive research
programmes to compare deficit irrigation practices with traditional irrigation schedules as commonly
used by farmers. The following sections review and summarize recent research findings on deficit
irrigation practices of several field crops in Turkey.

In evaluation of most sensitive growth stage to water stress, yield response factor ky which
is defined as ratio of relative yield decrease to relative ET deficit is used [1]. Higher is the yield
response factor, more sensitive is the crop to water stress and thereby significant yield decrease can
be anticipated. The yield response factor could be understood better with the following relation:

where Ya is actual yield, Ym maximum yield, ETa and ETm are actual and maximum
evapotraspiration, respectively.

An additional parameter which can be used for the same purpose, to assess at which growth
stage crops are most susceptible to water stress, is so called crop susceptibility factor CS [24] which
is defined as

X

where X is the normal yield under full irrigation treatment, and Xj is the yield under stress conditions.
As the susceptibility of crop to water stress increases, value of CS also increases.

3.1. Soybean
Soybean (Glycine max.), first introduced in 1972 after white fly (Bemisa tabaci) epidemi in

cotton grown areas of Turkey, is planted in large areas. It is favored as a second crop after wheat,
alternating with cotton. Growing period is from early June to late September, a period of very dry
weather with high evapotranspiration demand. Therefore, high yields can only be ensured with
irrigation.
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Soybean is a crop with many cultivars of different irrigation characteristics [25]. Its seasonal
water consumption shows very wide range from 350 to 750 mm [26] depending on cultivar, soil and
climatic conditions. Usually, the roots can reach to 150 cm, but mostly they are confided within 60
cm soil depth [27]. Good germination can be ensured if only available soil water content is within the
range of 50 to 80% [28, 29]. Leaf water potential of soybean if not irrigated is always lower in early
hours of the day, gets higher at mid day [30] when compared with irrigated conditions. Major
constraint to high yield is mostly insufficient soil water content [27] which directly hinders plant
height and leaf extension [31]. Crop water requirement of soybean is indeed very complex and
influenced significantly with plant ontogeny.

The experiment was conducted in research fields of University of Cukurova, Faculty of
Agriculture. The irrigation treatments were composed of water stress and nonstress periods imposed
during 6 growth stages of soybean, which resulted 27 irrigation treatments. One day before planting,
the experimental site was irrigated to field capacity over a depth of 90 cm. All treatments received
N and P as 100 kg.hec"1. Five days after planting (DAP), germination was complete. When plants
reached to a height of 3-4 cm, a completely randomized field experimental design consisting of 5 x
2.8 meters of plots were superimposed over the experimental site. Ridges were formed around each
individual plot to prevent spill of water. All treatments had nylon blocks which were previously
calibrated to plant available water content, using a neutron moisture gauge. They were installed at 30
and 60 cm depths. Daily readings of the resistance blocks in nonstress water treatments were used
for the timing of irrigation. However, amount of irrigation water applied was calculated using
individual block readings in all treatments, and enough water was applied to bring available water
content to 100%, would irrigation be required in any treatment.
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FIG. 1. Changes of plant height and root depth during the growing season of soybean.
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TABLE I. WATER USE EFFICIENCY, ET, YIELD AND SOME YIELD ATTRIBUTES OF
SOYBEAN UNDER DIFFERENT IRRIGATION PROGRAMMES

Treatment0'
description

Single
period
stress

Two
period
stress

Three
period
stress

Full
irr.

No
irr.

T011111

T101111

T110I11

T111011

T111101

T111110

T110011

T111100

T111000

T000111

Tlll l l l

TOOOOOO

ETa
(mm)

724

720

725

711

711

735

602

662

539

566

785

246

Yield
kg.hec-1

2950

3100

3100

2150

2700

2920

2300

2250

1900

2450

3120

1100

Height
(cm)

82

87

85

90

92

95

86

72

90

60

92

58

Num. of
pods

47

49

50

48

48

47

44

48

42

39

50

25

WUE
Kg.

(hec.mm)'1

4.07

4.31

4.28

3.02

3.80

3.97

3.82

3.4

3.53

4.33

3.97

4.47

(1) An irrigated period in a given treatment is designated with 1 while omission of irrigation is designated with 0.

Effective rooting depth of soybean was measured by excavating some selected plots which
were additionally set aside, through washing the soil profile before each irrigation in fully irrigated
treatments. After 50 days from planting, the roots developed fully and effective rooting depth reached
to 90 cm (Fig. 1). First irrigation was made at 25 DAP when plant height reached to 22 cm and the
roots to 45 cm. Irrigation treatments influenced grain yield very significantly. Fully irrigated
treatment, as expected, gave the highest and no irrigation treatment gave the lowest grain yield
(Table I). The timing of water stressed period for soybean influenced yield differently. Crop
susceptibility factors for water stress at pod development and pod filling stages were appreciably
higher when compared with stress, imposed at relatively earlier growth periods (Table I). Most
sensitive growth stage to water stress, are flowering and yield formation stages (Fig. 2), confirming
what Stegman et al. [23] reported earlier. Short duration water deficit during flowering stage, giving
CS values in the range from 0.01 to 0.1, does not appreciably influence yield (Fig. 2). These results
therefore show that when water supply is limited, saving is possible with deficit irrigation during
vegetative stage and near crop maturity of soybean.

3.2. Corn
In recent years, irrigated corn (Zea Mays) has expanded rapidly in coastal regions of Turkey

and it has become a widely grown feed crop, particularly as a second crop after wheat or barley.
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FIG. 2. Relationship between relative yield decrease and relative evapotranspiration deficit for
soybean.
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Doorenbos and Kassam [1], Barret and Skogerboe [32], and many others discussed results of
extensive research on irrigation programmes, particularly on feasibility of deficit irrigation for corn,
under conditions of limited supply of water. Results of a field experiment on deficit irrigation of corn
will be presented here.

The experiment was conducted during 1988 and 1989, at Research Fields of University of
Ege, in the Western part, Aegean region of Turkey, where climate is of Mediterranean type. Corn
grown was a hybrid variety of G-4507 with relative maturity days of 100 to 110. The experimental
soil was loam and silty-loam in texture with available water holding capacity of 210 mm.nr1. Seeding
was done in the first week of July. Fertilizers applied were 180 and 120 kg.hec'1 of N and P2O5,
respectively. A randomized complete block field experiment design, consisting of 8 treatments with
3 replicates, was used. Effect of water stress imposed during three growth stages, namely vegetative,
flowering and yield formation periods, was compared. Initial soil water content was at field capacity
in all treatments. Amount of water applied at each irrigation was calculated on the basis of refiling
plant rooting zone (90 cm) to field capacity. Seasonal ET for all treatments was estimated using
water balance method. A neutron moisture gauge was used to measure changes of soil water storage
throughout the season. Grain yield was adjusted to 15% moisture content. Significant yield
differences were observed among all the treatments considered (Table II). The full irrigation treatment
gave the highest yield as 6490 kg.hec'1. The lowest yield (1837 kg.hec"1) was obtained from no
irrigation treatment. Treatment irrigated throughout vegetative stage (Tl 10) gave maximum water use
efficiency (WUE), ie., the highest corn yield for a given quantity of water used (Table II). WUE
decreased considerably when water stress was imposed during vegetative and flowering stages. The
lowest yield response factor (ky) was obtained from the treatment Tl 10 as 0.82 (Fig. 3). The values
of ky were considerably higher in the treatments involving water stress during flowering stage
(Fig. 3). The growth stage which is most sensitive to water stress for corn is flowering period which
is followed by vegetative and yield formation stages. Crop susceptibility factors (CS) calculated for
all treatments give the same conclusion (Table II). In conclusion it can be stated that under limited
water supply, best option to irrigate corn is irrigation during vegetative and yield formation stages
which give higher yield response than irrigation during yield formation stage.

3.3. Cotton
Turkey is within the top ten countries having large acreage of land, nearly 1 millions of

hectares, planted annually to cotton (Gossypium hirsutum). Although irrigated cotton is wide spread
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TABLE H. IRRIGATION TREATMENT EFFECTS ON ET, AVERAGE YIELD, WUE, YIELD
RESPONSE (k,) AND CROP SUSCEPTIBILITY (CS) FACTORS FOR CORN

Treatment
designation

T000m

T 100

T010

T001

T110

T101

T011

Till

Seasonal
ET (mm)

204.2

299.2

362.7

329.1

442.0

437.8

441.7

539.6

Grain
yield

kg. hec '

1837 r™

3137e

4263d

2022 f

5525 b

4403d

4942c

6490 a

WUE
kg.

(hec. mm)"1

9.01

10.47

11.75

6.14

12.51

10.05

11.18

12.03

ky

1.15

1.16

1.05

1.76

0.82

1.70

1.32

-

CS

0.72

0.52

0.34

0.69

0.15

0.32

0.24

-
(1) An irrigated period in a given treatment is designated with 1 while omittion of irrigation is designated with 0.
(2) Data preceding different letters are significantly different (P<0.01).
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FIG. 3. Relationship between relative yield decrease and relative evapotranspiration deficit for corn.

in the country, rainfed practice is not uncommon because of limited supply of irrigation water.
Fanners are encouraged to increase irrigated cotton acreage with deficient irrigation practices.
Extensive research programmes are launched to define best irrigation options to increase cotton
production with limited supply of irrigation water. What is presented here is the results of a recently
completed experiment on deficit irrigation. Four treatments, arranged as combinations of deficit
irrigation and different days of irrigation intervals, were considered. The deficit irrigation in this work
meant to apply 40% less water than actual amount of water needed to bring available water to 100%.
Additionally, two cotton varieties (N84 and N87), recently introduced in the region, were compared.
Results, averaged over three years, are shown in Table III. No significant yield difference was
observed for both varieties between 10 and 20 days of irrigation interval. Highest WUE was obtained
under 20 days of irrigation interval. In conclusion, the experiment convincingly showed that a 20
days of irrigation interval, resulting 3 to 4 irrigations, would give optimum cotton yield with
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TABLE III. EFFECTS OF IRRIGATION INTERVAL ON AVERAGE COTTON YIELD AND
WATER USE EFFICIENCY

Variety

N84

N87

Treatment
(irrigation
interval)

No irr.

10 days

20 days

30 days

No irr.

10 days

20 days

30 days

Yield
kg.hec"1

1370 c(l)

3214 a

3350 a

2536 b

1351 c

3538 a

3136 a

2349 b

WUE
kg.(hec.mm)-l

5.02

5.88

7.13

6.00

5.22

5.90

6.30

5.53

Number of
irrigations

-

5-

4 -

2-

-

5-

4 -

2-

7<2)

3

3

7

3

3
(I) Data preceding different letters are significantly different (P<0.01).
<2) Number of irrigations varied from year to year depending on annual rainfall.

approximately 26% savings in irrigation water. Under severe shortage of water supply, the irrigation
interval can even be extended to 30 days, which would result 30 to 35% overall yield reduction but
50% savings in water use. Reduction in yield can be compensated with increase acreage of cotton
planting.

3.4. Sugarbeet
Among the earlier studies on sugarbeet (Beta vulgaris) yield response to water by Doneen

[2], Erie and French [3], Okman [4], Ziba and Bilgin [7] indicated that level of soil water depletion
preceding each irrigation for sugarbeet does not significantly influence yield. Salter and Goode [33],
in their work to determine which growth stage of sugarbeet is most sensitive to water stress and
thereby it would cause significant yield reduction, found that stress at mid-vegetative stage would
stages. Oylukan [5] indicated that the most economical number of irrigations for sugarbeet in medium
and heavy textured soils of Central Anatolia are six. Under similar conditions, Gunbatili [6]
recommends that irrigation of sugarbeet should start when available soil water content is depleted
down to 65%. Work by Winter [34] showed that deficient irrigation of sugarbeet could be a feasible
option if irrigation water supply is limited.

The experiment summarized here was conducted in Porsuk Plain of Central Anatolia of
Turkey. Experimental site has alluvial soils of clay texture, developed at delta cone of Porsuk River.
The experiment aimed at determining at which growth stage of sugarbeet, irrigation could be omitted
(i.e., deficit irrigation). Six irrigation periods were identified. Total of 64 irrigation treatments,
defined as different combinations of 6 periods and 6 irrigations were considered. In the experiment,
a local variety, Turkseker I was used. Sawing date was that generally practiced in the region, within
the first week of April. Treatments received 200 and 100 kg.hec"1 of N and P2O5, respectively.
Results convincingly showed that 6 irrigation of sugarbeet, as usually practiced by the farmers in the
region, do not bring extra yield benefit, and 5 irrigation with one irrigation omitted during mid-
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FIG. 4. Yield of sugarbeet as influenced by number and timing of irrigations in relation to specific
growth stages. Bars of different shades designate highest and lowest yields, while different letters
indicate statistically significant (P<0.05) differences in yield.

ripening stage produced the highest yield (Fig. 4). Depending on the period when irrigation is
omitted, deficit irrigation practice may give significantly different yields, some of which may not
necessarily be different than full irrigation. For example, in case of 4 irrigations alone, same level
of yield as in 5 irrigations, can be attained if omission of one irrigation is made during late vegetative
stage (Fig. 4). Similarly, with two irrigations alone, same yields as in 3 or 4 irrigations can be
obtained if one knows plant growth stages either tolerant to water stress or give little yield response
to irrigation. As confirmed with the results presented here, it appears that except during emergence
and early growth periods, sugarbeet does not seem to be very sensitive to moderate water deficits.

3.5. Sunflower
Sunflower (Heliantus annuus) oil is not only for human consumption, it is on high demand

by chemical and cosmetic industries. After oil extraction, remaining cake, containing 30% protein,
19% carbohydrates, 8% oil and minerals is also on high demand as animal feed staff. The sunflower
heads, after harvesting the seeds, are chopped and grounded are also fed to the animals. Stems and
seed shells are used as fuel in the villages. Sunflower is widely grown in Trakya Region, in the
Northwest, European part of Turkey. Although sunflower is known as drought tolerant crop,
substantial yield increase could be achieved with irrigation. There are numerous research reports exist
on yield response of sunflower to water, only e few will be cited here. Decau et al. [10] showed that
irrigation of sunflower not only increase seed yield but oil content as well. Irrigation of sunflower
was also subject of extensive research. Osman and Talha [14] in Egypt found that irrigation water
quantity and frequency of irrigation both influence seed and oil yield of sunflower. Karami [13] in
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Iran also found similar results. Data by Browne [9] showed that date of final irrigation of sunflower
influence seed yield and all other yield attributes. Final irrigation made during early yield formation
stage resulted 19% increase of seed yield when compared with final irrigation made during the
vegetative stage. Results of Bhattaacharya and Sarkar [8] indicated that higher the available soil water
content maintained throughout the growing season of sunflower, higher would be the plant growth
and photosynthetic rates and leaf area index. Jana et al. [12] compared effects of irrigation made
during different growth stages of sunflower on yield, water consumption and water use efficiency
(WUE). Irrigations during vegetative and yield formation stages gave the highest WUE. Harman et
al. [11] reports that sunflower irrigated throughout flowering stage gives better yield response when
compared irrigations made either earlier or later growth stages. Rawson and Turner [15] found that
highest sunflower yield could be ensured with frequent irrigations. However, under restricted supply
of irrigation water, single irrigation made 3 weeks before polenization gives good yield.

The experiment summarized here is to the courtesy of Karaata [35] who provided the data
presented. Experimental site had non-calcareous brown soils, sunflower variety used was Sunbred277
cv. A randomized complete-block field experiment design was adopted to identify the most critical
growth stages of sunflower to water stress. Three growth stages, (1) heading (late vegetative stage),
(2) flowering and (3) yield formation stages, were considered. Treatments of deficit irrigation were
formed either omitting irrigation during a certain stage or cutting irrigation water by applying 40 or
60% less water than actually required. The treatment where irrigation applied throughout 3 growth
stages was used as a reference for all other treatments to decide irrigation time. Results showed that
water stress developed during different growth stages influenced yield and all other related yield
attributes, leaf area index (LAI), photosynthetic rate and the like, differently. For example, irrigation
confined to heading stage only caused more vegetative growth than irrigation during other stages.
Irrigation during flowering promoted both vegetative and generative growth. Although irrigation
during yield formation stage had no effect on vegetative growth, it increased yield. Tolerance of
sunflower to water stress either for the whole season or during certain growth stages are illustrated
using crop yield response relations (Fig. 5). The growth stage which is most responsive to irrigation
was flowering stage, compared with yield formation and late vegetative stages (Fig. 5), therefore
irrigation during this period would ensure the list yield reduction of sunflower.
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FIG. 5. Relationship between relative yield decrease and relative evapotranspiration deficit for
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4. CONCLUSION

Deficit irrigation practices can be a feasible option for improving irrigation schedules and
thereby to increase efficient use of restricted water resources under irrigated agriculture. As it has
been shown in several case studies in Turkey, exposing field crops to water stress at specific growth
stages may not cause significant yield decrease and therefore irrigation during these periods can be
omitted and excess water left in the system can be diverted to other areas. Future research should
examine water stress response of field crops at different growth stages within the context of modifying
irrigation schedules to save water.
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Abstract

SIMULATION OF NUTRIENT LEACHING IN ULTISOL UNDER TEA.
A simulation model was developed by mass and energy balance in one dimension to predict field nitrogen and

potassium leaching in a soil (a fine mixed Mesic Tropudult) under a mature tea with high levels of nitrogen and potassium
applications. The model was corroborated by field measurements of soil moisture, yield and N and K leaching in a long
term fertilizer experiment. The model prediction agreed reasonably well with the measured values in the field under different
levels of nitrogen and potassium applications.

1. INTRODUCTION

Water and nutrients are important factors that limit productivity of tea plantations in Sri Lanka.
The economic portion in tea is a vegetative part composed of terminal bud and adjacent two-three leaves
which consist of 4-5% nitrogen (N), 2.0-2.5% potassium (K) and 0.2-0.3% phosphorus (P). Therefore,
of the macro-nutrients, N and K are removed in relatively large quantities with the harvested crop. Some
of the high yielding clonal tea fields receive N as high as 360 kg ha'1 and 180 kg ha'1 of K2O annually
in 3-5 split broadcast applications. Further, tea growing area experiences very high rainfall of 2500-
3000mm annually. The predominant clay mineral in the tea growing area is kaolinite[l]. All these factors
are conducive for poor cation retention and high leaching. So far, there is little information available on
the quantity of N and K losses. Therefore, a model was designed to simulate N and K leaching under
different levels and frequencies of applications.

2. MODEL DESCRIPTION

A model describing water, N and K use by mature tea is developed by mass and energy balance
in one dimension. The model treats the soil-plant-atmosphere as a continuum and uses a system of
resistances and capacitors to describe water transport and storage in the soil and atmosphere. In both soil
and plant, a difference in potential is the driving force for water flow. To simulate water flow in the soil,
matric flux potential form of Richards' equation expressed in finite difference form was used to simulate
and a numerical approach was used to find the solution. The vertical soil variability was taken into
account.

For N simulation the model of Stöckle and Campbell [2] was used with modification for N
uptake. In this simulation N flow, uptake and transformations are done at hourly intervals. N flux
modeled by assuming that N moves through the soil as NH/ and NO3" ion with water by mass flow. For
solute transport problems numerical solutions introduces a certain amount of numerical dispersion [3].
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The field variability is so high that precise dispersion corrections are unnecessary [4]. The mass flow
equation in one dimension is given by:

_. SO /£*• « £•£ f~* /£rvcrb oo/ot — otwUi/oz

where <rb is the bulk density of the soil, S is the solute concentration in kg solute per kg of soil, fw is the
vertical flux of water and C, is the liquid concentration (kg of solute per kg of water). A limitation is
imposed to prevent the movement of more solute than present in a layer. The mass of solute moved from
one layer is subtracted from that layer and added to the next layer where it was received.

Since NH4
+ ion is positively charged, it can be adsorbed to negatively charged clay particles.

Adsorption can be represented by the Langmuir isotherm [4]:

X„ = C Q S,/(l + C SJ

where X„ is the ammonium ion exchange sites of the solid phase (kg kg"1), Sa is the soil solution
ammonium concentration (kg kg'1) and C and Q are the constants for a given soil and solute. The total
amount of soil ammonium (Sam) is given by:

S ._ / \r | f\ ç \
am ~ I An "b ~*~ ö ^a/

where S^ is in kg m"3, 9 is the volumetric water content and orb is the bulk density (mg m"3).
Combining the above two equations and solving the quadratic equations we get:

Sa = (Sm C - 6 - CQ ffb) + [(Sam C - 9 - CQ<rb)2 + 49Sam]1/2/(2QC)

Nitrogen uptake from the soil profile is simulated using a Michaelis-Menton type equation [5].
Nitrogen uptake depends on the N concentration [N] in the soil, uptake per unit length of the root and
temperature. Nitrogen uptake is given by the following relationship:

Un = Um L; ÔZ 6t F(T.)[N]/([N]+KJ

where Un is the N uptake (kg N m"2), Um is the maximum N uptake rate per unit length of root (kg N m"
's"1), L is the rooting density (m of the root m~3'of the soil), ot is the time interval in (s), F(TS) is the soil
temperature function for N uptake, [N] is the N concentration in the soil solution (kg N kg"1 of water),
and Km is the saturation constant(kg N kg"1 of water). Nitrate N and ammonium N are combined in the
above equation because values for maximum uptake and saturation constant are similar for both [6]. At
hourly intervals, plant concentration of N is calculated and compared with maximum possible
concentration in the plant. If the plant concentration for the hour is less than the maximum, then N uptake
takes place. Otherwise, uptake is set to zero. Hourly value of plant N concentration is calculated by the
following equation:

where Phc is the plant N concentration, N^ and N^ are the N content of the canopy and root
respectively. The N is partitioned between shoot and root according to the shoot/root ratio of the plant.
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Nitrogen transformation in the soil is the result of microbial activity. The transformations include
mineralization of organic matter in the soil, nitrification of ammonium ion and denitrification of nitrate
ions. It is assumed that above reactions can be represented by irreversible first order kinetics [7]:

d[N]/dt = - K[N]

where [N] is the species concentration, K is the rate constant, and t is the time. The scheme proposed
by Watts and Hanks [8] is followed in the description of N transformations. The net mineralization of
organic matter to NH4

+ is based on the model of Stanford and Smith [9]. The first order rate equation
with moisture correction of Watts and Hanks [8] was used to model nitrification. Nitrification rate
constant was corrected for temperature. A similar approach was used to model the denitrification. Finally
a mass balance for nitrate and ammonium ion was done in each layer by taking into account N fluxes,
uptake by plant and transformations. At the end of each hour the ammonium and nitrate concentrations
are updated. Ammonium ions are again partitioned between soil and solution phase using Langmuir
isotherm. If the N availability is less than uptake, then uptake is limited in a proportional way and N
concentration is updated again.

For K modeling, K flow and uptake were done at hourly intervals. To simulate K flow, an
approach similar to ammonium flow was used by partitioning K in soil phase and solution phase using
Langmuir isotherm and mass flow is the dominant method of transport. It was assumed that pH was in
the optimum range and all the other cations are at optimum concentration. Similar to N, a mass balance
was done for K in each layer and K concentration is updated. If K availability is less than the uptake then
uptake is limited in a proportional way and K concentration is updated.

The dry matter production was modeled using a simple approach. The potential dry matter
production for a day was calculated based on (a) amount of integrated solar radiation for that day [10]
and (b) amount of water transpired [11] by the plant for that day. The minimum of the (a) or (b) is taken
as the potential dry matter for that day. Then actual dry matter production was computed, based on the
availability of N and K in the plant [12]. For this purpose, N index and K index was defined:

Niata = 1 - (TCNP - TANQ/CTCNP - TMNP)
K^dex = 1 - (TCKP - TAKC)/(TCKP - TMKP)

where TCNP and TCKP are the top critical N and K concentrations below which the dry matter
production is limited. TANC and TAKC are the top actual N and K concentrations and TMNP and
TMKP are the top minimum N and K concentrations. The amount of dry matter produced is partitioned
in to harvestable dry matter using a harvest index of 0.10. The rest of the dry matter was partitioned
between canopy dry matter and root dry matter. This model assumes that harvesting takes place at 7 day
intervals. The rooting depth for mature tea was assumed to be constant at 1.5 m depth through the
simulation.

3. MODEL CORROBORATION

The model was corroborated with the field measurements of soil moisture, yield and soil solution
NH4

+, NO'3, and K+ concentrations for part of 1984 in a long term fertilizer experiment in mature tea
at St Coombs Estate, Tea Research Institute, Talawakelle, Sri Lanka (1382m AMSL; Lat 6°.50'N;Long
80° 40'E). This experiment was commenced in 1982. The soil in this area is classified as a fine mixed,
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Mesic Tropdult. Four plots with the following annual rates of fertilizer application treatments(T) were
taken for the study.

Tl (N1K1) 224 kg of N and 70 kg of K2O per ha
T2 (N1K2) 224 kg of N and 140 kg of K2O per ha
T3 (N2K1) 336 kg of N and 70 kg of KjO per ha
T4 (N2K2) 336 kg of N and 140 kg of K2O per ha

Phosphorus was applied at a constant rate of 25 kg of P2O5/ha. The fertilizer were applied in 4
equal split broadcast applications. Nitrogen is applied as Sulphate of ammonia and K is applied as
potassium chloride (muriate of potash). These treatments also received dolomite at the rate of 500 kg/ha
once in 4 years soon after pruning.

Soil moisture measurements were taken with a neutron moisture meter (Troxler, Model 1255)
from 15cm to 150cm depth at 15cm interval from the soil surface. Soil moisture at 0-15cm depth was
measured gravimetrically and latter converted to into volumetric moisture.

Soil solution were sampled from suction solution samplers [13] in duplicate at weekly intervals
at 30cm, 60cm, 90cm depths and analysed for NH4

+ (Indophenol blue method) and NO3" (Phenol
disulphonic acid method), and K+ (Flame photometer).

3. RESULTS AND DISCUSSION

The measured total water content of the profile by neutron moisture meter and water content
predicted by the model for the period January to April, 1984 in Tl (N1K1) is presented in Fig.l. The
model predictions are reasonably close to the measured values. The measured water content of the
profile are compared with the model predictions at 0800 hrs from day 335 to 365 when there was no
rainfall (Fig 2). In the surface layer (0-30 cm depth), the predicted values are consistently higher than
the measured values. This may be due to inability of the neutron moisture meter to measure surface
moisture accurately due to escape of neutrons. The water depletion trends shown by the
measurements and predictions are similar.
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FIG. 1. Measured and predicted total water content (TWC) of the soil profile for the period
January to April 1984.
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The measured and predicted harvestable dry matter yield produced during the period of study
is presented in Fig.3. Model predictions and actual measurements of yield in the field showed a
similar trend. The predicted and measured values for leaching at 90 cm depth of NH4-N, NO3-N,
and K+ for the year 1984 is presented in Table 1.

The main factors responsible for leaching of cations are relatively low CEC of the soils (19-23
mol kg'1) due to intensive weathering of clay mineral and high rainfall intensity. The leaching of
NH4-N predicted by the model was zero in all four treatments. However, measured values indicated
that there is a leaching of about 5-17 kg of NH4-N. This may be due to the values used for C and

199



TABLE I. LEACHING OF N AND K (kg/ha)

Treatments NH4-N NO3-N Total K+
Mineral N

N1K1
N1K2
N2K1
N2K2

M

5.8
9.1

16.7
14.6

P

108.0
107.0
109.0
106.0

M

143.7
129.2
150.1
137.0

P

108.0
107.0
109.0
106.0

M

149.5
138.3
166.8
151.6

P

25.0
25.0
25.4
27.0

M

20.1
21.1
21.1
42.2

P = Predicted; M = Measured.

TABLE II. MEASURED YIELD

Treatments

N1K1

N1K2

N2K1

N2K2

Yield (kg/ha)

3142

2749

2548

3374

TABLE HI. SOIL pH, EXCHANGEABLE AL AND ORGANIC CARBON (0-15 cm depth)

Treatments pH (H2O) Al (mol kg'1) Carbon (%)

N1K1
N1K2
N2K1
N2K2

4.10
4.10
3.85
3.90

17.7
17.7
18.0
19.8

3.75
4.09
4.73
4.35

Q in Langmuir 4 isotherm. Since these values are not available for the soil under study, we used the
values of Smith [14]. The measured values for N03 leaching were always higher than the predicted
values. At same N level, when K level has increased from Kl to K2 level, amount of NO3 leached
is lower. This could be either due to lower nitrification rate at higher K level as evident in the lower
level of N (NI) and or increased utilization of applied N at higher level of N (Table II). Golden et
al. [15] reported that commercial KC1 reduces the nitrification of ammonium ion. This model fails
to predict appreciable reduction in nitrate leaching with increased K level. This may be due to the
assumption that there was no effect of K on nitrification. The increased N level always did not result
in increased N leaching or increased yield. This may be due to locking up of N in the plant itself.

Table III was reasonably closer to the measured values at N1K1, N1K2, and N2K1 levels.
However, the measured values were very high under N2K2 levels. The amount of K+ that can be
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present on the exchange sites depends on the content and type of clay, organic matter and pH [16].
It is resonable to assume that content and type of clay is same in the experimental site. The observed
difference therefore, is mainly due to pH. This is due to increased acidification (Table III) with high
N level and consequent leaching of K particularly at high K application. It has been reported that
exchangeable Al+ 3 present in acid tropical soils can compete with K for nonspecific exchange sites
[17] resulting in higher K+ leaching. This is also evident in Table III where exchangeable Al + 3

present in N2K2 level is higher than the other treatments.

4. CONCLUSIONS

The leaching of N and K as predicted by the model agrees reasonably well with the measured
values under field conditions. The model predictions can be further improved if model parameters
can tie measured for the soil and plant under study.
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PARTITIONING OF 14C-PHOTOSYNTHATE IN
LOW AND HIGH NODULATING SELECTIONS OF CHICKPEA
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Abstract

PARTITIONING OF 14C-PHOTOSYNTHATE IN LOW AND HIGH NODULATING SELECTIONS OF CHICKPEA.
Genetic variation for nodulation capacity tas been detected in chickpea cultivars. Five groups of cultivar ICC 5003,

were selected based on increasing nodule number and mass. These groups were examined to understand carbon budgeting
in relation to N2 fixation. Chickpea plants grown at two mineral nitrogen levels were exposed to 14CO2 and the distribution
of 14C-photosynthate in different plant parts was determined. Total plant biomass of chickpea selections increased
significantly (P < 0.01) with increasing mineral N and nodulation level. Mean percentage 14C-photosynthate translocated
to the roots decreased with increasing nodulation rank and also with increasing mineral N level. Low nodulating selections
of chickpea grown under low soil N level were unable to fulfil their N requirements through biological nitrogen fixation
(BNP) as indicated by their higher root/shoot ratio compared to the high nodulating selections. Such plants invested more
carbon in increased root production so as to exploit soil N as evidenced by the greater partitioning of 14C-photosynthate to
roots hi low nodulating selections.

1. INTRODUCTION

Legumes have an important role in sustainable farming systems due to their on-farm nitrogen
contributions through biological nitrogen fixation. Chickpea is one of the major grain legumes and
can fix up to 141 kg N ha"1 season"1 [1]. Nitrogen fixation by legume-rhizobial symbioses uses
products of photosynthesis, and therefore it competes for the photosynthate partitioned to economic
yield [2-3]. Thus, carbon and energy budgeting of BNF by nodulated legumes continue to attract
research interest [4-5]. Genetic variation for nodulation capacity has been detected within chickpea
cultivars [6]. Five selection groups have been identified in a cultivar ICC 5003, Sj to S5, based on
increasing order of nodule mass[6]. High nodulating selections (S3 and S5) of chickpea cultivar ICC
5003 grown under low available soil N conditions (10-12 mg N kg"1 soil) yielded 68% higher grain
than the low nodulating selections (S, and Sj) grown under the same conditions [6]. We used these
selections to study the relationship between N2 fixation characteristics and l4C-photosynthate
translocation to different plant parts in order to understand carbon budgeting in relation to N2 fixation
in chickpea.

2. MATERIALS AND METHODS

2.1. Plants
Chickpea plants were grown in Vertisol (Typic Pellustert) in pots in a greenhouse at ICRISAT

Center, Patancheru, India, during the 1991 postrainy season. The characteristics of the soil used in
the pots were as follows: pH (l:2,soil:H2O) = 8.2, Total N = 624 mg kg"1, Olsen's P = 2.5 mg kg"1

and chickpea rhizobia = 103 g"1 soil.
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2.2. Experimental design
Glucose at 1:6 proportion of available N (134 mg glucose in 298 g of soil) was applied in solution

two weeks prior to sowing and also at 15 days after sowing (DAS) to immobilize available soil N
and to create a low available N treatment (Nl) of 14 ug N g"1 soil at sowing. Untreated soil served
as the high available N treatment (N2) which contained 22 /*g N g'1 soil, and received 1.5 mg N pot "
1 (5 fj,g N g"1 soil) in solution prior to sowing. Single plants were grown in 7 cm square plastic pots
filled with 298 g soil. At sowing, each pot received 105 rhizobia of strain 1C 59 . Four selections
with distinct nodulation ratings [Sl and S2 (low), S3 and S3 (high)] developed from ICC 5003 (=K
850), a released chickpea cultivar were used. Each treatment was replicated four times using a
factorial randomized design. The plants were grown for 57 days in a greenhouse maintained at a
day/night temperature regime of 26+2 / 20±2°C. Plants were watered to 70% water holding capacity
with deionised water.

2.3. 14C-Labeling of plants
Six days prior to harvesting, whole chickpea plants were exposed to WCO2. Plants were

enclosed in a rectangular plexiglass chamber (39x28x28 cm, width x length x height) fitted with two
small fans and an injection port rubber. Radioactive CO2 was generated externally from 14C-sodium
bicarbonate (NaH14CO3) in a reservoir filled with HC1. 14CO2 from the reservoir was filled in an air-
tight glass syringe and 3 ml of 14CO2 (about 40 /zCi) was injected into the chamber through the
injection port. Plants were exposed to 14CO2 inside the chamber for 15 min and were harvested six
days later.
2.4. Enzyme and isotope analysis

Nitrogenase activity in roots was assayed by measuring acetylene reduction activity
immediately after harvest. Roots and nodules collected from the soil and plant samples were oven
dried at 80°C for three days. Finely ground plant subsamples were used for determining 14C-activity
in different plant parts by oxidation in a Biological oxidizer (Model 300, R.J. Harvey Inc).

3. RESULTS AND DISCUSSION

Total plant biomass (shoots, roots, and nodules) of chickpea selections increased significantly
(P < 0.01) from 1.5 g plant'1 at Nl to 2.1 g plant'1 at N2 treatment. Similarly, total plant biomass
increased significantly (P < 0.01) with increasing nodulation level. A significant interaction between
N level and nodulation rank of chickpea selections was also observed for total plant biomass
produced; the increase in plant biomass with nodulation ranking at Nl was much greater than at N2
(Fig 1).

Root mass was similar across all N levels, and nodulation selections (Fig 2). Nodule
numbers per plant were unaffected by increasing N level, however, nodule number increased
significantly from 1.6 nodules plant'1 in Sj selection to 60 nodules plant"1 in S5 selection. The increase
in nodule number resulted in a proportional increase in nodule mass per plant (Fig. 3). Nodule mass
(P < 0.01) reduced in plants grown at the higher nitrogen level(P <0.01, Fig 3) with exception of
the S3 selection.

Total nitrogenase (C2H2 reduction) activity of plants grown at low soil N status was
dependent on the degree of nodulation with the maximum activity observed in the S5 selection (Table
1). Nitrogenase activity, however, was similar in all selections at the higher nitrogen level.
Nitrogenase activity per unit root mass increased with the degree of nodulation selection (880 n mol
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Figure 2. Root biomass of different nodulating selections of
chickpea cv ICC 5003 grown at two soil N levels
in pots.

S1-S2 low-nodulation selection
S3-S5 high-nodulation selection

•5. too
o

D UWK*N (HI)

. SE]

31 M M 13

Nodulating sslection

Figure 3. Nodule mass of different nodulating selections
of chickpea cv ICC 5003 grown at two soil N
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Figure 4. Proportion of C-photosynthate retained In
shoots of different nodulating selections of
chickpea cv ICC 5003 grown at two soll N
in pots
S1-S2 low nodulating selection
S3-S5 high nodulating selection

C2H4 g"1 root in SI and 2540 n mol C2H4 g"1 root in S5). However, nitrogenase activity per unit
nodule mass decreased with the increasing degree of nodulation selection (SI = S3 _>_ S4 = S5).
These results indicate that nitrogen fixation (C2H2 reduction) in chickpea was drastically reduced by
available nitrogen status of the soil. Such changes in nitrogenase activity were not observed by
Rupela and Johansen [6] because the lowest N level used in their experiments (28 jug N g'1 soil) was
high compared with 14 /zg in this experiment. To increase biological nitrogen fixation in chickpea
optimization of soil mineral N levels are necessary. This could be achieved through the use of
appropriate crop rotation including non-legume crops, incorporation of plant residues which can
immobilize mineral N, and selection of host-plants that can fix N2 in the presence of higher mineral
N levels.

The proportion of 14C-photosynthate activity retained in shoots increased with the degree of
nodulation of plants grown on soil with low nitrogen status (Fig 4). In contrast, at the higher soil
nitrogen level there was no difference in the amount of 14C-photosynthate activity in the shoots.
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TABLE I. NITROGENASE ACTIVITY AFTER HARVEST (/* MOL C2H4 PLANT1 h'1) IN LOW
AND HIGH NODULATING SELECTIONS OF CHICKPEA CV. ICC 5003 GROWN IN POTS AT
TWO SOIL N LEVELS

Selection

S, (low)
S2 (low)
S3 (high)
S5 (high)
SE ±
Mean
SE ±

0

2

2

3
0.
2.

0.

Nl

.77

.62

.80

.30
560
37
280

0
0
0
0
0.
0.

N2

.24

.04

.29

.15
396
18

Mean

0.51
1.33
1.54
1.72

S? 60

Ï
Q

£ 40

i
W
6

E Lew soil N (NI)
• High soH N (N2)

SE I

S1 S2 S3 S5

Noudlating selection

Figure 5. Proportion of 14C-photosynthate in roots (roots and
nodules) of different nodulating selections of chickpea
cv ICC 5003 grown at two soil N levels in pots.

S1-S2 low-nodulating selection
S3-S5 high- nodulating selection

However,the mean specific MC-photosynthate activity (g'1 shoot) at N, level was significantly (P<
0.05) higher in S5 selection (36.3 x 104 dpm g'^than in SI ( 19.1 x 104 dpm g'1). Similar results were
not observed at N2 level. The proportion of 14C-photosynthate translocated to the roots decreased with
increasing nodulation rank and also with increased soil mineral N level(Fig 5). All the chickpea
selections grown at high soil nitrogen level except S5, showed significantly (P < 0.01) lower
translocation of 14C-photosynthate activity in roots than plants grown at low nitrogen level.

Low nodulating selections of chickpea grown at low soil N levels were unable to fulfil their
N requirements through biological nitrogen fixation as evidenced by their significantly increased
biomass yield when grown at high soil N. Low and high nodulating selections produced similar root
mass under low and high soil N conditions and low nodulating selections (St and S2) fixed less N than
high nodulating selections (S3 and S5). Low nodulating selections had a higher root/shoot ratio than
high nodulating selections suggesting that when low nodulating selections could not meet their N
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TABLE II. SPECIFIC '"C-PHOTOSYNTHATE ACTIVITY IN SHOOTS OF LOW AND HIGH
MODULATING SELECTIONS OF CHICKPEA CV. ICC 5003 GROWN IN POTS AT TWO SOIL
N LEVELS

Selection Specific MC-photosynthate activity (dpm x 10"4 g'1 shoot)

s,
S2

S3
S5

SE+

Mean
SE±

NI

19.1

24.7
36.0

36.3
2.80
29.0
1.40

N2

51.6
46.6
37.4
46.1
1.98
45.5

Mean

35.4
35.7
36.7
41.2

requirements through BNF at low soil N levels, these plants invested more carbon in increased root
production so as to better exploit soil N.

Furthermore, the proportion of 14C-photosynthate activity in shoots (including leaf) was
significantly lower in S, than in S5 selection, under low nitrogen level (St = S2 _<_ S3 = S5). The
increased demand for carbon in the roots of low nodulating selections in contrast to that in high
nodulating selections resulted in a proportionately higher translocation of I4C-photosynthate to the
roots. Thus, the argument that BNF incurs a substantial drain of photosynthate is not applicable to
chickpea. However, to obtain an accurate carbon-budgeting we also need to consider its loss through
root respiration. To the contrary, it appears that poorly nodulated chickpea requires a greater
investment of photosynthate in root development presumably to better enable acquisition of mineral
N. The yield of low nodulating selections even with high fertilizer application in fields is not
comparable with that of high nodulating chickpea selection with no fertilizer application [8]. Selection
of host-plants with high biological nitrogen fixation efficiency coupled with management of soil N
levels can sustain chickpea yields in the semi-arid tropics (SAT).
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Abstract

EVALUATION OF AMMONIUM POLYPHOSPHATE FERTILIZER AS A CARRIER OF ZINC.
Ammonium polyphosphate (APP) and diammonium orthophosphate (DAP) were evaluated as carriers of zinc in

an Ultisol and a Vertisol. Surface applications of KZn along with urea or orthophosphate or pyrophosphate or polyphosphate
to the two soils indicated very little movement of the radionuclide below 2 cm from surface in both soils on leaching with
rain water. Greenhouse experiments with maize and red kidney beans grown in sequence in the two soils fertilized with
APP and DAP both blended with ^Zn (as ZnSO4.7H2O) indicated that while the Zn fertilizer use efficiency of Zn-APP blend
was significantly higher than that of Zn-DAP blend for maize, their residual value was equal for the succeeding bean crop.
Experiments with maize-greengram sequence indicated superiority of Zn-APP blend only in Vertisol, while in Ultisol both
the blends were equally effective. A field experiment with flooded rice indicated increased grain yield with application
of Zn at 22 kg Zn ha'1. Neither P nor Zn application had any significant effect on straw yield. Grain and straw Zn
concentrations increased significantly by the applications of both P and Zn. At zero or low levels of applied Zn, APP was
significantly superior to DAP as a P source; while at higher dose of Zn, no significant difference was noted between the
two P sources.

1. INTRODUCTION

Ammonium polyphosphate (APP) is a granular and a water soluble binutrient fertilizer
recently developed in India and is presently under field evaluation throughout the country as a source
of phosphorus (P) for different soil-crop combinations. The high P(56% P2O5) and N(12%N) content
of APP together with its capacity for maintaining certain metallic cations in solution through
sequestration has made this fertilizer an attractive alternative to diammonium phosphate (DAP), the
only orthophosphate fertilizer produced in India containing 46 % P2O5 and 18 % N. APP contains about
80% P2O5 as monoammonium orthophosphate and 20% P2O5 in the non-orthophosphate form
principally as triammonium pyrophosphate [(NH4)3HP2O7.H2O].

Nearly 47 % of the land area in India is deficient in zinc and hence, there is wide scope for
using APP as a carrier of Zn. Earlier reports [1,2] have indicated that synthetic chelates were more
effective as carriers of Zn than phosphate fertilizers for plant growth in pot culture experiments.
Some field studies[3], have shown that chelated forms of Zn were slightly inferior to inorganic
phosphates used as carriers of Zn, whereas, some reported [4] that both forms of Zn were equally
effective for production. As no information is available on polyphosphates as carriers of Zn in
Indian soils, a series of experiments were conducted [5,6] to evaluate the mobility and plant uptake
of Zn blended with APP and DAP for maize-legume cropping sequences in an Ultisol and Vertisol
under greenhouse conditions and flooded rice under field conditions.

""Deceased on 31 December 1992.
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2. MATERIALS AND METHODS

Two soils from Maharashtra, namely, an Ultisol from Shirgaon and a Vertisol from Amravati
were used in the study. Their physicochemical properties are shown in Table I. The pH, cation
exchange capacity and organic matter content were analysed by standard methods [7] and available
Zn, Fe, Cu and Mn were estimated after DTPA extraction [8].

2.1. Mobility of ^Zn
For studies on mobility of 65Zn, the two soils were separately fertilized as follows: (i) no

fertilizer (control) (ii) N at 120 kg N ha"1 in the form of urea and (iii) P at 60 kg P2O5 ha"1 in the form
of either DAP, APP or TPP (triammonium pyrophosphate). A sufficient quantity of each treated soil
was weighed and transferred to a glass leaching container so that after compaction it provided a depth
of 15 cm [9]. The soils were maintained at field capacity for a period of one week after which the
top surface of each soil was labelled with 2 uCi (74 kBq) of 65Zn provided in 2 ml distilled water.
Two days after contamination, the soils were leached with 250 cm of de-ionized water (representing
rain water). Subsequently the soil columns were separated into layers of 1.0 cm thickness, and the
individual segments were air-dried, weighed and assayed for 65Zn through gamma-ray spectrometry
as described in Section 2.2.

2.2. Maize-bean sequence
Maize (Zea mays L. var. Golden Bentham) and red kidney bean (Phaseolus vulgar is L.) plants

were grown in sequence in a greenhouse where temperatures ranged from 18°C to 28°C in winter
and from 24°C to 40°C in summer. The maize crops were grown in pots containing 1.5 kg soil with
a basal dressing of N and K. Labelled zinc sulphate (Sp. act.363 mCi 65Zn/g Zn = 13.4 G Bq/g Zn)
at rates of 0, 5, 10 and 20 kg Zn/ha dry blended with APP and DAP at rates 0 and 60 kg P2O5 ha"1

were applied in a circular band of 8 cm dia at 3 cm depth. Each treatment was replicated four times
in a randomized block design and three plants per pot were maintained up to flowering (8 weeks).
The soils after plant harvest were allowed to dry for four weeks, maintained at field capacity for
another two weeks and then two bean plants were grown and harvested at flowering (after 5 weeks).

The plant materials were dried at 70°C, and weighed, crushed in a Wiley mill and a known
weight was ashed with a mixture of nitric and perchloric acid (5:1). Total phosphorus was estimated
colorimetrically using vanadomolybdate method [10] and Zn was determined by Perkin-Elmer Model
380 atomic absorption spectrophotometer equipped with a deuterium arc background corrector. For
65Zn assay, known weights of powdered plant samples were packed in pyrex vials and the 1110 keV
gamma photopeak of 65Zn was measured using well type 7.5 x 7.5 cm Nal (Tl) crystal integral line
assembly and Nuclear data 512-channel pulse-height analyzer attached to an oscilloscope and a
computer readout typewriter.

2.3. Maize-greengram sequence
In another separate greenhouse experiment maize and greengram (Phaseolus our eus Roxb.)

were grown in succession in pots containing 2 kg soil. Application of APP and DAP was at rates of
0, 50 and 100 kg P2O5 ha'1 along with Zn (ZnSO4.7H2O) at 0, 10 and 20 kg ha"1. The methodology
followed throughout was similar to that described in Section 2.2.

2.4. Field experiment with rice
The field experiment on the evaluation of APP and DAP as carriers of Zn for flooded rice

was conducted at Rajendranagar, Hyderabad. Rice (Oryza sativa L. var. Surekha) was grown on a
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TABLE IL MOBILITY OF «ZN IN AN ULTISOL AND A VERTISOL ASINFLUENCED
BY UREA, ORTHO-, P.YRO- AND POLYPHOSPHATE FERTILIZERS ON LEACHING
WITH 250 CM OF RAIN WATER

Distribution of "Zn in soil columns (% of total)

Depth of soil

column (cm)

Ultisol

0 -1

1-2

2 - 3

3 - 4

Vertisol

0 - 1

1 -2

2 - 3

Control Urea DAP* TPP'

98.23 97.37 99.51 99.85

1.75 2.60 0.46 0.15

0.02 0.03 0.03

-

99.75 93.78 100.00 100.00

0.25 6.22

- - -

APP*

99.36

0.52

0.12

-

100.00

-

*DAP - Diammonium orthophosphate; "TPP - Triammonium pyrophosphate;
*APP - Ammonium polyphosphate

Vertisol (clay, 50.9%; silt, 14.5%; sand, 32%; pH, 8.1; EC, 0.3 mmhos cm-1, organic carbon0.53).
The plot size was 5 x 4 m with 20 cm x 10 cm spacing and 5-8 cm of flood water. The plots
received a basal dose of 100 kg N and 60 kg K2O ha'1, APP and DAP at zero and 60 kg P2O5 ha'1

and Zn (ZnSO4) at 0, 11 and 22 kg Zn ha'1 incorporated with soil upto 15 cm before transplanting.
Each treatment (total: 9 treatments) were replicated 4 times in randomised block design. Crop was
harvested at maturity (120 days), separated into grain and straw and yields recorded. The
concentration of P and Zn in grain and straw was assayed as described in Section 2.2.

3. RESULTS AND DISCUSSION

3.1. Mobility of zinc
Data on the mobility of 65Zn as affected by addition of urea, DAP, APP and TPP presented

in Table II indicate that nearly 99% of the surface deposited zinc was retained in the 0-2 cm layer
with very little movement below 2 cm in both soils on leaching with 250 cm of rain water. Urea
contributed to 2.6 and 6.2% of the 65Zn movement to the 1-2 cm zone in the Ultisol and Vertisol,
respectively. None of the P fertilizers influenced the mobility of 65Zn to any significant extent even
to 1-2 cm zone in both soil types indicating Zn fixation in the top layers of the soil columns as
demonstrated in our earlier studies, in tropical soils [11] and temperate soils [12,13,14].

3.2. Maize-bean sequence
Data reported in Table III indicate that applications of Zn-P blends increased the dry matter

yields of the maize crop over the control in both soil types. However, no significant yield differences
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were observed in the second crop of beans indicating thereby the absence of any fertilizer residual
effect. Further in the absence of phosphorus applications, added Zn did not lead to increased dry
matter yield of crops in the two soil types. With application of phosphorus significant yield response
to zinc additions was obtained in the first crop (maize) with Zn-DAP and Zn-APP blends in both
soils. Comparing the yield data, it was observed that Zn-APP was significantly superior to Zn-DAP
in the Vertisol, whereas, these two Zn-P blends were, in general, equally effective in the Ultisol.
Data on dry matter yields of the second crop, namely, beans showed no residual effects of zinc
applied through Zn-P carriers in both soil types which is suggestive of the transformation of fertilizer
zinc resulting in its reduced availability.

Radiochemical data (Table III) on per cent utilization of fertilizer zinc (computed from per
cent zinc in plant derived from fertilizer) indicate that for the first maize crop, Zn-APP was, in
general, significantly higher than that of Zn-DAP in both soil types. However, the superiority of
Zn-APP over Zn-DAP was not maintained for the succeeding bean crop in both soil types. These
findings could be attributed to the hydrolytic degradation of the pyrophosphate [(NH4)3HP2O7.H2O]
component of APP to orthophosphates [NH4H2PO4 and (NH4)2HPOJ in soils over extended periods
involved in the growth of the maize and bean crops. Earlier studies [15,16] have indicated that 90
per cent of APP added to an Ultisol and a Vertisol is hydrolysed to orthophosphate in periods ranging
from 60 to 125 days under arable moisture regime.

3.3. Maize-greengram sequence
Data presented in Table IV for maize indicate that application of APP resulted, in general,

an increase in the dry matter yield, P and Zn uptake over DAP at equivalent P2O5 levels in the
Vertisol but not in the Ultisol. Zinc application in Ultisol, in general, enhanced the uptake of Zn,
probably due to the acidic pH and low exchangeable Ca, Mg and CEC. However, the higher Zn dose
did not significantly contribute to any appreciable change in the dry matter yield and P uptake over
the lower dose which may be due to the antagonism between P and Zn at their higher concentration
thereby forming insoluble Zn3(PO4)2.4H2O [1] or ZnNH4PO4 (orthorhombic) with DAP
andZn3(NH4)2(P2O7)2.4H2O (monoclinic) with TPP present in APP [17]. Zinc uptake from Vertisol
treated with Zn-APP blend was significantly higher than those blended with Zn-DAP. Further,
comparison of the yield and uptake of P for the two Zn-P blends indicate that Zn-APP was
significantly superior to Zn-DAP in Vertisol; whereas, Zn-APP and Zn-DAP blends were, in general,
equally effective in Ultisol. Earlier work [18] also indicated that APP was superior to DAP in respect
of dry matter yield of maize grown on two alkaline soils (pH 7.65 and 8.15).

Data on the residual effects of applied phosphate and Zn fertilizers on greengram (Table IV)
indicate both the P sources at the two levels were at par in Ultisol; whereas, APP at 100 kg P2O5 ha"1

was superior to DAP in Vertisol. In addition, Zn-APP blends in Vertisol were generally superior to
Zn-DAP blends in terms of dry matter yield and uptake of P and Zn. In general, the residual values
of the two phosphate fertilizers were equal for greengram grown in Ultisol, and Zn-APP blends were
marginally superior to Zn-DAP blends in the Vertisol.

3.4. Field experiment with rice
Data on the field experiment presented in Table V indicate no significant differences between

APP and DAP sources both for grain and straw yields. In general, application of Zn at 22 kg ha"1

significantly increased the grain yield. Neither P nor Zn had any significant effect on straw yield.
Grain and straw Zn concentrations increased significantly by the application of both P and Zn. The
effect of applied Zn on grain Zn concentrations was highly significant at both the doses in the absence
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TABLE V. GRAIN AND STRAW YIELDS AND P AND Zn CONCENTRATIONS IN RICE AS
INFLUENCED BY P AND Zn APPLICATIONS AT RAJENDRANAGAR (KHARIF 1990)

Treatments*

PO Zn
PO Znl
PO Zn2

DAP ZnO
DAP Znl
DAP Zn2

APP ZnO
APP Znl
APP Zn2

PO
DAP
APP

ZnO
Znl
Zn2
Expt. mean

P

Zn
P X Z n
C.V. %

Yield

(kg ha'1)

5377
6228
6649

6751

6875
7021
6731
6984
7004
6085
6882

6906
6286
6696
6891
6624

550
NS
NS
8.3

Grain

P

<*)

0.250
0.337
0.340
0.353

0.313
0.347

0.343
0.373
0.333
0.309
0.338

0.350

0.316
0.341
0.240
0.332

0.018
0.018
0.032
5.6

Zn
(ppm)

14.3
38.7

46.5
39.2

46.3
46.8
42.7

45.0

52.0
33.2
44.1

46.6

32.0

43.3
48.4
42.3

1.6
1.6
2.8

3.9

Yield
(kg ha')

8842

10560

11235

10962
10937

9501

11131
11324
11505
10212

10467

11320

10312
10941
10747

-

NS
NS

NS

13.0

Straw
P

(*)

0.143
0.187

0.203
0.193
0.190
0.220
0.220
0.197

0.213
0.178

0.201
0.210*
0.186
0.191
0.212
0.196

0.014
0.014

0.025

7.2

Zn

(ppm)

17.4

25.3

28.9
27.8
31.2

44.8

33.7

35.5
41.9

23.9

34.6

37.0
26.3
30.7
38.6
31.8

2.5
2.5
4.3

7.8

PO = No P fertilizer; ZnO = No Zn; AP = 60 kg P202 ha1; Znl = 11 kg Zn ha'1;
APP = 60 kg P20j ha'1; Zn2 = 22 kg Zn ha'1

of P application. In the presence of applied P, Zn effect was significant only at higher doses of 22
kg Zn ha"1. At zero or low levels of applied Zn, APP was significantly superior to DAP as a P
source; while at higher level of Zn, no significant difference was observed between the two P sources.
The interaction effect of P and Zn indicated, in general, that APP was superior to DAP as a carrier
of Zn.

Field studies under the different co-ordinated research projects of the Indian Council of
Agricultural Research over the last few years (not reported here) have established that APP is equal
or superior to DAP for cereal and pulse crops grown in different soils. As the price of APP is
expected to be 10 to 15% cheaper than DAP, the cost-benefit of using APP will be attractive. The
present studies indicate the possibility of using APP as an alternate fertilizer to DAP with the
additional advantage of APP serving as a better carrier of Zn.
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SUMMARY

Sound nutrient and water management practices are essential for sustainable agriculture. The
green revolution based on irrigated farming used high yielding varieties, fertilizers and pesticides to
escalate food production. This has now reached its limits in the Asia and Pacific region. Today the
population in this region represents more than 55% of the world's population of 5500 million. This
number will double again in the next 40 years. Meeting the food and fibre requirements of these
people will pose a serious challenge in managing the resource base. Additional food must be produced
while conserving the natural resource base and, at the same time, enhancing the quality of the
environment. Agricultural systems will have to be developed that optimize traditional technologies
and biological processes while making appropriate use of external inputs. These systems could boost
productivity and long term economic returns to farmers, avoid further encroachment on fragile
marginal land and help to conserve natural resources. With a view to review recent progress in soil
fertility, crop production and related environmental problems, an FAO/IAEA Regional Seminar for
Asia and the Pacific on Nuclear and Related Methods in Soil-Plant Aspects of Sustainable Agriculture
was held in Colombo, Sri Lanka, 5-9 April 1993. Scientists from Australia, Bangladesh, Belgium,
China, India, Indonesia, Malaysia, Myanmar, Nigeria, Pakistan, the Philippines, Sri Lanka, Thailand,
Turkey, the United States of America and Viet Nam participated at this seminar. The seminar focused
on a wide range of topics including nitrogen and phosphate fertilizer studies, micronutrients,
biological nitrogen fixation, agroforestry, soil-plant water relationships, photosynthesis and carbon
metabolism, crop production in deleterious soils, sustainable agriculture, and environmental
preservation. The reports emphasized the use and applications of isotopes such as I5N, 32P, 14C and
65Zn and the use of neutron moisture probes.

The major thrusts in agricultural research in the region vary from country to country depending
on the crops in demand and the constraints to crop productivity in the given environment. However,
the general conclusion is that nitrogen is still the key limiting element, the availability of which will
have to be substantially increased if we are to develop sustainable agricultural systems for the future.
Unfortunately, commercial nitrogen fertilizers are an expensive commodity for the farmer in addition
to being more often in short supply. Yet, in the Asia and Pacific region, nitrogen fertilizer
consumption increased from 19.9 to 36.4 million tonnes between 1980 and 1990 despite almost a
doubling in average fertilizer costs over the same period. Over-use of fertilizers creates environmental
problems such as many countries are facing now. Walking on this narrow line will therefore be an
art and a challenge. In this context, the philosophy of 'integrated plant nutrient management'
incorporating biological nitrogen fixing systems such as grain and tree legumes, and water ferns such
as Azolla into cropping systems was considered one of the most attractive options for the future.
However, nitrogen must be managed to control both inputs and losses to avoid environmental
degradation and move towards productive and sustainable agricultural systems. In the long term, such
systems could not only increase the nitrogen fertility of the soil but in addition improve the organic
matter content and other desirable properties of the soil. Stable isotopes such as 15N and 13C are likely
to play a significant role in future studies in view of the ease with which they could be used as tracers
particularly under field conditions to provide information on functions of ecosystems, organic matter
dynamics and other nitrogen and carbon transformations.

In addition to nitrogen, farmers have to use phosphate fertilizers in a balanced proportion to
ensure the synergistic interaction that is required for increasing and sustaining yields. In recent years,
considerable research effort has been focused on alternative cheaper forms of phosphate fertilizers to
satisfy the needs of farmers with limited financial resources. Some countries like Thailand, Sri Lanka,
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Indonesia and Viet Nam are blessed with natural phosphate rocks. The most appealing alternative is
of course for direct application of the phosphate rock. Coupled with the inherently acidic and
phosphate deficient soils found in this region, research on direct aplication of these phosphate rocks
for crop production is indeed timely. The radioactive 32P isotope is conveniently employed in
assessing the availability of phosphate to crops from these phosphate rocks.

In order to meet future demand of food, the expansion of crop production will be increasingly
dependent on sound agricultural water management. Crop yields can be increased several-fold under
irrigated agriculture than in rainfed dry farming systems. Investments for irrigation are a high priority
in most countries. However, in recent years, it has become a matter of serious concern that, despite
high costs, performance of many irrigation projects has fallen short of expectations as a result of
inadequate water management both at farm and system level. Crop production has often been well
below the projected targets. One of the main causes of the problem is low efficiency resulting from
traditional habits of fanners to apply excess water which contributes to more than one-third of the
total water waste. Excess water application also translates into increased water logging triggering
further soil salinity problems. Therefore measures to increase effective use of water are critical in
sustaining and increasing agricultural production in irrigated areas. The use of neutron moisture
probes will play a significant role in these studies.

In general, agricultural problems related to major crops such as rice and grain legumes are
common to the region and the most effective way to address these problems on a regional basis would
be through co-ordinated regional research efforts. At this seminar, the question of technology transfer
received renewed attention as a major issue affecting agricultural development in the entire region.
In many countries research ends in the laboratory and valuable findings often never reach the end user
(farmer) through whom the country at large could benefit. The participants urged that urgent measures
be taken to remedy the situatiofi without which, full benefits of agricultural research cannot become
visible. The seminar placed special emphasis on approaches for developing technologies for
sustainable agriculture and for reducing environmental pollution. This is of particular importance to
the Asia and Pacific region where a growing population has resulted in greater pressure on land
resources. Nuclear techniques (isotope tracers and radiation) can play a crucial role in advancing these
activities.
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