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FOREWORD

The International Atomic Energy Agency and the Food and Agriculture

Organization of the United Nations support research contracts, symposia,

and various other meetings concerned with a wide range of investigations

in agricultural research involving the use of radiation and isotope tech-

niques. These activities are carried out through their Joint FAO/IAEA

Division of Isotope and Radiation Applications of Atomic Energy in Food and

Agricultural Development which was established in 1964.

Through its coordinated research programmes the Joint Division has

provided over the past 15 years research contracts to about 150 scientists

in developing countries in the fields of soils, irrigation and crop production.

The bulk of the work supported by research contracts in agriculture is devoted

to practical problems, the solution of which would be of immediate practical

value to the food supply and the economy of the developing countries. These

contracts provide modest support, mainly in terms of equipment and isotopes

for a period of 4 to 5 years. The coordinated research programmes have been

developed from the recommendations of Advisory Group Meetings such as the one

which led to this document.

The objectives of this meeting were to look into the possibility, the

desireability, and the need for a new coordinated research programme aimed

at the development of adequate fertilizer and water management practices for

multiple cropping systems while taking the soil properties and the prevailing

weather conditions into consideration. To accomplish this 15 leading scientists

discussed the advantages and disadvantages of various multiple cropping systems.

They indicated the problems which needed the immediate attention of research

workers and the role which nuclear techniques could play in the research. Their

formal presentations form the basis of this document.

Multiple cropping is a centuries-old technique of intensive farming that

has persisted in many areas of the world as a method to maximize land producti-

vity per unit area per season. With the ever growing need to achieve stable



increases in the world food supplies, multiple cropping may promote

increased production on the world's existing and potentially cultivable

land area. Multiple cropping is primarily a system of the small,

labour-intensive individual farms which predominate in the majority of

the developing countries where food supplies are the most limited.

Multiple cropping represents the philosophy of maximum crop production

per unit of land through producing several crops within one calendar year or

other relevant time span. Research on multiple cropping has been neglected

due to the emphasis on monoculture in regions where a high degree of mechani-

zation is a major factor in agricultural operations. In large areas of the

world the degree of mechanization is still very low because of an abundance

of labour and a lack of capital. The land must support a very high density

of population, thus the most intense utilization of cultivable land is of

prime importance. Multiple cropping seems to offer the most promising solution

to this situation and can increase total crop production substantially. The

multiple cropping systems include the following:

1. Intercropping where two or more crops are grown simultaneously

on the same plot of land per year. Different types of inter-

cropping systems include:

Mixed Intercropping - Growing two or more crops
simultaneously with no
distinct row arrangement;

Row Intercropping - Growing two or more crops
simultaneously with one or
more crops planted in rows;

Strip Intercropping - Growing two or more crops
simultaneously in different
strips wide enough to permit
independent cultivation but
narrow enough for the crops
to interact agronomically;

Relay Intercropping - Growing two or more crops
simultaneously during part of
each crop's life cycle.



2. Sequential cropping where two or more crops are grown in sequence

on the same plot of land per year. The succeeding crop is

planted after the preceding crop has been harvested.

Examples of multiple cropping systems which appear to be extremely

promising for tropical regions of Asia with one pronounced rainy season

are maize-soybean; maize-groundnut; and cassava-soybean. In marginal areas

where water supply is not assured, combinations of non-legumes, such as maize-

sorghum, are favoured. These recommendations are, however, based largely on

empirical and economic considerations. International crop research institutes

have recently devoted considerable attention to the agronomic aspects of

multiple cropping. However, little quantitative data are available on the

utilization of applied fertilizers and native soil nutrients or the water use

efficiency of the different cropping systems involved.

The Joint FAO/IAEA Division has extensive experience with isotope and

radiation techniqcbased field experimentation in fertilizer and water use

efficiency. However, these programmes have been, in the main, confined to mono-

culture systems. This meeting was therefore held to assess the potential of a

coordinated research programme of field experiments on intercropping. The value

of determining fertilizer efficiency using N-15, P-32/P-33, Ca-45, S-35, and

Zn-65 labelled materials was discussed. The potential of using isotopes to

determine rooting patterns and of using the neutron moisture probe in irrigation

and soil moisture studies was assessed.

The meeting was held at the Soil and Fertilizer Research Institute of the

Ministry of Village Affairs and Cooperatives in Ankara, Turkey. It was opened

by short presentations from representatives of the Ministery of Village Affairs

and Cooperatives, the Turkish Atomic Energy Commission, the United Nations

Development Programme and the sponsoring international organizations. The

importance and timeliness of the meeting and the need for increased food produc-

tion was emphasized.
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USE OF ISOTOPE TECHNIQUES IN EVALUATION OF
FERTILIZER MANAGEMENT PRACTICES FOR
CROPPING SYSTEMS

E.H. HALSTEAD
Saskatchewan Institute of Pedology,
University of Saskatchewan,
Saskatoon, Saskatchewan,
Canada

ABSTRACT

The methods by which isotopic techniques have been used in Sole
cropping studies are Revbiwed, and the application of those techniques to
complex cropping systems is discussed. Strip intercropping, sequential
cropping, and relayrowand mixed-intercropping are shown to present
many complexities which isotopes could play an important role in clari-
fying. The depth, spead and activity of rooting systems can be studied
with P-32 or P-33, and double labelling may be very informative in defin-
ing the interpenitration or changes in rooting pattern resulting from
intercropping. Nitrification inhibitors with N-15 labelled fertilizer
may be useful in restricting fertilizer N to the non-fixing component
of row or mixed intercropping systems. Similarly5P-32, N-15 and S-35
labelled fertilizers may be useful for fertilizer placment studies.
Where legumes are included in the cropping systems N-15 abundance
techniques can be used to estimate the contribution of N biologically
fixed by the legume to the entire cropping system.

Introduction

Isotopic techniques have provided useful information in relation

to assessing the amount of soil and fertilizer nutrients which are

available for plant growth. Estimation of the amount of plant

available nutrient in a soil have been measured by several isotopic

dilution procedures including the; 'E' value, Russell et al., 1954,

'L' value, Larsen 1952, and the 'A' value, Fried and Dean 1952.

While 'E' and 'L' values are determined in the laboratory and growth

chamber, respectively the 'A' value provides a technique adaptable

to both growth chamber and field studies. The 'A' value approach

has been used extensively in N and P fertilizer studies (Rennie and

Paul 1971) and provides a means of quantitatively assessing the soil

nutrient status and/or fertilizer treatments in terms of a standard

or reference fertilizer treatment.

Isotopically labelled fertilizers have been widely used in sole

cropping systems to directly measure the uptake of nutrients as

affected by source, placement and timing. Several coordinated

research programs using labelled fertilizer materials have been

conducted under the auspices of the Joint FAO/IAEA Division of Atomic

Energy in Food and Agriculture. These programs have been mainly

concerned with optimizing the utilization of N and P fertilizers for

crops such as maize, wheat, rice and legumes. In addition, isotopic
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techniques have been applied to studies designed to provide

information on the root activity patterns of tree crops. These

studies provide background information relative to the efficient use

of fertilizer nutrients in respect to source, placement and timing

of application for many countries (IAEA Technical Report Series).

Multiple cropping has been practiced for centuries in many

parts of the world and plant species mutually exist in close

association in natural habitats. However, little is known of the

competitive ability of plant roots to extract soil and fertilizer

nutrients when grown in close association with one another.

Areas Where Infbrmation is Required

Some interesting problems are posed when one considers possible

means of optimizing the efficiency of fertilizer use for multiple

cropping systems. Because of the range of cropping patterns and the

differing nutrient requirements of crops a wide range of possible

combinations exist. Added to this problem is the fact that little

is known of the rooting characteristics of many crops or how they

interact when grown in close association with one another.

While it is not possible to consider all of the problems and

their combination it appears that isotope techniques may provide at

least partial answers to the following questions:

1) What, if any, are the changes in efficiency of utilization

of different nutrients under various multiple cropping systems as

compared to sole cropping?

2) What are the optimum placements for various nutrients in

relation to the cropping system under study?

3) What are the variations in time of application for nitrogen

which will provide for maximum efficiency of utilization?

4) Can slow release nitrogen materials (e.g. sulphur coated,

urea or nitrification inhibitors) be used to control the release of

nitrate-nitrogen to the benefit of the crops growing in the system?

5) For systems including legumes, can N abundance measurements

(natural and/or enriched) be used to provide a fix on the contribution

of the legume to the cropping system in terms of symbiotic N-fixation?

6) Can double labelled systems (i.e. 32p + 33p) be used to

better understand the rooting characteristics and their activity

for various cropping patterns?

If answers to these questions can be obtained then fertilizer

management practices can be designed in such a way as to obtain the

maximum benefit for the crops under consideration.

Isotope Techniques for the Evaluation of Fertility Management

The classification of cropping systems provided in the scientific

background for this meeting indicates varying degrees of complexity

in terms of applying isotope techniques to the cropping systems
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described. When one compares the varying systems, it appears that

what is known about sole cropping can be applied more easily to some

of the systems than it can be to others. In attempting to apply

isotope techniques to research on fertilizer management if therefore

seems logical to consider each system separately. Furthermore, it

would appear useful to begin with what one may consider the more

simple systems and move towards those cropping systems which exhibit

a greater degree of complexity.

Sole Cropping

Many researchers have used radioactive and stable isotopes to

evaluate various sources, placements and timing of fertilizer

nutrients such as nitrogen, phosphorus and sulphur. In addition,

isotopes have been used, to a somewhat lesser extent, to evaluate

Table 1

Comparison of the effect of mixed versus separate placement of N and
P fertilizers on the % P and % N in maize plants derived from the
fertilizer

% P derived % N derived

ExperimentExoeriment from the fertilizer from the fertilizer
Location N i- P sep. N+ P mix. N + P sep. N + P mix.

Ghana 40 38

45

30 24

Brazil 31 37 43

Columbia 30 65 72

Romania 15

Peru 12

Argentina 11

21

33

38

7.7

2.2

47 44

57 58

24 29

Mexico 2.1 50 51

A.R.E. 0.9 14 14

F Test Highly significant NS

Source: Fried et al.,1975.
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soil fertility relationships for some of the micronutrients such as

manganese and zinc. While it is not the purpose of this paper to

provide a review of the literature it is useful to consider some of

the techniques employed in past research.

Previous coordinated research programs of the Joint FAO/IAEA

Division have made extensive use of 5N and 32P labelled fertilizer

materials. Fried et al., 1975 outlined some of the techniques

employed and the results obtained in their paper on single-treatment

fertility experiments. Examples of the types of experiments and

the data obtained are illustrated in Tables 1 and 2. The data

presented in Table 1 illustrates a technique which allows a measure

of the relative contribution of a multiple fertilizer treatment.

These data wereobtained by utilizing N labelled ammonium sulphate

and P labelled superphosphate. The results clearly show an increased

uptake of phosphorus when placed in a band containing ammonium

nitrogen. Conversely the presence of phosphorus in the band had

little effect on nitrogen uptake from the labelled fertilizer band.

Table 2

Percent of the N in the rice grain
at different stages of growth

derived from ammonium sulfate applied

Fertilizer Treatment
Applied At Countries

Exp. T1 T2 T3 T4 Indonesia....India .. Philippines

----- kg N/ha ------ ---- % fertilizer N in grain ----

la 25* 25 25 25 4.3 2.8 3.3

lb 25 25* 25 25 10.0 6.3 6.3

lc 25 25 25* 25 21.6 11.0 12.5

ld 25 25 25 25* 24.5 12.0 10.0

L.S.D.
(0.05) 6.7 1.9 2.0

TOTAL 60.4 32.5 32.2

2 100* 26.8 22.1 27.9

3 100* 39.6 29.0 36.0

4 100* 59.3 44.2 50.0

5 100* 49.5 46.5 50.0

L.S.D.
(0.05) 10.6 5.0 3.0

* Labelled with 15N

T1 = 2 weeks after transplanting
T2 = 7 days before primordial initiation

T3 = flag leaf

T4 = heading

Source: Fried et al., 1975.
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The data in Table 2 illustrates the effect of the application

of nitrogen at various growth stages on the amount of fertilizer N

which translocated to rice grain. These data also show the comparison

between a four split application of 100 kg N/ha and a single

application of the same rate at each of four growth stages. These

data show that applications between two-weeks after transplanting

and flag leaf result in more of the fertilizer ending up in the grain.

Data such as these together with yield measurements can be used to

ensure that nitrogen applications are timed in such a way as to

allow for efficiency of use in terms of yield and quality relations.

Strip Intercropping

Strip intercropping is defined as growing two or more crops

simultaneously in different strips which are wide enough to permit

independent cultivation but narrow enough for the crops to interact

agronomically (Figure 1). In strip intercropping the strips are

not necessarily of the same width (Figure 2). Examples of this are

temporary intercrop wind barriers, barriers for the control of wind

erosion or the harvest of snow for soil water recharge. These systems

alter crop response through their effect on micrometerological

factors. From the viewpoint of fertility management, if the strips

are wide enough for independent cultivation, each of them can be

managed as for a sole crop. However, in this system it would seem

that any extra yield potential resulting from the association would

require an evaluation of the nutritional requirements.

STRIP INTERCROPPING

CROP A

CROP B

CROP A

CROP B

Figure 1. Diagram depicting a strip intercropping system.

STRIP INTERCROPPING
FOR WIND PROTECTION

SOYBEAN

MAIZE

SOYBEAN

MAIZE

SOYBEAN

MAIZE

SOYBEAN

Figure 2. Diagram depicting a strip intercropping for wind protection.
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Sequential Cropping

Sequential cropping may be defined as the situation where two

or more crops are grown in sequence on the same plot of land within

a period of one year (Figure 3). The succeeding crop is planted

after the preceding crop has been harvested. In considering

fertilization practices for this type of rotation the residual

carry over of nutrients from the previous crop must be considered.

Quite often in this type of system sufficient phosphorus and potassium

are applied at the start of the rotation for both crops. Nitrogen

fertilizer practices are then based on the requirements of the

individual crop being grown.

SEQUENTIAL CROPPING

CROP A CROP B

____________M_____vI

Time

Figure 3. Diagram depicting a sequential cropping system.

In this type of cropping some measurement of the residual carry

over of applied fertilizer material and it's availability to plants

would be useful. In addition, if legumes are part of the cropping

practice the contribution of symbiotic N fixation to the following

crops is of great importance when considering applications of costly

nitrogen fertilizer.

With respect to phosphorus the ½-lives of 32 (14.3d) and 33P
33

(25.4d) suggest that P would be the better isotope to use to measure

residual P carry over from the first to the second crop if direct

measurements were to be made. However, indirect measurements could

also be employed to evaluate residual P carry over as outlined in

Figure 4. Using this technique plots are established which receive

either high rates of broadcast or no phosphorus. On these plots

either 32P or 33P labelled fertilizer is applied at seeding in a

band near the seed. The 'A' value technique can then be used to

evaluate the relative contribution of the 'soil-P' and the 'Fertilizer

P'.

'A' value = (100 - % Pdff) X Rate of banded fertilizer application
-% Pdff (kg/ha)

6



SEQUENTIAL CROPPING

. IM
Broadcast Zero Residual I Zero

Broadcast 
P P P I P

! I

I I

CROP A CROP B

t4 I t t I T
3 2 P or 33 P labelled fertilizer
applied in bands at seeding

'A' value = ( o-P dff) x Kg P/ha
%PdOff

Figure 4. Experimental design to measure plant availability of
phosphorus.

This concept could be expanded, not only to provide an estimate

of residual carry over of broadcast P but could also be used for

measurement of the availability to plants of a number of carriers,

placements or timings of fertilizer P applications. This technique

is also adaptable to other types of multiple cropping systems. In

particular it may be of special interest to experiments with row

intercropping. In addition, it provides a possible means of evaluating

rock phosphate applications in areas where it is the major source of

phosphorus fertilizer.

Relay Intercropping

Relay intercropping is the situation where two or more crops are

growing simultaneously during part of the life cycle of each crop

(Figure 5). Since a relay system is essentially a rotation with an

overlap of the harvest and seeding of the two respective crop

practices which are appropriate to crops grown in rotation should be

applicable (Oelsligle et al., 1977). Relay intercropping is a common

practice in wet-dry climates where the wet season is not of sufficient

length for two full-season crops. A common association is the maize-

bean relay of Central America. Where maize is grown through the wet

season and the beans are planted as the corn approaches maturity.

RELAY INTERCROPPING

CROP A CROP B

Overlap of seeding and harvest

Figure 5. Diagram depicting a relay intercropping system.

7



Tracer techniques which are suitable for evaluating nutrient

utilization in sequential cropping systems should be readily

adaptable to relay systems. The added problems of mechanical

placement of fertilizer and seed in a standing crop suggests that

the residual component of the materials used to fertilize the first

crop are of great importance to the nutritional well-being of the

second crop. Similarily, if the second crop is a legume it's

contribution to succeeding crops in the rotation is worthy of

quantification.

Experiments using tracers which are adaptable to this system

could be some variation of that described for sequential cropping

(Figure 4). In addition, since the non-legume crop is usually grown

in the wet season one could visualize a N experiment where nitrogen

could be applied at various growth stages in a two or three-split

application. The utilization efficiency of the nitrogen could be

measured in the first crop and its residual effect on the second

crop measured in terms of uptake and yield relationships.

Row Intercropping

Row intercropping involves growing two or more crops simultaneously

with one or more of the crops planted in rows (Figure 6). When two

or more crops are closely associated in an intercrop pattern their

fertilization becomes more complex since plants with varying nutrient

requirements are competing within the same soil-root volume. In

considering the various aspects of supplying nutrients as inorganic

fertilizers (i.e. rate, placement, sources and timing of application),

fertilizer management practices should be so designed as to maintain

adequate fertility at the lowest possible cost (Oelsligle et al.,

1977). In this type of intensification of land use residue manage-

ment and it's contribution to nutrient supply is also part of the

soil fertility program.

Since row intercropping ranges from relatively simple to very

complex situations it is difficult to visualize an experiment design

which would be appropriate for all systems. In the various systems,

however, it would seem useful to use isotope techniques to provide

information on the rooting patterns of the various crop assocations.

The information obtained could then be used in subsequent studies

relative to the effective placement of fertilizer nutrients.

In studying plant root characteristics single or double labelled
32 33

systems using P and P provide a means of obtaining information on

rooting characteristics such as spread, depth and activity.

Essentially two techniques can be employed in this type of study.

The first technique involves placing labelled materials in the soil

at various positions relative to the plant and measuring it's uptake
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in aboveground material (Hall et al., 1953, Lipps et al., 1957). The

second technique involves injecting the radioisotope directly into

the plant stem and determining the rooting pattern by taking soil-

root cores and measuring the activity in them (Racz et al., 1964,

Rennie and Halstead, 1965).

ROW INTERCROPPING

Inject 3 3 P Inject 3 2 P

Corn Bean Corn

Soil Coring Areas

Figure 6. Diagram showing a simple row intercropping situation and a
possible means of using a double labelled plant injection
technique to study rooting characteristics.

Double labelled systems using 32P and 33P may provide useful

information on the rooting characteristics of row intercropped plants

(Baldwin and Tinker, 1972). Figure 6 shows a relatively simple

situation where one plant is injected with 32P while the other is

injected with 3P. After allowing a suitable time for equilibration,

soil cores can be taken at various distances and depths between the

two plants and the 33 P ratio determined. Once information on

the various rooting patterns is obtained then placement experiments

can be adequately designed where 32P and 33P labelled fertilizer

sources are used.

The different nutrient requirements of row intercropped plants,

particularly with respect to legumes,suggests that controlled release

nitrogen sources may be of value. The use of sulphur coated urea or

nitrification inhibitors with N labelled materials may be worthy

of study.
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Experiments could be designed to evaluate the utilization

of these treatments as compared to single or split application of

conventional nitrogen sources.

Mixed Intercropping

Mixed intercropping can be considered as the situation where two

or more crops are grown simultaneously with no distinct row arrangement

(Figure 7). Due to the randomized spatial arrangement of the plants

fertilization programs for the system are probably the most complex

of the various multiple cropping patterns (Oelsligle et al., 1977).

MIXED INTERCROPPING

B A B A B A

A BA
A B CROP B

A B
B A A

CROP A B B A

figure 7. Diagram depicting a mixed intercropping system.

In this type of cropping pattern one must consider the nutritional

requirements of each crop and devise methods of placements and timing

of nutrient applications which will be of maximum benefit for the two

or more crops. For non-mobile nutrients such as phosphorus, placement

of fertilizer P could be studied using isotope techniques comparing

broadcast and banded applications at different depths deemend to be

suitable for the crops under study. For mobile nutrients such as

nitrogen, timing and rate studies could be designed using 15N

labelled sources.

Mixed intercropping systems including legumes may provide a

system whereby N abundance techniques can be used to provide an

estimate of the contribution of the legume to the cropping system in

terms of symbiotic nitrogen fixation. These concepts have recently

been reviewed by Rennie, 1979. Fried and Broeshart (1975)

quantitatively estimated the amount of dinitrogen fixation under

field conditions from 'A' values of a legume and non-legume crop

(Table 3). The following relationship was used:

N2 fixed (kg/ha) = ('A' value (legume) - A value (control)) X

% utilization of fertilizer N (legume) (1)

Rennie et al. (1976) using natural abundance measurements of fababean

(Vicia faba) and barley (Hordeum vulgare) employed the principle of

isotope dilution to measure dinitrogen fixation by the following

relationship:

10



% N fixed = 1 At % N excess (legume) )
% N fixed = i -.X 100At % 1 N excess (control) (2)

The data they obtained are shown in Table 4. Fried and Middleboe

(1977) showed that when identical rates of labelled fertilizer

nitrogen are applied to both the fixing and non-fixing systems

equation (1) reduces mathematically to equation (2). Rennie and

Rennie 1973 proposed using a corrected 'A' value which takes into

account loss of applied fertilizer N in calculating the fertilizer

use efficiency for equation (1) using this approach similar values

of dinitrogen fixation were obtained for the 'A' value and the

isotopic dilution calculation method.

In the studies described above the legume and the control crop

were not grown in a mixed intercropping system. However, it is

possible that these techniques could be applied to mixed intercropping

to provide information on the contribution of the legume component

to the nitrogen economy of the system.

Conclusions

Field experiments making use of isotope tracer methodology can

be utilized to provide information relative to the optimization of

fertility management for multiple cropping systems. Isotopes such

as 15N, 32, 33P and 35S offer many possibilities for investigating

processes such as: 1) the availability of soil nutrients, 2) the

efficiency of fertilizer use in respect to source, placement and

Table 3

Effect of Fertilizer N on Fixation By Legumes

Urea % of Total Plant N
(kg/ha) Fertilizer Air Soil

20 44 35.1 20.9

40 45 29.6 25.4

80 53 18.4 28.6

160 61 0 39.0

Source: Fried and Broeshart, 1975.

Data of: J. Dombovari, Hungary.
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timing of application, 3) the extent and activity of plant root
45

systems. The use of long-lived isotopes such as Ca and in particular

long-lived gamma-emitting isotopes such as Zn are more suited to

glasshouse experimentation. However, isotope derived data collected

in the laboratory and glasshouse for such nutrients can be used, as

required to complement field investigations.

Experimental designs which are adaptable to sole cropping systems,

with modifications, can be applied to multiple cropping systems.

Although a wide range of complexity appears to exist relatively

simple experiments, which make use of isotope technology, can be

designed. These experiments should be designed in such a way as to

make them applicable, in as far as possible, to the range of conditions

which exist in multiple cropping systems.

Table 4

Isotope dilution calculations to determine % N fixation by Vicia faba

using barley as a non-fixing control.

Fertilizer Treatment

V. faba control

60 kg P/ha

H. vulgare (60 kg P/ha)

15N excess (At. % 15N)

.00056

.00059

.00153

% of N in the beans from the soil (isotope dilution principle)

.00059 X 100 = 38.6

.00153
. 61.4% came from the air.

% N fixed = (1 - At. 15N excess (fixing system) )
At. % 15N excess (nonfixing system)

Source: Rennie et al., 1976

X 100
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FERTILIZER USE EFFICIENCY STUDIES IN INTERCROPPING SYSTEMS
USING NITROGEN-15

A.R.J. EAGLESHAM
Boyce Thompson Institute,
Ithaca, New York,
United States of America

ABSTRACT

Fertilizer labelled with N-15 was used to quantify the N uptake
patterns of corn and cowpeas when grown in Nigeria as sole crops and
intercrops. Although cowpeas took up a similiar level of fertilizer
N os corn when intercropped5 the corn obtained more N per plant than
when sole cropped. Intercropped corn thus had access to a non-fertilizer
N source which was not available to the sole cropped corn. Biologically
fixed N from the accompanying cowpea was thus being used by the ceral.

Introduction

The traditional agricultural systems of the developing world show a common

factor: the growing. of crops in mixtures, viz. as systems of mixed cropping,

intercropping, relay cropping etc. (cf. definitions by'Andrews and Kassam, 1976).

The practice of mixture cropping is thus associated with hand farming and low

levels of productivity, and only recently has it generated much research inter-

est (e.g. as evidenced by this meeting), with emphasis now being placed on in-

creasing crop production within the farming system framework.

Reasons for the popularity of mixed cropping among farmers of small hold-

ings have been listed by, among others, Finlay (1975) as follows: a) Flexibility:

Sowing and planting dates are arranged to optimize labor requirements. b) Pro-

fit maximization: Higher outputs are obtained per unit area c) Resources maxi-

mization: Resources can be considered in space and time, i) space-vertical and

horizontal arrangement of stems, leaves and roots, land area use, light inter-

ception etc. ii) time-water, nutrients, temperature, labour etc. d) Risk mini-

mization: Mixed cropping systems offer a more dependable return. e) Soil con-

servation: Resulting from longer periods with ground cover.f) Soil fertility

maintenance: Mixed cropping may be regarded as a type of crop rotation

practiced each season on the same land. g) Weed control: Crop competition is

the cheapest method. h) Nutritional reason: A single plot of land can provide

a better nutritional balance. i) Sustenance income: Some companion crops require

little additional input. We can readily comprehend all of these items except
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a) Profit .maxmization, b) Resource maximization and c) Soil fertility

maintenance, in each of which many factors interact to produce the desired

result. Understanding of the complexities involved is essential to the improve-

ment of productivity of mixed cropping systems. Data presently available, and

discussed below show that the advantages of mixed cropping apply not only at

a subsistence level but also at higher levels of productivity.

In this paper I will focus on aspects of plant to plant competition in

intercropped systems as a means of explaining items b) and c), by describing

2 experiments done in fertile conditions with fertilizer applied giving high

N levels. In systems such as these the major importance of soil mineral N as a

component of competition will be described. Competition between crop components

for soil N under N limiting conditions (as may occur at the subsistence farming

level) will then be considered, with a legume-cereal association, with the

additional important component of N excretion from legumes examined, relevant

to item d). The use of N-15 as a tool for monitoring N interactions between

intercropped plants will be discussed.

Conditions of high N

The first experiment was the work of Dr. D. J. Andrews (1972) at the

Institute for Agricultural Research of the Ahmadu Bello University in Nigeria,

and was modelled on a cropping system much used in Northern Nigeria, a sorghum-

millet-cowpea mixture. Dwarf sorghum and early millet were planted simultan-

eously at 70 cm between rows and 15 cm within rows, the millet was harvested

after 80 days and replaced by cowpea. The total growing season was 183 days, and

the following treatments were used.

Treatment Crops

A Sole crop of sorghum

B Relay crop, early millet followed by cowpea

C Intercrop, 1 row sorghum to 1 row relay crop

D Intercrop, 1 row sorghum to 2 rows relay crop

E Intercrop, 2 rows sorghum to 2 rows relay crop

A basal dressing of 22 kg P/ha and 24 kg N/ha was applied to the soil before

planting, and 52 kg N/ha later applied to seedlings as a side dressing.
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Although intercropping reduced per hectare yields of sorghum, millet and

cowpeas when compared to sole crop yields, higher total grain yields were obtained

with the intercropped systems (Table 1). Some understanding of the beneficial

effect of intercropping can be obtained from Table 2. Sole cropped sorghum

yielded 2,900 kg/ha, and so in a 1:1 mixture with the relay crops, millet and cow-

pea, the "expected" yield would be 50%, viz. 1,450, when it was actually 2,160

kg/ha. Yields of both sorghum and millet in all mixtures were higher than expected.

Clearly the basic increase came from a higher yield per plant of both cereals when

intercropped. The same did not apply to the cowpea however, probably because of

shading by the already established sorghum crop in the intercropped treatments

(cf. IITA, 1976 for adverse shading effects on cowpeas when intercropped). The

grain yields on a per plant basis of sole cropped sorghum were lower than those of

intercropped sorghum (Table 3). This shows that for each sorghum plant there was

less competition from adjacent millet plants than from adjacent sorghum. This

may be taken to indicate that sorghum was the dominant species in the mixture,

but not so, because the converse was true for the millet which experienced less

competition from the sorghum than from the other millet plants. A probable ex-

planation for this apparent anomaly is that since the growth periods of the two

species were quite different each made its maximal demands on the environmental

resources at different times.

Yields of the intercropped cowpeas were very low. A sorghum + cowpea

treatment without millet showed that cowpea had no influence on sorghum yields

(data not included here), and so in this system it could be regarded as an op-

tional extra, inclusion depending upon whether yields were worth production

costs.

Important factors contributing to the intercropping benefit demonstrated

by Andrews were the long cropping season and the large difference in the growth

cycles of the two crops. The question to be addressed is, over a shorter grow-

ing season and with crops of more similar growth cycle lengths would intercropping

be advantageous over sole cropping? As an illustration I will consider the ex-

periment done by D. S. O. Osiru and R. W. Willey (1972) at Makerere University

at Kampala, Uganda, in which dwarf sorghum was intercropped with Phaseolus

beans. Maturity time for the beans, an erect Colombian variety was 90 days, for

sorghum 120 days. All treatments were sown in 30 cm rows and 4 plant populations
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were compared, with spacing within the row of 760 cm (Population 1), 30 cm (Pop-

ulation 2), 15cm (Population 3) and 7,5cm (Population 4) and were as follows:

Treatment Crops

S Sole crop of sorghum

Sb Intercrop, 4 rows of sorghum alternating
with 2 rows of beans

sB Intercrop, 2 rows of sorghum alternating
with 4 rows of beans

B Sole crop of beans

Fertilizers were applied at 130 kg N, 41 kg P and 30 kg K/ha.

The seed yields of the individual crops and the total seed yields of the

mixtures are presented in Fig. 1. Sorghum yields were good in pure stands,

with a peak of 4,800 kg/ha at Population 2. Sole cropped bean yields were poor

at a maximum of approximately 700 kg/ha at the 3 highest populations. At

Population 1 replacing one third of the pure sorghum with beans produced a

small decrease in sorghum yields, so total yield decreased slightly. At higher

proportions of beans the much lower yield potential was unable to compensate

for the loss in sorghum yield. The same general pattern prevailed at Population

2. At Population 3 replacing one third of the pure sorghum by beans actually pro-

duced an increase in the sorghum yield. Clearly at this population the sorghum was

above its optimum and replacing one third of it by beans reduced it to a

population closer to the optimum. The bean yield in this mixture, although

low, can be regarded as a bonus yield advantage in mixing the two species.

These data demonstrate how important plant spacing is in realizing the maximum

benefit from-mixed cropping. At Population 4 the effect of replacing sorghum

with beans showed a pattern similar to Population 3 but with slightly lower

yields.

The yield per plant of the sorghum was higher in the mixtures than in the

pure stands of comparable population pressure (Fig. 2). In other words, as far

as the sorghum was concerned, beans were less competitive than sorghum. However,

as before, this does not imply that sorghum was the dominant species, because

the beans also showed an increased yield per plant in all mixtures compared with

pure stands of comparable population pressure (Fig. 3). Both species suffered

more from intra-specific competition than inter-specific competition in exactly
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the same way as already observed with the millet/sorghum mixture, despite the

fact that the growing season was compressed and sorghum had completed 75% of

the growth cycle at the time of bean harvest.

Where intra-specific competition is greater than inter-specific competi-

tion yield benefits may accrue from mixed cropping. Plant to plant competition

is for light, water and soil nutrients. Of the soil nutrients the most important

is nitrogen because mineral N, as nitrate, is mobile and is carried passively in

moving soil water. Thus depletion zones for N around roots can extend as far as

for water, which, depending on soil type, can extend up to 25 cm from the root

surface (cf. review by Trenbath, 1976). The other macro-nutrients NH4, P, Ca

and K are adsorbed onto soil particles and are at low concentrations in soil

water and move almost exclusively by diffusion. Since diffusion is a relatively

slow process the depletion zone of adsorbed nutrients is small and the total

sorption volume for immobile nutrients is normally a small percentage of the

total soil. Therefore only at the highest root densities will there be compe-

tition for immobile nutrients between plants. The importance of abundance of

N and water in reducing competition between intercrops has been demonstrated

by Kurtz et al. (1952). Clearly, the characteristics of competition for mineral

N between intercropped species to a significant degree influence how the species

interact, and determine whether intercropping is preferable to sole cropping.

The need for these competition studies is clear, and the use of N-15 labelled

fertilizer to monitor mineral N uptake would have obvious advantages, par-

ticularly where legumes are involved and obtaining some of their N from root

nodule fixation.

Conditions of limiting N

I will consider N limited systems where a legume is a component of the

intercrop.

In the literature on mixed cropping it is not unusual to find reference

to the ability of intercropped legumes to excrete fixed N to the benefit of

associated non-fixing crops (e.g. Willey and Osiru, 1972; Haizel, 1976). The

work of Virtanen and his co-workers in the 1930's (e.g. Virtanen et al., 1937)

clearly demonstrated with greenhouse experiments that under certain circum-

stances grain legumes do excrete part of the N fixed in the root nodules, how-

ever the agricultural significance of the phenomenon remains in doubt. Occa-
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sionally excretion appears to occur in the field to the significant benefit of

a crop accompanying a legume (e.g. Remison, 1978) but perhaps more often there

is no evidence of N excretion (Singh and Singh, 1977). Where excretion appears

to occur in the field it can be rationalized as a sparing of soil mineral N by

the legume: L.e. the legume fixes its own N and takes up little from the soil

(as hypothesized by Trenbath, 1976) and so leaves more mineral N for the non-

fixing crop. On the other hand it is common knowledge that legumes do utilize

soil N and in fact absorb it in preference to forming nodules and fixing

atmospheric N2 (Allos and Bartholomew, 1959). It is fair to say that a state

of confusion exists on this issue.

Fertilizers labelled with N-15 are a uniquely useful tool for studying

mineral N uptake by legumes as well as for quantitating any N benefit to

associated crops by excretion from accompanying legumes.

The experiment I will now describe was a component of a large field ex-

periment designed to measure N inputs to a tropical soil/plant system by grain

legumes. It was carried out at the International Institute of Tropical Agricul-

ture (IITA) near Ibadan in Nigeria in conjunction with Dr. A. Ayanaba (Soil

Microbiologist, IITA) and with the assistance of Dr. V. Ranga Rao (Postdoctoral

Fellow, BTI) and Dr. David L. Eskew (Postdoctoral Fellow, BTI).

The trial involved cowpea cv. TVu 1190 and corn (Zea mays hybrid BG-666-4)

sole cropped and alternate row intercropped. Three nitrogen fertilizer regimes

were used viz. none applied (-N), 25 kg N/ha (25N) and 100 kg N/ha (10ON) as

(NH4)2S04 enriched in N-15, at 6% a.e. for 25N and 2% a.e. for lOON. The design

was a semi-randomized complete block with 4 replicates. Nitrogen fertilizer was

surface broadcast by hand and then incorporated into the surface 15 cm of soil

with a rotavator. A basal dressing of P and K at 30 kg/ha of each (as single

super-phosphate and muriate of potash) was applied throughout. Cowpea seeds

were pelleted with a peat inoculant of a local Rhizobium strain, IRc 129, to

encourage uniform nodulation, and both species were planted simultaneously.

Row spacing for sole and mixed crops was 60 cm, plant spacing was 15 cm for cow-

pea and 25 cm for corn. The plant population of each species intercropped was

half of that sole cropped. The site had been cropped to corn 3 times to deplete

nitrogen, at planting the soil had 0.073±0.006% N and 0.57±0.04% C, and was of

the Egbeda series of pH 6.5. Whole plants, excluding roots, were harvested at
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early senescence for determination of total N content (by Kjeldahl) and N-15

enrichment (by mass-spectrometry). The areas harvested were: cowpea, 0.6m2

(sole) and 1.2m2 (mixed), corn 3m2 (sole) and 6m2 (mixed).

Table 4 shows the nitrogen accumulation of the crops, There was a strik-

ing increase in N content as mg N/plant in the intercropped corn as compared to

the sole cropped, in the -N and 25N treatments. Since in the intercropping

treatment cowpea plants had been substituted for corn plants, it appeared that

cowpea plants had competed less well than corn plants for nutrient N. This

pattern is similar to what was observed with intercropped sorghum, with intra-

specific competition greater than inter-specific competition. In the absence

of N-15 data these data could be rationalized in terms of the cowpea being a

N2 fixer, making less demand on mineral N resources in the soil, leaving more

available for uptake by corn.

From the N-15 enrichment values of the crops, their fertilizer use effi-

ciences can be calculated. Assuming a thorough incorporation of fertilizer N

into the soil, the pattern of uptake of fertilizer N is paralleled by the uptake

of soil mineral N. Since the within row spacing of cowpea differed from that of

corn a comparison of mineral N uptake has been made in terms of fertilizer N/metre

of row (Table 5). The fertilizer N uptake by the intercropped corn was the same

as by the intercropped cowpea, and was no greater than the uptake by sole cropped

corn, showing that the increased N content (total N/plant) of intercropped corn

could not be explained in terms of increased uptake of fertilizer and mineral N.

Thus intercropped corn had access to an N source not accessible to sole cropped

corn. It is unlikely that intercropped corn scavenged sub-soil N but sole cropped

corn did not. This leads to the conclusion that fixed N from the accompanying

cowpea was available to the cereal.

The agronomic significance of N excretion by legumes lies in relatively

non-fertile systems where N is limiting, and its exploitation may benefit the

subsistence farmer, but it unlikely to be worthy of consideration in high input

systems. Where enough N is available to a crop mixture for maximum pro-

ductivity it is likely that symbiotic N2 fixation will be inhibited and any

excretion of N insignificant. Even with careful localized application of N to

the non-fixing component, as discussed above because of the mobility of the

nutrient it is likely to be "seen" by the legume component.
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Nitrogen-15 as a research tool

Comparison of uptake of mineral N from soil by intercropped species does

not necessarily require N-15. Quantitation of relative amounts of mineral N

by intercropped cereals can be monitored by doing total N analyses (by the

Kjeldahl digestion method). Sequential harvesting through the growing season

gives information on the patterns of N uptake. For example, Kassam and Stockinger

(1973) with a millet-sorghum intercrop demonstrated that millet showed early

vigorous growth and was more competitive for available N than was sorghum. Of

course, where information of N fertilizer efficiency use is required, so too is

N-15 labelling of that fertilizer. The appropriate methods of application of

N-15 labelled fertilizer can allow conclusions as to the regions of the soil

being scavenged by intercrop components e.g. with surface broadcasting compared

to deep band placement. With or without sequential harvesting relative amounts

of uptake from different soil zones could be ascertained.

Where legumes are used in mixed cropping systems the question may arise as

to whether they contribute N to or deplete N from the system. Atmospheric N2

fixed in the legume root nodules and assimilated by the host plant is chemically

indistinguishable from mineral N absorbed from the soil. Thorough incorporation

of N-15 labelled fertilizer into the soil at low rates of N so as not to inhibit

nodulation and fixation allows a monitoring of total mineral N uptake by a legume

distinguishable from N assimilated by fixation. In addition the N-15 enrichment

in the legume component can be used to calculate the amount of N fixed (Fried

and Broeshart, 1975). The assay of N-15 enrichment in the non-fixing component

will show whether N benefit has accrued from excretion by the accompanying legume,

as indicated by a dilution of N-15 enrichment in the intercropped treatment in

comparison to the sole cropped treatment.

Where fertilizer application is made to the non-fixing component of a

legume-nonlegume mixture e.g. by close proximity banding, the use of N-15

labelling would allow a check on how much of the fertilizer is scavenged by the

legume.

Summary

The economic benefit of intercropping originates, at least partly, in

intra-specific competition for environmental resources being greater than inter-

specific competition. Of the resources for which there is competition, nutrient
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N is important and N-15 labelled fertilizer incorporated into the soil N pool

is a useful tool for interpreting intercrop component interactions particularly

in the presence of a legume. Where soil N is low, and limiting, excretion of

N from an intercropped legume may provide an extra source of N for an accompany-

ing crop, to its significant benefit. The factors influencing the phenomenon

of excretion of N by legumes in the field are not understood. The use of N-15

labelled fertilizers applied at low rates will help to elucidate whether N ex-

cretion is a significant factor affecting legume/non-legume intercrops, in

addition to monitoring competition for mineral N.
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TABLE 1: GRAIN YIELDS OF SOLE CROPPED SORGHUM, MILLET-COWPEA

RELAY, AND SORGHUL/MILLET-COWPEA INTERCROPS.
(DATA OF D. J. ANDREWS, 1972)

TREATpaT

A

B

C

D

E

SOLE SORGHUM

RELAY: MILLET

COWPEA

GRSAIN
(KGIHA)

2,900

3,060

SORGaL-1 ROW

RELAY-1 ROW: MILLET

COWPEA

2,160
2,380

SORGHUM-1 ROW

RELAY-2 ROWS: MILLET

COWPEA

1,755

2,810

wS35

SORGHUM-2 ROWS

RELAY-2 ROWS; MILLET

COWPEA

2,080

2,081

LSD (5Z): SORGHt-326; MiLLET-126; CowpEA-302

TABLE 2: COMPARISON OF INTERCROP TO EQUIVALENT SOLE CROP

GRAIN YIELDS. (DATA OF D. J. ANDREWS, 1972)

-CROP MIXURE

SORGHUM SOLE (A)
1:1 (C)
1:2 (D)
2:2 (E)

MILLET SOLE (B)
1:1 (C)
2:1 (D)
2:2 (E)

COWPEA SOLE (B)
1:1 (C)
2:1 (D)
2:2 (E)

EXPECTED YIELD OF
aEQUV: AREA SOLE CROP

(KG/HA)

2,900
1,450

967
1,450

3,060
1,530
2,040
1,530

.1,000
500
667
50

OBSERED YIELD..
AS INTERCROP

(KG/HA)

2,160
1,755
2,080

2,380
2,820
2,080

228
352
258
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TABLE 3: COMPARISON OF GRAIN YIELDS AS G/PLANT OF SOLE

CROP AND INTERCROP TREATMENTS (COMPUTED FROM DATA

OF D. J. ANDREws 1972)

SORGHUM SOLE (A)

1:1 (C)

1:2 (D)

2:2 (E)

GRAIN YIELD
(G/PLANT)

30

45

55

43

MILLET SOLE

1:1

2:1
2:2

(B)

(C)

(D)

(B)

(C)

(D)
(El

32
49

43

43

IQ

w

COWPEA SOLE

1:1

2:1
2:2

10,4

4.7
5.5
5.3

TABLE 4: THE COMPARISON OF PARAMETERS OF NITROGEN NUTRITION

OF SOLE CROPPED AND INTERCROPPED COWPEA AND CORN.

(DATA OF EAGLESHAM, AYANABA, RAO AND ESKEW, UNPUB.)

SPECIES/
IREATMENT

NITROGEN CONTENT
MS N/PLANT)

%FERTILIZER
UTILZA ON

% NITROGEN
DERIVED FROM
FS iR

COCPEA

-N SOLE
MIXED

25 SOLE
MIXED

10N. SOLE
MDXED

1535 a
1195 a

1346 a
223 a
1095 a
924 a

14.6 a
5,8 b
21,5 a
7.8 b

2.8 a
2.5 a

16.4 a
15.0 a

CORN
-N SOLE 469 a 

MIXED 915 b -
25N SOLE 426 a 13,0 a 13,3 a

MIXED 782 b 6.4 b 6.4 b
1DON SOLE 810 a 25,1 a 42.7 a

MIXED 989 a 11,4 a 34.0 a

WITHIN N TREATMENT NULrERS FOLLOWED BY DIFFERENT LETTERS ARE
SIGNIFICANTLY DIFFERENT AT P=U,05.

+%FF RP15 x ioo
FERTILIZER .N a.e. 10

t RFU = aNFF X TOTAL CROP N (KG/ H
RATE OF FERTILIZER N CKG/HA
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TABLE 5: THE COMPARISON OF FERTILIZER N UPTAKE (AS

MS N/PLANT AND M3 N/METRE OF ROW) OF SOLE CROPPED

AND INTERCROPPED COWPEA AND CORN.

(DATA OF EAGLESHAM, AYANABA, RAO AND ESKEW, UNPUB.)

FERTILIZER N
M_/PLANT

FERTILIZER N
MG/MFTRE

CCWPEA

25N SLE
NLXED

38
31

.10N SOLE

MIXED

180

139

CRN

25N

1203
929

232
205

SOLE

MIXED

57
50

10CN SOLE

MIXED

316
336

13.78
1378

Fig. 1: Seed yields at each level of population (kg/ha).
(data of Osiru and Willey, 1972)

600r
Population 1 Population 2

40(
AA-

20(
0~~~~~~~~~~~~0

6000

4000

Population 4

B B i I _ _ _

S Sb sB B S Sb sB B
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Fig. 2: The effects of plant populations on the seed
yield components of sorghum in mixtures and
pure stand. (Data of Osiru and Willey, 1972)
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Fig. 3: The effects of plant population on the seed
yield components of beans in mixtures and
pure stand. (Data of Osiru and Willey, 1972)
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ISOTOPE-AIDED STUDIES OF NITROGEN REQUIREMENTS
OF SYSTEMS CONTAINING A GRAZED PASTURE COMPONENT

R.J.K. MYERS
CSIRO,
Division of Tropical Crops and Pastures,
The Cunningham Laboratory,
St. Lucia, Queensland,
Australia

ABSTRACT

The legume ley cropping system, in which a non-legume grain
crop is grown in rotation with a grazed legume based pasture ley,
is frequently practiced in Australia. Simulation models are used to
compare the dynamics of N cycling through5 such a system to that of a
continuous pasture system. The role of N in determining the N
transformations in these models is discussed.

The uptake of N by Digitaria and Stylosanthes from 5N-labelled
plant litter of each species was measured in glasshouse growth studies.
The N from the legume, Stylosanthes, was initially more available and a
larger amount of N was taken up (26%) over the two seasons than from the
grass (15%). Similar results were obtained in field studies using l- in
enclosed microplots. The proportion of the N taken up from various -N-
labelled types of plant material, and that remaining in the litter and in the
soil were measured. The results were used to provide estimates of N loss
from the system.

PREAMBLE

In this paper I intend to consider two types of agricultural systems

containing a grazed pasture component. These are:

(1) The legume ley cropping system, in which the non-legume

grain crop is grown in rotation with a grazed legume-based

pasture ley, and

(2) The grazed continuous pasture system, which usually but not

always contains a legume, but which almost always contains a

mixture of species.

Both systems have played and are continuing to play an important role

in the agricultural development of Australia. In recent years, research

into understanding the nitrogen nutrition of these systems has relied

heavily on the use of the isotope 15N. However, before discussing this

research, I would like to digress briefly to examine the dynamics of N in

these systems.
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1. The legume ley system

In Australia, this system has been widely used in the temperate

regions for restoring soil structure and supplying N to the cereal crop

component of the system. A.successful legume ley cropping system has

not been developed in our tropical regions, but current research is

aimed at solving this problem. Nitrogenous fertilizers have always been

expensive and farmers have sought to minimize inputs of fertilizer N.

The cereal monoculture system inevitably results in a run down of soil N

(Fig. la). We may look at this as the consequence of disturbing a

system in equilibrium. When the previously uncultivated soil (grassland,

woodland or forest) is cleared and cultivated, the soil N shifts

downwards towards a new equilibrium level in which inputs and outputs

are balanced. We also find that the N available to a crop declines with

time since mineralizable N is related to total N. Thus Australian

cropping soils, which have a relatively short history of cultivation, are

somewhere on this downhill fertility trend. By comparison, in countries

with a longer history of cultivation the soils may have long ago reached

their new equilibrium. Inclusion of a legume ley into the system seeks

to arrest this decline, to raise the equilibrium level, and to result in

higher levels of available N to subsequent crops. Whether any or all of

these aims are achieved will be discussed later. The success of this

strategy for supplying N will determine which course total N follows

after the incorporation of the legume ley into the cropping system (Fig.

Ib).

What then are the major pathways of transfer of N in this system?

Let us consider a rotation with two years grazed pasture followed by two

years cereal crop. Figure 2 shows the flow of N between the major

compartments of this system. It can be seen that even with this small

number of compartments, there is a relatively large number of pathways

of N flow. However, three key components can be separated:

(i) The amount of N fixed,

(ii) The amount of fixed N removed from the system (animal

removal, gaseous losses), which in turn affects the amount of

residue,
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(iii) The amount of fixed N going into soil organic matter.

We must recognize also that the input of N from the legume ley may not

supply the full N requirement of the crop, and fertilizer may still be

required.

Let us now look at the requirement for fertilizer. Any crop has a

demand for N. We may express this as

ND = f (CROP, ENVIRONMENT)

or alternatively, for a particular crop and environment, there is a N

response function (Fig. 3). The demand for N, where N is limiting, can

be met by soil N plus fertilizer N

ND = NS +NF.

But when leguminous residues are available

NS = NMI N + a NRES

where a is the proportion of residue N mineralized in one crop cycle.

Residue N will include both legume and grass components, i.e.

NRES = LRES + NGRES

Further,

LRES NFIX - NLREM and GRES = NG NGREM

where NLREM and NGREM is legume or grass N removed in animal

products or by volatile loss. Thus,

NF = ND - (NMIN + a (NFIX - NLREM + NG - NGREM))

We should recognize that ND is influenced mainly by the nature of

the crop, and the environment, and also by man and his management;

that NMIN is a function of the soil and environment; that NFIX and NG

are functions of soil, species, environment and management; and that

NLREM and NGREM are functions of management. While with ND and

NFIX it is relatively easy to define "good management" for maximizing

the process, "good management" for NREM is not so simple. The

manager must evaluate the benefit of grazing the fixed N in the pasture

against the cost of lost crop production or increased crop fertilizer

requirement. In order to evaluate this question it is clearly necessary

to examine the various components of the system. Thus we need to

know how much N is fixed under pasture under various conditions, how

much N from legume residues become available to a subsequent crop, and

what is the contribution to soil organic N.
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2. The continuous mixed pasture system

Vast areas of Australia support mixed pasture systems - both sown

pastures and native pastures, containing both annuals and perennials,

and both legumes and grasses. Much of the area under pasture is

nitrogen deficient, a problem that is either accepted as a fact of life, or

ameliorated by encouraging the growth of legumes or by use of

nitrogenous fertilizer. However, nitrogenous fertilizer is only used on

pasture in certain cases - e.g. for intensively grazed dairy pastures,

where the pasture is not "mixed" but is virtually monospecific.

The response of a grass pasture to added N depends very much on

whether it is annual or perennial (Myers 1969). Perennial grasses

develop very large root systems which may cycle applied N to the tops

over several years, giving large residual responses to added N, whereas

in annual pasture most of the response will be in the first year (Fig. 4).

In mixed legume-grass pasture, the system may be described as in

the top part of Fig. 2. We are not concerned with N fertilization of this

type of pasture. We are, however, concerned with the adequacy of the

N fixing system, which should be maximized, and with trying to minimize

N losses. The rate and magnitude of recycling of N from plant residues

is also important.

USE OF ISOTOPES IN N STUDIES

There is probably no great advantage to using 15 N in the

evaluation of the responsiveness of a crop or pasture to applied fertilizer

N. Fertilizer response can most easily be evaluated by standard

non-tracer experiments. The main value of 15N is in evaluating the N

processes which contribute to the N response; that is, to interpret the

N response, to explain why, and perhaps (if we are good enough) to

predict the response or adequacy of N in a situation slightly different

from that in which we have done our experiments. As such, it has a

role in the measurement of N fixation, in the evaluation of the turnover

of residue N, and in the detection of N losses.

Probably the only place where it has direct practical application

would be in the assessment of different fertilizer sources, placements
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and timing, where it has been shown that treatment differences not

detectable by standard non-tracer techniques can be detected using 15N

(Myers 1979).

I will now devote the rest of this paper to some examples of the use

of 15N in these type of studies.

1. Nitrogen fixation in pastures

There are four ways that 15N can be used to measure N fixation in

pastures:

(i) by labelling the atmosphere and measuring 1 5N incorporated

into the plant,

(ii) by labelling the soil N and measuring dilution of this label in

the plant due to atmospheric N,

(iii) using (i) to calibrate the C2H2 reduction method for a giver

system,

(iv) variation in natural 15N abundance.
15 For obvious reasons the use of 1N labelled atmospheres tends to be

confined to the laboratory where relatively simple systems can be used

for measuring asymbiotic N fixation in plant-free systems. However, in

the presence of growing plants, better atmospheric control such as

provided by equipment known variously as a gas lysimeter (Ross et al.

1964) or a gas-tight growth chamber (Stefanson 1970) is necessary. The

essential elements of this system are: it must be gas-tight; it must

have controlled levels of 02 and CO2; it must have adequate cooling.

Such a system has been used routinely under laboratory conditions in

the CSIRO Division of Tropical Crops and Pastures. It has not yet been

adapted for field use.

The isotope dilution technique, whereby the soil N is labelled, is an

increasingly popular technique. There are two approaches - one is to

label the mineral N pool, the other is to label the soil organic N. The

validity of the technique depends on the non-fixing control being

genuinely non-fixing, on its root system being similar to that of the test

plant, on there being no transfer from legume to grass during the test

period, and on there not being a large pool of available N in the

subsoil. In the first approach, a small amount of highly enriched
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15N-labelled fertilizer is applied to areas growing legumes and non-fixing

plants (e.g. grasses or weeds). From the subsequent enrichment of N

in the legume and grass, an estimate of N fixed by the legume can be

made. The major assumption is that N taken up from the soil by the

legume is of the same enrichment as that taken up by the grass. The

assumption that may not be met in some cases is that of soil nitrate, and

care must be exercised to ensure that subsoil nitrate is low when this

technique is used. The other assumptions have been demonstrated to be

correct, at least, within the limits of detection of the experimental

techniques. McAuliffe et al. (1958) first demonstrated this technique,

and it has been subsequently used and refined in several studies (Vallis

et al. 1967; Williams et al. 1977; Goh et al. 1978; Edmeades and Goh

1979; Haystead and Lowe 1977; Vallis et al. 1977). In the work

reported by Vallis et al (1977), small quantities of highly enriched N

were applied at four weekly intervals to the soil surface and washed into

the soil. The total quantity of N is small (0.3 kg N ha - 1) and assumed

not to alter soil N processes. The plots were harvested at eight weekly

intervals and analyzed for total N and 15N. Associated non-legumes

(grasses or weeds) were used as non-fixing control species. Vallis et

al. (1977) found that in two mixed (legume/grass) pastures the

technique appeared to provide an accurate measure of N fixed, and that

93% of the legume N was atmospheric in origin, and that the proportion

of 15N in the legumes was curvilinearly related to the proportion of

legume dry matter in the pasture (Fig. 5). By contrast, the technique

subsequently gave unsatisfactory results with lucerne (Medicago sativa)

and black gram (Vigna mungo) growing on a clay soil in a drier

environment. Two reasons were suggested - the root system of the

non-fixing control (in this case annual weed species) was different from

that of the legume, particularly with lucerne, while under black gram

there was a large reservoir of nitrate in the subsoil. Further work is in

progress whereby the 15N is being injected into the zone of nitrate

accumulation.

The other variation of the isotope dilution technique is where the

organic N in the soil is labelled. This technique depends on the use of
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a pre-incubation with an energy source to immobilize the 15N, on

obtaining a rapid equilibration of the 15N availability ratio, and there

being no large reservior of nitrate in the subsoil. Rapid incorporation

of inorganic 15N into stable organic forms has been demonstrated (Legg

et al., 1971; Chichester et al., 1975). Legg and Sloger (1975)

compared this technique with the acetylene reduction method, and with

fixation by difference using nodulating and non-nodulating isolines of

soybean. Good agreement was obtained between 15N dilution and

difference methods, but estimates of acetylene reduction were lower.

Further work on this method is required.

Another way in which 1N can be used in N fixation is in

calibrating the acetylene reduction assay. Of all the hundreds of

reports using this assay, very few report the conversion ratio, although

many assume a figure. Since the conversion ratio has been shown to

vary from 2.3:1 to 6.9:1 in different systems (Hardy et al., 1973),

results without 5N calibration must be viewed with considerable caution.

Delwiche and Steyn (1970) demonstrated that during N fixation,

14discrimination occurred in favour of the lighter ( N) isotope. Recent

reports (Rennie et al., 1976; Amarger et al., 1977; Bardin et al.,

1977) suggest that this variation in natural 15N abundance may be used

to quantify N fixation. In contrast, Edmeades and Goh (1979) obtained

disappointing results with this method. Although the technique looks

promising it may not be yet ready for routine field use.

2. Losses of nitrogen from pastures

The major pathways of loss of N from pastures are leaching,

denitrification and ammonia volatilization. Losses in run-off (Catchpoole

1975) and as oxides of nitrogen (Galbally and Roy, 1978) appear to be

quite small, but may be significant in some situations.

There are two approaches that may be used. The first, the direct

method, is to collect the nitrogenous end-product as it leaves the

pasture. Examples are the collection of leachate and/or run-off from

micro-catchments (Catchpoole 1978), or the collection of nitrogenous

gases above the soil. With gases, there are again two methods - one in

which an enclosure is used (e.g. Kissel et al., 1977), and the other in
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which a profile of gas concentration is established above the soil and the

flux determined by micrometeorological techniques (e.g. Denmead et al.,

1974). Neither requires the use of 15N. However, neither tells us very

much about the dynamics of the N compounds in the soil. The technique

does however give us an accurate estimate of loss, but it does also tend

to be very laborious.

The second approach is to apply labelled N to the system, and to

estimate loss from a nitrogen balance sheet (e.g. Myers and Paul 1971).

The 15N must be applied carefully to a small area with a well-defined

boundary - in fact, it is usual to press cylinders into the ground to

prevent sideways movement of the N. Thus an accurate balance sheet

may be set up. It also allows the disposition of the remaining N to be

determined in the various fractions. It allows an estimate of loss, and

the mechanism can be inferred, but the figure for loss is subject to a

larger error term than the direct measurement. The figures quoted by

Denmead et al. (1977) for ammonia loss from a cultivated field are just as

relevant to pastures.

In our work we prefer a combination of both techniques - the direct

non-tracer technique to measure the loss, to measure diurnal changes in

the rate of loss, and to assess the effect of environmental changes on

the rate of loss. We use 15N treatments applied to microplots on the

same field to determine how much of the originally applied N has moved

into other compartments of the system (plants, soil nitrate, etc.). We

are thus able to learn something of the pathways through which the N

moves, in addition to the amount lost as ammonia.

The field technique for 15N in microplots varies considerably. Ii

plant uptake is the only measurement to be made it is not necessary to

use a barrier to retain the applied N within the experimental area. For

example, Cho et al. (1966), Myers (1979) and Vallis et al. (1973)

successfully applied 15N to rectangular or circular areas of pasture or to

a length of a single row of crop. However, in addition to sampling and

analyzing the datum area or row, additional samples from the bordering

area or rows will be necessary, thus increasing the number of analyses.

This can be avoided, and recovery in soil can be attempted if barriers

are used. Myers and Paul (1971) used 30 cm diameter steel cylinders
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installed to a depth of 90 cm. Catchpoole (1975) used 26 cm diameter,

60 cm deep cylinders installed in a rhodes grass pastures in SE

Queensland. In this experiment N losses were estimated by difference

after measuring applied N (as 15NH 4
1 5 N0 3 at 150 kg N ha 1) in plant

material, in soil and in surface run-off. Less than 50% was recovered in

this way. One difficulty with the technique was that soil slumping

occurred during installation. Although this increased soil bulk density

could result in poorer root penetration and poorer aeration, the

magnitude of N loss was not related to degree of slumping.

Keeney and McGregor (1978) used perhaps the smallest cylinder size

in a field experiment - 7.5 cm diameter, 10 cm deep. Plot size is an

important factor in this work where there is a trade-off between cost of

15N and site variability. In mixed pastures, the plot size needs to be

sufficiently large to include a representative selection of the component

species. In crops, even larger plots may required, particularly row

crops. With sorghum I have found it necessary to use rectangular

retaining walls, the width equal to the row width and sufficiently long to

include a minimum of three plants

Lysimeters may also be used, and provide the added advantage of

allowing the detection of leaching losses (Jones et al., 1977). On the

other hand, such lysimeters generally cortain reconstituted profiles of

disturbed soil, and therefore may behave differently from natural field

soil.

Vallis et al. (1973) discussed the advantages and disadvantages of

using cylinders, and supported the use of cylinders. In their work

without cylinders, significant quantities of applied N were recovered in

plant and soil outside the microplot area.

Another problem in this work is the physical form of the fertilizer.

In order to apply urea as prills, V.R. Catchpoole together with G.T.

Hurst of ICI (Catchpoole 1975) has devised a method whereby prills of

fertilizer are prepared by coating 1 mm diameter glass beads with

successive layers of a hot concentrated solution of 1 5 NH 4
1 5 NO3,

producing prills 1.6-2 mm diameter. It is a successful but laborious

technique. However, there is little evidence that the physical nature of
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the fertilizer is important, although Volk (1966) found differences in N

uptake between solid and solution forms of fertilizer. Other workers

have reported inconclusive results.

3. Turnover of residues in pastures and pasture-crop rotations

While the turnover of N in residues in cultivated soils is fairly well

understood, it has not frequently been studied in pasture systems,

particularly in tropical pastures. The major difference is that residues,

other than root residues, are returned to the soil surface.

Decomposition must take place on the surface, except for material

incorporated into the soil by microfauna or by trampling by grazing

animals. Experimenters have shown that care needs to be taken in two

areas. Much of the older laboratory work has been with finely ground

plant material mixed uniformly with the soil. Moore (1974) studied the

effect of using ground versus unground material, and the effect of

surface applied versus mixed into the soil, and was able to demonstrate

clearly that the rate of turnover was greater with finely ground material

and with material mixed into the soil. The second problem is that of

producing uniformly labelled plant material. Moore and Craswell (1976)

demonstrated the variation that can occur in labelling of different plant

parts from a single application of N and it may be desirable therefore in

some studies to apply leaves and stems separately.

I will discuss two experiments on N turnover in pastures. The

first is that of Wetselaar, Begg and Torssell (unpublished data) who

studied the turnover of litter N in a tropical grass-legume pasture. The

study was done in a glasshouse in Canberra, 3000 km from the pasture

it sought to mimic, but as the soil containers were 60 x 60 cm and 38 cm

deep, the experiment was comparable in some ways to field conditions.

Pasture litter was produced by growing two species, Stylosanthes humilis

(a legume) and Digitaria ciliaris (a grass) in nutrient culture with 15N.

The soil was a red earth sampled from Katherine, Northern Territory,

packed into the pots as a reconstituted profile, and sown to grass for

one season before the experiment started. The labelled plant material

was added as follows: roots were incorporated into the top 5 cm of soil,

and tops were loosely mixed into the top 1 cm of soil. The quantities
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were: 254 g Digitaria litter (0.94% N) at 67 kg N ha 1, 119 g

Stylosanthes litter (2.03% N) at 67 kg N ha- 1 . Superphosphate was

applied and seed of Stylosanthes and Digitaria sown; subsequently

plants were thinned to 103 plants m-2 (Digitaria: Stylosanthes = 1:4).

Cuts were made at 1 or 2 weekly intervals. Watering continued until 13

weeks after emergence, when it ceased, and the last cut (at ground

level) was made four weeks later. In the second season, unlabelled

litter was applied, and the plots were resown and treated as in season 1.

The results are summarized in Fig. 6 and Table 1. As expected

the legume litter N was initially more available than the grass litter N -

by a factor of 2.5 in season 1. Althougn the absolute quantities of N

were small, the effects on total dry matter and N yield were significant.

The effects continued into the second season. By now the rate of

release was the same from both sources, that is the initial difference due

to differing C/N ratio had disappeared. Although the direct contribution

of litter N in the two seasons to N uptake of the mixed pasture was

small, it was a significant proportion (15% of Digitaria N and 26% of

Stylosanthes N) of the litter N, and its effect on pasture composition

appeared to be significant.

Dr Ian Vallis has kindly provided the unpublished results of field

experiments on the turnover of litter N in pasture soils in SE

Queensland. The experimental details are briefly as follows: (1)

Unground, dried material was added to the surface of 26 cm diameter

microplots enclosed by steel cylinders. The materials included leaf and

stem of the legumes siratro (Macroptilium atropurpureus), desmodium

(Desmodium intortum) and of rhodes grass (Chloris gayana) leaf and

stem; (2) Siratro leaf and stem applied (fresh or dry) to the surface of

13 cm or 26 cm diameter enclosed microplots. Only some of the major

findings will be presented here. It was clear that plant uptake of litter

N did not follow the accepted rules relating mineralization of residues to

the total N concentration. For example, rhodes grass litter of low N

concentration was relatively highly available compared to desmodium litter

(Fig. 7). This may have been influenced by the addition of 150 kg N

ha 1 per year fertilizer to the rhodes grass plots. Vallis and Jones
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(1973) suggested that the slow release of N from desmodium residues was

due to protection by polyphenols - and this problem could occur also in

other tropical legumes. That this protection was not short term was

demonstrated by the rates of uptake in the second season.

Plant recoveries (tops, stubble and roots) in two seasons ranged

from 12% from rhodes grass stems to 29% for rhodes grass leaf and

siratro leaf (Table 2). With siratro leaf, practically all N had

disappeared from the litter, but in some instances (e.g. desmodium stem,

rhodes grass stem or dried leaf) more than 30% remained in the litter.

The average unaccounted for N was 25%, being least in desmodium leaf

(13%) and most in rhodes grass stem (34%). With siratro in the second

experiment, plant uptake of litter N varied with N concentration in the

litter (Fig. 8). There appeared to be little difference between fresh and

dried material, but recovery was only 60% after 50 weeks, indicating

considerable losses of N from the system.

CONCLUDING REMARKS

It is obvious that 15N techniques have been used extensively to

study N transfers relevant to N cycling in pastures and pasture-crop

rotations. It has little value in quantifying responses to added fertilizer

N, other than detecting differences due to method and time of

application. However, it has a very considerable role in quantifying

recyling of N from plant residues, where a tracer is essential, in giving

estimates (albeit fairly crude estimates) of losses of N from applied N,

and in providing several methods for assessing N fixation.

Techniques exist for studying most of the processes we are

interested in, but there is still scope for new or improved methods.

References

Amarger, N., Mariotti, A., and Mariotti, F. (1977). Essai d'estimation

du taux d'azote fixe symbiotiquement chez le lupin par de tracage

isotopique naturel (15N) C.R.Acad.Sc. Paris 284, Serie D,

2179-2182.

Bardin, R., Domenach, A.M., and Chalamet, A. (1977). Rapports

isotopiques naturels de l'azote. II. Applications a la mesure de la

fixation symbiotique de l'azote in situ. Rev.Ecol.Biol.Sol. 14, 395-402.

40



Catchpoole, V.R. (1975). Pathways for losses of fertilizer nitrogen from

a rhodes grass pasture in south-eastern Queensland. Australian

Journal of Agricultural Research 26, 259-268.

Chichester, F.W., Legg, J.O., aid Stanford, G. (i975). Relative

mineralization rates of indigenous and recently incorporated

15 N-labelled nitrogen. Soil Science 120, 455-460.

Cho, C.M., Proksch, G., and Caldwell, A.C. (1966). The effect of

placement on the utilization of nitrogen by maize as determined with

15 N-labelled ammonium sulphate, in Isotopes in plant nutrition and

physiology. Proc. Symp FAO/IAEA, Vienna, Austria.

Denmead, O.T., Simpson, J.R., and Freney, J.R. (1974). Ammonia

flux into the atmosphere from a grazed pasture. Science 185,

609-610.

Denmead, O.T., Simpson, J.R., and Freney, J.R. (1977). A direct

field measurement of ammonia emission after injection of anhydrous

ammonia. Soil Science Society of America Journal 41, 1001-1004.

Edmeades, D.C., and Goh, K.M. (1979). The use of the 15N-dilution

technique for field measurement of symbiotic nitrogen fixation.

Communications in Soil Science and Plant Analysis 10, 513-520.

Galbally, I.E., and Roy, C.R. (1978). Loss of fixed nitrogen from soils

by nitric oxide exhalation. Nature, London 275, 734-735.

Hardy, R.W.F., Burns, R.C., and Holsten, R.D. (1973). Applications

of the acetylene-ethylene assay for measurement of nitrogen

fixation. Soil Biology and Biochemistry 5, 47-81.

Jones, M.B., Delwiche, C.C., and Williams, W.A. (1977). Uptake and

loss of 15N applied to annual grass and clover in lysimeters.

Agronomy Journal 69, 1019-1023.

Keeney, D.R., and McGregor, A.N. (1978). Short-term cycling of

15 N-urea in a ryegrass-white clover pasture.

N.Z. Journal of Agricultural Research 21, 443-448.

Kissel, D.E., Brewer, H.L., and Arkin, G.F. (1977). Design and test

of a field sampler for ammonia volatilization. Soil Science Society

of America Journal 41, 1133-1138.

41



Legg, J.O., and Sloger, C. (1975). A tracer method for determining

symbiotic nitrogen fixation in field studies. Second International

Conference on Stable Isotopes, Chicago, Illionois, October 1975.

Legg, J.O., Chichester, F.W., Stanford, G., and DeMar, W.H. (1971).

Incorporation of 1 5N-tagged mineral nitrogen into stable forms of

soil organic nitrogen. Soil Science Society of America Proceedings

35, 273-276.

Moore, A.W. (1974). Availability to rhodes grass (Chloris gayana) of

nitrogen in tops and roots added to soil. Soil Biol.Biochem. 6,

249-255.

Moore, A.W., and Craswell, E.T. (1974). Non-uniformity of 15N

labelling in plant material.

Commun. in Soil Science and Plant Analysis 7, 335-344.

Myers, R.J.K. (1969). Residual effects of applied nitrogen.

Saskatchewan Institute of Pedology Report No. M11, 36-56.

Myers, R.J.K. (1979). Nitrogen and phosphorus nutrition of dryland

grain sorghum at Katherine, Northern Territory. IV 15-nitrogen

studies on nitrogen carrier and method of application.

Australian Journal of Experimental Agriculture and Animal

Husbandry 19, 481-487.

Myers, R.J.K., and Paul, E.A. (1971). Plant uptake and immobilization

of 15N-labelled ammonium nitrate in a field experiment with wheat.

In Nitrogen-15 in soil-plant studies. IAEA, Vienna.

Ross, P.J., Martin, A.E.,,and Henzell, E.F. (1964). A gas-tight

growth chamber for investigating gaseous nitrogen changes in the

soil: plant: atmosphere system. Nature (London) 204, 444-447.

Stefanson, R.C. (1970). Sealed growth chambers for studies of the

effects of plants on the soil atmosphere.

Journal of Agricultural Engineering Research 15, 295-301.

Vallis, I., and Jones, R.J. (1973). Net mineralization of nitrogen in

leaves and leaf litter of Desmodium intortum and Phaseolus

atropurpureus mixed with soil. Soil Biol.Biochem. 5, 391-398.

Vallis, I., Henzell, E.F. Martin, A.E., and Ross, P.J. (1973). Isotopic

studies on the uptake of nitrogen by pasture plants. V. 15N

42



balance experiments in field microplots. Australian Journal of

Agricultural Research 24, 693-702.

Vallis, I., Henzell, E.F., and Evans, T.R. (1977). Uptake of soil

nitrogen by legumes in mixed swards.

Australian Journal of Agricltural Research 28, 413-425.

Volk, G.M. (1966). Efficiency of fertilizer urea as affected by method

of application, soil moisture and lime. Agronomy Journal 58,

249-252.

TABLE 1. N uptake of 15N-litter by legume and grass components (data
of Wetselaar, Begg and Torssell).

Digitaria Stylo Total

1st Season (%)
Digitaria litter 5.8 0.7 6.4
Stylo litter 15.4 1.5 16.9

2nd Season
Digitaria litter 7.6 1.0 8.6
Stylo litter 8.0 1.4 9.4

TABLE 2. Percent recovery
data).

of applied litter N (I. Vallis, unpublished

Material Plant Soil Litter Runoff Total

After 9 months:
Siratro leaf 12.8 52.8 31.1 0.0 96.7

stem 9.7 20.1 51.9 0.0 81.8

Desmodium leaf 9.8 20.3 68.5 0.0 98.7
stem 6.8 13.2 74.6 0.3 94.9

Rhodes leaf 14.9 24.0 42.3 0.5 84.6
stem 10.6 8.2 58.8 0.1 77.7
dead leaf 7.9 16.0 44.0 0.4 68.3

After 20 months:
Siratro leaf 29.4 44.2 3.7 1.7 79.0

stem 23.7 35.2 10.8 1.1 70.8

Desmodium leaf 20.5 46.5 19.3 0.8 87.1
stem 18.4 30.0 30.4 1.6 80.4

Rhodes leaf 29.5 30.5 14.0 1.6 75.6
stem 12.2 15.8 36.1 2.0 66.2
dead leaf 19.9 14.4 32.1 2.0 68.5

L.S.D. (P = 0.05) 9.8 21.2 28.5 0.6 8.4
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FIGURE 1A

Decline of Soil N under Monoculture
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FIGURE 1B

Possible Effects of the Legume Ley Rotation on Soil N
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FIGURE 2

Transfers of N in a Grazed Pasture - Cereal Crop Rotation
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FIGURE 3

N Response Curve
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Fig. 5 Effect of proportional yield on proportional 1N uptake of
legumes grown with Chloris gayana at Samford. Points are for
repetitive harvests (5 means of 2 plots from 10 replicates).
The fitted curve is Y = X/(X+b(1-X)). (a) Lotononis bainesii,
(b) Trifolium repens, (c) Macroptilium atropurpureum, (d)
Vigna luteola, (e) Stylosanthes guyanensis. O 1st year, A 2nd
year.
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FIGURE 6

Uptake by Yixed Pasture of 15N-Litter

(Data of Weteelaar, Begg + Torseell)
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FIGURE 7

Uptake of Applied Litter N by Rhodes Grass
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FIGURE 8

Uptake of N from Siratro Litter
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FERTILIZER MANAGEMENT PRACTICES
FOR INTERCROPPING SYSTEMS

R.E. McCOLLUM
Department of Soil Science,
North Carolina State University,
Raleigh, North Carolina,
United States of America

ABSTRACT

Several crop heights, row patterns and planting sequences have been
compared in intercropping studies in North Carolina. Grain yields were
maximal with 170 - 180 kg N/ha and there were no significant NXrate
cropping pattern interactions.

Productivity of land was increased 20 to 50% by planting soybeans or
snapbeans into corn. Increases up to 80% were achieved by relay inter-
p lanting a second snapbean crop into the maturing corn. The increased
production was attributed to a leaf canopy being maintained over the soil
for a longer2period of time. The leaf area duration (LAD) was doubled from
150 to 300 m -days/m2-land when soybean was interplanted into corn and
a llowed to mature. The areas where research knowledge is inadequate were
outlined, and the role of isotopes in providing the information was discussed.

I. INTRODUCTION

Intercropping may be one way to increase the productivity of land.

Whether it is or not, management systems including interplanted crops have a

long and established history in much of the under-developed world; and indica-

tions are that intercropping will continue to be a principal feature of small

farm agriculture for the foreseeable future. For these reasons, it is of

scientific as well as practical interest to know how production increases, if

any, are achieved by intercropping and to devise methodologies that will exploit

such systems to the fullest.

The reasons for our involvement in intercrop research at the local level

are about 3-fold. In the first place, we have had a rather strong departmental

commitment to international agriculture (primarily in the Latin American tropics)

for about 10 years. Since intercropping is a way-of-life in many of the areas

where our "expertise" is supposed to apply, we not only needed to know the inter-

crop language but what the problems and potentials of such systems were. It was

our view that we could conduct the relevant studies at less cost and in greater

detail "at home" rather than on site. And thirdly, North Carolina, along with

the other South Atlantic states, has a long, frost-free growing season (>200 days).

If intercropping has merit.on small, labor-intensive farms in tropical latitudes,

we hypothesized that it may also have merit for the highly mechanized agriculture
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along the south Atlantic seabord. I should also add that the Science and Educa-

tion of the U.S. Department of Administration of Agriculture (USDA-SEA) has seen

fit to provide us with funds for intercropping research as part of its commitment

to tropical agriculture.

My objectives during this presentation are some three in number: 1) to

summarize briefly the experimental approaches we have used to date and show

some of the relevant results (what we think we have learned); 2) to point out

what we consider to be rather serious gaps in our knowledge about intercropping,

particularly with regard to fertilization practices (what we need to know); and

3) to list some problems particularly relevant to intercrops (or intercrop

research) where the use of isotopic tracers or other nuclear techniques could

help to resolve.

II. RESEARCH SUMMARY

A. Experimental approach

A favorite intercrop combination in tropical latitudes utilizes corn (Zea

mays L.) as the dominant, or overstory, species with dry beans (Phaseolus

vulgaris L.), soybeans (Glycine max L. Merr.), sweet potatoes (Ipomea batatas

Lam.), or other lower-growing species as the understory crop(s). Since many

of the crops grown in mixtures in tropical America are also of commercial

importance in the southeast, we used some of their crop combinations as well as

certain aspects of one planting system to study intercropping in southeastern

environments. Our immediate objectives were twofold; 1) To compare the produc-

tivity (both biomass and economic yield) of two food crops grown in conventional

monoculture with that of the same species when grown in direct competition with

each other (intercropped); and 2) To determine the nitrogen requirement of the

intercropped system(s) and suggest fertilization schedules for best meeting this

demand.

Two soil conditions have been used during each year of our studies--one a

poorly drained Portsmouth fsl (Typic Umbraquult, fine-loamy, mixed, thermic;

O.M. = 3.5%) at the Tidewater Research Station (Plymouth, N.C.) and the other

on well drained soils in the middle Coastal Plain (Typic Paleudult, fine-loamy

silicious, thermic; O.M. = 1.0%).

Crop species, cultivars, row patterns, and cropping systems studied experi-

mentally are symbiolized in subsequent sections as follows:
Crop Species and Cultivar
C = Corn
TC = tall corn = "pioneer 3369A, a midseason hybrid;
SC = short corn = 'Dekalb XL32A', an early-season, short-saturated hybrid;
SB = soybeans cv 'Ransom' (maturity group VII);
PV = snap beans (bush type) cv 'Bush Blue Lake 274';
SP = sweet potato cv 'Jewel'.

Row Pattern (See Fig. 1)
NR = normal row = conventional 97-cm (38-in)rows of any crop;
DR = double row = paired, 46-cm rows of corn with 147 cm between row pairs;
DDR = double-double rows. This pattern occurred only tn monocultures; it

implies that a second pair of closely spaced rows of the crop involved
was planted in the 147-cm space created when the double-row pattern was

snedcrpst 5thu gave a monoculture row arrangement comparable to double row-
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The several cropping systems are thus abbreviated by appropriate combinations of

the symbols for crop and row pattern. For example, "TCSBDR" symbolizes interplanted

'Pioneer 3369A' corn (TC) and soybeans (SB) with a pair of soybean rows planted

between similarly paired rows of corn.

Intercrop combinations, plant populations, and chronologies of planting and

harvesting are shown in Figure 2. Monoculture check treatments were provided in

each instance, and nitrogen rates varied from "zero" to 270 kg/ha (Tables 1 to 4).

For interplanted treatments, we used a partially mechanized adaptation of a system

pioneered by Hildebrand and French (as quoted by 7) in El Salvador. To facilitate

machine planting, we used a split-plot design in randomized complete blocks with

planting pattern as main plots and N rate as subplots.

LOROX and 2,4-D (the 2,4-D applied after seeding soybeans but before they

emerged) were used to control weeds at Plymouth in 1975. VERNAM-PLUS was broadcast

and disk-incorporated during seedbed preparation for the corn-sweet potato experiment.

LASSO was used at each site in 1976. No mechanical cultivation was done at any site,

but a light hand hoeing to eliminate escaping broadleaf weeds was needed at each of

them.

At both 1975 sites, snapbeans for fall harvest were relay interplanted into maturing

corn. Monoculture corn in the paired-row arrangement (CDR) was the only original

treatment involved. A full population of snapbeans, planted in the 147-cm space

between paired rows of corn, was established in the following manner: As the corn

approached maturity (August 1-10), late-season grass and weeds were first cut with a

lawn mower; and TREFLAU herbicide was applied to the 147-cm strip with a back-pack

sprayer. Seedbed preparation and herbicide incorporation were achieved by two or

three passes between the corn rows with a self-powered rototiller. Two rows of

snapbeans (48 to 56 cm apart) were then planted in the rototilled strip with a hand-

pushed planter. Before the snapbeans emerged, understouy weeds and grass in adjacent

corn rows were killed with PARAQUAT. After plant emergence, the original N-rate

subplots were divided into three equal segments; and 0, 50, or 100 kg of N/ha was

applied to the three segments to give an "initial nitrogen by second-crop nitrogen"

factorial.

The 1976 experiments were planned to include a late crop of snapbeans in all

"CDR" and "CPVDR" cropping systems. With this system, we postulated that two crops

of snapbeans (one early, one late) and one corn crop could be harvested from the

same piece of land during one season. A second objective of this approach was to

evaluate the residual effects of spring-applied nitrogen, i.e., N applied to the

first crop(s), on growth and yield of a second within-season crop.

Leaf-area development and accumulation of dry matter, nitrogen, and phosphorus

were followed throughout the season by periodic whole-plant samplings and subsequent

tissue analyses of all plants on all treatments.

B. Product Yields
Corn. Nitrogen response patterns were classical for Coastal Plain soils.

Grain yields were maximal with 170-180 kg N/ha and there were no significant

"N-rate x cropping pattern" interactions (Tables 1 to 4). With one exception

(Table 2) planting monoculture corn in the double-row pattern reduced yields by

8 to 12% relative to the normal-row check (CNR vs. CDR). A further yield reduc-

tion of 5 to 10% resulted when soybeans or snapbeans were planted in the 147-cm
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gap between paired rows of corn (CNR vs. CXDR, where X = understory crop). There

was no measurable effect of row pattern nor understory crop on corn yields in

interplanted treatments but sweet potato yields were only about 10% of the mono-

culture check (Table 2).

Soybeans. Yields of monoculture soybeans (2,700-3,000 kg/ha) were comparable

with those obtained in commercial fields or experimental plots on neighboring sites

during each of the two years. Neither August-applied nitrogen (Table 1) nor

rearrangement of the row pattern (Tables 3 and 4) resulted in any significant

yield changes relative to conventional rows. When planted into double-row corn,

however, yield reductions ranging from 50-70% were recorded (SBNR vs. CSBDR,

Tables 1, 3, and 4). When planted between 97-cm rows of corn, soybean yields

were further reduced to about 25% of the monoculture (SBNR vs. TCSBNR, Table 1).

In most insances, soybean yields in interplanted treatments were inversely related

to the amount of nitrogen applied to corn (Fig. 3). This inverse relationship

was particularly apparent for the 0- to 90-kg increment in fertilizer nitrogen.

Its obvious cause was the sparce, reduced-duration canopy of N-deficient corn;

and light interception by the understory soybeans was increased accordingly.

Snapbeans. In 1976, pod yields of spring-planted snapbeans at Clinton were

more than double those obtained in comparable treatment combinations at Plymouth

(Table 3 vs. Table 4). One reason for the large difference between locations was

relative maturity of the fruit at harvest. Pods at Plymouth were harvested three

to five days before reaching optimal snapbean maturity whereas the Clinton harvest

was made when both pod size and pod quality were nearly optimal. In each instance,

however, intercropped treatments produced about one-half as much fresh fruit as

their respective monoculture checks (Tables 3 and 4). When allowed to mature, on

the other hand, harvestable dry beans in intercropped treatments were only about

30% of the relevant monoculture checks (Tables 3 and 4). We should point out,

however, that 'Bush Blue Lake 274' is a "snapbean" cultivar; and its yield poten-

tial as a dry bean was not a criterion for using it. Furthermore, local environ-

ments during June and July are not favorable for dry beans. Decay organisms caused

some loss of pods between the "snapbean" and "dry bean" stages, but we did not make

the appropriate measurement to determine whether pod rot was related to treatment.
corn

Two/cultivars were compared in one experiment, While there was no significant

effect of corn cultivar on corn yield (Table 3), yields of fresh snapbean pods in

the corn-snapbean intercrop were higher under what we labelled the "tall" corn

cultivar (TCPVDR vs. SCPVDR, Table 3). A similar trend was apparent for soybeans

(TCSBDR vs. SCSBDR, Table 3) but at a lower level of statistical significance

(P = 0.10). While this effect of corn cultivar is not in accordance with our

initial hypothesis, differences between the two hybrids in plant height and

earliness were not as great as we had anticipated. Furthermore, there was a 1.5-

fold difference in corn population (Fig. 2). Varietal effects of corn are there-

fore confounded with corn population, and there is a high probability that the

reduction in bean yield under the more-densely populated stand of "short" corn was

due to population rather than cultivar.

Late snapbeans, relay interplanted into maturing corn (August 10-15), also

produced about 50% of conventionally planted monocultures (Table 5), but monoculture
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checks were not provided in all experiments. A principal feature of the yield data

for fall snapbeans was the absence of any measureable residual effect of sping -

applied to monoculture corn or corn-snapbean intercrops in late April or early May.

Although apparent nitrogen recovery by the spring-planted crops(s) was less than

100%, leaching rains had apparently moved the unused portion to lower depths by

mid August.

C. Land Utilization Efficiency

One approach in evaluating the productivity of intercrop systems relative to

monocultures is to calculate what has been defined as the Land Equivalent Ratio

(10). This parameter is derived by first calculating the ratio of the absolute

yield of each interplanted species to its yield in monoculture, i.e., its "relative

yield," and then summing the relative yield of all interplanted species to get the

land equivalent ratio (LER; see footnote, Table 6). A LER greater than 1.00 supposedly

indicates a more efficient use of land by the intercrop; and the larger its value,

the greater the efficiency of land use.

Relative yields and the corresponding LER for corn-soybean and corn-snapbean

intercrops are summarized by nitrogen rate in Table 6. When averaged over nitrogen

rates and experiments, LER for the corn-soybean system was 1.23; and the relative

yield data show that, on the average, it would take about 0.85 ha of monoculture corn

and 0.38 ha of monoculture soybeans to produce the same amount of corn and soybeans

grown on 1 ha of the corn-soybean intercrop.

Average LER for the corn-snapbean (green pods) intercrop was comparable in magni-

tude to the corn-soybean system (1.23 vs. 1.25, Table 6), but the yield components

differed. Corn yields were reduced to about 77% of the monoculture check (relative

yield = 0.77), whereas understory snapbeans yielded 48% of their respective monoculture.

When bean pods were allowed to mature, however, LER for corn-dry beans was

appreciably greater than 1.00 in Experiment IV only.

LER's for our three-crop system (corn-spring snapbeans-fall snapbeans)

could not be computed with a great deal of confidence--first because of insuffi-

cient monoculture checks, and secondly because cropping-system effects were con-

founded with rates of nitrogen applied to fall snapbeans (see Table 5). But our

results show that August-planted snapbeans, relay interplanted between paired rows

of maturing corn, yielded about 50% of spring-planted monoculture snapbeans. In

one instance (Experiment III, Table 5) yields of fall-planted snapbeans were the

same for both monoculture and intercrop. As a conservative estimate, our results

show that the corn-snapbean-snapbean system would have an LER of about 1.73 as

this parameter is conventionally defined (0.77 (corn) + 0.48 (spring snapbeans)

+ 0.48 (fall snapbeans) ).

LER's were influenced by nitrogen fertilization, but most results show that

the nature of the nitrogen effect depended on the understory crop. For the corn-

soybean system, LER declined as nitrogen fertilization was increased, but it

increased with nitrogen rate in the corn-snapbean intercrop. The only exception to

these trends was in Experiment IV where no zero-N check was included and there was

no measurable response to N between 90 and 270 kg N/ha by any species. Drouth

stresses which occurred at critical periods for both corn and soybeans at this site

obviously had a levelling effect on ultimate yields of each species. Furthermore,
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results from those sites where a zero-N check was included show that the sharpest

change in LER occurred with the first nitrogen increment.

Higher productivity of intercrop systems relative to monocultures was most

easily interpreted in terms of leaf-area duration (LAD), defined as the integral of

leaf area over time, i.e.,

t=n

LAD La'dt, where La = leaf area and t = time in days after
emergence.

t=0O

This parameter thus measures the total exposure of a crop's assimilatory apparatus

(the leaves) during one production cycle (e.g., LAD = m2 days of leaf exposure/m 2 of

land = days). It can be estimated from periodic measurements of leaf area as a crop

develops (Fig. 4). LAD estimates for one experiment are shown in Table 7. The table

shows LAD's for monoculture corn, monoculture soybeans, and the corn-soybean inter-

crop at two dates--the first near corn maturity (103 days) and the second shortly

before all remaining soybean leaves were killed by frost (173 days). The implica-

tions of these calculations with regard to intercropping in regions with finite

growing seasons are clear, and the corn-soybean system provides a good example for

southeastern environments. Corn is planted as soon as possible after the hazard

from spring frost has passed, but it matures around mid-August with some 50-70 days

of frost-free weather remaining. On the other hand, net energy accumulation in seeds

of adapted soybean cultivars remains positive until near frost. Thus, the net

effect of planting this "full-season" crop (soybeans) into one which matures shortly

after mid-season (corn) is to extend the growing days on the interplanted area from

frost-to-frost. Figure 5 shows that the crop growth rate (CGR) of interplanted

soybeans increased dramatically after the overstory corn matured.

While we did not follow leaf-area development in corn-snapbean intercrops,

a similar logic seems applicable. Spring-planted Phaseolus reaches snapbean maturity

in about 60 days, before competition from overstory corn becomes severe. Conversely,

August-planted snapbeans go through most of their production cycle after corn has

matured. Shading by dead corn stalks is minor; there is no competition for other

growth factors; and the net effect is an extended growing season. Furthermore,

severe competition for all growth factors by the dense corn canopy during Phaseolus

pod-filling probably accounts for the sharp drop in relative yields between the snap-

bean stage and maturity. (Table 6).

III. "INFORMATION GAPS"

I suggest that the "first principle" in managing the fertilizer regime for

intercrops is to learn all there is to know about the fertilization of monocultures.

The basic concepts of soil fertility are well documented. How plants respond to

alterations in the soil nutrient supply is also well known. But essentially all of

the research required to generate these principles was done with single plants

(in greenhouses) or with pure stands of a single species under field conditions.

There are, of course, large differences among species in the magnitude of response

to substrate levels of a given nutrient element and examples of both positive and

negative allelopathy are known(ll). But the basic physiology of plants is not likely

to change appreciably when interplant competition is changed from intraspecific to
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interspecific. The problem for intercrop researchers, therefore, is to learn how

and to what degree the basic concepts of soil and crop management apply when unrelated

economic species are forced to compete interspecifically for at least a portion of

their respective production cycles.

Nitrogen has been the principal nutritional variable in all of our studies to

date; and with one exception, the intercrop components have been a legume and a

nonlegume. We believe this is a logical "first step" because most intercrop

systems involving annual food crops are of this type. It is our view furthermore.

that appropriate management of the nitrogen regime is the most critical nutritional

factor in the fertilization of intercrops. The inherent N-supplying capacity of few,

if any, soils in the world is sufficient for maximum yields of non-leguminous

crops. Of the essential plant nutrients, nitrogen is also the element most

easily, and hence most rapidly, lost from the soil profile via non-biological pro-

cesses, e.g., leaching and volatilization. Furthermore, the magnitude of the

nitrogen supply can have a greater influence on crop quality, particularly product

quality, than perhaps any other soil-derived nutrient. Our observations in a corn-

sweet-potato intercrop are a case in point (Table 2). When enough nitrogen for

maximal corn yields was applied to the intercrop, the nitrogen level in understory

potato plants was so high that they remained vegetative. Vine growth by high-N

interplants was quite profuse, especially after corn maturity; but they rarely

had more than one enlarged root per plant. This phenomemon has been reported by

other intercrop researchers (2,3).

If intercropping does indeed result in the removal of more marketable

product per unit of land area per year, it follows that removal of nutrients

from intercropped soil is also increased Furthermore there is a high liklihood

that the quantity of unharvested biomass required to support this increased yield

is also greater. Fugure 6 shows an example from one of our experiments. Total

nitrogen accumulation by high-N corn/iye Kg/ha at about 3 weeks before harvest

maturity, but understory soybeans in the corn-soybean intercrop accumulated an

additional 130 Kg N/ha before they were killed by frost. The comparable figure

for the low-N regime was about 270 Kg N/ha (corn= 70, soybeans = 200). Obviously,

a significant portion of the nitrogen in soybeans arrived there via symbiotic fixation;

but Itis equally obvious that the accumulation of other essential elements was also

greater in the intercrop. Our methodology has included chemical analyses of plant

tissue either as whole plants or plant parts at several stages of ontogeny; but

we have not found any consistent effect of intercropping per se on tissue concen-

trations of any element. These observations support the view that total nutrient

accumulation by intercrops, as well as nutrient removal in the harvested portion(s),

is more a function of biomass production than of any large main effects of cropping

system on tissue concentration of nutrients,

This is not to say that each species in a two-component intercrop extracts its

nutrients from the same soil supply, however. Rooting patterns differ among species

and this is often cited as one reason for an observed intercrop advantage. But

direct evidence in support this hypothesis is meager. Research aimed at quantifying

the extraction of a given nutrient from successive soil horizons by competing species

is therefore relevant. Isotopic tracer techniques would be particularly helpful

in attacking this problem.
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Grasses respond positively to fairly large doses of nitrogen fertilizer; wi:le

nodulated legumes do not. In fact, high-N regimes are detrimental to symbiotic

N fixation. How then does one manage the nitrogen regime in a corn-soybean

intercrop? Can timing and placement of the nitrogen required by corn be manipu-

lated so that corn yields are maximized while interference with the N-fixing

processes by soybean Rhizobia is minimal? Tracer studies utilizing a stable

isotope of nitrogen could help resolve these questions. We have addressed

this problem using tracer N in one experiment, but the results are not yet

available.

Pasture (or forage) agronomists, have known for years that the N-K regime in

grass-legume mixtures had to rather carefully balanced. When the supply of

nitrogen relative to soil potassium levels is "too high", the leguminous component

of the mixture gradually disappears. Virtually all such studies have been done

with forages, however; and virtually all species were perennials. "Neighbor

effects" are probably less severe in mixtures of annual food crops, and plant

longevity beyond one production cycle is not a relevant consideration; but nitrogen-

potassium relationships in mixtures of legume-nonlegume annuals should be

evaluated. Tracer techniques may provide the "tool" for quartifying them. Table

8 summarizes the results of one such experiment, but no tracer techniques were

used. Pasture researchers have also suggested that a comparable interaction occurs

between nitrogen and sulfur. This may also warrant evaluation with interplanted

food annuals.

Table 9 summarizes relevant features of an intercropping experiment that we

did with factorially-combined levels of N and P. If land equivalent ratio (LER) is

used as the measure of land-use efficiency, productivity on the low-N, low-P treat-

ment was nearly doubled by interplanting soybeans into-corn. Such results surely

require further elucication, and tracer techniques may be needed to explain them.

Water use by plants is not my domain for these discussions; but because rooting

patterns differ widely among species, it seems likely that H20 extraction efficiencies

would be higher in intercrops than in monocultures. Plant densities in intercrops

are generally higher than in the monoculture with which they are compared. Canopy

closure is thus likely to occur earlier and persist longer. While transpirational

H20 losses following canopy closure are likely to be similar in both systems, the

regularity and duration of the H20 supply will surely be more crucial for intercrops.

In any event, water-use comparisons between intercrops and monocultures at varying

soil depths would be useful. The neutron probe seems a likely instrument for making

the appropriate measurements.

IV. SUMMARY

Data presented here show that the productivity of land can be increased by

intercropping. Under our condition, increases of 20 to 50% (LER = 1.20 to 1.50)

were achieved by planting soybeans or snapbeans into corn. By relay interplanting

a second-season crop (snapbeans) into maturing corn, LER's of 1.50 to 1.80 were

achieved. Land equivalent ratio does not constitute a "universal coefficient"

for evaluating the productivity of intercropped land, however. Some limitations

inherent in the concept have been discussed by Trenbath (11), Kass (8) and Hiebsch
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(C. K. Hiebsch. 1978. Comparing intercrops with monoculture. In Agron.,-Econ.

Res. on Tropical Soils, Ann. Report for 1976-77. Soil Sci. Dept., N. C. State

Univ.). Of particular concern to us is its failure to account for the fact that

crop yield is not solely a function of land area alone but of time as well (i.e.,

yield = quantity of product per unit of area per unit of time). In our view, this

time factor may be equally as crucial as area An comparing intercrops with

monocultures because "land occupancy" by a given intercrop is not necessarily of

the same duration as monocultures of the intercrop components. Much of our recent

work has dealt with the inclusion of this time factor in monoculture-versus-

intercrop comparisons in a manner that is mathematically valid as well as biologically

sound.

In large measure, we attribute the added production of the systems we have

studied to the fact that a substantial leaf canopy is maintained over a piece of

land for a significantly longer time than is usually achieved by corn alone (Fig. 4).

Total leaf exposure by well-fertilized monoculture corn was around 150 days (LAD 

150 m2 days/m2 of land); but when soybeans were interplanted into corn and allowed

to mature, LAD on the intercropped land exceeded 300 days (Table 7). This kind of

interaction between plant genotypes is apparently an example of what Trenbath (11)

has called "annidation in time." We thus view these results as applicable not

only to tropical latitudes, where the growing season is infinite, but also to mid-

latitude environments where growing seasons, though long, are finite because of low

temperatures.

Whether producing only one crop per hectare per year or several, management

decisions on how to maintain adequate nutritional regimes involve questions about

rates, dates, sources, and placement of essential soil amendments; but few if any

of these questions have been answered via carefully planned intercrop-versus-mono-

culture comparisons. Since sequential cropping involves only one species at any

given time, existing data from conventional one-crop-per-year studies should be

applicable for most such systems. Producing crops in mixtures (intercropping)

introduces a still-higher level of complexity because plant species with vastly

differing "ideal" nutritional regimes may be involved. Rooting patterns and

"extractions efficiencies" for water as well as nutrients are of particular

concern with intercrops. As in most research, our experience with each inter-

crop experiment has been to generate more questions than answers-, Tracer tech-

niques, if appropriately applied, could help resolve some of them. In fact,

tracer or other radiation techniques may be the only way to attack some of them.

By and large, however, my view is that the fertilization of intercrops is

of less concern than the right match-up between crop species and climate, Long

growing seasons are obviously desirable, as is sufficient rainfall (or irriga-

tion water) with a good seasonal distribution. Botanical considerations include;

a) duration of production cycle, b) growth habit (both root and shoot), c) photo-

period responsiveness, d) temperature adaptation, and e) population responsive-

ness.
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Table 1. Effect of cropping system (S) and nitrogen fertilization (N) on yield of corn grain (15.5% H20)
and soybean seed (13% H20). Experiment I, Plymouth, 1975.

Crop Cropping Yield
system
(S) N(kg/ha)

0 84 168 252 S Means

----------- metric tons/ha ---------------------

Corn (C)
Monoculture TCNR 3.88 6.82 7.62 7.92 6.56

TCDR 3.84 5.43 6.64 6.73 5.66

Intercrop TCSBNR 4.01 6.36 7.18 6.61 6.04
TCSBDR 4.18 5.77 5.59 5.32 5.21

N means 3.98 6.10 6.76 6.65 5.87

L.S.D. (0.05): N = 0.61; S = 0.73; NXS = NS. CV = 15X

Soybeans (SB)
Monoculture SBNR 2.77 -- 2.92 § -- 2.85

Intercrop TCSBNR .1.14 0.91 0.64 0.78 0.87
TCSBDR 1.64 1.47 1.70 1.48 1.57

N means
(intercrop only) 1.39 1.19 1.17 1.13

L.S.D. (0.05): N = NS; S = 0.61; NXS = NS. CV = 25%

tSee text for cropping system symbology.

~Soybeans planted three weeks after corn emergence.

§Nitrogen applied to monoculture soybeans at early bloom.

Table 2. Effect of cropping system (S) and nitrogen fertilization (N) on yield of corn grain (15.5% H20) and
enlarged sweet potato roots (fresh weight). Experiment II, Clinton, 1975.

Crop Croppingt Yield
system N(kg/ha)
(5)

0 90 135 180 S means

--------------- Metric tons/ha -----------------

Corn (C)
" Monoculture TCNR 2.82 8.00 8.41 8.58 6.95 6.93

" " TCDR 3.62 7.35 7.80 8.82 6.90

" Intercrop TCSPNR 2.86 7.71 8.13 8.55 6.81 6 90

TCSPDR 4.46 8.15 7.50 8.07 7.04

N means 3.44 7.80 7.96 8.50 6.93

L.S.D. (.05): N = 0.75; S = NS; NXS = NS. CV = 15%

Sweet potatoes (SP)'
Monoculture SPNR 28.76 27.99 26.06 29.24 -- 28.01
Intercrop TCSPNR 2.28 2.21 1.73 4.17 2.60 271

TCSPDR 1.54 2.44 2.99 4.30 2.82

N means
(intercrop only) 1.91 2.33 2.36 4.24

L.S.D. (0.05): N - NS;TCSPNR vs TCSPDR = NS.

tSee text for cropping system symbology.

~SP planted three weeks after corn emergence.
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Table 3. Effect of cropping system (S) and nitrogen fertilization (N) on yield of corn grain (15.5% H20), soybean
seed (13% H20), and Phaseolus vulgaris as green pods (G) or dry beans (D). Experiment III, Plymouth, 1976.

Crop Croppingt Yield

system -N (kg/ha)
0 90 180 270 S means

------------------------------------ Metric tons/ha -----------------------------------------

Corn (C)
" Monoc

II
II

II

II

" Inter
II
II

ulture TCNR 5.50 9.74 10.80 11.15 9
SCNR 5.41 9.97 10.47 11.199
TCDDR 5.47 8.71 10.17 10.95 8
SCDDR 4.76 7.74 10.04 10.19'
TCDR 5.66 8.82 10.06 9.05 
SCDR 5.21 7.69 9.14 9.88 

'crop TCSBDR 4.60 7.64 8.67 9.867 
SCSBDR 4.86 7.51 10.62 9.80 
TCPVDR 3.60 7.47 8.99 10.077 
SCPVDR 2.74 7.09 7.84 9.00 7

N means 4.78 8.24 9.68 10.11 8.18

L.S.D. (0.05): N=0.45; S=0.72; NXS=NS; TC(8.35) vs SC(8.01)=NS. CV=1%
_- - -_ - - _ - - -_ - -_- -_- --_- -_- -_- --_- -_- -_- --_- -_- -_- _- --_ _- - -_- - - - - - - - - -

Soybeans (SB)
Monoculture SBNR 2.87 -- -- -- 2.87

" SBDDR 2.84 -- -- -- 2.84

" Intercrop TCSBDR 1.21 0.93 0.80 0.81 0.94
SCSBDR 1.04 0.83 0.63 0.62 0.78

N means
(Intercrop
only) 1.13 0.88 0.72 0.72

L.S.D. (.05): N = NS; S=0.21; N XS=NS. CV=13%

Snapbeans (PV) G~ D5 G D G D G D G
Monoculture PVNR 6.55 1.51 7756 1.94 8.12 2.02 7.68 2.49 7.48

" PVDDR 4.75 1.05 6.02 2.03 5.79 1.52 6.59 1.87 5.79

Intercrop TCPVDR 3.41 0.48 3.53 0.62 3.97 0.63 3.95 0.88 3.72
SCPVDR 2.90 0.29 2.80 0.50 2.99 0.60 2.59 0.54 2.82

N means 4.40 0.83 4.98 1.28 5.22 1.19 5.20 1.45
L.S.D. (.05): G: N=NS; S=1.40; NXS=NS: PVNR vs PVDDRsl.54; TCPVDR vs SCPVDR=0.86.

_-- -D--_____0D: N=0.41: S=0.49; NXS=NS: CV=4T%

8.66

7.49

2.86

0.86

D
1.T
1.62

0.65
0.48

CV=18%,

pSee text for cropping system symbology. 
Harvested as snapbeans at 56 days after planting.
§Harvested as mature pods at 83 days and bean yield estimated as dry pod weight x 0.8.
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Table 4. Effect of cropping system (S) and nitrogen fertilization (N) on yield of corn grain (15.5% H20), soybean seed
(13% H20), and Phaseolus vulgaris as green pods (G) or dry beans (D). Experiment IV, Clinton, 1976.

Crop Croppingt Yield
system N(Kg/ha)
(S) 0 90 180 270 S Means

--------------------------- metric tons/ha -----------------------------------

Corn (C)
" Monoculture

11

" Intercrop

TCNR 
TCDDR 
TCDR 

TCSBDR 
TCPVDR 

N means 

L.S.D. (0.05): N

8.35
8.09
8.96

6.57
7.31

7.86

= NS S = 1.39;

8.67
7.83
8.36

6.64
7.00

7.70

NXS = NS. DV = 14%

8.92
7.23
8.22

6.97
7.79

7.82

8.65
7.71
8.51

6.73
7.37

7.79

8.29

7.05

0ww

Soybeans (SB)
" Monoculture

11

" Intercrop

Snapbeans (PV)

SBDR 2.42
SBDDR 2.70

TCSBDR --

L.S.D. (0.05): N

1.06

= NS; S = 0.51;

Gt
11.79
19.24

7.13

12.72

31 Monoculture PVNR
PVDDR

Intercrop TCPVDR

N means

L.S.D. (0.05):

D§

1.88
2.09

0.65

1.54

1.19

CV = 11%

G D
13.56 1.90
17.92 2.40

7.06 0.71

12.87 1.67

G
13.33
17.14

8.70

13.06

D
1.92
2.48

0.71

1.70

G
12.89
18.12

7.63

D
1 .90
2.32

0.69

1.24

2.42
2.70

1.16

G: N = NS: S = 2.64; NXS

D: N = NS; S = 0.25; NXS

= NS; PVNR vs PVDDR=3.28.

= NS; PVNR vs PVDDR=0.21.

CV=17%

CV=24%
-- -

tSee text for cropping system symbology.

1Harvested as snapbeans at 57 days after planting.

§Harvested as mature pods at 85 days and bean yield estimated as dry pod weight x 0.8.



Table 5. Yields of fresh pods from late (August-planted) snapbeans when relay
interplanted into maturing corn (CDR or CPVDR cropping systems) as
affected by nitrogen applied to spring-planted crops (N1) and nitrogen
applied directly to beans (N2).

N1 YIELD
N2(kg/ha)

0 50 100 NI means

-- kg/ha -- --------------- metric tons/ha -------------------

Exp. I (Plymouth, 1975)t

0 3.66 7.99 7.87 6.50
84 3.32 6.58 6.90 5.60
168 3.21 7.57 7.45 6.08
252 4.45 7.36 6.89 6.23

N2 means 3.66 7.37 7.27 6.10

L.S.D. (0.05); N1 = NS; N2 = 0.93; N1 x N2 = NS. CV = 21%

Exp. II (Clinton, 1975)

0 2.31 5.55 7.73 5.20
90 1.45 5.92 4.73 4.04

135 1.63 3.88 6.22 3.91
180 3.43 5.09 7.03 5.19

N2 means 2.21 5.11 6.43 4.58

Monoculturet 7.61 8.09 12.75 9.49

L.S.D. (0.05); N1 = NS; N2 = 1.05; N1 x N2 = NS. CV = 31%

Exp. III (Plymouth, 1976)§

0 3.78 5.13 4.86 4.59
90 2.97 5.22 5.94 4.71

180 3.22 4.27 4.51 4.00
270 3.50 4.04 4.46 4.00

N2 means 3.37 4.66 4.94 4.33

L.S.D. (0.05); N1 = NS; N2 = 0.39; N1 x N2 = 0.87. CV = 20%

No monoculture check included.

+Monoculture yields not included in variance analysis.

§Yields averaged over cropping systems because effect not significant.
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Table 6. Effect of cropping system and nitrogen fertilization on relative yields
of crop components in corn-soybean and corn-snapbean intercrops and on
land equivalent ratio (LER) of the mixture.

Croppingt N rate Relative Yieldt LER§
Year (exp.) system (kg/ha)

Corn Understory Crop

1975 (I)

1l

TCSBDR 0
84
168
252

1.00
0.85
0.73
0.67

0.58
0.52
0.60
0.52

1.58
1.37
1.33
1.19

1975 (I)

II

1976 (III)
11

II

Ii

TCSBNR

TCSBDR

0
84
168
252

0
90

180
270

1.00
0.93
0.94
0.83

0.84
0.78
0.80
0.88

0.40
0.32
0.22
0.27

1.40
1.25
1.16
1.10

0.42
0.33
0.28
0.28

1.26
1.11
1.08
1.16

1976 (III) SCSBDR 0 0.90
~" ~90 0.75
180 1.00
270' 0.88

1976 (IV) TCSBDR 90 0.79
" 180 0.77
270 0.78

1976 (III) TCPVDR 0 0.65
90 0.77

180 0.83
270 0.90

0.36
0.29
0.22
0.22

1.26
1.04
1.22
1.10

0.41
0.46
0.48

1.20
1.23
1.26

0.52 (0.32)¶ 1.17 (0.97)¶
0.47 (0.32) 1.24 (1.09)
0.49 (0.31) 1.32 (1.14)
0.51 (0.35) 1.41 (1.25)

1976 (III)
II

SCPVDR 0
90

180
270

90
180
270

0.51
0.71
0.75
0.80

0.88
0.81
0.87

0.44
0.37
0.37
0.34

0.60
0.52
0.65

(0.19)
(0.26)
(0.30)
(0.22)

(0.35)
(0.37)
(0.37)

0.96
1.08
1.12
1.14

1.48
1.33
1.52

(0.70)
(0.97)
(1.05)
(1.02)

(1.23)
(1.18)
(1.25)

1976 (IV)
II

TCPVDR

tSee text for cropping system symbology.
t
TRelative yield = mean yield of interplanted species "X"/mean yield of monoculture "X"

in normal, 97-cm, rows (Tables 1-4).

§LER = summation of relative yields.

"Numbers in ( ) show relative yield and LER of Phaseolus when harvested as dry beans.
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Table 7. Leaf area duration (LAD) for monoculture corn, monoculture soybeans,
and the corn-soybean intercrop at 103 and 173 days after corn emergence
and effects of nitrogen rate and cropping pattern at 173 days. Exper-
iment I, Plymouth, 1975.

Days after LAD
Cropping corn Crop
Pattern emergence Corn (C) Soybeans (SB) C+SB

----- -- days ---------

CNR
CDR
CSBNR
CSBDR
SBNR

103
103
103
103
103

136
130
135
130

136
130
135
130

CNR
CDR
CSBNR
CSBDR
SBNR

173
173
173
173
173

37
52

125

122
174
364

136
130
172
182
125

136
130
256
304
364

LAD
Cropping Pattern

Nitrogen
rate

CNR CDR CSBNR CSBDR SBNR
C C C SB C SB SB

------------- days ----------------

0
84

168
252

98
145
148
152

99
136
147
137

107
134
147
153

132
127
101
125

101
136
143
141

211
194
150
140

357

371
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Table 8. Effects of factorially-combined soil potassium levels (K ) and nitrogen
fertilization (NR) in a corn-soybean intercrop on relative yields
(monoculture yield = 1.00),Rand equivalent ratio (LER), and area-by
time equivalent ratio(ATER). Plymouth, 1977.

NR K NR Mean
(K9/ha) s

v.low low med. high

Relative yield of corn (Rc); Tc = 127 days1/C

0
30

150

0.89 4.61) 2/

0.57(3.90)
0.67(5.69)

0.77(4.65)
0.66(4.77)
0.76(6.01)

0.65(4.01)
0.79(5.30)
0.72(5.88)

0.68(4.15)
0.68(4.91)
0.73(6.54)

0.75
0.67
0.72

K Mean
S.

0.71 0.73 0.72 0.69 0.71

Relative yields of soybeans (R ); Ts = 167 days

0
30

150

Ks MeanS

0.58(1.61)
0.62(1.72)
0.53(1.47)

0.57

0.54(1.55)
0.59(1.67)
0.47(1.34)

0.53

0.66(1.85)
0.59(1.66)
0.54(1.52)

0.60

0.63(1.91)
0.55(1.65)
0.49(1.48)

0.60
0.59
0.51

0.570.59

0
30

150

1.47
1.19
1.20

LER = Rc + R

1.32
1.25
1.23

1.31
1.38
1.26

1.31
1.23
1.22

1.35
1.26
1.23

Ks Mean 1.29 1.29

ATER = [(Rc x Tc )

1.32

= (Rs x Ts)]/Tcs3/

1.25 1.28

0
30

150

1.26
1.05
1.04

1.13
1.09
1.05

1.09

1.15
1.19
1.09

1.14

1.15
1.06
1.05

1.09

1.17
1.10
1.06

1.11K Mean
5

1.12

-/Intercrop corn

2/Absolute yield

-/Tcs = Ts.

population = 70% of monoculture check.

of intercrop, in m.t./ha, shown in ( ).
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Table 9. Effects of extractable soil phosphorus level (Ps) and nitrogen fertilization
in a corn-soybean intercrop on relative yields, land equivalent ratio (LER),
and area-by-time equivalent ratio (ATER). Plymouth, 1977.

Kg N/ha
Mono. yld.

Ps (m.t./ha)

C sBS/

Rel. yld. in
(Mono. =

CY

intercrop
1.00)

SB

LER ATER

0 v.low 4.08 1.46 1.00 0.95 1.95 1.71

0 high 5.94 3.01 0.70 0.63 1.33 1.16

150 v.low 4.45 1.46 0.62 0.94 1.56 1.41

150 high 8.99 3.01 0.73 0.49 1.22 1.05

/ No nitrogen applied to monoculture soybeans

/ Corn population in intercrop = 70% of monoculture.
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Fig. 1. Cross section of row arrangements used to compare intercrops
with monocultures (W = wheel tracks for all cultural operations
done with tractor).
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Fig. 2. Crop sequence used in four intercropping experiments. Left
and right margins show planting and harvesting dates, respectively.
Plant populations in 1000's/ha shown in ( ). Days between
arrows show frost-free season. Snapbeans harvested as green
pods (solid line) or dry beans (broken line).
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planting patterns)and by interplanted understory soybeans
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ROLE OF LEGUMES IN INTERCROPPING SYSTEMS

RAJAT DE
Division of Agronomy,
Indian Agricultural Research Institute,
New Delhi, India

ABSTRACT

Intercropping is an age old practice of. the traditional
systems of agriculture in the under-developed parts of the
world. proper management of the intercropping systems
could play a determinant role in making a success of these
systems. Choice of crops which have to be grown in an
intercropping system plays a vital role in this regard.
Growing crops of dissimilar growth patterns, such that the
peak periods of growth do not coincide would ensure optimum
productivity of the two crops growing in association. For
long duration crops with initial slow growth rate, solar
energy utilisation can be optimised by inter-planting
a quick maturing legume crop. For crops which have initial
fast growth rate like pearl millet, and cowpea or mung,
staggering their time of planting avoids mutual competition.
Changing the planting geometry may avoid shading. Keeping
the plant population constant and altering row orientation
for paired or trebled row plantings offers more space for
accommodating the companion crops. Both under dryland
and irrigated systems greater water use efficiency of
intercropping systems has been recorded.

Legume intercrops often increase the total nitrogen
removal by the non-legume associate. Intercropping systems
involving legumes also increased the productivity of
subsequent crops. The extent and mechanisms of these
benefits need quantification.

ROLE OF LEGUMES IN INTERCDOPPING SYSTEMS

As biological producers of protein the legumes
are considerabl" more efficient than animals. The vast
majority of the peasant farmers in the tropical parts of the
world grow the grain legumes in comparatively less endowed
lands or as subsidiary crops interplanted in cereals. The
grain legumes form the main source of protein in the diet
of the poorer sections of the population since the animal
proteins are not only expensive but also in short supply. With
the advent of the high yielding cereal improvement programme
from the mid-sixties cultivated areas normally planted to
grain legumes have been diverted to cereal production.
Consequently the area under food legumes has been constantly
shrinking. With a view to rehabilitating the production of
legumes to its earlier levels attempts are being made to
fit in food legumes as catch crops (in the intervening
period between two dominant cereal crops) or as intercrops
with cereals or with other non-legumes. 

j/ Head, Division of Agronomy, Indian Agricultural Research
Institute, New Delhi-110012, INDI A.
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Intercropping which implies growing two or more
crops simultaneously in the Same area in rows of definite
geometrical pattern or mixed cropping (growing two dissimilar
crops simultaneously without any row arrangement) are age old
practices in the tropical parts of the world. These
practices aim at:-

i) insurance against total crop failures under
abarrent weather conditions or pest epidemics,

ii) increased total productivity per unit land area,
and

iii) equitable and judicious utilization of land
resources and farming inputs, including labour.

Traditional practice consists of either broadcasting
the seed of two or more crops together, or sowing a few lines
of companion crops between the rows of the base crop. One
obvious limitation of these mixtures is the reduced population
of both the crops and their productivity except when
interaction exists between the different components (Willey,
1979). With the availability of crop cultivars of varying
duration or growth rhythm, appropriate plant protection
technology and fertilizer practices, the aim of intercropping
is currently to augment the total productivity of an unit
land area in an unit time. This is necessitated because of
small holdings of the peasant farmers and the large populations
they have to support.

For increasing the productivity of intercropping systems
it is necessary that the management practices be oriented
to make the system efficient. Some of the factors which
affect the productivity of intercropping systems are discussed
hereunder.

1. Crop compatibility

When two different crops are to be grown together
it is essential to ensure that the peak periods of growth Rf
the two crop species do not overlap. Crops of varying
maturity durations need be chosen such that a quick maturing
crop completes its life cycle before the grand period of
growth of the other crop starts (Saxena, 1972). Schematically,
it can be depicted as in figure 1. In this example, the
base crop does not start its grand period of growth before 60
days within which time the component crop matures.

0

i ,__ (a)

(b)h /

a I/

30 60 90 120

Days after sowing

Fi.1. Schematic diagram showing the difference in the growth
pattern of two crops growing in association (a)
long duration (b) short duration crop,
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Sugarcane is an initially slow growing crop for the
first 80 to 90 days. Since sugarcane is generally planted
in rows 1 metre apart, considerable land area remains vacant
for these three months. The incident diffused solar radiation
measured by a pyrheliometer at the ground surface in a
sugarcane field which was grown alone and intercropped with
green gram, cowpea and dwarf castor (Ganguly, B. and De, R.,
unpublished) is presented in Table 1.

Table 1. Incident diffused solar radiation at the ground
surface of various intercropping systems with
sugarcane

Cropping Incident diffused solar radiation, cal.cm day-1
systems

60 70 95

Fallow land 594(100) 631(100) 342(100)
(near cropped
area)

Sugarcane 574(96) 518(82) 247(69)
alone

Sugarcane + 565(94) 380(60) 227(66)
mung

Sugarcane + 453(76) 357(57) 198(58)
cowpea

Sugarcane + 463(78) 304(48) 202(59)
castor

Figures in parenthesis denote the percentage radiation
incident on fallow land

At the end of 70 day period the proportion of incident
solar radiation of that received on bare ground was 82 per cent
in a crop of sugarcane grown alone while intercrops of mung
(Viqna radiata), cowpea (V. unquiculata) and castor (Ricinus
communis) reduced this vaTue to 60, 57 and 48 per cent,
respectively, indicating a better utilization of solar energy
by the crop combinations. Sugarcane, therefore, is an example
in which short duration crops maturing in 80-90 days can be
easily fitted in as intercrops.

For a crop like sorghum the companion crops of mung,
cowpea or groundnut (Arachis hypoqea) did not compete with the
cereal. All the companion legumes increased the sorghum yield
but statistical significance was noted only when sorghum was
intercropped with cowpea grain or fodder [Table 2)
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Table 2. Yield of sorghum and legume intercrops
(Data: Waghmare, A.B. and Singh, S.P.)

Cropping system Grain yield (kg/ha) LER
Sorghum Intercrop

Sorghum 3090 - 1.00

Sorghum + mung 3320 340 1.1I

Sorghum + groundnut 3290 460 1.;l

Sorghum + cowpea (grain) 3450 450 1.14

Sorghum + cowpea (fodder) 3790 19.4 -

C.D. (P=0.05) 250

J/ Cowpea fodder yield expressed in tonnes/hectare

The level of the productivity of two crops growing
together in an intercropping system would obviously depend upon
the competitive pressure exerted by one crop on the other.
Even if two crops have the same maturity duration, the
influence of this pressure (Willey and Osiru, 1972) would
depend upon the dominant or dominated crop. For example,
when sorghum was intercropped with groundnut an yield
advantage in sorghum was noted (Bodade, 1964). But when
sorghum was intercropped with soybean, an yield depression
in sorghum occurred (Mohta and De, unpublished). Although
the groundnut and soybean are of similar maturity duration
as sorghum, the bunch type groundnut exerted less competitive
pressure on sorghum than soybean when sown in a normally
planted sorghum crop (Table 3).

Table 3. Seed yield and Land Equivalent Ratio (LER) of
sorghum-soybean intercropping system

Cropping system Seed yield (kg/ha) LER
Sorghum Soyb san

Sorghunm 45 cm rows 2380 - 1.00

Sorghum 60 cm rows 2180 - 1.00

Sorghum + soybean 1:1 2060 950 1.26
alternate rows 30 cm

Sorghum 90 cm rows + 1 1830 1500 1.35
row of soybean

Soybean 45 cm rows - 2960 1.00

1/ Sorghum plant population 1,80,000 per hectare



For the maize crop mung, cowpea, soybean and black gram
(V. munqo) have been reported to be compatible and do not
compete with the maize plant to affect the yield of maize when
grown in association as additive crops in normally sown maize
at 60 to 75 cm row distances at population pressure of
65,000 maize plants per hectare (Table 4). Mung, cowpea and

Table 4. Grain yield of maize and companion crops in
an intercropping system (Data: Das, S.K. and
Mathur, B.P.)

Cropping system Grain yield (kq/ha) LER
Maize Companion

crop

Maize aldrne 3130 - 1.00

Maize + groundnut 3150 440 1.15

Maize + mung 3570 260 1.22

Maize + cowpea 3580 310 1.24

Maize + black gram 3690 480 L.33

C.D. (P=0.05) 330

blackgram significantly increased not only the yield of maize
growing in association but also the LER. While groundnut
intercropping did not alter maize yield the LER in maize +
groundnut system was increased by 15 per cent.

Pearl millet is a quick tillering and fast growing
crop which attains full canopy development to cover the
ground within 30 to 45 days of seedling establishment. It
has been noted that the yield of pearl millet does not suffer in
association with groundnut, blaek gram, guar bean (Cyamopsis
tetrsoanoloba) or castor bean. But the yield of companion crops
are drastically reduced.

A modification in the planting system (De et al.
1978) of pearl millet may be conducive to increasing the yield
of the legume associate without materially affecting the yield
of the base crop of pearl millet. The situation is different
when pearl millet is planted with pigeon pea in alternate rows
as is the common practice in the Indian sub-continent. Although
planted simultaneously, pigeonpea makes very little growth
till the harvest of pearlmillet. Thereafter pigeon pea crop
picks up growth and gives a good yield. While pearl millet
is harvested in 110 days the pigeon pea takes another 100 days
to mature.

For an initially slow growing crop like cotton,
short duration and fast maturing crops of mung, blackgram,
groundnut or guarbean would appear to be compatible comppanjQn
crops but there are Varirble. reports on the effects of
intercTopping cotton with these crops. While Rao and Murthy
(1965) reported a significant decrease in the cotton yield.
when intercropped with groundnut, cowpea or mung, an yield
increase in cotton was reported (Kairon et al.) 1975) by
intercropping with mung in a 1:1 row arrangement with cotton.
Even though the yield of cotton was reduced in some cases the
total productivity of a unit area of land was much higher
when this crop was grown in association with grain or fodder
legumes.
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Pigeonpea is yet another crop with an initialjgrowth.
Quick maturing companion crops like blackgram, cowpea, or
soybean (Saraf et al., 1975) can-be grown with it. Maintaining
an optimum ratio of 1:1 or 1:2 rows of pigeonpea and mung at
25 or 37.5 cm row distances, Giri and De (1978) reported a
high productivity of the system. An increase of upto 39 per
cent LER was noted in this system (Table 5). Black gram is
not a suitable crop for intertropping with piieonp4e under
dryland conditions

Table 5. Yield of pigeon pea intercropped with mung
or black gram (kg/ha)

Cropping system Pigeonpea Interorop LER

Piqeonpea rows 50 cm apart

Sole crop 1320 - 1.00

With mung (1:1 rows) 1190 620 1.39

With blackgram (1:1 rows) 1050 300 1.02

Pigeonpea rows 75 cm apart

Sole crop 1430 - 1.00

With mung (1:2 rows) 1030 680 1.29

With blackgram (1:2 rows) 830 310 0.86

Spatial arrangement

Sowing of crops in normally recommended uniform row
distances at times affords little or no opportunity for
accommodating a companion crop. On the other hand, a modification
6f the planting geometry could make intercropping not only
feasible but often remunerative. Keeping the plant population
per unit area of the base crop constant, no deviation in its
yield was noted by altering the spatial arrangement of the
rows (De et al., 1978). Maintaining a constant plant population
of 1,80,000 sorghum plants per hectare, no difference in
yield was observed by paired row planting ie. 2 rows planted
30 cm apart and two such pairs placed 60 or 90 cm apart when
compared to normal sorghum rows of 45 cm (Table 6). Modified
system affords better solar energy harvest in the spaces
between any two pairs of rows. Planting soybean in the
90 cm sorghum row increased the land productivity by 35 per
cent (Table 3).
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Table 6. Planting geometry at constant plant population
on the grain yield of sorghum (kg/ha);'

- _- . -_ - -_ -e -_- .*- *- .- *- *.- *e- »- *- .- -- e-- e .-*- - e -e »-~-. .* '- '- * * ·

Planting pattern Grain yield

Uniform rows 45 cm 4410

Uniform rows 60 cm (1 row intercrop) 4220

Paired rows 30-30-60-30-30 cm (i row intercrop) 4370

Paired row 30-30-60-30-30 cm (2 row intercrop) 4280

Paired row 30-30-90-30-30 cm (2 row intercrop) 4340

1/ Average of 20 experiments 1974-1977

Mohta and De experimented with maize soybean inter-
cropping system for different planting geometries for the
years 1970 to 1974. It was noted that by maintaining a plant
population of 65,000 plants per hectare, no difference in
maize yield occurred whether the rows were placed 60 or 120
cm apart. In the intervening spaces of 120 cm, three rows
of soybean were grown which increased the LER by 54 per cent
(Table 7). Plant population rather than planting geometry
had thus a determinant role on the yielding ability of the
crops.

Table 7. Seed yield and Land Equivalent Ratio (LER) of
maize-soybean intercropping systemn

Cropping system Seed yield (kq/ha) LER
Maize Soybean

Maize-/60 cm rows 2370 - 1.00

Maize 120 cm rows 2410 - 1.02

Maize 120 cm rows + 2320 1310 1.54
3 rows of soybean

Soybean 45 cm rows - 2340 1.00

J/ Maize plant population 65,000 per hectare

Planting time and technique

Adjusting planting time is an important criterion in
avoiding competition between two crops which have the same
growth habit, i.e. similar growth rates in time and space.
Staggering planting time in such a way that the peak periods
of growth of two crops do not overlap helps in realising
the yield potential of both the crops. This could sometimes
be achieved by changing the planting time and technique of
the two crops. De et al. (1978) reported that the yield of
mung in an intercropping system with pearl millet was considera-
bly increased by delaying the planting of pearl millet
(Table 8).
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Table 8. Yield of pearl millet and mung intercroo as
affected by planting date and technique

_. ._. _, _ . _ . _, _, _ _ _ . _ . _ . _ . _ . _ . , _ . _ . * _ .

Cropping system Grain yield (kg/ha)

Pearl millet Mung-J

50 cm row planting pearl millet

Direct seeded, 9 July 2460

Tryhlp-row planting penrl millet

30/90 c -

Direct seeded, 9 July 2680 200

Transplanted, 29 July 2400 490

J/ mung seeded on 9 July

2/ treble row planting 30/90 cm means 3 rows of pearl millet
30 cm apart; 2 such 3-row blocks 90 cm apart.

This was achieved by sowing a seedling nursery of pearl
millet at the same time as the sowing of mung crop in the field
in the second week of July. After 20 days, pearl millet
seedlings were transplanted in munq rows in the Space earlier
earmarked for this purpose. This modified system of
intercropping was much more productive than planting both the
crops together. It is a common practice in some parts of India
to sow guarbean or mung crop at least two to three weeks prior
to planting of cotton as an intercrop. NormaL yields of both
the crops were thereby harvested.

Fertilizer management

When crops of dissimilar nutrient requirement are
grown together it sometimes becomes operationally difficult
to meet the needs of the two crops simultaneously. A cereal-
legume intercropping system is a case in p&lnt where heavy
nitrogen fertilization of the cereal is often not conducive
to tho growth of the legume component.

A change in the N management for the cereal crop
can, however, make the system viable and more productive.
A basal application of 40 kg N and the required quantities
of other nutrients at or before planting in the Whole field
would meet the requirement of the cereal for tnh first 30
days and. at the same time: act as a starter nutrJent for the
legume. In this one month period the legume crop enters
the active nodule formation stage. Top dressing of nitrogen
fertilizer thereafter close to the cereal rows (preferably
placement 5 to 8 cm below the soil surface) benefits the
cereal crop without affecting the productivity of the legunes.
Legume yields are often increased by N fertilization as
are the cereal yields. At 0 level of N fertilization the
percentage increase in the yield of maize by growing legumes
in association was much higher than when the intercrops were
grown at 120 kg N/ha (Table 9). It appears to be an evidence
for current transfer of N from the associated legume to the
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non-legume crop. wVnether the benefit noted is only from
nitrogen enhancement of the soil medium or is a resultant of
other factors, needs investigation.

Table 9. Grain yield of maize and intercrops grown at different
rates of N fertilization

_ * *- .^ _- .- _- * * _ * _ . _ ._ . _, _ _ . * _ . _ . _ . *_._- .~ _- *_~ *_* *~ _ * _ * _ P _* _·

Cropping Rates of N (kg/ha)

0 40 80 120

kilogram per hectare

Maize alone 1650 2190 2530 2890

Maize + bladkc 2130(680) 2590(720) 2790(690) 3150(600)
gram

Maize + mung 2060(260) 2500(280) 2950(230) 3130(220)

Maize + cowpea 1970(430) 2510(440) 2760(420) 3090(360)

Figures in parenthesis denote the yield of intercrops

That the benefit derived by the non-legume arises
partly from the current nitrogen transfer from the legume
associate would be apparent from the N-yield values in maize
and sorghum (Table 10) grown in association with various
legumes.

Table 10. Nitrogen yield (kg/N/ha) in maize and sorghum grown
in intercropping systems with different grain legumes

Intercropping systems Nitrogen yield (kg N/ha)
Maize Sorghum

Cereal alone 90,2 123

Cereal + groundnut 94.9 131

Cereal + mung 99.1 126

Cereal + cowpea 98.3 143

Cereal + black gram 100.7 142

The additional nitrogen harvested in maize ranged
between 4.7 and 10.5 kg N/ha the highest amount having been
derived from black gram association. The enhancement in nitrogen
yield in sorghum ranged between 3 and 20 kg N/ha from various
legume associations. The highest benefit coming from cowpea
and black gram.

Whether the legume influence is of contemporary nature
or that the effect is carried forward to the next crop growing
in sequence was investigated. After the harvest of the maize
and sorghum intercrops with legumes, all the above ground
residues were removed and seeded to wheat after necessary land
preparation. Each of the former intercropping system main
plots was divided into 3 sub-plots and fertilized with 0, 50
and 100 kg N/ha.

.81



Black gram intercropped either with maize or sorghum
benefitted wheat yield irrespective of the rates of nitrogen
applied to wheat crops (Tables 11 and 12). Intercropping with
maize also benefitted the sequential crop of wheat though the
increase in wheat yield was statistically significant only
after sorghum + mung intercropping system.

Table 11. Effect of preceding intercropping systems and
nitrogen fertilization on the grain yield of
wheat (kg/ha)

Preceding intercropping lea to wheat Mean
systems 0 50 100

Maize alone 2520 4270 5450 4080

Maize + groundnut 2280 4520 5600 4130

Maize + mung 2459 4770 5650 4290

Maize + cowpea 2430 4720 5470 4210

Maize + black gram 2900 5080 5690 4560

C.D. (P = 0.05) 290

Table 12. Effect of preceding intercropping systems and
nitrogen fertilization on the grain yield of wheat
(kg/ha)

Preceding intercropping Rates of N (kg/ha) applied Mean
systems to wheat

0 50 100

Sorghum 1610 4110 5250 3660

Sorghum + groundnut 1470 4200 5690 3790

Sorghum + mung 2130 4420 5920 4150

Sorghum + cowpea 1780 3910 5570 3750

Sorghum + black gram 2280 4540 5910 4250

C.D. (P = 0.05) 290

Water balance

For crops grown under dryland conditions the quantity
of water stored in the profile or that received from rainfall
remaining constant, it would be expected that the water use
efficiency of intercrop system would be better than a sole
crop. In the years 1974 and 1975 De et al. (1978) grew maize
alone and in intercropping system with soybean and mung.
The WIE was 10.3 for maize pure. It increased to 16.8 and
19,4 in intercropping systems with soybean and mung,
respectively.
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Ganguly and De (unpublished) found that wiile the CU
of irrigated sugarcane alone was 1094 mm, that of sugarcane
plus mung or cowpea was 1104 mm and 1190 mm, respectively.
The corresponding water use efficiency values were 64.4, 67.4
and 60.9 (Table 13). Lowest WIUE was noted in a sugarcane-
castor intercropping since the castor crop completely shaded
the sugarcane and drastically reduced its yiel.l 

Table 13. Yield, total Water uSecland water use efficiency
of different intercropping systems with sugarcane

- *- *.* _, -,- - - _ _ * _ _ _-**. ._ _ * __, *_ · _ _ ·- X_- _ O_

Cropping system Yield of crops Total WUE -IJE 2
. k/ha k _ . water Sugar- Biomass/

Sugarcane Inter- USe cane

x 102 crop (M0")

Sugarcane alone 704 - 1090 64.5 21.9

Sugarcane + mung 742 192 1100 67.4 22.7

Sugarcane + cowpea 723 110 1190 60.9 20.5

Sugarcane + castor 655 484 1240 53.0 18.7

i/ The crops were irrigated at 0.65 -bar soil moisture tension
measured at 23 Cn soil depth.

2/ Biomass includes dry weight of sugarcane and the
intercrops.

From the foregoing it will be evident that the legumes
often play a decisive and beneficial role in intercropping
systems with non-legumes (at times with other legumes) when
the system is managed in a way thatneither component in the
system is least subject to environmental stresses. Modifying
the planting time, pattern or geometry is one way of reducing
the ill effects of mutual competition. So is the management
of nutrients and soil moisture. Success or othezwise will thus
be governed by the agronomic management practices followed.

That the legumes often benefit the non-legume
component growing in association is evident from several
experiments reported in this paper. 'There such a benefit
was not discernible the total productivity of the land as
measured by LER was still higher than the sole cropping. In
any case the legume, non-legume association recorded their
benefitial role on total crop productivity whether through
an increase in total population per unit of land /iFisher,
1977) or through a current transfer of nutrients 'mostly
nitrogen) to the non-legume component. An increase in the
bicarbonate extractable soil phosphorus
and in alkaline permniate extractable nitrogen (Sahu
and Behera, 1972) follbwing a legume have been reported.
Vihether or not a current transfer of nutrients occurs in a
legume intercropping system may have to be resolved by using
more determinate methods using tracer technology. Experiments
may have to be designed to monitor the nutrient and hydrological
changes that occur currently or in a sequential system when
legume intercropping-is practised under field conditions.
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DINITROGEN FIXATION BY LEGUMES
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Abstract

The purpose of this review paper is to present some of the more

recent developments for estimating biological !12 fixation in agricultural

systems using 15N independent of labelling the tN2 substrate. The amount

of N2 fixed by a legume crop under field conditions can be estimated from

A., values of a legume and a non-N2-fixing crop. 15N-labelled fertilizer

may b2 applied at a low rate to the legume crop in order to not interfere

with 112 fixation and at a normal rate to the non-N2-fixing crop to insure

adequate plant growth under a very low soil N conditions. then the same

rate of 15N labelled fertilizer is applied to both crops, the N!2 fixed is

determined as the 15N excess of legume/15N excess of non-"2-fixing crop.

The acetylene reduction assay has been used to estimate N2 fixation for a

wide range of systems. This assay is a short-term kinetic measurement that

requires several samplings to estimate N2 fixation over a growing season.

Quantitative estimates of N2 fixation are complicated by large coefficients

of variation and the need to calibrate the results with 15 i controls or

Kjeldahl N.

The 15N natural abundance of soil and plant materials have given

promising results as estimators of N2 fixation of legumes.

Ir:TRODUCTION

N is provided to legumes both by 112 fixation and assimilation of

soil Ni. Assessment of H2 fixation is necessary in order to evaluate

the effects of specific interactions between legume host, Rhizobium

and the environment. The measurement of biological t12 fixation is of

Department of Soil Science, University of linnesota, St. Paul, rill 55108.
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considerable importance and can be determined by various methods. De-

tection of nitrogen changes in natural systems in the field is difficult

and requires precise and accurate measuring techniques.

Various modifications of the Kjeldahl digestion method-give gross

measurements but are not sufficiently sensitive and accurate to measure

small changes in N2 fixation. Weber (1966) used nodulatino (nod) and

nonnodulating (nonnod) soybean isolines to measure symbiotic N!2 fixation.

Symbiotically fixed N (84 kg N/ha) was determined at the end of the

growing season by subtracting that produced by the seed and dry matter

of the nonnod line from that produced by the nod line. Ham et al. (1975)

used similar techniques to determine N2 fixation (80 kg M/ha) and to

measure the influence of fertilizer N sources on H!2 fixation. These pro-

cedures assume that the nod and nonnod'isolines remove similar amounts of

soil N.

Hardy and Holsten (1977) reported that using the difference in total

N between inoculated and uninoculated plants or the difference in total I!

between nonnodulating and nodulating isolines of the same legume under-

estimates N2 fixation since the plant that can fix 12 utilizes less soil N

than the plant that can use only soil N1.

The acetylene reduction method for measuring biological N2 fixation

arose from the independent observations of Dilworth (1966) and Schollhorn

and Burris (1966) that nitrogenase preparations reduced acetylene to

ethylene. Gas-liquid chromatography with a flame ionization detector

was used as the assay technique and provided speed and sensitivity. Hardy

(1968) described application of the method to various test systems. The

reliability of acetylene reduction as an indicator of nitroqenase activity

and N2 fixation has been established for a wide range of biological systems

(Hardy, et al. 1973). The proper conversion factor must be used to express

acetylene reduction in terms of potential biological 1!2 fixation. The

conversion factor of 1/3 rl2 reduced per acetylene reduced is based on the

fact that acetylene reduction is a 2 electron and N!2 reduction is a 6

electron transfer. Experimentally, a value of 1/3 is seldom found. Quanti-

tative values for N2 fixation should not be based on acetylene reduction

alone. Despite the warnings of Burris (1974) very few comparisons of the

acetylene reduction technique and 15N2 reduction methods have been reported.
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The use of the stable isotope 15F1 increased the sensitivity of I.

determinations. The 15N-enriched N2 technique was first used during the

1940's as a definitive test to prove that N2 fixation had occurred in the

laboratory or greenhouse (Burris, et al., 1943). A !'2 fixing system was

exposed to 15N2 for a specified time and if 15NH3 or derivitives thereof

were found in the system, N2 fixation was presumed. Bremner (1977) dis-

cussed the assumptions and problems in nitrogen tracer research on 1!2 fixation.

Fried and Broeshart (1975) used simultaneous determinations of the

'AN' values by the legume and a non-nodulating crop using 15?!-labelled

nitrogen fertilizer to quantitatively estimate the amount of nitrogen

symbiotically fixed by legume crops growing under field conditions. The

fertilizer was applied at a low rate to the legume crop to avoid interference

with nodulation and N2 fixation but was applied at a higher rate to the non-

nodulating crop. The 'A' value for the nodulating soybeans represented

soil and fixed nitrogen while the 'A' value for the non-nodulating soybean

reflected only soil nitrogen. The amount of symbiotically fixed nitrogen

expressed in kg N/ha was calculated by multiplying the difference in 'A'

value between the legume and the non-nodulating crop by percentage utiliza-

tion of fertilizer nitrogen by the nodulating legume crop.

The 'A' value approach gives an integrated value of N2 fixation over the

entire growing season based on the assumption that a plant confronted by two

sources of a nutrient will take up the nutrient in proportion to the amount

available from each source. The acetylene-reduction technique estimates

N2 fixation at a point in time and requires periodic measurements to estimate

N2 fixation over the season (Hardy, et al., 1968).

Phillips and Bennett (1978) compared the 15M A-value technique and

the acetylene reduction method for their accuracy in determining symbiotic

N2 fixation of Trifolium subterraneum. The 15N A-value technique for estimating

symbiotic N2 fixation was more powerful than the acetylene reduction tech-

nique for discriminating between the effects of management schemes on

symbiotic N2 fixation under the same conditions.

Williams et al., (1977) compared two methods of assessing N2 fixation:

1) total N differences of tops of a 12-fixing legume subterranean clover

(Trifolium subterraneum) and a non-fixing grass soft chess grass (Bromus

molis) and 2) A-values determined from 15N applications to the same crops.
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The relation between the two methods was strongly linear; fixation (kg/ha)

by the A-value method = 50.1 + 0.852 N2 fixation by difference (r = 0.98,

n = 15). As a result previous values cited for N2 fixation measured by

the difference method for winter annual legumes in California may have

been underestimated by about 40%.

Ham (1978) evaluated Kjeldahl N procedures, the acetylene reduction

assay and the ' 15AN ' technique as estimators of N2 fixation values for

the Kjeldahl N procedures (difference between nodulating and nonnodulating

soybean isolines) and the acetylene reduction assay were lower than the

' 15NA ' value.

Rennie, et al. (1976) suggested using the differences in 15! natural

abundance of soil, legume and air samples to estimate symbiotic nitrogen

under field conditions. They reported 15N values of 7.4 + 2.0, 4.2 + 0.5

and 1.6 + 0.5 for total soil N, barley grain and faba bean grain, respectively.

Shearer and Kohl (1978) reported that isotope ratio measurements

(15N/14N) on 139 soils from 20 states across the U.S. indicated that most

soils are slightly, but significantly more enriched in 151 than is atmospheric

N2. The 15N contents of N2-fixing plants from several sites were generally

lower than the values of adjacent non-r2 fixing plants.

Amarger (1979) used variations in natural abundance of 15M! to estimate

N2 fixation of soybeans. Their results showed that the isotopic composition

was dependent on the amount of N2 fixed and estimates of N2 fixation based on

natural 15N abundance should be reliable. The absence of correlation between

estimates based on 15N content and estimates based on nr yield was explained

by differences in the uptake of soil N between inoculated and uninoculated

soybeans.

Kohl, et al., (1979) reported that the 15N abundance method of estimating

symbiotic 12 fixation compared favorably with the N yield method (total !. of

nodulating plant - total N of nonnodulating plant). The 15N content of all

leaves (upper plus lower) best represented that of the entire plant over

the largest portion of the growing season. Differences between nodulating

and nonnodulating soybean isolines in 1% and 15N abundance were in the

expected direction and statistically significant in most cases.

The research summarized in this paper is specifically concerned with

the use of 15N-labelled fertilizer as a measure of t12 fixation and a compari-
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son of this technique with other methods of measuring N2 fixation (acetylene

reducation assay, nodulating-non-nodulating soybean isolines and Kjeldahl

nitrogen) under field conditions.

MATERIALS AND METHODS

Clay cultivar soybeans and a non-nodulating soybean line developed

from Clay were grown at Rosemount, ,IN. in 1973-1976 on a Waukegan silt loam

soil (Typic Hapludoll). Non-nodulating soybeans had been used previously

to estimate N2 fixation of soybeans (Weber, 1966) since uninoculated, nodula-

ting soybeans become nodulated by the indigenous Rhizobium japonicum present

in the soil from previous soybean crops (Ham, et al., 1971).

The experimental design was a randomized complete block design with

10 treatments and 6 replications. Soybean seeds were sown at the rate of

75 kg ha. The final stand averaged about 20 plants/metre of row. Each

plot consisted of 5 rows, 10 metres long in 45 cm row spacing. Labelled

fertilizers (15N) were applied to a sub-lot 2 metres long and 90 cm wide.

The centre one metre of row of the sub-plot treated with labelled fertilizer

was enclosed with wire netting before any leaves dropped and the sample was

harvested at maturity for 15[- analysis. Seed yield measurements were from

the remainder of the plot leaving 50 cm of rows 2,3 and 4 at each end and

all of rows 1 and 5 for border area separating plots. Plant samples collected

from the labelled sub-plots at maturity were separated into leaves, stem,

seed, and husks and finely ground.

Acetylene reduction was measured on intact soil cores 10 cm in diameter

and 15 cm deep at 7-10 day intervals using the general procedures outlined

by Hardy et al. (1968). Shaking or washing the soil from the roots was

not satisfactory for these soils. Within 10 minutes of sampling the soil core

containing the nodules was sealed in a 3.78 litre glass container with a lid

containing a rubber serum stopper. Acetylene was added to give 10% by

volume after an equivalent amount of air was removed from the container.

A sample was withdrawn from the incubation mixture after 60 minutes and

placed in a vacuum tube in the field and analysed later for ethylene by

by gas-chromatography in the laboratory. Acetylene was used as an internal

standard to check for gas losses. Then nndule samples were separated from

the roots by washing, counted and weighed. ; 
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RESULTS AND DISCUSSION

Based on the total N content of nod-nonnod soybean isolines. 55 kg N/ha

was fixed symbiotically by field-grown soybeans in 1973 (Table 1). The

ratio of C2H2:N2 reduced was 3.4 opposed to the theoretical value of 3.0.

We must use non-nodulating soybeans to measure soil nitrogen since uninoculated

nodulating soybeans become nodulated by R. japonicum present in the soil

from previous soybean crops (Ham, et al., 1971). Sundara Rao (1971) used

lucerne and wheat to estimate 112 fixation while Bell and Nutman (1971) used

ryegrass and lucerne. The 'difference' N2 fixation value is the nitrogen

in the nonnod subtracted from the nitrogen in the nod plant. If nitrogen

fertilizer was added, the nitrogen derived from fertilizer (NDFF) was also

subtracted. Per cent NDFF is (%15i excess in plant sample/%15H excess in

fertilizer) X 100. As a result, the nod isoline (symbiotic nitrogen + soil

nitrogen + fertilizer nitrogen) less the nonnod isoline (soil nitrogen)

less NDFF (fertilizer nitrogen) estimates symbiotic 12 fixation.

All nitrogen additions reduced N2 fixation significantly. Fertilizer

recovery was the same (13 kg N/ha) for the nod and nonnod isolines when

30 kg N/ha was applied. When 100 kg N/ha was applied the nod isoline

recovered significantly more nitrogen than did the nonnod isoline (54

and 39 kg N/ha).

The data in Tables II-V illustrate the same measurements over different

experiments and years. The ratio of C2H2:N2 reduced was 3.6, 4.1, 4.4 and

3.7 for Tables II-V, respectively. The difference N2 fixation values based

on Kjeldahl N are lower than the 151N values. These higher values for the

15N are probably due to the fact Lilat the !iun-iudulating isoline depletes

soil N more than the nodulating isoline and this cannot be determined in

the Kjeldahl N measurements.

CONCLUSIONS

The 'AN' value concept provided an estimate of N2 fixation by the soybeans

that was somewhat higher than acetylene reduction measurements made weekly

and the Kjeldahl N measurements. The acetylene-reduction technioue estimates

N2 fixation at the given point in time when sampled, whereas the 'A..' procedure

allows for the adequate fertilization of the non-nodulating crop resulting in

a normal crop rather than a N-deficient one. The procedure requires only
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two. treatments of 15N-labelled N fertilizer, one on the nodulated legume

and the other on a suitable control crop (non-nodulating legume or non-legume).

The rate of N fertilizer applied on the two crops can be different (the

rate of N applied to the legume should be low enough to not interfere with

the nodulation of N2 fixation but at a normal rate to the non-nodulating

crop).

OVERVIEW

Bremner (1977) pointed out that the use of 15f-tracer techniques

for research on biological N2 fixation has increased durina the past decade

and tracer techniques will likely be used more extensively during the

next decade.

N2 fixation measurements using natural 15N abundance of soil and plant

samples are beginning to emerge. The results have been quite promising,

but further evaluation is necessary before the technique is used on a

routine basis. Anarger, et al. (1979) reported that even a low-rate of

N2 fixation significantly reduced the natural abundance of 15rl in field

grown soybeans. Rennie, et al. (1978) point out in their excellent review

on concepts of using 15t! to measure Mo fixation that isotope discrimination

between 14N and 15N may be important when working at levels of natural

abundance.

The use of 15N-depleted (14N-enriched) materials may be possible to

estimate N2 fixation (Bremner, 1977). 15r-depleted materials cannot be

used to study nitrogen transformations which lead to considerable dilution

of the tracer nitrogen by natural nitrogen. Variations in the natural

abundance of 15N should be of more concern with 15N-depleted materials than

in studies using 15N-enriched materials. 1 5N-enriched materials are the

preferred method at the present time based on results to date. 112 fixation

can then be based on the ratio of 15N excess of the fixing crop/1 5rl excess

of the non fixing crop) if both the fixing and non fixing crops receive

the same N rate. If different rates of N are applied to each crop, then

the A-velue method can be used to estimate N2 fixation.

The difference method (N2 fixing crop-non-N2-fixing crop) tends to

underestimate N2 fixation since the non-N2 -fixing crop usually depletes

soil N to a lower level.
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TABLE 1. SEED YIELD, NITROGEN FERTILIZER UTILIZATION, AND N2 FIXATION
(1973, data from Ham, 1978)

BY FIELD-GROWN SOYBEANS,

Dry matter !itrooen N fixation
Treatment Seed Total Total iUDFFa Recovery Difference CHa 'A' value

(kg/ha) (kg/ha) (kg/ha) (kg/ha) (%) (kq/ha) (Rkgha) (kg/ha)

Nonnod - Control 2295 6141 154 - -

Nod - Control 2870 7011 209 - -55 48 

Mixed,top 8 cm soil

nonnod - 30N 2241 6112 172 13 44 - -

nonnod - 100N 2693 7141 197 39 39 - - -

nod, 30N 2840 7048 209 13 43 42 34 37

nod, lOON 3030 7297 245 54 54 37 323 28

a Nitrogen derived from fertilizer (151)

TABLE II. SEED YIELD, NITROGEN FERTILIZER UTILIZATION AND N2 -FIXATION BY FIELD-GROWN SOYBEANS,

(1973, data from Ham, 1978).

Dry matter Nitrogen N2 fixation
Treatment Seed Total Total NDFFa Recovery Difference CH4 'A' value

(kg/ha) (kg/ha) (kg/ha) (kg/ha) (%) (kg/ha) (Rg/ha) (kg/ha)

Control 3200 8743 257 - -

Mixed, top 8 cm soil

nod - 30N and 35P 3867 9383 314 11.3 33 86 72 99

nonnod - 10ON and 35P 3186 8558 256 42.1 42 - -

a tntrogen derived from fertilizer (15N).
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TABLE III. SEED YIELD, NITROGEN FERTILIZER UTILIZATION AND N2 FIXATION BY FIELD-GROWN SOYBEANS (1974),
data from Ham, 1978).

Dry matter Nitrogen N2 fixation
Treatment Seed Total Total NDFFa Recovery Difference CH 'A' value

(kg/ha) (kg/ha) (kg/ha) (kg/ha) (%) (kg/ha) (g7ha) (kg/ha)

Control
nonnod isoline 2406 5813 214 

nod isoline 2776 6197 191 - 64 47 

20 kg N/ha

nod isoline 2532 5810 199 644 32 68 50 79

160 kg N/ha

nonnod isoline 2622 6242 206 63.9 40 - - -
nod isoline 2589 5864 205.1 55.4 35 21 15 27

a
Nitrogen derived from fertilizer (15N)

TABLE IV. SEED YIELD, NITROGEN FERTILIZER UTILIZATION AND 12 FIXATION BY FIELD-GROWN SOYBEANS (1975,

data from Ham, 1978)

Dry matter Nitrogen N2 fixation
Treatment Seed Total Total NDFFa Recovery Difference C H 'A' value

(kg/ha) (kg/ha) (kg/ha). (kg/ha) (% (kg/ha) (Rg7ha) (kg/ha)

Control

nonnod idoline 3019 6111 114 - - -

nod isoline 3257 7186 .225 - - 131 89

160 kg N/ha

nonod isoline 2903 7520 186 61.2 38 - - -

nod isoline 3482 7627 231 52.1 33 63 43 74

160 kg N/ha

(4 splits)

nonnod isoline 2951 6994 189 70.0 44 - - -

nod isoline 3522 7461 241 57.3 36 78 53 86

a Nitrogen derived from fertilizer (15N).

TABLE V. SEED YIELD, NITROGEN FERTILIZER UTILIZATION AND N2 FIXATION BY FIELD-GROWN SOYBEANS (1976,
data from Ham, 1978)

N applied N applied N applied Dry matter Nitrogen
Soybean Starter Topdress Foliar spray Seed Total Total NDFFa Recovery
isoline (kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)(kg/ha) (kg/ha) (%)

'2 fixation
Difference CH 'A' value
(kg/ha) (Rgha)(kg/ha)

nod 0 0 0 3762 9400 27 - - 129 104

nod 20* 0 0 3764 9403 270 11 56 140 114 155

nod 20* 0 80 4503 11063 335 12 62 135 109 180

nod 80* 0 0 3830 9438 280 51 64 94 76 109

nonnod 80* 0 0 3361 9443 240 72 SO

nonnod 80* 0 80 3493 9980 247 64 80

a Nitrogen derived fron fertilizer (15N).
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USE OF ISOTOPE TECHNIQUES FOR DETERMINATION OF
ROOT ACTIVITY PATTERNS OF CROPPING SYSTEMS

M.C. DREW
Agricultural Research Council,
Letcombe Laboratory,
Wantage,
United Kingdom

Abstract

Techniques for the study of the distribution of root systems in crop

monocultures by direct examination, and by plant labelling with isotopes are

reviewed. Methods used to deduce root activity patterns by labelling the

soil with isotopes and measuring their uptake into the shoots are also given.

The extension of these techiques to the study of roots in mixed vegetation

is described.

INTRODUCTION

Numerous methods have been devised to study the distribution and

activity of crop root systems in the field [7,39]. Most of these have

been developed to determine: (a) the principal zones in the soil from

where crops extract nutrients, and the displacement of these zones with

time or season.

(b) soil conditions or agricultural practices

that may cause restricted root penetration of the soil.

(c) possible differences between varieties in

their root growth patterns that could be of agronomic importance eg. deep

rooting and drought avoidance in areas subject to seasonal water shortage.

In such studies with species grown in monoculture and maintained weed free,

the performance of the crop as a whole has been the topic of major interest.

For the purpose of sampling for quantitative measurements, roots have been

treated as a uniform component, irrespective of the individual plants in

the stand that they supply. However, competition between the roots of crops

and weeds for limited supplies of water or inorganic nutrients can sometimes

be detrimental to crop growth and yield [27,45,46,47 and references cited
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in 2]. Equally, in inter-cropping systems, the minimization of root

competition through optimal plant spacing, fertilizer placement and irrigation

need no emphasis at this meeting.

The extent to which roots of different species compete in the field

is not readily predicted, but depends upon the component in limited supply

(water or nutrient ion) and the rooting patterns of the plants concerned.

When an absorbing root creates a concentration gradient arounds it in a

uniform medium, the zone of depletion spreads radially until the zones

created by adjacent roots overlap. The rapidity with which this occurs

will depend on the mobility in soil of the nutrient ion under consideration.

From diffusion theory and from direct observation of concentrations [31],

roots in an initially uniform soil would not compete appreciably for

phosphate or potassium during a 10-day period unless they were within about

a cm of each other because of the slow diffusion of these ions in soil. When

ions are carried to root surfaces mainly by convection (mass flow)

resulting from transpiration, as is sometimes the case with nitrate,

competition may take place at 10 cm or more, commensurate with the

distances over which roots compete for water.- Competetive interactions

may take place at greater distances when water and nitrogen move down the

soil profile from the surface and are intercepted by the superficial roots

of one species to the detriment of a deeper rooted one.

Although major differences between species in the structure and

development of their root systems is under genetic control, the morphology

can be so greatly modified by soil conditions that it is not predictable

except in deep, favourable soils or under stable climates [35,46]. The

edaphic factors of interest include, soil structure (which modifies the

mechanical resistance of the soil to penetration by roots and hence

affects rooting depth and branching pattern), aeration, temperature and

nutrient supply, all of which are affected by farming practice. Root

distribution as also much influenced by the water supply, depending on

whether it is from seasonal rains or irrigation. In mixed vegetation

the distribution of roots of one species can be further modified by the

presence of other plants. Such interactions may take place simply because

of a change in edaphic factors brought about by one of the competing species.
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With soybean [34], roots extending towards the mid line between the crop

rows were found not to interpenetrate, but to turn downwards, perhaps in

response to the greater mechanical resistance to growth in the upper

horizons as the soil dried. Similarly, Weaver and Clements- [46] described

how the rooting depths of young apples was greatly increased when

interplanted with corn, the laterally growing roots of the trees turning

downwards as they approached the drier soil under the corn. In monocultures

of barley sown at different planting densities [22], the average depth of

rooting was greatest at intermediate densities possibly through root

competition for water in the topsoil [23]. Exclusion of the roots of one

species by the presence of another can sometimes be attributed to the

production of toxic exudates by roots, the decomposition products of

plant residues, or foliar leachates [35] and are important in the ecology

of arid land vegetation [11].

While progress has been made in theoretical aspects of root distribution

in relation to interspecific competition [31], little work has been

undertaken in the field to determine the root activity patterns of mixed

vegetation using modern techniques. In this paper we consider some of the

methods that have been developed in the study of root distribution and activity

of crops in monoculture and indicate thzir application to mixed crops. The

type of information obtained from each method differs widely and the choice

of the most suitable method, or combination of methods, must depend primarily

on the objectives of the investigation.

STUDIES WITH SINGLE SPECIES

Direct methods

Techniques for excavating root systems, or exposing them in the vertical

walls of pits or trenches, have been described in detail [7, 39]. Such

approaches are labour intensive and difficult to carry out with sufficient

replication for quantitative studies. The depth and extent of the major

roots can be followed unequivocally, with opportunities for good pictorial

representation of information, but the fine root members are not easily

recorded. Given the usually variability in soil and plant properties, it

is questionable how representative the information is throughout an entire

field.
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Root observation laboratories or rhizotrons suffer from the dis-

advantage that the soil in contact with the glass plates (through which

observations are made) is invariably backfilled after construction. The

deflection of roots after they come in contact with the glass plates may

give rise to unrepresentative rooting patterns. The approach has the

particular advantage of allowing continuous observation of the same

root member or soil zone and permits seasonal or adaptive changes in rooting

pattern to be followed eg. the emergence and growth of adventitious roots

after rainfall ('rain roots').

Direct sampling of roots is now mostly done by soil coring followed by

root washing [7]. This allows adequate replication, and the amounts of

root can be expressed as weight or length per unit soil volume. Root

washing is labour intensive; it is not easy to identify the current season's

roots among residues of previous plants, and fine roots may be lost in

washing. In weed-free monocultures the number of root ends crossing horizontal

faces in soil cores gives a relative measure of rooting density [12,15].

The method is sufficiently accurate to distin-uish the effects of different

degrees of cultivation on rooting depth [167 but it is clearly of limited

application. In many investigations it is Important to obtain information

on the amounts of living roots or the activity of roots, and under conditions

that are rarely weed-free, and in suchstudies techniques with isotopes

are of unique value.

Plant labelling methods

The principle is to inject or smear the plant shoots with radioactive

tracers that are translocated rapidly in the phloem into the roots. The

soil containing the roots is then sampled, usually by coring, and the

tracer is assayed at different vertical (and sometimes lateral) zones

around the injected plant. The most widely used isotopes are 32P-phosphate

[33,42] and 86Rb [37] chosen because of theirmobility within plants and

their suitable half-lives and assay procedures. Because it is a y-emitter

86 Rb can be assayed with little self-absorption in large (2 kg) samples

without prior separation of the labelled roots from the soil, but when the

content of 86Rb is small it is necessary to correct for y produced by

decay of naturally abundant 4 K. Plant labelling methods require that the
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isotope become uniformly labelled throughout all tissues in the root

system. In practice both of the above tracers become concentrated more

in the meristematic region, but the error this introduces seems to be small.

The relative distribution of 86Rb in whole root systems agrees well with

direct measurements of weight [13,15,28,41], suggesting that non-uniform

labelling, exudation of label to the soil or leakage from damaged and

decaying roots are unimportant. Furthermore, when growth is arrested in

the surface soil by desiccation, with a compensatory increase in root growth

at depth, the translocation of 86Rb per unit root weight remains uniform

[41]. On the other hand, the transport of 86Rb in the phloem is inhibited

in those parts of the root system that are invaded by root pathogens like

take-all' [9] or damaged by waterlogging [13]. The technique, therefore,

probably reflects accurately the distribution of living or active roots.

A major disadvantage of the plant labelling techniques are that they

give only the distribution of roots relative to the total, so that some

form of calibration against a direct measurement of weight or length is

necessary if absolute values are required. A further limitation is that

only a small fraction of the injected isotope translocates into the roots,

so that detection is often close to background at depths where rooting

density is small. Conditions at the leaf surface (humidity, surfactants,

carrier concentration) modify the efficiency of foliar absorption [1,24,43,

44] and improved methods are required for introducing label into root

systems via the shoots. In applying plant labelling techniques to large

woody species, several weeks may need to elapse before tracer becomes

translocated into the finer, distal roots. In one study [17] labelled roots

were removed from the soil and divided into classes on the assumption that

only those with diameters < 3 mm were concerned in nutrient absorption from

the soil, the larger diameter roots serving only in longitudinal conduction.

Labelled and unlabelled roots were then distinguished by autoradiography.

Autoradiography has also been used to visualize the spatial distribution

of roots in soil in situ. By inserting into the soil X-ray film supported

by steel backing plates the positionsof the cut ends of roots labelled
Xare

via the shoots with 32P and other P emitters/located after removal and

development of the film [4]. From knowledge of the number of roots crossing
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horizontal and vertical planes in the soil the length of roots per unit

soil volume is then calculated. The method has been used sucessfully in

the field with relatively coarse onion roots [4] but in a laboratory study

with cereals the tracer in the finer laterals could not be detected

(Drew and Saker, unpublished). The distribution of living roots in the

soil can be traced by labelling plants with 14C, labelled CO2 being supplied

to the enclosed shoot and allowed to translocate as 14C-assimilates to the

roots. Soil cores are extracted, the roots washed out, and those labelled

with 4C are distinguished by autoradiography or by Geiger-Muller counting

[14,25,38,40]. Techniques involving autoradiogrzphy or counting of

individual roots are laborious and perhaps best suited to detailed invest-

igations on a small scale.

Soil labelling methods

Despite the usefulness of precise information in the distribution of

crop roots in the soil the question arises as to their effectiveness or

,activity' in absorption. A relative measure of the ability of roots to

extract nutrients from specific zones in thesoil is obtained by injecting

a tracer into the soil at discrete locations. After allowing a period for

absorption the amount of tracer in the shoots is analysed. The injection

points are usually at different depths and different lateral distances

from the plant stem or crop row on replicate areas, so that uniformity

of the soil is important. For precise localization the tracer should not

diffuse far from the point of injection and therefore 32 p, preferably

carrier free, is most widely used [6,21,26,29,30] with 89Sr being a

satisfactory tracer for measuring calcium uptake [29]. A number of studies

have been done with tree species using these methods [22,30]. The extent

to which the tracer equilibrates with the labile pool of soil nutrients has

to be allowed for when comparing root activity at different depths. With

32p, this necessitates separate estimationon soil samples withdrawn from

all depthsof the isotopically exchangeable phosphate by procedures

that are somewhat arbitrary compared with the. conditions of isotopic

exchange that obtain in situ. A second requirement is that the method used

for injecting the soil should, not cause appreciable modification to

root distribution or activity; usually uptake of tracer is allowed to
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proceed for several weeks or months before analysis. Roots preferQir,.li

extend down cracks and worm channels where mechanical impedance is less than

in the bulk soil, and they may proliferate in zones enriched in phosphorus

and nitrogen fertilizers. These responses suggest that refilling injection

holes is important and that carrier-free tracers should be used unless a

possible fertilizer response is an integral part of the investigation.

Root activity has sometimes been inferred from the patterns of extraction

by plants of more mobile substances. Work on uptake of 1 5N-labelled

fertilizers placed at different locations in the rooting zone has been

described [5]. The neutron moisture meter can also give a rapid indication

of rooting activity at various depths in the soil when rainfall and water

movement within the soil itself are negligible [18,19].

STUDIES WITH MIXED SPECIES

Direct methods

The value of excavation in the examination of the root systems of

competing species in natural vegetation, and between crops and weeds, can

be gauged from the early work of Weaver and his associates [46]. Species

that in mixed vegetation were predominantly deep- or shallow- rooting, and

their response to soil conditions and water supply, were identified. For

example, the distribution of roots in horizons at different depths in the

tall grass prairie appeared to be a feature that reduced competition for

soil water [46]. A major limitation (in addition to those pertaining to

studies with single species described above) is the ease with which the finer

root members in a soil volume can be identified as belonging to a particular

species.

Plant labelling methods

In principle, existing methods using 32P or 86Rb to trace root

distribution should be readily adaptable to studies of mixed cropping, the

distribution of the roots of one crop at a time being determined in the

presence of the other in replicate areas. I know of no study that has

attempted this in the field. However, with plants grown in boxes of soil,

Baldwin and Tinker [3] used a double labelling technique, combined with

autoradiography in situ, to examine the patrern of interpentrating root

systems of the same and dissimilar species. The pairs of isotopes that
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were chosen were p emitters with different mz imum energies. In one

experiment 32P was injected into shoots of a row of Allium cepa planted

across the middle of the box, and 3S was injected into another row of A.

cepa planted in parallel 2 cm away. A reflecting screen between the rows

eliminated competition for light as a variable. Two days after

labelling the plants, two sets of autoradiographs were taken, one with a

'Melinex' screen to absorb 35S (to record 32p) and one without (to record

32p and 35S). The results showed that the presence of one row of plants

limited the growth in the soil beneath it of the roots of the other row;

ie, there was mutual exclusion. By contrast, when a single row of A.cepa

was planted, autoradiographs showed an almost uniform dense distribution

of roots across the box. In other experiments Allium cepa was planted in

a row parallel to either Agropyron repens, Polygonum avicularej Brassica

napus or Lolium multiflorum and labelled with 32p, the competitor being

labelled with 33P. In all cases, root and shoot growth of A. cepa were

reduced by root competition from the other species. A study of interpen-

etrating root systems of Avena sp. was carried out with 14C02 labelling

[14]. A. fallua and A.strigosa were grown in the field in microplots in

monocultures, or in mixed culture in alternate rows. In monoculture the

species showed contrasting rooting patterns, A. strigosa devloping a greater

proportion of its total root weight in the upper 20 cm, while A. fatua had

a greater proportion between 20 and 40 cm. In mixed culture, 14C labelling

revealed that the same contrasting pattern was maintained.

Soil labelling methods

Soil injection with 32P as tracer has been used to measure the ability

of plant species and varieties to compete in extracting nutrients from

different locations in the soil. Ryegrass (R), meadow fescue (F) and a

triploid hybrid (T) were established in field plots in monoculture or in

various mixtures [32]. After two years, carrier-free 32P was injected to

depths of 10, 30 and 60 cm, and measurements were made of the concentration

of isotopically exchangeable phosphate at each depth. The uptake of

32p by R and F from 60 cm depth was less when grown with T than in their

monocultures, but the~e-was a compensatory greater uptake from 10 cm. These

differences in root activity patterns were thought to account for the
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greater phosphate uptake and dry matter yield from mixed plots compared with

monocultures [48]. T in mixtures or in monoculture showed more vigorous

shoot growth than the others and extracted proportionately more phosphate

from 60 cm [32].

Root competition between a diploid and a tetraploid perennial ryegrass

cultivar was also studied by soil labelling with 32P in small outdoor

plots [20]. The phosphate uptake pattern shown by either cultivar changed

markedly depending on whether they were in monocultures or in mixtures.

In pure stands, 32 uptake by the diploid from 2.5 - 12.5 cm depths exceeded

that of the tetraploid. In mixtures, 32P uptake by the tetraploid from

this depth was greater, the diploid compensating by anincreased uptake from

12.5 - 22.5 cm depths. In mixtures the tetraploid also showed significantly

greater uptake from 32.5 - 42.5 cm depths than the diploid.

CONCLUSIONS

Root activity, as measured by tracer uptake from a given depth by

roots of competing plants is determined by many factors, and caution is

needed in interpreting the significance of the empirical data obtained, and

deciding the extent to which it provides a basis for generalization.

Genetic and edaphic factors will determine both the quantities of roots

per unit volume of soil at any location, and the proportion of those roots

that function in absorption and transport of the tracer. These aspects cannot

at present be separated in the field, although studies in controlled

environments in which root structure, function and growth are examined

together [8,10,11,30] should eventually provide a basis for generalization

about root properties. The development of root hairs and mycorrhizas will

also contribute to root competition for immobile nutrients like phosphate.

Studies of root distribution alone can provide valuable information

on the extent to which root systems of different species interpenetrate

or occupy different soil horizons. However, root distribution measured

by plant labelling, and root activity measured by soil labelling

do not necessarily coincide [26]. This may arise because roots are not

equally capable of absorption, or because soil conditions inhibit uptake;

eg. uptake of Ca (89Sr) by grassland from the top-soil varied with its soil

moisture content [29]. Furthermore, root activity determined simultaneously
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with different tracrs may show a complex pattern. Newbould et al. [29]

found that the ratio of the uptakes of phosphate to calcium varied with

soil depth and with additions of fertilizer phosphate to the surface. This

behaviour may have reflected differences in the mobility of the tracers

in the soil, or physiologically determined differences in the rates of

phosphate and calcium uptake.

The choice of technique for determination of root activity where

two species are in competition must take account of:

(a) the objectives of the study: the techniques suitable for basic

research will be different from those where monitoring of a range of soil/

crop combinations is involved;

(b) the soil component most likely to be in limiting supply; Use

of the neutron moisture meter of placement studies with SN would not be

expected to locate soil horizons where roots are competing with the same

precision as with 32, but the information might be more relevant to some

cropping systems;

(c) the feasibility in terms of labour and instrumentation.
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Abstract

Multiple cropping is a centuries-old technique of intensive farming
that has persisted in many areas of the world as a method of maximizing
land productivity per unit area per season.

One of the main advantages of multiple cropping is the better exploitation
of soil resources through the uptake of nutrients and water from different
soil depths and at different rates and times depending on the growth cycles
and root system distribution of the crops under consideration.

The evaluation of water management practices for crop systems have to be
based on following moisture changes in soil profiles while taking into consi-
deration soil physical properties and the prevailing weather conditions.
This requires the performance of very large numbers of soil moisture determinations
which are very tedious, expensive and time consuming.

The various types of portable radiation equipment now commercially available
make intensive soil moisture studies possible. The paper discusses the principles
involved as well as the advantages and limitations of using different types of
radiation equipment for measuring soil moisture contents.

1. Introduction

Multiple cropping is a centuries-old technique of intensive farming that

has persisted in many areas of the world as a method to maximize land producti-

vity per unit area per season.

With the ever growing need to achieve stable increases in the world food

supplies, a wider and more intensive use of multiple cropping offers additional

means to intensify production on the existing and potential cultivatable areas.

Gain originates in crop mixtures because either individual plants yield more

and/or higher total plant densities are possible.

Another feature of mixed cropping, is that it is primarily a system of

the small labour-intensive individual farms which predominate in the majority of

the developing countries.

Possible advantages of multiple cropping are:

i) Better insect and weed control - diseases and pests do not spread

as rapidly in mixed cultures as in pure cultures, since not all

crops involved are susceptible to the same extent to a specific

pest. In the case of many slow-growing perennial species, such as

coffee, rubber, cacao or fruit trees, interplanting of food crops

provides effective weed control and shade for seedlings.
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ii) The security of the farmers against unfavourable climatic conditions,

mainly the uncertainties of rainfall intensity and distribution in

semi-arid regions.

iii) Erosion control through plant cover most of the year.

iv) Better exploitation of soil resources through the uptake of nutrients

and water from different soil depths (when the crops in combination

have different root system distribution) and at different rates and

times depending on the growth cycles of the crops under consideration.

It is believed that the various types of portable radiation equipment for

soil moisture measurements now commercially available are very valuable tools for

agricultural research, and that they made intensive soil moisture studies possible.

The neutron moisture meter equilibrates instantaneously with the soil moisture,

is almost insensitive to changes in salt concentration in the soil, and its

readings will not be upset by the different rates of fertilizer application.

It enables us to get reliable, rapid and non-destructive soil moisture measure-

ments at the desired depths. With the aid of such equipment the effect of various

water management practices, water conservation measures, different crop combinations,

and variable plant populations on water use could be quantitatively evaluated.

The following part of this paper will discuss the use of the various types

of radiation equipment for soil moisture measurements.

2. Radiation Equipment

The equipment consists of a "probe" containing the radiation source and the

detector as well as an electronic counting unit. A rechargeable battery serves

as the power supply. The radiation equipment offers great advantages, especially

in long-term studies, as measurements are non-destructive, can be performed

rapidly and easily down to the desired depth and can be repeated as needed on the

same soil sample, thus avoiding many possible errors. The use of radiation equip-

ment would therefore solve the problem of performing the great numbers of soil

moisture determinations required for the proper evaluation of management alterna-

tives under multiple cropping systems. However, the equipment is rather costly

and can only be used by trained persons who are capable of protecting themselves

against the rather limited radiation hazards involved. Great care should be given

to the installation of access tubes to ensure proper contact with the surrounding

soil. Difficulty may be also encountered, especially with soils that expand on

wetting and shrink on drying.

2.1. The Neutron Moisture Meter

2.1.i. PrrxnAle Iv@lavoct

The use of the neutron moisture meter for soil moisture measurements

is based on physical laws governing the scattering and moderation of neutrons.
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When a source of fast neutrons is placed in a soil, the neutrons collide with

nuclei of the surrounding atoms and are scattered randomly in all directions.

Each collision by a neutron causes a loss of part of its kinetic energy. The

scattering and energy reduction process continues until its kinetic energy

approaches the average kinetic energy of atoms in the scattering medium. At

this lower energy level, the neuton is designated as slow. The average energy

loss by a fast neutron is much greater in collisions with atoms of low atomic

weight than in collisions involving heavier atoms. The average number of colli-

sions necessary to thermilize* 2 MeV neutrons are given in Table I for certain

atoms. The loss of energy in a number of collisions, depending mainly upon

the atomic weight, is thus a measure of the moderating properties of the nuclei

in a given medium.

Table 1

Effectiveness of Elements in

Slowing Down Fast Neutrons

Elements Average number of Elements Average number of
collisions required collisions required
for thermalisation for thermalisation
of 2 Me V neutrons of 2 Me V neutrons

hydrogen 18.2 silicon 262

lithium 69.3 phosphorus 288

beryllium 88.1 sulphur 298

boron 104.5 chlorine 329

carbon 115.4 potassium 362

nitrogen 133.5 calcium 371

.oxygen 152 titanium 442

sodium 215 manganese 504

magnesium 227 iron 514

aluminium 251 cadmium 1 028

uranium 2 169

Table 1 shows clearly that hydrogen is the most effective neutron

moderator in the soil as, on an average, only about 18 collisions are needed

to thermalize a fast neutron. If a slow neutron detector is also placed in

the soil, a portion of the neutrons moderated, mainly through collisions with

nydrogen atoms, will be scattered back and detected. A relationship could thus

be established between the soil moisture content per unit volume and the

number of slow neutrons arriving per unit time at the detector.

The term "thermal neutron" refers to a neutron in thermal equilibrium
with the surroundings (like gas molecules) at ordinary room temperature.
When in equilibrium, the neutron energies will have a Maxwellian distri-
bution about the mean (for thermal neutrons^.0.025 eV).
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2.1.2. Neutron Source

The following (o(, N) reaction is used to provide a neutron flux:

2He4 + 4Be9 --> nl + 6012 + 5.6 Me V

To use the short-range c -particles to best advantage, a fine powder

of beryllium is intimately mixed with a somewhat: smaller amount of radio-

active material and these are then compressed to approximate to a point source.

Ra-Be is a commonly used neutron source, but has the disadvantage of a high

t /n ratio. The use of Am-Be gained much importance in recent years owing

to the low 't/n ratio and the very weak energy of thetphotons emitted.

2.1.3. Slow Neutron Detector

a) Boron Fluoride

The most widely used detectors are BF3-tubes based on the

following reaction:

5B ° + on- 3Li7 + + e + 2.78 Me V

To achieve high measurement efficiency, the detection tube

is made relatively large in volume (50-100 cm ), and is

filled with about 96% B -enriched Br3 gas to benefit from

the large cross section of this isotope.

b) 3He Detectors

These are based on the reaction

2He3 + Onl -- P 1 + 1 H3 + 764 Ke V
2 

These detectors,which are filled at pressures of upto 10 atm.,

give an efficiency in measuring-thermal and especially

epicadmium neutrons about 2 to 10 times greater that a BF3

tube. BF3 detectors are somewhat better with respect to

ji-ray rejection.

c) Scintillation Detectors

6
A scintillation crystal of europium-activated Li I is also

commonly used to detect slow neutrons, as indicated by the

following reaction:

Li6 + onl - 2He4 + 1H 3 + 4.8 Me V

The much smaller surface of a scintillation crystal through

which the slow neutrons must pass for detection is compensa-

ted for by the higher efficiency of detection. Because of the
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high 't-sensitivity of the scintillation crystal the americium-

or actinium-Beryllium have to be used as neutron sources, as the

f-photons they emit are weak in energy and their ratios to

neutrons are rather low.

2.1.4. Resolution of the Neutron Moisture Meter

The sphere of influence of the neutron moisture meter is the zone

of the medium, which effectively contributes to the observed activity of the

detector. It varies with the soil moisture content. Its radius reaches a

minimum of about 15 cm in water and a maximum of about 40 cm in very dry soils.

The relatively big soil sample involved in every soil moisture

measurement with the neutron moisture meter could be considered as an advantage

or a disadvantage, depending on the objectives of the study. It means that the

readings we obtain represent an average value for a soil layer having a thickness

equal to the diameter of the sphere of influence and varying between about 40 and

80 cm, depending on the moisture content. This low resolution of the equipment

is characteristic for the method.

The low resolution makes the use of the depth probe to measure the

moisture content of the top soil layer rather difficult, as in such a case an

appreciable amount of the neutrons escape to the air. However, the use of a

special calibration curve to take into consideration such a loss of neutrons

makes it possible to start measurements as close to the soil surface as 10 to

15 cm depending on the design of the equipment and the moisture content.

The low resolution also indicates that very little can be

gained through taking measurements at depth intervals of less than 20 cm.

The following equation could be used to obtain a rough estimate

of the diameter (D) of the sphere of influence:

1
D ~ 30( l10Q cm

vol. % H20

3. Surface Probes

The principles discussed above in connection with depth probes are valid

for surface probes. Surface probes designed for measuring an average value

for the moisture content or the bulk density of the top soil layer (or both)

are provided with a flat feflector that is placed in good contact with the soil

surface when measuring. The volume involved in measurement with a surface

probe would be a hemisphere, the radius of which would depend on moisture content

or bulk density. This radius usually does not exceed 20 cm. Unless the medium

is homogeneous, it would be very difficult to determine the depth of measurement.
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Surface probes are being widely used to test rather homogeneous materials

where the moisture content is evenly distributed. This gives such equipment

great importance in speeding up moisture and density measurements in connection

-with various constructions such as buildings, roads and airfield runways.

The use of surface probes in agricultural studies is associated with two

main difficulties:

a) The need to establish good contact between the probe and the

soil surface obliges investigators to make the surface flat

and free of plants;

b) The moisture content of the top soil layers usually changes

very rapidly with increasing depth, which makes estimation

of the thickness of the soil layer most difficult.

New equipment for moisture and bulk density measurements of top soil

layer was recently developed. The radiation source of this equipment can be

inserted into the soil to a given depth (down to about 30 cm) while the

detectors remain on the soil surface. Thus, the measurement would be based

On the transmission of radiation (slow neutrons or gamma photons) and the soil

layer involved in the measurement is well defined. This type of equipment is

now commercially available, is being tested and appears to be promising.

4. The Two Wells Ganma Probe

This equipment was developed for measuring the moisture content of

relatively thin soil layers close to the surface. It measures in essence the

wet bulk density of the soil. The bulk density increase which results from the

partial replacement of the air in pore spaces by water upon wetting or its

decrease upon drying gives a measure for the change of soil moisture content.

For measuring, two small access tubes less than 1 m long are placed in the

soil so that the distance separating them is exactly constant and well defined.

A gamma radiation source is then placed in one tube and a detector is lowered

to the same depth in the other. Through using a small detector and a collimated

radiation source, the pathway of the gamma rays can be restricted to a rather

thin soil layer of about 5 cm thickness. Some of the emitted gamma photons are

absorbed by the soil sample and the water molecules it contains, while others

reach the detector. The number of gamma photons reaching the detector decreases

as the soil moisture content increases. If the detector is connected to a counting

unit or a rate meter, the indicated count rate can be transferred with the aid of

a calibration chart to a measure of the moisture content of a certain soil

layer. Such equipment is now commercially available and performs in a satis-

factory way down to a depth of about 50 cm from the soil surface.
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THE NEED FOR AGROFORESTRY AND
SPECIAL CONSIDERATIONS
REGARDING FIELD RESEARCH

P.A. HUXLEY
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Abstract

Because agroforestry is an integrated approach to land use, it is not
always easy to identify its limits.

As much as 15 to 20 million ha of forested and wooded land are being cleared
each year. Shifting cultivation is a practice of forested land from time
immemorial. Unfortunately, due to rapidly increasing population pressures,
rotations in shifting cultivation systems are being continually shortened, and the
subsequent inadequate growth of secondary forest, followed by rapid recultivation,
is creating wastelands. Thus, very large areas are being rendered useless by
the removal of the tree cover.

The paper discusses the need for agroforestry and gives special considerations
regarding field research. In some circumstances the best way to conserve fragile
environments, and sustain greater food production, is to adopt suitable systems of
combined or multiple land use. In these the benefits conferred by woody perennials
in soil amelioration and soil conservation is combined with a reasonably high output
of agricultural field crops and/or fodder or forage. Such systems fall within the
definition of agroforestry.

In many parts of the world agroforestry practices are productive and beneficial
environmentally, especially in terms of soil improvement, but a proper scientific
approach to the study of agroforestry systems is essential if these are to be soundly
evaluated against alternative ways of utilizing land.

Such integrated forms of multiple land use are difficult to study because
of their complexity and there is little actual data available about them. Proposals
for new forms of agroforestry or for agroforestry improvements in existing land use
systems can be considered by using all existing data from studies in agriculture,
horticulture, forestry and ecology, etc. before starting experiments.

In considering the species in mixed cropping alternatives it is illogical
not to consider woody ones along side herbaceous crops or grasses, both from a
technical and an economic point of view.

The methodology of intercropping research as a whole, and of agroforestry
intercropping in particular, poses a strong chalenge to the researchers' ingenuity,
and it should be tackled as an "investigation" (in its true sense) of which the
field experiments form only a part of all the various kinds of evidence it is
possible to evaluate.

A. THE NEED FOR AGROFORESTRY

EXACTLY WHAT IS AGROFORESTRY?

Because agroforestry is an integrated approach to land use it is not

always easy to identify its limits. However, before discussing

problems of land use in general and agroforestry research problems in
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particular it might be useful to attempt to outline what the scope of

agroforestry is thought to be.

A compendium of definitions is given in Appendix I and one that has

been in current use is as follows: "agroforestry is a sustainable land

management system which increases the overall yield of the land,

combines the production of crops (including tree crops) and forest

plants and/or animals simultaneously or sequentially,on the same unit

of land, and applies management practices that are compatible with

cultural practices of the local population". (King and Chandler, 1978).

DISAPPEARING TREES

9Probably about 2.5 x 10 ha, or one third, of the earth's land is

covered with some form or another of closed forests or open woodland;

around half this area is in the tropics. Estimates vary consider-

ably but it seems that perhaps as much as 15 to 20 x 10 ha of forested

and wooded land are being cleared each year. Allowing for present

human population growth rates it has been suggested, therefore, that

most of the current forest stock will be gone some 40 years hence

(Barney,1978; World Bank Report, 1979). It should be mentioned that

not everyone agrees with this order of loss, for example, King (1978)

mentions that a recent FAO study in Asia estimates an annual decrease

of only some 1 per cent, and this does not include replacement or

regeneration. Again, thirty three per cent of the world land surface

consists of arid or semi-arid regions (Paylore, 1979) and it is thought

9
that more than 1 x 10 ha of once wooded tropical land has been turned

into semi-desert in recent history (UNEP, 1975).

Although planting can offset this downward trend less than 1 per cent

of the forested regions in the tropics are plantations - even though

extremely high productivity can be obtained in this way. For example,

more than 50m3 yr 1 of stemmed products can be obtained from some

fast-growing species (e.g. Eucalyptus deglupta, see Bene, et al, 1977).

One reason is probably that investment costs in planting trees is

relatively high.
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Usually only a small percentage, perhaps around 15 per cent, of the

wood volume in a mixed tropical high forest is utilised for industrial

purposes, and the waste is very high. But forests and wooded regions

in developing countries provide an estimated 0.5m3 per capita per

6 3
annum of fuel wood - i.e. some 860 x 10 m per year and the increasingly

detrimental fuel wood supply situation is of more immediate concern

to millions of peasants than the more familiar oil crisis is to the

occupants of the developed world (Openshaw, 1976).

Forests and woodlands are not being cut down just for use as timber

products or fuel, however. Shifting cultivation is a practice which

has been used to increase the food producing potential of forested

land from time immemorial. Nearly twenty years ago, now, it was

estimated (Nye and Greenland, 1960) that more than 200 million people

practised shifting cultivation, in one form or another, in order to

obtain their main food supplies. This number must have increased

significantly by now. Hunting and gathering in rain forest may

require an area of several hundred hectares in order to sustain one

family. Under shifting cultivation, however, taking a cultivated

area of 0.33 ha as sufficient to provide food for one labourer each

year, then, with a rotation of 30 years, one family of two adults

might require around 30 ha of forested area in which to rotate its

cultivated crops (Wassink, 1977). Unfortunately, due to rapidly

increasing population pressures rotations in shifting cultivation

systems are being continually shortened and the subsequent indadequate

growth of secondary forest, followed by rapid recultivation, is

creating waste-lands (Ahn, 1979). For example, a recent estimate

suggests that 300 million ha of closed forest in Amazonia is in a

particularly precarious position (Sanchez, 1979). In some cases,

e.g. in the Far East, the shifting cultivation systems lead to a

secondary succession of the dominant grass, Imperata cylindrica,

and trees do not regenerate. Thus, very large areas are being rendered

useless by the removal of the tree cover.
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As we know, other ecosystems are equally susceptible to damage by man's

mismanagement. For example, the generally infertile acid soils of

savanna lands in the Latin American tropics, or tropical upland

regions in different parts of the world. Such areas as these are

poorly able to resist the process of degradation inflicted by increasing

human and animal popultiorns. All told these margisnal lands occupy

approximately 4.9 x 1C9 or 65 per cent of the land area of the

developing countries and some 630 x 10 people reside in them (Chandler, T;

personal communication).

A PLACE FOR AGROFORESTRY?

Whether the vegetation originally consisted of woody perennials or

not,many of the ecosystems so far mentioned might be better stabilized

if a larger component of such species can be encouraged. It may be

that,in some circumstances,the best way to conserve such fragile

environments, and at the same time sustain greater food production

for as large a number of people as possible, is to adopt suitable

systems of combined or multiple land use. In these the benefits

conferred by woody perennials in soil amelioration and soil conserva-

tion is combined in some way with a reasonably high output of agri-

cultural field crops and/cr fodder or forage. Such systems fall

within the definition of agroforestry. Indeed, in many parts of the

world practical farmers plant and tend a huge range of woody perennial

species on their farms or holdings for a variety of purposes. These

components of the farming systems are seldom considered - or even

identified - and only the major enterprises are given prominance.

Unfortunately, we have relatively little hard data from actual research

to utilise in adopting or improving such multiple land use systems. This

is because an increasingly analytical approach to the study of applied

biological and earth sciences has led to an equally devisive effect on

training and education, the consequence of which has been to separate

the various disciplines which can help solve our land use problems.

And this has acted greatly to the detriment of integrative thought

about them. We can, and should, hypothesize about potential land-use
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systems on the basis of existing data from studies made separately in

agriculture, herticul:-ure, forestry or ecology (H-xley, 979). but the

magnitude of the inteiactions between plant species will be highly site-

specific so that we must, at some stage, validate our conclusions by

field experimentation. Some of the problems in embarking on the kind

of experimentation needed for agroforestry investigations form the subject

of the second part of this paper.

WHY WOODY PERENNIALS?

Before going on to this, however, it is worth mentioning one or two things

about woody perennials in general. In agricultural or horticultural systems

woody perennials, when they have a place as sole crops, tend to accumulate

their management problems. For this reason, as well as to increase

productivity there has been in recent years, a trend to move to ultra-

intensive systems of production involving greatly increased plant populations,

a consequence of which is to "miniaturize" the trees and shorten the manage-

ment life-cycle (Huxley, 1975 and Jackson, 1977). Such intensified methods

might find a place in high-input agroforestry systems but, generally

speaking, the value of trees in agroforestry hinges on the fact that they

tend to make the system less "leaky".

Less leaky for nutrients, because a permanent root system can be more

effective at recycling from lower to upper layers of the soil; for water

because, although consumptive water use may be greater, rainfall intercep-

tion and infiltration are "smoothed out" thus enhancing soil and water

conservation and enabling plants to tap a bigger volume of soil. And,

finally, less leaky for incoming solar radiation because a permanent woody

frame facilitates (depending on the phenology of the species concerned

and its environment) a more complete canopy structure. Thus closed

forests in the wit tropics car contain a biomass of over 1700 t d.m. ha i

(Bene, et al, 1977). Woody species can also provide a wide range of farm,

household and marketable products the benefits of which are often ignored in

any economic evaluation of multiple land use systems, as I have indicated above.

The other environmental benefits, such as shelter and shade, have often

been remarked upon (e.g. Bene, et al, 1977; King, 1979) but there is a

considerable need to obtain precise data for particular situations.
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AGROFORESTRY AND THE FOOD SUPPLY

A more balanced appraisal of the trends for world population and food

supply seems, at present, to hold the field (e.g. Poleman, 1977). However,

whatever conclusions might be advanced to make us more optimistic about

world food production potential (Buringh, 1977), or the world's future

availability of wood (King, 1978), there is little controversy over the

need to continue to pursue a policy of encouraging increased productivity

from the land; whether we are doing it just to improve human welfare or

to avert a catastrophe. In this regard all forms of productive land use

have to be evaluated and compared.

In making calculations about potential food production, existing land

classifications can be used to describe areas some of which could be

considered unsuitable for "arable" use. However, these classifications are

inadequate to delineate land which might be utilised for some form or

another of agroforestry, and therefore be food-producing. In this respect

the capacity of zonal agroforestry systems to act as a form of micro

"nutrient catchments" (c.f. micro "water catchments") should not be over-

looked. For example, soil ameliorating organic matter, and the plant

nutrients it contains, can be carried short distances from a zero planted

with trees or shrubs for this purpose, and this material can be used

as mulch with a zero/minimum tillage system for growing agricultural crops

in the adjacent zone. The crees/shrubs are likely to be tapping a fairly

large soil volume relative to that utilised by the agricultural crops and

this may well be an efficient form of tapping and moving available nutrients

laterally in a system which could involve increased food output or enable

some food to be produced where this was not possible before.

If one accepts the outline given so far then, whenever considering

development choices about possible land use systems three basic schemes

present themselves:- to use land for agricultural (or horticultural)

purposes, for forestry (within the conventional sense), or for agroforestry.

The present enthusiasm for investigating mixed agricultural cropping systems

cannot logically be restricted merely to annual (seasonal) crop species

mainly because these are easier to experiment with - a choice of all useful

plant species is open to us, whether woody species, forbs or grasses.
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Even though agroforestry is an age-old practice, and numerous present-day

examples of such multiple land use are extant, (see Proceedings of the

International Conference on Agroforestry, July 13-22, 1979, Nairobi),

there is a great need to integrate existing scientific knowledge and

technical ideas and to apply these to both existing and potentially new

agroforestry situations. Inevitably this will lead to proposals for

field research, otherwise the process will be a sterile one, and we must

now look into some of the considerations that arise when we come to handle

woody perennials and herbaceous crops within the same experimental scheme.

B. SPECIAL CONSIDERATIONS IN AGROFORESTRY FIELD

RESEARCH

CLASSIFICATION OF PLANT ASPECTS OF AGROFORESTRY SYSTEMS

A matter that requires some thought in dealing with land use systems

in which trees and herbaceous annual crops, or grasses, are planted

together is how they may be classified. A detailed classification of

entire agroforestry systems is still awaited and this will require a

comprehensive inventory of existing agroforestry practices (see

summary and conclusions of the Conference on "International Cooperation

in Agroforestry, Nairobi, July 16-22, 1979). Meanwhile, some prelimi-

nary ideas about ways of conceptualizing the plant aspects of such

systems,and especially the space and time considerations,are set

down in Appendix II and briefly summarised below.

Sole, mixed and zonal cropping systems

Cropping systems can be divided into those consisting of sole crops

or mixed crops; a third category is that of zonal cropping (Figure 1,

and see Figure 1 Appendix II). This is a useful practical division

although it may be rather difficult to state exactly what we mean by

"zones"! It may help to define these as adjacent planted areas

between which, at any one time, the plants occupying them interact in

some way over a significant proportion (i.e. more than 50 per cent)

of the area involved. Thus, if we have just a small border around

fields interacting with crops in adjacent fields then we are not
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dealing with '*zones". A micro-zonal agricultural cropping system

(e.g. alternate row cropping or row-intercropping) can be considered

as merely a more spatially :eagularized type of mixed cropping system,

and the component plant species will be interacting over relatively

small spatial dime::sions. At the other end of the scale we can

consider a macro-zonal agroforestry system (e.g. strip intercropping

with, for example, shrubs grown for woody mulch which is cut and laid

in the intervening areas in which an agricultural crop is grown), and

in this type of system the spatial dimensions will be such that the greater

proportion of the agricultural crop which is planted can be considered as

exposed to immediate primary interaction with the adjacent trees (i.e. for

light, water, shelter, etc.); the remainder will be growing as a sole crop

except for the transfer of nutreints and organic matter through secondary

interaction, i.e. manipulations of the system by management practices.

There are, undoubtedly, cases where mixed cropping of woody perennial

species and short-lived herbaceous agricultural crops will be found to

give improved yields per unit land area compared with sole cropping.

In any case such systems will often improve soil conditions, or provide

a "mix" of products in a special arrangement that suits the farmer. However,

improved yield responses cannot be considered a normal generalization,

particularly as in their adult phases most woody perennials can be

considered as "agressor" species (Trenbath, 1976). Thus even if the land

equivalent ratio is found not to exceed unity in mixtures of tree

crops and agricultural crops, there may be excellent short-term (socio-

economic) as well as long- term (environmental) reasons why an agroforestry

system may still be preferable to sole cropping. Furthermore, in some

situations a zonal (strip intercropping) agroforestry system might offer

the same environmental benefits as mixed cropping but with much easier

management.

Other aspects involving space and time

Figure 1 in Appendix II shows some oth.Ž.r important aspects regarding the

classification of plant conponents: in ,- lan:. use system. These are the form

and structure of the plant canopy (e.g. single or multi-storeyed), and the

type of harvesting system. they are net discussed further here.
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When it comes to classifying area a method is needed which will serve

to describe what is found in peasant farming, or to the same kind of

scale in intensive horticulture, through the spatial dimensions found

in small - to large-scale agriculture, and on into forestry. This

becomes especially important when we wish to consider inputs into models

of systems which are intended to deal with all these different forms of

land use. Three basic spatial (area) units are proposed: (a) a primary land

unit, i.e. a homogeneous area with a common plant species (or species

mix) under a common form of management - in agriculture we would call it

a 'plot'; (b) a management boundary, which need not be ecologically

homogeneous and equals a 'field"; and (c) the total area involved - i.e.

the whole system. The plants in primary land units will regularly interact

with adjacent ones whereas those within the larger management boundary can

be considered (plant-wise) self-contained (although interactions between

these "fields" will occur in terms of the system as a whole).

Temporal considerations of cropping systems may involve a "sequence"

of crop, or crop mixtures, and a "succession" of cropping schemes.

The first of these refers to the relationship in time between cropping

components in the system, and the latter to the occupancy of the land

itself. In agroforestry the time scale can be greatly extended because

of the presence of woody species. Figures 3a and 3b in Appendix II give

some examples.

CHOICE OS SYSTEMS AND THEIR STUDY

Agroforestry is only one possible form of land use which may, in certain

circumstances, be an improvement on existing land use systems involving

solely agricultural or forestry activities. Such a dictum affects all

proposals for engaging in agroforestry research, in as much as none should

be entertained unless the underlying arguments for or against the existing

land use, as compared with all other reasonable choices have first been

critically examined. In this process existing agroforestry systems elsewhere,

which may seem to represent relevant comparisons as they are in similar

agro-ecological zones, might well be quoted as examples, and there is a

strong case for the inventory and study of such existing systems. However,

the location-specific aspects of any proposal need special emphasis here
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because quite small changes in the environment are likely to affect the

direction and the magnitude of the plant interactions between component

species in mixed cropping systems.

Whether an agroforestry system is to be a possible alternative choice

of land use (a "transformation"), or whether existing use may profitably

be amended by the addition of an agrofcrestry innovation (an "improvement"),

the overall form that the final system might take has to be envisaged,

and a process of systems evaluation and comparison adopted. The

strategy for "improving" an existing land-use systen adding some agroforestry

would be to study that part of the system, or the component sub-systems, which

might offer rewards in performance. "Transforming" an existing land-use

system to agroforestry would require gathering all she information

necessary to creat something new, and this could be a challenging task

(Torres, 1979).

Because of the limits imposed by space and time there is relatively

little likelihood that field studies can be laid down de novo so as to

encompass comparisons of a range of alternative land-use systems in

their entirety. However, where a "transformation" in land-use is envisaged

then using existing data from agriculture, forestry, ecology etc. to model

a proposed agroforestry system may be a useful first step, followed by the

process of selecting critical sub-systems (or system components or processes)

for experimentation for which data is needed and can readily be acquired.

This is certainly a more feasible approach than testing whole systems,

as far as agroforestry is concerned.

The factors involved in modelling crop physiological characteristics

and the potential value of doing so, have recently been reviewed by

Loomis, et al (1979) in a review which is most relevant to any discussion

on the subject. The critical issue with agroforestry systems is the

additional complexity of the plant-to-plant interactions involved, as

compared with sole cropping or even mixed cropping with annual species.

Although the basic concepts and procedures will not be different

(Huxley, 1979), the difficulties of identifying, understanding and

measuring the multitude of plant processes and interactions involved in
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agroforestry systems are formidable. Even so the systems approach helps

to order our thinking and to identify information gaps.

SPECIFIC RESEARCH OBJECTIVES

The question of the initial choice of system type, or of what may be

done to improve an existing system by introducing agroforestry elements,

has to be followed by an evaluation of specific research objectives.

Because of the long-term nature of agroforestry experiments these

may well have, to be categorised as "short-", "medium-" and "long-term'

objectives.

To help establish such objectives some form of logical flow diagram

can be helpful. In agroforestry we are always trying to evaluate the

relationships between very diverse plant components in order to

optimize selected outputs and achieve chosen goals, so that the number

of factors to be considered is very large and some form of aid to

establish a rational progression of choice becomes necessary. Figure 2

shows what such a flow diagram might look like (this is still in the

process of formulation).

Having gone through these necessary processes we might be in a position

to suggest some targets for field research programmes. If our aims

were very simple - e.g. preliminary evaluation of germplasm, base-data

collection, very simple selected management -trials, etc.- then we have

few problems and the existing methods used'by agronomists and silvi-

culturists are adequate. It is when we come to study systems components,

and try clearly to identify the scope and magnitude of

interactions in an agroforestry system that field experimentation

becomes more difficult; again, for the reasons that we are involved

with plants of such diverse form, habit, structure, phenology and

temporal relationships. To deal with chis complexity it is scarcely

feasible, except in the presence of enormous resources of land,

supervisory skill, labour and all other types of research inputs,

merely to expand the usual form of agricultural field experimentation

which is, thanks to R.A. Fisher and others, well able to handle large

numbers of variables each at a range of different levels. Small stature
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agricultural crop plants can be dealt with satisfactorily in plots of a

relatively small size; whereas trees and shrubs require much more space.

Where agriculturists or foresters are dealing with sole tree crop experiments

this is still not too big a problem as the basic management is usually

relatively straightforward, and the cost of running the relatively much

larger area is not too greatly inflated, if at all. Horticulturists

sometimes use very small plots for tree species (single tree plots) - but

this is not generally possible in agroforestry. Thus, if we are to

consider mixed cropping of both annual and woody perennial plant types,

then the area assigned to our agricultural crop component is, willy-nilly,

inflated drastically and unnecessarily, and with it its management costs.

For example, a multi-factorial experiment arranged in randomized blocks

involving 36 plots and 3 replicates, and with an agroforestry mix

of component species, could well occupy more than ten hectares or so'

Not, perhaps, an unduly large area for a simple forestry trial, restricted

perhaps to testing the effects on a single tree species of just one or

two factors at a few levels. However, an area such as this would be very

costly indeed in terms of maintenance, supervision and data collection with

regard to the agricultural component in an agroforestry experiment.

In such circumstances it becomes even more imperative to either

(a) seek some form of "limited objectives" approach to agroforestry

mixed cropping research (Fisher, 1977), or (b) to use an experimental

design which, although payihg a penalty in having to adopt a relatively

high level of confoundign, can be smaller, simpler, less costly and

easier to manBge t'-.an i.ony conventional agricultural experimental designs.

Systematic designs are one such and these will be discussed in more

detail below.

Socio-economic research objectives

When we consider zonal systems, macro-zonal ones at least, then we are

still concerned with plant-to-plant interactions although, according

to our definition, up to fifty per cent of each component might be

freely growing as a sole crop would. Here, however, interactions between

plants will, in whatever form they take, diminish with distance from the
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interface between the crop species (or species mixes) involved. Thus

there will still be a technical and scientific content to examine and

evaluate in such systems, but the choice of whether or not they are

adopted may well hinge rather more on the economic and management

aspects involved. We should not, therefore, forget the need for

concomitant reasearch in these fields in looking at possibilities for

potential new agroforestry systems. The same would apply to

sylvo-pastoral systems.

SOME PROBLEMS CONSIDERED

Before going any further it may be as well to list some of the usual

problems facing those designing agricultural or horticultural field

experiments, and to note what added dimensions agrofcrestry may give to

them.

1. Are we dealing with plant species which have an extensive range of

germplasm available or is this still to be rollected snd evaluated?

- In agroforestry the agricultural crops involved may well be in

an advanced stage of selection or brec.ing butt 'he woody species

may not have been examined in any detail at all. Furthermore,

they are likely to be out-breeding and therefore strongly

heterozygous.

Thus the research programme may need to be phased so that an

initial supplementary investigation is made to select and

screen suitable plant material.

2. Designs for field investigations may be simple or complex but they

can always be made to yield more information if ancillary data are

collected. There is now, certainly, a strong case to obtain some

simple basic crop physiological information in order to help

explain how "yield" has been obtained. The statistics to be

collected have to be chosen with great discrimination, however,

if the burden of work is not going to be excessive, especially as it

usually has to be collected over a number of consecutive seasons.

- In mixed cropping agroforestry systems these remarks apply

with additional force as the key to productivity lies in the
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kinds and levels of plant interactions which are to be found.

Depending on climatic variability, the number of experimental

seasons required before any firm statements can be made about

the response of the agricultural crop or crops components has

to be considered very carefully. The "yields" from woody

components may take even longer to evaluate and then there is

still the long-term effects on the environment to consider.

All-in-all agroforestry experiments cannot be expected to

yield information, other than of an interim nature, for many

years.

3. When experimenting with agricultural crops the "time-of- sowing"

is important as there is ncw cc.siderable evidence for many tropical

crops that late sowing c.n seriously reduce yields. When we come

to consider mixed cropping sche:es there may be a complex and

staggered series of sowing ti:es. The reasons for this may be

many: it may be because of the ways in which the growth and

development of the individual species are related to seasonal

changes in climate, it may be moderated by farmers' preferences

for planting food before cash crops, or for obtaining the harvest

of a particular species at an appropriate time in his social life,

or it may be decided by labour peaks, etc. etc.

- In agroforestry systems a further consideration may be the

phenology of the woody perennial component. There is very

wide range of plant behaviour with regard to flushing, and

leaf fall and, as the activity of the woody species is very

relevant to the success or failure of any herbaceous crop

(or grass) sown beneath it, this is an important factor

to consider. Additionally, many tree and shrub species have

seed dormancy and/or acute viability problems. Agricultural crops

are not encumbered with such problems as they have been eliminated

to a large extent in breeding and selection programmes.

4. In mixed cropping experiments with agricultural crop species the

yield of any plant component in the system may depend very much

on what happens to it in its early stages of growth.
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In agroforestry systems some species of trees and shrubs

could have an extended juvenile phase. If such species are

to be utilised for their fruits or seeds then the management of

the system during the early stages may affect this. Furthermore,

if more than one woody species is used in this way, and they

have different juvenile periods, full comparisons will not be

possible until they have all matured and come into even

ocaring. Een at this stagt 'bi-ennia bearing' may add

greatly to the year-to-year variability of experiments.

There may well be a case, therefore, to split agroforestry

experiments so that one set of investigations looks into what

is happening in the early stages of growth and another set compares

mature plants.

If the woody species are to be used for fruits and seeds then the

nature of the breeding system and the possibility of incompatibility

mechanisms has to be borne in mind.

5. dlixed cropping systems are often stated to confer benefits in

terms of pest management.

-Pest management, especially of weeds, may be very difficult

in mixed cropping systems.with a "permanent" woody component.

Generally speaking herbaceous weeds will be less of a problem

the more dense the canopy of the woody plant component in the

system. But this approach is self-defeating if there is an

agricultural crop being grown beneath from which a regular high

yield is expected.

Woody perennial species tend to build up their insect pest

and disease problems with time and these are more difficult

to control chemically because of the plant habit and form.

Interactions between woody and annual plant species in terms of

pest management seems to be a field in which there is, as yet,

very little experieace. Devising adequate measures of control

at the start of an agrcforestry cxperiment, when the problems have

not even been defined, is something of a challenge.
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6. Harvesting is nearly always more difficult in mixed cropping

systems unless individual plants are very widely spaced

- Where woody species are involved, and these are to be lopped

or cut down at regular intervals, then the problems of

harvesting may be greatly intensified.

7. In field experiments it is usually desirable to keep the variability

within each treatment roughly equal. Indeed, the premises on which

the analysis of variance is based demands that this is so.

Even if transformation of the data can be made to achieve homo-

geneity of variances there can well be problems in mixed

cropping experiments; especially where one plant component is

environmentally less well-suited than the others, or it is subjected

to a treatment which may adversely affect its growth.

- Woody perennial species are commonly highly variable in

almost all characteristics during their early stages of

growth. This applies with even more forde to the onset

of fruiting and the development of yield when, with some

species, extreme variability can be experienced. There may

be, therefore, no sensible comparisons to be made for some

years in an agroforestry experiment, until the woody species

has "settled down".

8. The different species in a mixed cropping system may represent a

cOnsiderable mcasureL of diversit lin i;iz eand form. If this is so

it has to be taken into account when considering plot size and guard

areas, which may need to be greater than i: usual in agricultural

experiments.

-The problems of using adequate guard rows in agroforestry

experiments is mentioned in the next section but additionally,

it is common practice in horticulture with woody species, as it

is in forestry, to carry out sequential thinning. In agro-

forestry experiments the question of maintaining a standard
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plant arrangement (as distinct from plant population and rectangu-

larity) is a fact of considerable importance with regard to

equalising the interactions with an agricultural crop. If

thinning is envisaged it must therefore be done so as not to

affect plant arrangement, or there must be some means by which

it can be taken into account if it does so.

SYSTEMATIC DESIGNS

Conventional designs for field experiments, e.g. randomized block

lay-outs, are robust, easily laid out and not too difficult to manage.

They can, however, take up a very large amount of space if the plots

are unduely enlarged, as they must be to accommodate a mixed crop of

woody and herbaceous species. Furthermore, the proportion of space

actually occupied by experimental plants will be quite small with

tree crops, even if only single guard rows are used externally and

shared between plots internally; for example, only about 56% with

36 12-tree plots arranged in a block 6 X 6, diminishing to 21% for.

single tree plots in the same lay-out. With double guard rows a 36-plot

block with 9 plants per plot will utilize only 32% of the total area of

the experiment.

To avoid bias the lateral light profile at the edge of plots should be

no different from the verticle profile in the middle of them. To

achieve this in mixed cropping experiments conducted at different plant

spacings a guard area roughly equal in width to the height of the canopy

may be needed. And, if this if found necessary, the conventional

designs become even more wasteful of space.

Finally, if the number of experimental variables and the levels of

each in factorially arranged experiments are not kept within bounds the

number of treatements soon becomes unmanageable. For example, an experiment

with only four spacing treatments, three levels of N, three levels of P

and two species (leaving out all other management treatments) will, fully

factorialized, involve 72 treatments. In mixed cropping experiments this

situation is made more acute as plant population and plant arrangement

are such important variables because they can m.nrkedly affect the
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interactions betwean t;a plant species. A:d .:.i.h plnats of such diverse

form and stature, as one finds in agroforestry, this is accentuated

so that it is not difficult to propose a very large number of treatments

during the process of considering what to put into any agroforestry

field experiment.

Studies involving plant spacing can, however, be very satisfatorily

dealt with by using systematic designs (Bleasdale, 1967) and these

have been in common use now for vegetable and tree crops, forage investi-

gations and, more recently, for forestry trials and tropical agricultural

tree crops. They lend themselves also to the study of spacing effects

in mixed cropping (Huxley and Maingu, 1978). Systematic designs take up

remarkable little space and can waste relatively little area in guards.

They are, however, not robust, they are difficult to lay out and to

maintain and, used with out-breeding species sown from seed, the plant-

to-plant variability can be hard to handle. Finally, without adequate

replication of whole designs oriented differently a full statistical

treatment of the data often cannot be satisfactorily achieved.

Despite these adverse features systematic designs lend themselves

to early trials in which tree and crop espacements can be tested

over a wide range of levels. From the results a more critical selection

of spacing treatments can be made, and combined with other experimental

variables, ir. order to set down a conventional design which will be much

more compact than overwise would be the case.

The figures in Appendix III show some ideas for systematic designs

which might he used in mixed cropping agroforestry experiments.

STRATIFIED SAMPLING

If a natural or planted situation already exists which lends itself

to further study, then there can be a case for utilizing some form of

stratified sampling in order to collect information from it. An existing

situation might also be modified to add in other variables in some

cases. For example, the last figure in Appendix III indicates how
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plots of agricultural crops could be planted at various distances

from existing scattered trees. To study, for example, the reportedly

beneficial effects of Acacia albida on sorghum/millet crops grown

adjacent to it (Ahmed, 1979). There are obviously many such cases

where experimental evidence about agroforestry systems could be obtained

at a relatively low cost as compared with planting up new experiments.

Two of the many examples where this kind of "layout" has provided

excellent interpretive data about agriculture systems are given in

McCulloch et al (1965), for shaded tea in East Africa, and by Watson

and French, (1971) who studied the crop physiological aspects of the

effects of spacing on the wheat plant. The reader can, no doubt, provide

many more examples of his own.

CONCLUSIONS

In many parts of the world agroforestry practices can be seen to be

productive and beneficial environmentally, especially in terms of soil

improvement, but a proper scientific approach to the study of

agroforestry systems is essential if these are to be soundly evaluated

against alternative ways of utilizing land.

Such integrated fc:-.s cf multiple land use are difficult to study

because of thlir c..Eplcxity and there is, as yet, little actual data

available ai bc-bu t; n;. Proposals for new forms of agroforestry or for

agroforestry imprcvements in existing land use systems, can be considered

by using all existing data from studies in agriculture, horticulture,

forestry and ecology, etc. This is the usual procedure of course

before starting experiments but, in agroforestry, a higher level of

extrapolation will almost certainly be needed.

In considering the choice of species in mixed cropping it is illogical

not to consider woody ones along side herbaceous crops or grasses, both

from a technical and an economic point of view.

Ultimately, agroforestry field experiments are needed to test out

hypotheses and/or validate theoretical models of systems. Such trials
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with mixed woody and herbaceous species pose some considerable

difficulties. Objectives need to be clearly defined and a "limited

objective" approach (Fisher, 1977) is certainly to be recommended.

Systematic designs may be useful for agroforestry experiments - at

least in the early stages of selecting from among the numerous experimental

variables which offer themselves for study. A stratified sampling of

existing agroforestry situations, with additional modifying treatments,

may also be a fruitful way of obtaining more data about them.

The methodology of intercropping research as a whole, and of

agroforestry intercropping in particular, poses a strong challenge

to the researchers ingenuity and, perhaps more than usual, it should

be tackled as an "investigation" (in its true sense) of which the field

experiments form only a part of all the various kinds of evidence it is

poPsibli to evaluate.
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FIGURE 2A

Double Parallel-Row Systematic Spacing Design
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SUGGESTED EXPERIMENTAL PLANS FOR
COORDINATED RESEARCH PROGRAMS ON INTERCROPPING
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ABSTRACT

The role which nuclear methods could play in intercropping research
is summarized. Isotope techniques could be used to determine crop rooting
pattern and regions of nutrient uptake, fertilizer use efficiency and
fertilizer losses, and nitrogen fixation. The neutron soil moisture probe
could be used to determine the effect of cultural practices, crop mixtures,
crop density or fertilizer practices on water use efficiency or irrigation
efficiency.

It is recognized that practices developed for sole cropping have not
been readily applied to multiple cropping systems, thus research specifically
designed for multiple cropping is proposed. A detailed description of a
possible study of a cereal and legume in a row intercropping system is given.
The study would determine if fertilizers are used more efficiently when
crops in a mixture are fertilized separately than when the mixture is fertilized
uniformly.

Isotopes, whether they be radioactive or of a mass differing from normal

elements, have a unique characteristic in that they may be identified separately

from molecules of the same element that are indigenous in nature. They undergo

the same chemical and biochemical reactions as normally existent molecules.

Thus, it is possible to use isotopes to trace movements of introduced elements

through masses of the same elements. This property has led to widespread use

of isotopes in studies of chemical transformations, crop utilization of nutrients,

and movement of nutrients in soils and growing plants. Two other applications

of nuclear energy are important in agricultural research. These are measurements

of soil moisture content with the neutron probe, and radiation-induced mutations

of crop plants.

Successful use has been made of nuclear techniques in many studies related

to crop production and maintenance of soil productivity. The Joint FAO/IAEA

Division of Atomic Energy in Food and Agriculture has played a leading role in

conducting and stimulating such studies throughout the developing world. The use

of these valuable tools, however, has been restricted almost entirely to monocrop

systems. Since it is now recognized that intercropping systems are in many cases
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superior to sole crops in large areas of the world, it is important to apply

these tools to the solution of important problems of intercropping systems.

There are many ways in which nuclear methods may be used in intercropping

research, and several have been discussed in this meeting. These may be summarized

as follows.

1. Use of the neutron probe to study effects of variables such as

different crop mixtures, crop density or fertilizer practices on

moisture depletion or soil water movement and leaching.

2. Use of radioactive isotopes to investigate the effect of variables

on crop rooting patterns.

3. Use of isotopes to study the effect.of fertilizer practices on the

efficiency of fertilizer use. This could include the following:

- Effects of time of fertilizer application

- Effects of fertilizer placement

- Effectiveness of different fertilizer materials

4. Studies of losses of fertilizer nutrients through leaching, erosion,

volatilization or denitrification.

5. Effects of different cultural practices on efficiency of fertilizer

use.

6. Use of the neutron probe in irrigation efficiency studies with

different intercropping practices.

7. Studies of the effects of different crops or of different cultivars

of the same crop on the timing of extractions of moisture and plant

nutrients from different soil layers.

8. Effects of cultural practices on nitrogen fixation by legumes in the

mixture, using the N isotope dilution technique.

9. Use of radiation-induced mutations in breeding improved crop var-

ieties for use in intercropping systems.

This meeting is being held to help stimulate research with multiple cropping

in developing countries, to promote the use of nuclear methods in this research,

and to explore the possibility of developing a coordinated research program

involving interested countries and the Joint FAO/IAEA Division. I would like to

comment concerning a coordinated research program.

Because of resource limitations any coordinated research program must be

relatively modest. It would seem important that the program address one or more
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research objectives that would help provide solutions to major constraints limit-

ing production of nutritious food in the developing countries of Asia, Africa

and Latin America.

Until very recently, most research in tropical and sub-tropical regions of

developing countries has centered on sole crop systems as are normally practiced

in more temperate regions. Experience has shown that, in most instances, farmers

have not adopted the practices developed through such research. There are many

reasons for this, including lack of capital to allow for mechanization and

purchase of needed inputs, hesitancy on the part of subsistence .farmers to risk

a change, cultural factors, etc. But most important is the fact that indigenous

multiple cropping practices frequently result in greater production than sole

cropping. Vast opportunities exist to improve food production through research

related to multiple cropping systems being used by indigenous farmers.

Many types of multiple cropping systems are possible. It would seem desirable

from the standpoint of a coordinated research program to limit the research to

systems that are in widespread use in developing countries. Large areas are

occupied by either mixed or row intercropping where from 2 to many crops are

grown in the same field at the same time. The mixtures normally include a tall

cereal; such as maize, sorghum or millet and one or more low-growing edible

legumes, such as cowpeas, groundnuts or soybeans. Nitrogen is the nutrient ele-

ment which most frequently limits crop production. Close association of legume

crops, which may fix atmosphere nitrogen, and cereal crops, which have high

nitrogen requirements, has a great deal of merit in helping to maximum production

with a minimum of inputs. This is especially important to peasant famers who

lack the resources for purchase of inputs, and where inputs are not readily

available. Possibly consideration should be given to concentrating research

under a coordinated program on mixed or row intercropping systems including a

low-growing legume and a tall cereal.

The research on cropping systems using nuclear methods should concentrate

on what are considered to be the most urgent problems. Many types of studies

could be conducted, as suggested earlier. For purposes of illutration, the de-

tailed description of one possible experiment is given below.
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Effect of Placement of Nitrogen and Phosphorus Fertilizers on Efficiency of

Fertilizer Use in a Mixed Crop of Cereal and Legume

Justification: Crops differ in nutrients required for best growth. Maize, for

instance, requires high levels of nitrogen for maximum production, but grows well

at relatively low levels of phosphorus. Legumes, on the other hand, fix more

nitrogen at low levels of available soil nitrogen but usually require high phos-

phorus levels. When crops are grown singly, fertilizers can be used which provide

the nutrients best suited to each crop. In crop mixtures, however, this becomes

difficult, and responses may be different. This experiment is designed to ascer-

tain if there is an advantage to plant-by-plant fertilization of a crop mixture

of cereal and legume,supplying different nutrients to each crop, as compared to

uniform fertilization of the mixture.

Objectives:

1. To determine if N and P fertilizers are utilized more effectively when crops

in a mixture of cereal and legume are fertilized separately than when the

crop mixture is fertilized uniformly.

2. To determine if the crops respond to N or P fertilization with either method

of fertilizer application.

3. To determine if placement effects are more important with one of the fertilizer

elements than with the other.

Description: Phosphorus fertilizer enriched with 32P and nitrogen fertilizer

enriched with 1N will be used to measure fertilizer uptake by plants when

(a) a uniform fertilizer application is made for the mixed crop; and

(b) the legume and cereal plants in the mixture are fertilized separately.

The cereal and legume are to be those normally grown in the area. Crop pro-

portions in the mixture, plant densities, and cultural practices should be those

thought to give best returns. While mixed crops are sometimes arranged in a

random fashion, it is assumed the crops will be interplanted in defined rows,

either on ridges or on the flat.

Basic Site Information

The experiment should be located on a site which typifies a large area where

mixed cropping is practiced. Information should be obtained to give a complete

characterization of the soil. This should include a morphological description
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of the soil profile, mechanical analysis of soil horizons, and common chemical

analyses of surface layers.

Records should be kept of daily precipitation and maximum and minimum tempera-

tures. If possible, net incoming radiation and open pan evaporation measurements

should be recorded. Soil profile moisture measurements before, during, and at

the end of the experiment would be desirable.

Treatments

There will be 7 treatments with 4 replications for a total of 28 plots

arranged in a randomized block design. Treatments will be as follows:

1. No N or P fertilizer

2. 75 kg N/ha over entire plot area

3. The same quantity of N as treatment 2 with N applied only to cereal
plants in the mixture

4. 25 kg P/ha over entire plot area

5. The same quantity of P as treatment 4 with P applied only to legume
plants

6. 75 kg N and 25 kg P/ha over entire plot area

7. The same quantity of N and P as treatment 6 with N applied only to
cereal plants and the P only to legume plants.

Plot Establishment

Figure 1 shows dimensions, treated areas, sample areas, and harvest areas

for single plots receiving both N and P. Dimensions are given for large cereals

such as maize, sorghum or millet intercropped with low-growing legumes. Figure 2

is a diagram of a plot layout for one replicate.

Urea or ammonium sulfate enriched with N will be used as the nitrogen

32
source. Superphosphate enriched with P will be used to supply P. The entire

experimental area should be fertilized with 100 kg potassium/ha and appropriate

quantities of other plant nutrients such as sulphur or zinc which could possibly

limit growth of either the cereal or the legume at the location used.

Plot areas not treated with 15N or 32P should be fertilized with the same

rate of normal N and/or P fertilizer as the treated areas and applied in the

manner designated for the treatment involved. Where N and/or P are applied uni-

formly over the plot area, both the ordinary and tracer fertilizer materials

should be banded prior to planting by placing them in a trench about 5 cm in

depth beside the planting row. Where N is applied only to the cereal or P only

147



to the legume, the fertilizers should be placed at the bottom of a deep planting

hole and covered with 2-3 cm of soil before planting the seed. In doing this, the

same amount of N or P fertilizer as used in the uniform treatments should be

divided into as many equal portions as the number of cereal or legume plants in

the plot. The N portions would then be applied below the cereal seeds and the P

portions below the legume seeds. An alternate procedure for N fertilization

would be to broadcast the N fertilizer over the plots receiving uniform N and

place portions on the surface above cereal seeds for the separate treatments.

The P fertilizer, however, should be banded or placed below the legume seed, in

accordance with the treatment.

Collection of Samples from 32P-Treated Areas

After a period of time calculated to provide adequate counting rates for 32p,

plants in the 32P sample areas and similar areas in the control plots should be

cut off at ground level. The cereal and legume plants should be separated, dried

at 65 C, weighed, ground and assayed for total P and 32P content. The effect of

treatments on P fertilizer uptake by both species of crops may then be determined.

Collection of Samples from N-Treated Areas

When crops mature, cereal and legume plants from the 1N sample areas and

similar areas in the control plots should be collected separately. Plants should

be cut at ground level, grain separated, and grain and other plant parts dried at

65° C. After drying, samples should be weighed, ground, and subsampled for total

N and sN/14N ratio analyses.

Yield Measurements

After 5N samples have been obtained, final yield measurements should be made

by harvesting the remainder of the final harvest area and adding weights of

material from the iN sample area.
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FIGURE 2 PLOT LAYOUT-ONE REPLICATE
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RECOMMENDATIONS

General

The Advisory Group recommended that a co-ordinated research

programme on multiple cropping would be useful and beneficial.

The programme would utilize isotope and radiation techniques to study

effective fertilizer and water management practices for an intercropping

system containing a legume and a non-legume component.

Objective

A major objective of the proposed programme is to determine with the aid

of isotope techniques whether N and P fertilizers are utilized more effectively

when crops in an intercrop system of non-legumes and legumes are fertilized

separately than when the intercrop system is fertilized uniformly. Additional

observations will relate the findings to soil, moisture and meteorological

conditions.

Rationale

Crops sometimes differ in their nutrient requirements for optimum growth

and yield. Maize requires relatively large amounts of N, but the phosphorus

fertilizer requirement is relatively low. By contrast, legumes fix nitrogen

but often require high rates of phosphorus fertilizer. In intercropping it is

difficult to provide fertilizers so that (i) the requirements of the individual

species are best suited, and (ii) limited supplies of fertilizers are used to

best effect. This experiment aims to test the effects of supplying different

fertilizer regimes to each crop species in a legume non-legume intercropping

system, as compared with uniform fertilization of the intercrop.

Outline of the Experiment

The intercropping system should be that established by the contractor to

be the best suited to his region, based on previous local researh or

practices. It will be assumed, however, that the programme will include one or more

legumes and non-legumes which can be mixed-, row-, strip-, or relay-

intereropped. At least one crop should be planted in rows. The plant

population should be uniform, and be that known to perform well under

local climatic conditions.

The initial core study will utilize isotopically labelled fertilizer to

provide yield and fertilizer uptake information on the optimum placement

of both N and P fertilizer. The relative response to splitting the N into

a planting and a later side dress application will be determined. Each of

the core treatments will include a yield plot and an isotope labelled sub-

plot.
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Optional studies could provide yield and uptake response curves to applied

nitrogen or the soil moisture depletion pattern of an intercrop system as

compared to each of the sole crops.

Future studies in the programme could utilize isotopic techniques to

compare the dinitrogen fixation of the legume component of an intercrop

system to a sole iegume, and quantify the contribution of biologically fixed

N from the legume to the non-legume crop in the cropping season and in succeed-

ing crops.

Radiation techniques could be used to study the efficiency of water use by

the intercrop as compared to sole cropping. These studies could be combined

with rooting studies of each crop using soil injection of3 P and/or 33P.
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