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) Maximunr wheat (1_:;1 cum ggg_im L ) yields in Zambia were

»

obtained with veekly irrigation at 85% of class A pnn evepontion

during the whole irrigation interval and split applicatiocn of urea N

of which the initial portion of the fertilizer was either broadcast
o«

~and incorporated or broadcast after t'be crop }had establ‘i\.\shed itself,

This corresponded with maximum utilization of fertilizer N. The

proportion of N derived from fertilizer was.independent of fertilizer

~

placement at various water fegimes and N utilization was primayrily a

~

function of water availability.

‘Two nonnodulating soybean (Glyejine max L.) cultivars, Clark RJ1

\

and N77, or in their absence Pearl millet '(x‘gnigm glaucum L.) were

Jjudged to be appropriate refe’rence crops for‘ estimating N7 fixation by

soybeans using 15N isotope dilution techniques. A 10{.\ soybean
cultivar, Magoye, was rated highest among three cultivars tested for

its abilir.y to support No fixation by &Q_é!thimm npgnm and

contributed biofbgicany fixed Ny to a subsequent vheat crop
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EFFICACITE D' UTILIZATION D' EAU ET D' AZOTE PAR LE BLE KT LES

o

LEGUMINEUSES EN ZAMBIE

° )

Des rendements maximaux de blé (Tiiticum sestivum L.) ont été '

réaliseds avec une irrigation par semaine » 85% du taux d'évaporation
.~ 'l 1) - !
- d'un bac de classe A et avec une application fractionnée d'urcée dont la

\ fraction initiale était semée soit A la volde.et incorporee par la

suite, soit uniquement & la volée aprés dtablissement. Cecl correspond
) N ' ' o

A une utilisation maximale d'engrais 'azoté_ et’la ‘pr‘opé‘)rt‘:[.on d'azote

provan:mt de éelui-ci etait 1nd§pendancé ded son e'pandage sous
“dli.ff‘é,i:ex}ts régimeg d'irrigation. " Liutilfsation de 1'azote était
principalement ‘une fonction de la disponibilité de 1'eau.

}0!(% a jugé deux cultivars de sogra (Glycine m_a_a_:{.) sans nodules,
Clarl:}c"k;lll"' et N77, ou, en Yeur absence, le millet perlé (Panicum glaucum
L.)A comme les meilleures plantes de réference dans 1'evaluation de la
‘quantité ;l'az_o,te fixde pargle $eya utilizant la technique de dilution di

1'isotope 15N_. Un cultivar local de soya, Magoye, a ete le plus habile
s Ny ~ - .

de trois cultivars testés a supporter la fixation d'azote par

a

v “m.dlthi&m Japonjicum et a fourni a une culture subse'q\;ente de blé de®
l'azote f:lxg' biologiquement. - . . -
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CONTRIBUTIONS TO KNOWLEDGE '

The maiﬁ contributions to knowledge included the following:

1. Highest wheat grain yields were obtained with cultivar EMU’S when

-irrigation was applied weekly at a rate of B5% of total pan evaporation.

Grain yields were increased when irrigation was applied either every two

or three weeks, indféating water stress was the main yield limiting

factor. Although the apparent water use efficiency increased with the

longer irrigation intefvals, the loss in yield was too large to warrant

their implementation. g

2. Split-application of N produced significantly higher grain yields.
! . :
The highest grain yield obtained when'the initial portion of N was"’

either broadcast and incorporated prior to seeding or ~ broadcast two
\mmm——————— N
weeks after seeding. The increase in grain yields with split

~

B - {
application was due to a higher uptake and efficient utilization of

fertilizer N,

3. The percent NDFF for any placement method was independent of

wgter regime, indicating the same positional availability of the applied

~ -]
N to the wheat.
4.  Grain DM yields of wheat was primarily a function of available
° 5
water and was affected by %NDFF at lower water regimes. Indreasing %

NDFF at low water regimes resﬁlted in increased DM yields but the

increase did not compensate for yield loss due to restricted moisture.

°

- xii -

N



q, Grain DM yields of wheat was primarily a function of available
N s

\\i water and was affected by %NDFF at lower water regimes. Increasing’ X

. . L \
NDFF at low water regimes resulted in increased DM yields but the

[

increase did not compensate for yield loss due to restricted moisture.
[

-

1
5. Low recoveries of N by wheat found in this study, suggest a’

significant loqf of applied fertilizer N. . The magnitude and mechanism
of nitrogen loss _should be further evaluated in order to develop

techniques and use of 1mproved N sources for 1mproved N efficiency.
, -
6.. Non-nodulating soybeans @Glyc1ne max L.) cultivar Clark Rji and N77
H
were found to be appropriate reference planis for estimating biological
S 7

N2—-fixation by tﬁe isotope dilufion method in Zambia. In their #bsence
1] v J
Peatl millet (Panicum glaucum L.) was suitablé.

[+

7. . A local soybean (G1z01ne max L.) cultivar Magoye rated highest

<

amongi other soybean cultivars (Bossier, Santa Rosa) in supporting

symbiotic No-fhxation.
L4
8. When Magoye was inoculated with a loca]l rhizobium (B. japonicum)

isolate (MM48) up to 70% of the total N waslderived from Nz2-fixation,

Na-fixed amounted to 225 kg N ha-1.

9. Total soybean DM yields' were lower with' high inorganic N
application rates (100 kg N ha‘lji HGWev;r, when soil N was—in organic
form, no %Yield decrease was observed with the same high N application
ra;q. Therefore, inhibition of Nz~fixation by ﬁjgh rates of fertilizer

N was not only dependent on the absolute aﬁounts of N applied but also

on the source of N. ¥ __\\Jf} - 3 ‘



.

10, When wheat was grown in rotation with ma_ize and soybeans as first

crops, high wheat grain yields were obtained when the orﬁeeding crop \
- 8

had the least soil N requirement. ; . r
9
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This tKesis has been “submitted in paper format. There are eight

[

Sections consisting of Introduction to gﬁa thesis, Liéeraturq reviev, five
g

papers in a form suitable for publication, and overall summary and

' o
conclusions. L] R

¢

q
The third Section "Influence of irrigation schedules and nitrogen

\

placement on wheat" and the forth Section "Effect of'§rtigation schedules
and regimes on wheat yield" have been published in the Comm. Soil gci.

Plaﬁt Anal. with the co<authorship of A. Bunyolo and R.E. Karamanos. The

£1fth Sectiofh "Utilization of 19N-urea fertilizer by irrigated wheat in

r

‘Zambia" was submitted for publication to the Plant and Soil on 10 July, .

1987 with the co-auth8rship of R.E. Karamanos and A.F. MacKenzie. The

sixth Seétion\"Nitrogen fixation by soybeans (Glycine max L.)" was - \

submitted for publication to the Plant and Soil on 23 July, 1987 wiéh the
co-authorship of R.E. Karamanos, J.0. Legg and A, Sanogho. The seventh
Section "Wheat yields in ma%fe-wheat and soybean-wheat rotations" was
submitted for Publicqtion to the Cag. J. Soil Seci. on lz September 1987

under the co-authorship of R.E. Karamanos and I.P. O'Halloran.
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growing cotton (Qggsmi\m’ Livsutum L.), virginia or barley tobacco

1. INTRODUCTION

. , «

Zambda is located in central southern Africa. It shares common
borders v:lsh Tanzania, Malawi, Mozambique, Zimbabwe, Botswana, kamibia‘,
Angola and Zaire. The country is completely landlocked. The national

territory covers sbout 750,000 km2. The altitud% varies from 1000 m over
. . &

most of the country to peaks of about 2500 m. .

.

The ”cjuntry can be divided into rou‘g'hly four major agroecological

zones (Fig. 1.1?:

A.- The Northern high rainfall zone comprises the major part of the

Northern, Luapula, Copperbelt and North Western Provinces.\ It is

<

characterized by higher rainfall than the~re;t of the count y (1,000 to

1,500 mm on average all falling between November and April) and generally

, ©

very poor, leached sandveld soils. The mean length of the rainy season

(145 to 190 days) favors annual crops with a long g\toving season (Fig?

i

'1.2), 'However. high rainfall, low s\.‘mshine hougs, and cloud cover reduce

°

temperatures to an average of 20° ¢, which makes thfe zone somewhat less
favourable for opt.imum‘grovth of maize and limits tt:e po§sibility of
/.

{Nicotiana tobacum k.). Various foroms of. sh‘:’l\.fting cultivation (Chiteﬁ{ene)
have evo]k.ved in this region. This is the zone being considered fc::’/rainfed
vheat. : ) // v

B. The Western Semi-Arid Plains Zone includes most of tfh/e; Western
Province and the 2ambezi District of the North Western i’rovi;lce. It 1is theo
driest region in Zambia. The average ra:infall: varies f/rt'miuéoo to 1,060 mm,

[

decreasing tovards the south. The major climatic ,linitations to plant

/\ ‘ - -/ o

A -
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grovth are the extremes of heat, frost, and axidity in the Southern and

Vestern margins of the area.
- )

c. mummmmmm The plateau areas of
o ‘-

Central, Southern and Eastsrn Provinces generally contain the most fertile

‘soils in Zambia. The upper valley soils which border the Kafue flats in

\ - 3Y
the Mazabuka and Lusaka District of Southern and Central Province, thé

Petauke and, to a lesser extent, Katete and Chipata Districts of Eaatern

 Provinces support a variety of crops including maize (Zea mays L.),

groundnuts (Araéhis hypogea L.), sunfl;wer Lﬂg%;gn;hgg gnqgg L.), cotton, /
irrigated wheat (Txiticum aestivum L.) ete. The soils of the Southern and
Eastern plateau arg 1ess leached and have aAhigher percentage of more
fertile rud earths or loams and can support a variety of crops similar to
the upper valley soils.‘ The sandveld soils of Mkushi, Kabwe, Choma,
Kalomo, Katete and Chipata are best suited to tobacco and maize. The red
loams of Eastern Provinces in Pe;auke and Katete, iike the upper valley
soils of Mumbwa, Mazabuka and Lusaka, are more suited to cotton, maize,

sunflbver. soybeans, irrjigated wheat cotton and groundnuts. Soue of the

most advanced agricultural systems have evolved in this region, i.e., oxen

or mechanized production. .

D. The Luangwa-Zambezi rift valley. The altitude i3 down to 600 m
with a‘rainfal}‘less'than 750 mm per year to 1,200 mﬂ in the north of the
Luangwa valley. The zone has a humid hot cfimaté for most of the year.
The region is not suitable for agriculture except for isolated pockets of
good soils. Development is confined to the lower valley soils which occur

i

in small areas along the Luangwa valley and Gwembe valley bordering-

4
.
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the Zambezi river and Lake Kariba. . Sorghums (Sorghum wulgarse L.) and

gillott {Panfcum glaucum L.) are grown in the area. S
Although agriculture supports over 50% of Zambia's population, it

accounf: for only about 15% of Grovth\bomeatic Product (GDP). The mining

sector, mniﬁly for copper mining, has tradftibnally dominated the’ economy

. and accounts for an overvhelming proportion of GDP and foreign exchange )

earning;i The mining sector currently faces significant medium and long
term problems. Since 1976, the economy has‘£een in depression, due to
mainly &’ 40% decline in éhe price of copper but also to military and

political events in'neighboring countries.

Without a successful diversification policy and considerably long-term

stryctural adjustments, Zambila faces a relatively bleak economic future.
Any significant ec?nomic grow;h will ha&g to come from the agricultural
sector and this will ge the country's gerious challenge for the rest of
this century and probably well into the next.

ﬁistorically the development of agricultural exports has been iimited:
Apart from small quantities of maize exported to neighboring coygtries

until 1978, the only regular exports have been tobacco and confectionary

groundnuts, although they account for less than 1% of total export-

earnings. Imports Bf agricultural commoditiesé on the other hand, showed

an increased trend during the 1970's reaching about 8% of total exports.

The major imported agricultural goods have been cereals (mainly wheat and

‘rice), vegetable oil and oilseed cakes, which accounted for 50%, 1l1l% and

17% of total agricultural imports in 1979. Increasing quantities of wheat

~

Q2
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are being imported and this is & aignificant drain on the scarce foreign

exchange. "

-

In an effort to diversify \t:ha sconony amY;void the heavy reliance on
the mining sector, the country has embarked on a major food program ;med
at self- sufficiency‘ fx;. food and fiber production. The country pounu: a
tremendous potentigl in implementing multicropping systems which promise

increased agricultural production. To utilize part of this “potential,

. yields of the ‘main field crops, mqize, sunflower, soybeans ./groundnut:a.

o

cotton can be increased through piant breeding, efficiént utilization of

- «*

fertilizer and l?etter> management practices., The yields of wheat especially

: /
grown in the dry season (May to August) can be. increased through more.

rationil use of, water and fertilizer, especially nitrogen. .

The maintenance of N fertility ?f_ soils cropped to cereals depends -

-~

upon the addition of nitrogenous fertilizers or upon biological

bl

Np-fixation, often following the introduction of legumes grown in ~

i

rotations. Legumes provide a source of fixed nitrogen in crop rotations,

This is of extreme importance to developing countries since fertilizer N

costs are increasing and consequently the 'oféﬂfi:—ﬁ_‘ﬁﬁer supply to farmers is
bei-ng reduced. *Thus, biological Nz{fixation may be a viable alternative
for countries such as Zambia where escalating energy costs render the cost

of synthetic nitrogen #products proh}bitive. ’

, The hypotheses for this thesis were: A )

1. Rational-application of water through appropriate irrigation =

N
scheduling and rate, timing- and placement of N fertilizer s
! s

”

3 —————

Y
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application will contribute to increased water and N use

efficiency and lead to higher grain yields. ) f

N fixation by soybeans will contribute to. efficient use of N'

‘resources in Zambia. ~

s ¢
objectives of the project were to:

¢

Determine the effect of different irrigation regimes on the grain
I » N

4
yield of wheat.

~

Evaluate irrigation water use efficiency.

Determine @e effect of different irrigation regimes) time, rate
¥

"o
and placement of N fertilizer application on the grain yield of
. ¥

wheat.

. Compare and select the most appropriate non-fixing control for

estimating Np fixation and assess ylelds and N9 fixation by
soybeans.
Determine amounts of Ny fixed by two soybean crops at two levels

of P and evaluate the residual effect of N and P on vhea‘: growth

when the preceding c'rcps were either cereal or legume. :

[l
Kl N &‘ ~
“»
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FgrtiiizerQrecomendations on vheat in Zambia have been based on,
‘f?ftility and irrigation trials of wheat in neighboring countries, such as
.Zimbabwe. However, because of different climatic cpnditions, information

. 2
is required on the correct use of fertilizers and irrigation water in

- conjun::ti'on_with such agrqnomic variables as date of i)lanting. Pplant
populat{ops and spacing for improving the yield of promising wiarﬁ:etias.'

This literature review will deal with the main factors affecting water and”

nitrogen use. ' . .

N
o

-~

. 2.1 Water Use . >

o

Earlier work at the National Irrigation Research Station at Nanga,

N

Zambia (Aeppli i977) cdould not lead to final Trecommendations on crop water
.use because ofé«

¢ nunber \of'obg_ta.cles encountered, esfaecially with proper
determination L% soil moisture. Crop water equirements were determined on
the basbis zf potentiahl evapotranspiration from climatic data. The concept

- of potems{al ev;apotranssiration is an attempt to characterize the
macrometeorological environment of a field in te‘nns of an evapo;'ative pover
or demand which the atmb‘spher; is ca;;able of extracting from a ;‘.ield of
giqven g‘urface properties. Evapotranspiration is the coﬁ\;egsfon of wafer to
vapor and the transport of tHe vapor avay from the watershed surface

z

(surface 2; leaves, soil and water surfaces) into the atmosphere.
P . .

o¢ 4

A
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Application of water can result in N and irrigation interaction. The added

o

vater may leach N {irito the profile reducing its availability. On the other

hand added wvater can result in increased soil and fertilizer N and higher

o
)

crop yields. ) ,

" - o

» ' o '
2.1.1 Determining soil moisture ’ -

v
3

To obtain valid field data on evapotranspiration requires a large

-

number of sodl moisture measurements at various soil depths. There are

several methods of determining soil moisture. The most common is the

" gravimetric method of weighing a soil sample before and after oven drying. .

‘
[}

Other methods measure soil moisture indirectly. A sJil characteristic °

/
other than moisture, such as electrical and thermal conductivity, thermal
diffusivity, dielectric constant, or moisture tension is measured (Gardner
and Kirkham, 1952).

o
The neutron moisture method is used for measuring soil wdter contents

in studies®on water conservation and management (Carneiro and de Jong,

-

" v . - ‘
1985). This method ifpends on the fact that hydrogen slpws fast neutrons

to thermal energies (0.025 eV) more efficiently than any ogher common

element. The cross section for hydrogen increases greatly from 2.55 to

47.5 barns as the’neutrgns slow down. The cross section expresses the
N §

w

probabiiity that a neutron will interact with an atom of given element

v

and is q;asdted in barnf® A barn-is.equivalent to yb'24cm2. Thé cross

section depends primarily upon the energy of the neutron and fbr the

-

lightest elements and at low neutron velocities, the chemical binding of

the atom. The large cross section of hydrogen results in a greater

" l

probability for the neutron to interact with hydrogen compared vith‘any

4 Q
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other element. For most of théd elements in the soil, the cross section is
small (less than 1 barn) and remains the sime. Also, elemerits may be p;e-

sent in\ihsignificant quantities (Gardner and Kirkham, 1952; Barrada, 1965).
\]
The presence of significant amoungs of C1, Cd, Li, or B would causé

!
the count-rate corresponding to a certain moisturé content to decrease

o » .
owing to neutron capture. In most soils, only the Cl content could play an
" A
. e .
important role as its effective cross section for the capture of thermal
neutrons amounts to 33 barns. As for B, the measured moisture content

would be 1-2 volume percent too low if the B content of the soil was 30 mg
7

kg'l larger than implied in the calibration curve (Haahr and Olgarrd,

c

1965) .

The most important source of hydrogen in soil, other than that of soil
water itself, is the hydrogen in soll organic magter. The hydrogen ‘content
e , .

N

of humus 1s about 5% of $t§ weight. As.the amount of hydrogen in water is
about 11% of its weight, tﬁe amount of hydrogen in orgenic matter may be an
appreciable part of the total hydrogen (Gardner and Kirkham, 1952).’ A
small amount of hydrogen is foﬁﬁd in the mineral fraction, and this amount,
being in chemical combination, should be relatively constant.

Agreement is obtained between the neutron probe and the gravimetric
method of moisture determination. The relationship is true, however, oniy‘
if the moisture content is expressed Son a volume basis. Otherwise, there |
is scatter in the data (Gardner and Kirkham, 1;52). In .agricultural work,
moisture on a volume ba?is.is generally more desirable than on a weight

basis. The count rate is a direct function of the apparent density of the

soil. Any variation in ‘apparent density would' cause a change in the °

[N
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intercept of the calibration curve, vhile the slope remgins constant

-

‘(Barradsa, 19¢5). Soil density constitutes the most critical of the factors

influencing moisture determinations. A difference in density of 100 kg m-3

[

resulted in an error bf water content about 1 volume percent Qlaa‘\( and
. ©

Olgaard, 1965). If the actual density was higher than the calibration curve

density the water content derived would be too large. -
-

.

At low moisture values (less than 10%), experﬁiméntal values fall below
‘ ]

theoretical ;ralues (Stewart and Taylor, 1957; Haahtr and Olgaard, 19é5;
Carn.ailro and de ‘Jong, 1985). When the neuft:ron moisture metlzod is msed, the
surface soil ;;d possibly other depths should be calibrated separately‘,
depending on the desired accuracy and pre'ci‘sion (Stewart and Taylor, 1957).
The calibratidh curve of m®st neutron probes (Carneiro and de' Jong,
1985) can be approximated b'y the ,"e'quat:ion: -
' f=a + b * CR o (2.1]
where, "
0 = volumetric water content (cma/cm3)

-

CR = count ratio (actual count/reference count)

v
a and b are constants.

~
The amourzx_t: of water g.n cm) to depth z is given by
dz = az + b | CR dz o . ’ [2.2]
(<4 [ - .

Thpe value of b can be determined by successive additions of known
. -

amounts of water to a soil, each followed by scanning of the soil profile
with & neutron probe‘ (Caneiro and de Jong, 1985). The value of b-can be

determined from the expression A

Ig4p - Ig =D [(cn“'l - CRy) dz o [2.3]
. _

£
-

ey g



wvhere,

The ‘intercept, of the calibration curve can be obtained by determining
the volumetric’ water content of the cores extracted during installation of

the access tubes and solving for the above equation by using the initial

T =13~

.I§{ = total depth of water in cm, after the ith addition of water.

wly

count ratios and the value of b determined.

. The use of the standard or reference source of counts increases the

accuracy in calibrating the neutron meter.

taking standard readings res

reading and moisture conte

Barrada, 1965).

inorganic soils of medium texture regardless of salt content and soil type

(Stewart and Taylor,b°1957).

Barrada* (1965) cited several advantages of the" neutron <§mo:l;,at:m:e mefeﬁ\
¥ Qo a

1,

Simple operation that enables one or two operators with little

s in peor correlation between neutron meter

o

o r:héﬂ" s0i1 (Stewart and Taylor, 1957;

[

technical training to_use the equip'ment.

megsure‘ment .

L4

o

<

Field calibration wirthout

©

. Saving in time as usually 2 to 5 min are enough for a single

o

The neutrpn moisture meter is reliable in all types of

. A large volume of soil is analyzed in a single measurement as the

P

]

robes normally measure an almost spherical volume with an average

diameter of 0.35 m increased to 0.75 m in soils of very low

moisture content. -

the same soil volume.

-~
\

. Measurements are nondestructive, allowing for long-term studies on
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. 2.1, zmtinting mpotranipiration

The measurement of soil moisture content by itself does not mdicate

't};e preunce of plant nvailuble wvater. The difference betveen moisture

content at a given time and that corresponding to a certain point of
reference, such as field capacity (Barrada, 1965) indicates plant available

water. anges in soil moisture content are needed to calculate the"crop "

water fonsumption and the amount ,‘vaporated, or to study the water movement

in the soil. The soil moisture and the evaporative demand determine what

proportion of the actual to potential transpiration a plant will achieve

b

(Hann et al., 19826)7'

‘Many methods oI estimx.atzing potential evapot:_rqnspiration whether for
hydrologic models or irrigation scheduling are based on pc:teptial
evapotranspiration as a physiologically based process, i.e. the plant
participates as it were in determining its potential evapotranspirati.on
even vhen it is well endowed with water (Hillel, 1982). The procedure is
to first estimate or measure a potential for evapc;transpiration based on
meteorologicaf factors and then compute the amount ’of\ that potential '
utilized by the ac;::ual evapotranspiration pz:oceés.

2.1:.2.1 Penman method -
. N \
Various empirical models have been proposed for estimating the

patential evapotranspiration. The method proposed by Henman (1948) is
B ? - -
basad on the measurement of net radiation, temperature, vapor pressure and

vind velocity taken at ona level abbve’ the field and is*ivcen by: .-

rd

N PN
(A/v) In+LEa . -
LE = ‘ . {2.4]
Afy+l ’ .




E ) -15.:
R
LEs = 0.35(es-e) (0.5+U2)/100 (mm/day-1), -
ea = saturated vapor péessure at mean temperaturs (mm Hg)
e = mean vapor pressure in air,

Y = psychometric constant ~ 0.66 mbar ©C-l :

U2 mean wind speed in miles per day at two meters above ground

LE

rate of energy utilization in evapotranspiration.

The potential evapotransfiration as determined by the Penman equation
does not take into account the possible flqccuation of the ;oil heat flux,
The formul;tion does not take into account, surface roughness or air
instability (bggyancy effects). '

2.12.2 gombination method

There are several(iodifications of the Penman equation (Penman;§1948; h
1956). fﬂe combinatigp method based on the modified Penman equation now
represents one oflthe more reliable techniques for predicting potential
evapotranspiration from climatic data. The refinements were made by

. Businger (1956);1Tann;P and Pelton (1960), and van Bavel (1966). Hont}ith
(1965) ;dé;d a term to account for vapor movement resistance from an
evaporating surface and similarly Tanner and Fuchs (1968) incorporated a
£urface temperature value. The derivationlof‘the combination equation is

2

(A7) Ry#(KLdaUg) /[ 1n(za-d) f8g) 12

'LE f2.6)
N 1+CA/Y)
” kat . -
K = — -
P o 4
I
C



vhere,

»

1E . = latent heat" flux. .
\
L = latent head of vaporization (cal 3‘1).

potential evapotranspiration rate.(cm day‘l).
A = glope of the piychrometric saturation line

(mbars °c-1y,

-

Yy =~ p:ychrometric‘ constant (mbarzi °C'1) .

net radiation flux (cal em-2 day'l).‘

. /

dq = saturation vapor pressure deficit of air o “

3
1

[(eo-él)mbars].
] .
Ua = windspeed at elevation z, (m day~l). N

zg = anemometer height above sgil (cm).

d = wvind profile d‘isplacement height (cm).
p = air density (g cm‘3)‘.—

.k = van Ka‘rmm"a coefficient (C.41). °
t = yater/air molec;:lar ratio (0.622).

P ° m.ambient air prejssure (mbars).

. 20 = wvind profile roughness height (cm).

. .
All terms of k and the value of L are treated as constants in most

e

) applications. The (Q/v) term is a function of temperature and tgbied

., values are available (van Bavel, 1966). - \ ¢

2.1 2.3 Claszs A-pan

The potential evapotranspiration can also be astimi;tad~£mm pan )

evaporation. Good results are obtained by class A-pan, however, the values

[y
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“~~the usually higher than tha potentl&lQevapotran:piratién from g well -~

vegetated surface because of the pan's excessive exyosuro“lnd lower .

_reflection of solar radiation. The A-pap values are also influenced by the

¥
pan's &&grounding fetch, relative humidity and windspeed. Heat transfer
through the sides of the pan may occur vhiéﬁ may be severe for sunken ﬁkﬁs.

Storage of heat vighin the pan can be appreciable and may cause almost

equal dvaporation during nigﬁt and day (Doorenbos and Pruitt, 1977). The

A-pan values have therefore to be adjusted with coefficienéf which take

-

into account the effects of plant growth characteristics (date of planting,
§ " N
rate of crop development, length of growing season and climatic conditions)
o . o
and average water availability. Crop coefficients show a large variation

between major gréups of érops. The difference is largely due to resistance

to transpiration of different plants, such as waxy leaves of. plants, crop

o
he%ght, crop roughness, reflection and ground cover.

\
EtO = CE, Ep . ' . (2.7}
[
where,

»
-

EtO = potential evapotranspiration.
Ep = class A-pan. -
CEy = coefficients. -

The Soefficients range from 0.5 to 0.8, but other than extreme
AN

‘conditions, tHe coefficients stabilize to about 0.77 over several days.
Specific coefficient values for applicationm to specific locations have to
1 ©

be found. However, representative values from other studies gﬁé{ide

guidance. Several researchers have obtained best resultﬁybb applyigz\\

A5

seasonally varied coefficients and average water availability. {

oy
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_There is a correlation between the predicted potential

‘

evapotranspiration using the combination model and class A-pan evaporation.

The improved correlation is largely due to the added consideration of the

‘ ueqrodynau'u,c terms in the combination equation. The other methods for

L
estimating potential evapotranspiration are based on:

1. Vertical ;nergy budget of'a vegetated su_tface.
2. Air temperature suchmg the Blaney-Criddle (1966) method, which has
\been extensively used in irrigation designs in the Western U.S.
A c:mmonly used method of‘ estimating actual evapotranspiration gj‘s by
lysimeter. This" is nqormally done by -the measyrement of soil containel':' mass
changes. With lysimeters such as that deve ed by Dugas et al. ‘(1985), it

is possible to evaluate (throughout the profile) the intérrelationships

between rooting depth a ity, solil water content, plant water uptake

and evapog@e demand .
4 o

2.1.3 Plant water uptake

-~

Brun et al. (1985) 1investigated.simple empirical equations that would

v

°©

adequately describe actual eyapotranspiration as a function of soil
moisture content or pan evaporati&m or both. By including the pan

evaporation factor, the coefficlent of estimation (Rz) was 'markedly

3

increased from 0.69 to 93.89. Thus soil moisture and pan evaporation vere

found to be both necessary to produce acceptable models for predicting crop

» 9

evapotranspiration, with soil being the more important factor. Tanner and
a .

Jury (1976) developed and tested an actual evapotrdnspiration model based =

\

L
on the potential evapotranspiration formula of Priestly and Taylor, (1972).

-

Calcula}:ed eyapo(i:at:ion (E) and transpiration (T) estimates were consistent

\

-

I
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@ with measured values by the lysimeter. At lov leaf area index (ILAI), E
comprises a 1afge fraction of the potential evapotranspiration and cannot

be estimated unless E and T are considered separately, since E and T

usually do not wvary p‘rop'ortionatelmner and Jury (1976) eatimated K
{
when it was less than potem:iaal (the falling rote phase), by two approaches
\

based on E‘qlling as t1/2, The model, however, assumes T at the potential

rate.

¥
\
N .

The general flow equation for a one dimensionnl t'].ov;' describes the
water flow in the unsaturated zone (Alaert: et 21., 1985). A modification
of the flow egquation to include the plant Root extra_ctionc term (the so
called sink term), along the lines of Whistler et al. (1968) and Molz and
Regxson (1970), descrﬂ?es the model of water balance of a cropped soil. 'Ehe
objective of a sink term is to distribute an atmospheric demand over the
@ root zone and to reduc; eventually the water lc;ss from the crop according
‘to the vaterfﬁf)?:ake,. status of the root zone (Alaerts et al., 1985); the
water upta'ke status in the root zone being equal to the‘ewfapotranspiration.

de d dH
—_— - K(e) - + Az, t) [2.8]

Y dt dz dz
vhere, ’

4

A(z,t) = root extraction term (sink term).

i

] = yvolumetric water content
‘"t = time U T
1
z = depth

by
]

hydraulic conductivity

« H = hydraulic head (sum of pressur%f hfad h, and grav:l.ty‘ head)
)
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The simple least-¢nergy model p:\&:onis ‘similarly to the complex Nimah-

Hanks model for unsaturated, lower boundary conditions, but fails to

-
simulate a reslistic extraction pattern wvhen a water table is present.

~

Other models such as the Hooglands extraction term cannot simulate the

t

daily potential transpiration (Alaerts et al., 1965). -
2.1.4‘neqn1rad amount of irrigation water

The required amount of irrigation water is calculated on the basis of
meeting the evapotranspiration rate of a disease-free crop gr;owing in large
fields under optimal growi:ng conditions (Doorenboos and Prui:'tt, 197.7?. The *
Et(c,opj (crop evapotranspiration) is determined by balﬁncing the. inputs

(precipitation or irriga{:ion, upward flow from water tables and soil water

storage) to evaporation losses, drainage and rt—.moff. m

In = Et(crop) - (Pe + Ge + Wb XD - Q) _ [2.9]

L

"where,

In = net irrigation,
A ‘Pe = precipitation, *

Ge = groundwater contribution,

) Wb = gtored water at the beginning of each period,

D = root zone drainage ("+" upward i;'low to root zone or "-"
A
downward flow from the root zoéne),

o

Q = the field x}noff.

Et (crop) = crop evapotranspiration o

Abstracting of Et from eacMooting layer can also be done through
congideration of the various sink terms (Alaerts~eé al., 1985), through

plotting of isograms of constant soil moisture with depth as ordinate and

-

-

’
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@ \ _ moist\fre ‘u abscissa o‘vor ;:he gtt;vi'ng season from a lysimeter as‘>descridbed
by lirurf et al, {(1985). It can also be done through m?uurit“\g root ‘hngth‘.
density and water content throughout the soil p-roﬁle in specially designed
lysimeters using mini-rh'izotrons (Dugas et al., 1985). Dflinlge is h
estimated by redistr%bution and percolation by a Darcy-type unsaturated
flow computation. The actuai Et(crop) is comx;uted through \sequent:‘ul
consideration of pfant pher{ology to describe the translpitability of the
existing canopy, root redistribu‘tion and water stress telmQrgtr(ps.

The Et(crop) varies with the dynamic develépmenb and decay of a plant
canopy. The degree of canopy development proportions the radiant energy’
between the plant and the soil. Blefote complete canopy development, energy

t

from a dry soil and air not used for evapoi'atiqn is reradiated for

transpiration to increase the Et(crop;: To a good.approximation Eta rate
@ is proportional t:<;° leaf area index (LAI) up to 2.5 - 3.0, above which
evaporation occurs at a poten&al rate, Et(cr.op) is5 modified by the plants
phenological development, which may occur inde;endent of crop canopy
present. The phenology relates to stomatal control of wvater through the
plant de;ending on atmospheric conditions. The root distribution reflects
wh-e;re in the st_:il profile the plant is attempting to obtain water, and a
water-stress ‘relationé.hip. which is applied to each layer and is a furection
of the plant available water of that soil layer and the atmospheric demand
of that plant. ’

- Other than -meeting the net irrigation requirements, water is ne:dad

for leaching accumulated salts from the root zone and other cultural .

o
/ ‘ practices (Doorenbos and Pruitt, 1977). To account for losses of vater

~

\
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incurred duﬂng conveyance and application t/o the f:l_eld, field canal and

application efficiencies are taken into gccéunzﬁ Field canal efficiency is

3

defined as the ratio between water recetvgd at the field 1n§et and that
-~ ' - / {
received at the inlet of the block of fields. Field application efficiency

f
is the ratio between the vatgr directly a/\"ailable to the plant and that

received at the field inlet. For 'sprinkier irrigation fie application .

effigciency is 0.7 for modefkte climates, v?ile the cangl

In sprinkler irrigation, losses due to wind drift and spray evapo

be significant,

2.1.4.1 Supply requirements |
The supply requirements at the field level are deteémined by the &epth “
and interval of irrigation and are primarily determined by (i) the total
available soil water, (ii) tge fraction of avaiiable soil water perm1€ting
unrestrict;d evapotranspiration and/or oﬁiimal growth, and (iii) the

rooting depth. ¢ )

The depth of irrigation application (d) is equal to the_ readily
avallablg soil water over the root zone and an application efficiency
factor to account for uneven application over the field.

(pSa) D (mm) o
d = ' . . [(2.10]

. Ea ) l
where, , b

.
Y

d = depth of irrigation application, -

Pp. = fraction of ‘available soil waéer\permitting unrestricted

“ o o

. %
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Ea = application efficiency, fraction ’ w

The valua'qf P depgnds mainly only on the type of crop and evaporation
demand. Some ;roﬁs such as cotton and wheat will ;olern;a higher soil
vater &epletionﬁlevels. The tolerable depletion level varies greatly with
crob development stage. The depth of soil water readily available to the
crop(;ill also vary with level of evaporatié: demand. |
2.1.4.2.'Irri;ation application interval

There -4s need to detgrmine the number of irrigations as well as
quantity of water ﬁer irrigation in order to relate the water use to the N
fertilizg{\gfeds. Correct timing of irrigat;on application is of major
importance. Delayed irrigation particularly when the crop is sensitive to °
water stréss, could affect yields and cannot be compensated for by
subsegquent overwatering. T;é;ng of irrigation should cohf;rm to+soil water

depletion requirements,, which vary with evaporative demand, rooting depth,

soil type and stages of crop growth.

(pSa)D .
{i=- . . [2.11]

Et (crop)
where N

v
i1 = irrigation interval,

p = fraction of available soil water permitting unrestricted’

evapotranspiration, \ .
Y

Sa = total available soil waser, mm soil depth,
D = rooting depth, m,

Et(crop) = crop evapotranspiration. >
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2.1.4.3 irsigation supply schédules’

. Field irrigation supply is determined primarily by the depth and
< [ 4 S
interval of irrigation and the method of irrigation.

10 (pSa) DA(m3) : L .
qt = [2.12]
Ea

vhere,

ot
q-= stream size Lsec'l,
t = supply duration, °

Sa = total available soil, mm sSil depth,

P~ fr;ction of available soil wvater permitti&$ unrestricted

evapotranspi;;tion} .

D = rooting depth,

Ea = application efficiency,
A = area, ha. .

In sprinkler irrigdtion the stream size 1s determined by the application

> rate which in turp is governed by the soil infiltratjon rateiand by the

A9

number of sprinklers operating simultaneously. Fa& a given system, the .

4

depth and interval of irrigation éan be changed by varying the application

e R
s =T ‘

duration and number of days between {rrfgations.”"

[

Prihar et a%. (1974) used the ratio betvegn the aepth of irrigation
wvater applied and cumulative pan evapo?ation (IW/ﬁAN-E) between the
irrigation interval as a‘guidﬁ/for scheduling irrigation. He found thaéy
for optimum yield, wheat should be irrigated on the basis of IW/PAN-E of
0.57 to 1.00. This approach pffers two ways of saving irrigation water (i)
a narrov IV/EAN-E ratio, and (ii) termirating irrigation at later growth

3

stages vhen wheat suffers minimum-loss in yield.® ’

o
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2.1.5 Effects of soil moisture on growth of vheat

The movement of water from the soil Ehrough the plant to the
atmosphere lelova a gradient of potential energy (Gardn;r. 1965; Slatyer,
1967). The rate of flow is determined by the magnitude of the potential
gradient and resistances to liquid and vapor movement through the soil and
the plant. Soil vatgr‘resist?nce is inversely proportional to capillary
conductivity and root density. As the soil. dries out, the soil water

potential declines and the capillary conductivity decreases rapidly. As’a
\

consequence, the resistance to water movement in the soil limits the rate

4 el

of vager up;ake by roqﬁé (Gé&dner and Ehlig, 1962). Water absorption by
the roots within any soil layer is largely influenced by the radial
resistance to water movement from the soil to the root surface and through
root tissues to the xylem and the.axial gesistancg of the x&lém. When
there is a shortage of water, the mﬂgor ;esisnance to water flow is located
in the leaf-air boundary (Phillip, i957). As the rate of water supplied-
from the soil lags behind transpiration rate, the turgor pressure
decreases, the stémata start to close and tr&pspiration decreases (Yang and
de Joég, 1972). This leads ‘to decreased photoszpthf;e production because
at extremely low leaf water potential:z, which occur vhen the stomatal

resistance is great, COp uptake is limited by enzymatic reactions

associated with photosynthesis (Dennis et al., 1985).

Soil moﬂgture stress at any stage of growth decreases yleld for both

grain and stover (Datsur and Desai, 1933). Soil moisture stress reduces
\ o
photosynthetic activity, since it is related to water content per unit of

leaf area (Dastur, 1924).
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Lack of moisture reduces root growth .ﬁﬁ prevents normal plant growth
and sctivity (Gingrich and Russel, 1957;  Mirreh and Ketcheson, 1973).
Reduced moisture conditions led to a decrease in root elongation, as it is

in part a hydration process (Peters, 1957). The increased shear strength

=

of soil at low soil moisture will further reduce root elongation by in-
creasing mechanical impedance (Barley, 1963). This redwction becomes more
pronounced as the soil brlk density increases (Mirreh and Ketcheson, 1973).

Soil moisture affects the parameters involved in the mechanism in

+

nutrient\ uptake by the plant roots. These are root growth rate, nutrient

movement to the root by diffusion and mass flow, and nutrient absorption
e _ .

according to theoconrenttation in the s0il solution and the root surface

(Barber and‘ﬁacKay, 1985). TLower moisture reduces P diffusion, the

principal mechanism for P novement! through the soil to the root surface

(Barber et al., 1963; Mahhab et al., 1971; Hira and Singh, 1977). The

o

increase of the-effective diffusion eoefficient with increase in the soil..

moisture content is due to a decrease in tortuosity and an increase in' the
]

crgss section of the pathway for diffusion. The detrimental effect of low

° o

soil moisture on P and K uptake on a plant (corn) can be offset in part by
increasing é%e initial P c&nceptrétion in the soil solution (Clj). Under

fer§ dry conditions, however, Aina (19805 found that added fertilizer K was

of little benefit.
2.1.5.1 Critical stages °

Stressing vheat for wvater at Jointing resulted in fewer days from

planting to flowering, shorter plants, more lodging, 1o&er grain
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v§1ums-veight, fewer heads per unit area, and fewer seeds per head.
st;ZIar results were reported by Johnson (1953) for winter wheat. A nunbfr -
of researchers (Mcdliboga, 1928; Kezer and Sackett, 1931; Robertson et l;.,
1934i Azzi, 1952) working with irrigated wheat éoncluded that the most

»

o
critical period for water was during heading stage.

2.1.5.2 Water use efficiency

Water usdefficiency i{s defined as the mass ratio of crop yield to
4
vater use (Viets, 1962; Yates and Taylor, 1986). Dennis et al. (1985)

defined water use efficiency as the COg-water flux ratio. Water use

efficiency defined in tn}s manner is referred to as transpirational water-
efficiency (Zur and Jones, 1984). Shih (1983), on the other hand, defined
water use efficiency as the ratio of water-to-fresh biomass or
water-to-marketable yield. The yield can be characterized byAthe end
product of a plant (grgin*hgaed, lint, etc), by thé vegetative component
(leaves, st;ver. etc), or by the combination of both, representing the

total biological yield. The yield can also Ve characterized by CO; flux

(photg;yithate yield). The amount of water used can be characterized by.

" the water stored in the plant §hd,transpirat19n, i.e. evapotranspiration.

The total water balance is generally determined by the soil water balance

(Howell and Hiler, 1975). The expression of water use efficiency by Howell
et al. (1975) {is:f t

1

[2.13]
Et

wvhere,
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‘QUUE = vater use efficiency, kg ha-1 _m‘l,

Y = grain yield, kg ha-1,
) Et = the seasonal water use, mm.

o
/ -
Et = Swj - Swg + R+ Irr + D - Q . : {2.14])

initial soil water content, mm,

the\?inal water content, mm,
the total ;grigation, mm,
the root zone drainage ("+" upward flow Eooroot zbne
or "-" downward flow from root zone), > o
Q = the field runoff, mm,
KR = Q4<nfh11, mm:._5
Theoretical justification for a constant crop-dependéht WUE is based

on the fact that solar radiation is the dominant factor inrluencing both
trafispiration and photosynthesis (de Wit, 1958) and that both processes

take place through the stomata.. However, despite the work of de Wit

(1958), Arkley (1963) and Bierhuizen and Slatyer (1965) to correct for the

effects of climate by daily free water evaporation, average air relative
humidity value and a representative seasonfl average of vapor pressure
deficit, the WUE efficient is neither unique for givez crop nor independent

of climatic conditions (de Wit, 1958; Arkley, 1963; Bierhuizen and Slatyer,
1965; Hanks, 1983).

It is generally accepted that both dry matter yleld and cumulative

transpiration are time integrals of photosynthesis and transpiration (Zur

; Y

E3
[}
5

°
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and Jones, 1984). Bierhuizen and Slatyer (1963) were among the firat to

propos; an expt{ssion for the instantaneous water use efficiency (WUE;) of

single leaves. °
CER . ’ k »
WUEL » = {2.16]
TR (e*-e)(xr'g+ r'c+ rp)
(rat+ o) -

where,

CER = net COy exchange rate,
TR = transpiration rate,.
(e¥* - ) = vapot“pressure deficit of the alir,
k = crop dependent constant, °
boepdary layef resistance to water vapor diffusion,
re = stomatal diffusiie resistance to transpirétion,
» r'a = laminar air resistance to COp diffusion,
r'c = stomatal resistance to COy diffusion,

Ty = intermal or mesophyll resistance to COjp.

The rp is assumed to be constant and small except under severe water

o

deficit. The ratio of the resistances to water and COp diffusion is

expected to be constant under normal conditions and WUE; is reduced to:
/

CER/TR =-k' / (e - e) » , (2.17]
k' = k(g + Te) /(r'y + T'c) ' [2.18]
Q
CE = k' TR / (e* - e) (2.191
ey T

e ) ) .
,Tanner and Sinclair (1983) extended the Bierhuizen and Slatyer (1965)
\ ”

equatggn tp a canopy basis and proposed a theoretical expression for
1 - /-\ t 8

-~

o(lculati the crop dependent constant, k'. They also extended the

s

<

/

f
N 7 ) - °
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validit&ﬂof éﬁ.,(z.IG) for instantaneous WUE; to daily and seasonal WUE4
and found good agreement between computed and measured values of k'. Both
CER and TR are sensitive to a'variety of environmental conditions. ’ _
Conditions which cause a different change in CER than in TR would resu}t in
@ change in the WUE; as would changes in (e* - e).

WUE{ is constant under a range of standard conditions vhere CEK'aﬁd TR

change similarly in response to environmental changes,

(CER) - a d(TR) .
- = {2.20]
dx dx |
vhere, x is an enviton?;ntal parameter and a i{s a constant. This applies

to conditions of clear skies during noon hours and for fully open stomata.
WUE{ will tend to increase,

d(CER) a d(TR)

> [2.21]
dx dx -

when CER increases more than TR, such as under conditions of improved light

i

penetration into the canopy, elevated COy qontent, high frequency

irrigation, and high nitrogen levels applied to the crop, under controlled
conditions of hiqp light intensity and low vapor pressure deficit, and for

crops with a low internal resistance to CO2 diffusion. WUE{ would tend to

decrease, o
d(CER) a d(TR)

< [2.22]
dx dx & X :
when the crop is exposed to water or nitrogen stress, during advective
- -

conditions, with a high vapor pressure deficit conditions (Sinclair et al.,
1975; Baldoccpi et al., 1981; Zur and Jones, 1984). Negative water use

, efficlencies indicate a net loss of COp from the crop canopy wkile

transpiration was still occurring.
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* 2
Water use efficiency can also be increased by (1) increasing yield and

o maintaining equal water use or (ii) maintaining squal yield and decresaing

water use. Yield can be increased by better meyhoda of pest andldis;ile
control and pi%nt breeding. Some of these practices will invariably cnua;
some change in the water use pattern, which will also directly affect water
use efficiency. In;reasing vater use efficiency by increasing crop yields
through decreasing the crop evapotranspiration is valid for well-watered
crop regimes, as plants growing in the field are subject to an externally
imposed evaporative demand, This approach, however, does not fully explore
the possible implications of limited irrigatiom in regi;ns of short a&d/or.

R
costly water supplies (Howell and Hiler, 1975).

Maximizing WUE 'may not be desirable since craps grown under dryland

‘conditions frequently use water more efficiently thin "well watered" crops,

. “
but at much lower levels of production. Maximum yidlds are seldom

desirable from an economic viewpoint, since either résources, fertilizer
. »
and disease control, labor, etc, are not utilized efficiently. However, an

"optimum" WUE - maximum gield subject to local constraints of water is the

desirable goal.

WUE; exhibits a diurnal pattern both for the ﬁgt and dr; cycle

conditions. Diurnal changes in a water-stressed crop are characterized by

progressively lower WUE; (Sinclair et al., 1975; Zur and Jones, 1984).

f o

Lower WUE; values are due to a decrease in CER in response to the decrease

in radiation flux which is larger than thé corresponding decrease in TR.

In addition the decrease in WUEy is due to.an increase in leaf temperature

associated with stomatal closure, resulting in an increased leaf to air

L]

P v

pors
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vapor prclaﬁro grndﬁent'vhich t;;d: to counteract the effect of a decreas;
in TR as a result of increased stomatal’resistance to COg diffusion. The
higher values are probably due to a faster increase in.the radiation flux
than air temﬁerngﬁre and vapor pressure deficiti resuiting in CER
increasing faster than the corresponding TR values. The WUE; decreases
with increasing stomat?l resisfance under strong irradiance or water stress
(Zur and Jones, 1984; Dennis et al., 1985). A strong correlation was
observed between the COz flux and the wat:r vapo¥ pressure deficit (Zur and
‘Jones, 1984), aléhough this effect appeared to be an artifact of stomatal
closurp/(Dennis et al., 1985). After correction for the water pressure
deficit, Zur and Jones (1984) found\a quadratic relationship (R2 - 0,.86)
betvgen CER and TR / VPD especially for midda} values. All linear and
quadratic t;rms had a negative intercept suggé;ting the following
frelationshi;s~ <

6ER = k' (TR / VPD) - C [2.23]

where, ‘

VFD = vapor pressure deficit

The negative y intercept suggest£ that below a certain value of TR, CER’

becomes zero and even negative, while TR is still positive. Under
3 ’ 0

4

conditions of severe water stress, there is a significant i?cfedse in the
internal resistance to COj exchange above that of stomatal resistance.
Shih (1983) found the WUE to be inversely related to the water table depth.

The study of Singh et al. (1979) showed the apparent water use (tonnes ha-1

of grain produced em~l of water) by wheat increased with an increass in
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numbexr of irrigations. The water use efficiency (increase in yield om-l of

L

water) decr;nsed with increase in number of irrigations.

2.1.6 Yi&id-ptotein relationships in wheat grain as affected by

nitrogen and water.

o

Increases’in yield caused by nutrients other than N, high seeding
rates, water or other factqrs have usually caused decreases in protein
“content of the grain. This results from the dilution of a given amount of
N in the crop by the higher yields (Terman et al., 1968). Terman et al.
(1968) showed a highly significant inverse relationship between N content
of wheat grain and applied water. The chief effect of applied N with
adequate water was to increase yields while that of severe water deficits
was to increase protein content. Only when N is absorbed in excess of

vegetative needs does an increase in protein content oflforgge and grain

occur. M

2.2 Efficiency of Fertilizer N I'Y

¢

Nitrogen fertilizers are the most widely used fertilizer materials and
‘are applied 'in large amounts. They are also susceptible to losses byl
leaéhing and by gaseous losses in the field through denitrification,
volatilization and loss from plant canopies.

Efficient fertilizé¥ practices aim at maximizing the utilization of
applied fertillzer by the crop in the most economic vay for optimgm crop
production. This requires<§valuation of the actual uptake by a Frop as &
function of different management practices such as:

a. Time of application,

-

*.b. Rate and method of placement,

[y
o
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¢. Nature of fertilizer,
d. Irrlaation schahuling and froquency,

e. Soil and climatic conditions.

" 2.2.1 Llosses of N

)

Many laboratory and greenhouse studies have shown that losses of N
from soils may occur under a variety of éonditions, the amount lost

depending mggtly upon the form of N added, pH, moisture content of the soil

2.2.1.1 Loss of N through volatilization 2

Nitrohen loss through ammonia volatilization is implicated in some
studies. Volatilization of NH3 can be regarded as & chain of events the
overall rate of which can be controlled by any one link in the chain of

events represented (Vliek et al., 1981) by

Where NH4caq) depends on the soil cation-excthange reactions (Fenn and

IS .

Kisgel, 1976; Fenn and Escarzaga, 1977) and net mineralization.

Ammonium containing or forming fertilizer salts will react with

w

calcareous soils to form (NH,)2C03 and calcium precipitates (Femn énd

Kissel, 1975). The (NH,4)2CO3 formed is unstable and decomposes as
' %

follows: ) B

¥ e

(NH(.)zco.a + H90 weweessems 2NHq T + H90 +-COg 4 [2.4]

|

2NH,OH
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Ammonia loss is greatest from ammonjium fertilizer salts, which react with

calcium carbonate to fqrm precipitates of low solubility (Fenn and Kissel,

1973). COz is lost from solution at a faster rate than NH3, thereby

producing additional OH™ and more NH;* becomes electrically balanced by OH™

which would favor NH3 loss as follows (Fenn and Kissel, 1973; Woodmansee,

L ad

1978; Stillwell and Woodmansee, 1981):

NH4Y + OH™ wpmememmae NH[,OH""-——-* NH3 + Hp0

» [2.25)

The ammonium volatilization capacity depends on the buffeting capacity.

of the system. The volatilization process wilf?continue if the.system ia

alkaline and contains the buffering substances to perpetuate the

‘\

volatilization process (Vlek and Stumpe, 1978). Urea is lost from all soils

irrespective of pH because, upon hydrolysis, it serves as an effective

alkaline buffer (Vlek and Stumpe, 1978).

Loss of NHq is accompanied by an

equivalent loss of alkalinity, and depletion of alkalinity will terminate

the ammonia volatilizaiion process (Vlek and Stumpe, 1978).
I'd

Many studies have shown that, the higher the pH, the greater is the

NH4 loss (Chao and Kroontje, 1964; du Plessis and Rroontje, 1966; Stillwell

and Woodmansee, 1981). du Plessis and Kroontje (1966) found a large

increase in NH3 loss with pH increase from 4.5 to

r

7.1.

Chao fnd Kroontje

(1964) showed a 40% increase in NH4 évolution with a pH from 7.4 to 7.8.

¢

~

This effect was greater for alkaline soils with a high clay content.
o

Significant amounts of NH3, however, may be lost at soil pH values as

"low as 5.5 if large amounts of urea or NH,* salts are surface applied or f£f

o

high incubation temperatures are used (Ernest and

and Kroontje, 1966; Blasco and Cornfield, 1966).

Massey, 1960; du Plessis
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2.2.1.1.1 Effect of NH,* concentratiomn »

~

The amount of NH3 evolved increases with increasing rate of NH,*-N
added but the proportion of added N volatilizing as NH3 is coﬁstant.(uartin
and Chapman, 1951; Chao and Kroontje, 1964; Hargrove et al., 1977; Vliek and
Stumpe, 1978). Other inv;astigators have rei)orteq that the proportion of
added NH,* or urea N evolved as NH3 increases with fertilizer addition rate
(Wahhab et al.’, 1957; Overrein and Hoge, 1967: Baligar and F?;il. 1968). -
The same a;thors concluded that the addition 'of NH4* “salts wgich form
soluble precipitates by reaction with CaCO3 is of critical importance in
determining both the total NH3 losses and the proportion of added NHj
losses and the proportion of added NH,*-N evolved as NH3: ‘The

concentration of Nﬂg(aq) increases about ten-fold per unit increase iq pH

.up to pH 9 (Vliek and Stumpe, 1978) and apptoximaéely linearly with

temperature (Craswell and elek, 19890). a

Chao and Kroontije (1964) observed thai the wvater loss rate was
constant with time, whereas NHj volatiliqation decreased with time.
Substantial NHj loss occurred without drying but greates NH3 volatilization
took place when slow drying of soil occurred. The process of drying
increased the NH3(4q) concentration in the soil %o;utionrand prevented
;i;rification of NH4+.‘ Very rapid dryiﬁg of soi:xresulted 1; low losses of
applied urea N because of the moisture requirement for dissolution of the
fertilizer and hydrolysis of urea. Essentially no. NHj losses are observed

vhen dry fertilizer is added to soils of low molsture content or when

fertilizer solutions are applied to very dry soils.

a <
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The rate of NH3 loss from a solution is probortional to the partial

pressure gradient of NH3(aq) and NHj in the atmosphere above the solution

(Inoue et al., 1975; Viek et-al., 1981). Conditions of light ‘
precipitation, which provide moisture adequate for urea hydrolysis but

insufficient to leach urea, rest* in the greatesvgss of NHj
(Bouwmeester eé al., 1985). This results in the development of high

concentrations of ammoniacal N at the soil surface providing a condition

——

which is the main driving force for ammonja volatilization (Boumeester et

al., 1985). Placement or leaching of urea below the depth of possible

—

capillaty movemept to the surface will greatly reduce NHj loss through

S

Q

volatilization (Fenn and Miyamoto, 1981).

v &

The rate of NHj loss depends on the 630. The higher the CEC the
greater\}? the proportion of added NH;*, which would be present on the
exchangeable complex, and less NHj would be presen£ in soil solution
(Wahhab et al., -1957; Verma et al, 1974; Fenn and Kissel, 1976; Gandhi cn?
Paliwal, 1976). The nature of the exchange complex affect NHj
volatilization from soil. Martin and Chapman (1951) reported higher losses

of NH3 from K* and Na' saturated than from Cal* and Mg?+ saturated soils

[
e,

apparently as a result of the higher pH of K* and‘ﬁp+ soils.

2.2.1.1.2 Effect of organic residues

The effect of organic residues on volatilization {s inconsistent and

largely depehds on the nature and rate of organic residue added (Volk,

4

1959; Mayef ot al., 1961; Moe, 1967; Volk, 1970; Khan.and Rashid, 1971;

v

.

e

—
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Watkins et al., 1972; Verma et al, 1974; Rashid, 1977).

2.2.1.2 Reducing losses'

~ Mixing neutral NH,' salts or aquifying reagentsg, ;uch as H3PO, “oxr
NH4H,POH,, with urea prior to their addition to the soil surface markedly
reduces NH3 volatilization (Terman et al.,(1968; Bremner and Douglas, 1971;
Watkins et al., 1972) Inclusion of NH4HoPOj at’a rate of 30% of N in a
fertili;ec mixture markedly reduced NH3 losses when (NH,)580,; or NH,F

mixtgxdé/were added to calcareous soils (Fenn, 1975). Mixing NH4NO3 with

urea reduced NHg volatilization relative to the application of urea alone

(Kresge and Satchell, 1960). -

~

2.2.1.3 Loss of N through denitrification ~

Extensive losses of 13N in the field experiments a;e often attributed
to denitrification despite the lack of evidence of such a loss (Broadbent
and Clar;, 1965;‘lllison, 1966). Denitrification 1s the reduction of NO3~
to N0y~ and to gaseous forms gof N, NpO, NO and Ny  The ;ost probable
pathway leading to these losses (Payne, 1973) is as follows:

+4H +2H +2H +2K
HNO3 ----- > 2HNOg -+------ >2NO-~=-vucm- >N9O --~------ > Ng [2.26]
-Ho0 -Hy0 -Ho0 -H90 ?
Dissimilatory nitrate reduction as defined by Verhoeven (1956), Fewson and
Nicholast(l961) and Campbell and Lees (1967) embodies nét only the
conversion of NO3~ to Ny and NpO but also the reduction of NO3~ to NH,*

under anaerobic conditions. The conversion may involve the following

sequence of reductions (Campbell and Lees, 1967):

kXS
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HoN9Og _.._»> N20 ---> Ng ...

2NO3~ ----> 2NOp~ ---> 2[HNO} (2.27)

2NHoOH ---> 2NHg* ..... b
Assimilation of ﬂ}droxylamine (Nuébu) and NH;' by microbial cells may be
o \

\
considered an extension of pathway (b) in eg. [2.27].

[

NO3~ reduction to NH,4* may be a significant process in some soils but .
not in others as also suggested by fin%}ng§ 6f- MacRae et al. (1968).
Ammonium accumulation accompanying nitrate dessimilation in soils is a

nitrogen-conserving process and should not be ignored in nitrogen balance

investigations.
Denitrification occurs when dissolved“oxygen is limiting in soil

solution at high respiration rates or at moderate to low respiration rates”

wheﬂ s0il water films are thick enough to reduce oxygen supply by
~ 4 )
diffusion. KPilot and Patrick¢(1972) foqndixhat the critical air-filled

[

porosities below which denitrification became signifkcant ranged from

11-14% in several soils. , The finer the soil qsxture. the higher the s
i t
critical air-filled porosity.

-

Although soll water contént may be useful for predicting the potential
- B
<

for denitrification, Craswell and Martin (1974) foundlno significant
denitrification in a well-structured cl;y even with moisture contents of
about 90% (by weight). Only at moi;ture contents greater than 100% did
they record significant denitrification. Volzfgt al. (1976) found that
during the early stages of an irrigation event, root uptake of NO3~ was
)

favored by aerobiédconditions so that pla:t uptake was 50% of the fotal
NO3-. After several hours of ponding, the decreased 0y availability in the
root zone inhibited §Sot uptake and enhanced microbial NO3~ utilizdtion, sa

a

]
that microbial biomass accounted for 90% of the NO3~ disappearance.

4
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2.2.?.3.1 Effect of organic matter )
Denitrificalion i3 strongly dependent on the availability of organic
compounds (Bremner and Shav(, 1958; Burford and Bremner, 1975; Stanford et;
al., 1975; Brar et al., 1978). The presenée of ample organic compounds can
also cause rapid oxygen consumption and possible deplﬁiion in soil
microenvironments, thus indirectly enhancing the potent;}l\for
denitrification. Such microsites have been postulated by many workers—as
pockets <;;f intensive respiratory activity rather than passive anaerobiosis
(Craswell and mrtin, 1975). Even in arid regions poor oxygen supply to

soil aggregates could result in locglized anaerobiosis and denitrificatien

(Allison et al., 1952; Burford and Millingt&m, 1968. Dowdell and Smith,

1974).

o

The rate of denitri?ication is affected by the 1303‘ level when C is
not limiting and NO3~ levels are lower than 40 mg kg‘l (Stanford et al.,
o -

1975), while no effect of N0°3‘ is found in a C-limited systems or NO3~

,concentrations above 40 mg kg'l (Starr and Parlenge, 1975).

Ryden and Lund (1980) reported that peak denitrification rates
occurred between suctions o'f 50-100 mbars and that above 250 mbars the
rates were quite low. The various redox potentials at which
denitrification has been reported to be significant range betweeln 300-650mv
(Ryden and I:upd, 1980; Ba;l.ley and Beauchamp, 1973).

(
2.2.1.3.2 Effect of pH

\ ‘o .
_ There is little effect of pH on denitrification in the relatively

neutral pH (6-8) of soils (Khan and Moore, 1968; Wijler and Delwiche, 1954;

Burfgrd and Bremner, 1975). Denitrification is generally lower at pH less

L.
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[l

than 5. Significant-loss of N, however, can occur at pH less than 5
(Ekpete and Cornfield, 1963; van Cleemput and Patric, 1974; Gi{lliam and
Gamrell, 1978). The .lov rates of denitrification at extremely low pH
(3.5-4.0) are possibly due to: e
L]
a) microbial species-vith low pH tolerances,

b) a general population with neutral growth optima that functjions

poorly at low pH, ‘ -

c) dirett effect-of soil solution or from pH inducing deficiencies
A

or toxic@tes .
8

2.2.1.3.3 Effect of temperature.

-

«

L}

~

Denitrification oceurs slowly a{: 2 °C but incteases strongly with
temperature, the op;:imum being 25 ©C and above. Thc; transformation is
still rapid at temperatures of 60-65 OC but not at all at 70 °C. This
indicates that an active thermophilic denitrification flora exists.

Denitrification was higher in a planted than unplanted soils in th;
presence of sufficient NO3~, 'but when NO3~ availability was low, the
presence of plants decseased flenitrifying activity (Stefans_'on,\ 1976; Smith
‘and Tiedje, 1979). bwens (1960) reported loss of N through detnitrifi{cation
of uncropped soils to range from none to 80%. Denitrification rates are

pr;‘ntly drastically reduced by plant competition for NO4~ as vel]\.’ as

refluction of anierobic volume resulting from depletion of soil moisture by

o

the growing plants to levels below field capacity.

2.2.1.4 Gaseous nitrogen losses from soils through nitrite reactions.

There is evidence that N can be released to the atmosphere by
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(]
non-enzymatic decomposition of NOy™. Some of the loss mechanisms may

include pthre following:

L4

1. The van Slyke reaction, defined as the reaction between nitrous

-

acid and -amino acids,
2. Formation and decompositioryof NH;NOp, / . (

¢
3. Self decomposition of HNOj at pH values below 5.0 with resultant

.

formation of NO plus No0, _ 'l

4. Dissimilation of NO7~ by reducing organic compounds,
B

5. Fixation of NOo~ ;byo reducing organic matter and partial cBnversion

. of some NO2~ to Ny and N30, .
/ 6. Catalytic reaction of N0y~ with reduced transitional metals such as
. * '

Cu, ‘rge and Mn.

The van Slyke reaction loss mechanism is rarely if ever important in

soils (Allison and Doetsch, 1951; Allison et al., 1952). Self i
decomposition of nitrous acid is only occasionally iml;ortant and only in

acid soils of low exchange capacity (Gerretsen and de Hoop, 1957; Allison,

1973).
&

Formation and d:::zosition of HNO, may be the major channel of loss

apart froh onia v

lization and biological denitrification. Nitrite

does not usually ate in soil. When, however, fertilizer materials

[

such as urea, anhydrous -  ammonia, aqua ammonia or diammonium phosphate are

applied at fligh rates or when tkey are applied in bands, they create

0
irrespective of the original tbulk pM, Accumulation of nitrite is

h concentrations of NH4* salts

~

attr1hu;ad_xn_:hg~3uppressive(effecc o
- .

<4

.\/_,,
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at the alkaline soil pH values on the Nitrobacter group of organisms
(Tisdale et al., 1985).

o)

Loss of N as N-O compounds and as Ny can also occux by the chemical
reaction between HNO; formed during nitrification and the NH4* present in
soil solution when the buff;r capacity of the ;oils and the pH of the soil
drops b;lov 5.5 during nitrification. The 1a;g;st losses of N are likely
where there are high concentrations of/NOz~ and NH,* through initial
addition or desiccation or vhere both nitrification and ammonification
proceed vigorously (Wahhab ;nd Uddin, 1954; Gerretsen and de Hoop, 1957).

A3
Allison and Dietsch (1950) underestimated the loss of N due to this

reaction especially if the process lasts several -weeks instead of hours,

]

In some acid soils (pH 4.0+4.5), however, considerable loss of N haa
been observed wiéﬁont the soil passing through a decreasing series of pH
(Gerretsen and de Hoop, 1957). Loss of up to 74% of the (NH,)9S0, added

was observed in pot experiments with acid san@y soils from different parts

"of the Netherlands (Gerretsen and de Hoop, 1957).

2.2.1.5 Loss of N through chemodenitrification

Lo%s of N from NO9~ by chemodenitrification has been shown to increase

qiih organic matter conteng/fézfzf)and Clark, 1960; Re&s and Smith, 1965).

The reduction of HNO3 to N9 and N30 supposedly takes place under mildly

acidic and acidic conditions at phenolic sites of org*nic matter vith

nitrosophenols as intermediates. The nitrosophenols are believed to

©

tautomerize to quinone oximes, which ;ubsequently reduce some of the HNO,

£ %

to N0 or Ngp. N can also Be lost through the decompo;ltion of the diazo

-~
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group in the diazomium compounds (Morel and Sisley; 1927; fhilpot and
Small, 1938; Bremmer, 1957). -
2.2.1.6 Fixation of N by organic matter . o
The amount of added NO9"-N which is fixed increases with a decrease of
soil pH, an increase in Qrganic matfer and an increase of NO9~
g;ncentratiop (Smith and Chalk, 1980b). The lignin-derived fraction of
sol] orgaric matter is responsible for N0y~ fixation and the mechanism for
fixation involves formation of nitroso groups on‘;hen?lic'ringé (Bremme;
and Puhr, 1966). Nelson and Bremmer (1969) demonstrated that a wide

. %
variety of soils having pH values as ‘high as 7.8 are capable of fixing

NOp~, that air drying soil promotes NOs~ fixation and that addition of

CaCQy markedly reduces NO9~ fixation.

2.2.1.7 JImportance of nitrite reactions in nitrogen 1osses from soils
Th(:z seems to beblittle loss of N from NOy~ reactions from neutral
and alkaline soils that accumulate NOg~ during nitrification, because NOg™
is relatively unreactive at high pH and little Ny or (NO + NO5)-N is
evolved. Smith and ghalk (1980a), hgwever. found significant loss of Ny,
NO + NO2 and N90 during nitrification of NH,OH in alkaline soils.

Loss of N through NOg~ reactions>is mach more likely during
nitrification in acjdic- soils. NOy~ accumulates in the periphery of NHj,
NH4OH, urea bands and prills (Smith and Chalk; 1980a). When NOy~ diffuses

] from the alkaline zone surrounding the band or prill into the surroundiqg
acid soil, HNOy is formed immediately and reacts with soil'organic matter
to liberate Ny and to be fixed or undergo soil §ecompos1tion with the

¢ evolution of (NO + NOg)-N ) :

LY
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2.2.1.8 Loss of N through plant eanopy‘ %

The amount of gaseous loss of N by vheat through the plant canopy vas
estimated to be about 15% (Carter et al.: 1967). This source may upéount
for some part of the widespread losses ;)f N found in many N balance

studies. Other workers (Bogtwright and Haas, 1961; Storrier, 1962; Barley

and ‘Naidu, 1964) without the use of 15N shoved that maturing crops can lose

extensive quantities of N. - )

2.2.1.9 Leaching losses ‘ .

Leaching is often’ the most important channel of N loss from field

soils other than accounted for in plant uptake (Allison, 1973). Losses

occur mainly as NO3~, the movement of which is closeiy related to water

movement, as rainfall or irrigation.

NO3~ losses occur when (i) soil NO3~ content is high and (

movement 1is large. As high as 85% 15N was lost through leaching in a high

b -

water control treatment while the lower water treatment regained about 85%

L4
of the 13N in mineral forms (Rohston et al., 1978; 1979).\ A treatment

g

receiving high water and manure \lost more L3y (13%), with no leaching

losses in a treatment receiving re with a lesser am t of water
(Rolston et al., 1978; 1979).
Tillage leads to loss of NO3~ because it stimulate onification of
soil organic N and subsequent nitrification, leaves the soil bare for a !
period of time and.sets the stage for possible NO3~ loss through leaching.

Such losses of N on virgin grassland soils were estimated to range from 30

to 40% of the total N in the upper 30 cm of soil under low erosion
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conditions and up tc; 75% or more where serious erosion had occurred \(I..eQQ
and Meisinger, 1982). losses of N are less under grasses or legumes
because less NO3~ accumulates than undér continuous cereals (Hensler; and
Attoe, 1970). In studies of leachin’g losses from lysimeters in relation to -
soil texture and drainage (Kolenbrander, 1972), losses from soil organic
matter rnn—ged from 45 kg N ha-1 year'l on sandy soils to 5 kg N ha-1 year'l
on heavy clay soils. The liifference was attributed to loss oy
de;litrification.

Leaching losses are strongly influenced by seasonal factors, such as
wqt;r and te:nperature. In humid temperate zones, increased mineralization

,after winter and subsequent ni;tri-fication will result in significant
leaching losses of NOj~ below‘the root zone, if heavy rains occur before
spring planted crops are growing vigorously. In humid areas, NQ3  can be
removed from the sofil profilé by leaching, denitrification, or both, or it
may accumulate in the soll profile and move downward into the groundwater
depending on the soil, glimate, fertilization and management ?;actices.
Leaching losses also oclr under subhumid conditions where summerfallow is
practiced. Summerfallow practices allowed deeper penetration of
precipitation& than was possible before cultivation, resulting in
minetalize'd 80il N moving into the lower horizons. NO3~ leaching is %t
likely to take place during the summer (Allison, 1973; Chichester, 1977),
when evapotrgnspiration usually exceeds precipitation, and plant uptake
‘ | -

rates u;e high. Also, a critical factor which determines the amount of N

leached is the amount of N remaining in the profile after crop harvest.

Q»
3
‘(s/
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o 2
Leaching of NO3~ in irrigated agriculture depends on the method of

irrigation. Flood and aprinkler—itrigation cause a more uniform dowvnward
movement of NO3~. Movement of NO3~ under furrow irrigation depends on the
method of N placement (Viets et al., 1967). 1In studies of,chenl and Pratt
(1978), leaching losses from some typical Southern California croplands
ranged from 13 to 102% and commonly averaged 25 - 50% of the applied N in”’
most cropping situattons. In the study of Pratt et al. (1976a, b),
irrigation had little effect on crop N removals, but increased leaching
losses. Use of liquid manure resulted in greater mineralization and crop
uptake, greater leaching, greater gaseous lossef, and less soil organic N
accumulation.

Owens (1960) found that the amount of total N losE)t:hrough leaching
was directly proportional to the amount of spring moisture passing through
the profile and nitrogen leaching losses were reflected in a reduction in

the subsequent N uptake by the crop.

<
.

2.2.2 N uptake

Tracer and non tracer experiments reviewed by Allison (1966) indicate
average recoveries of fertilizer N under field conditions in a single
harvest to r’ange berween 50-70%. Estimates of fertilizer nitrogen
recovered by arable crops are nmot more than 20 to 50% (Cook.e, 1967; Carter
et al., 1967). A review by Kundler 21970) of work utilizing 15§ 1abelled
fertilizer reports first-year recoveries in the crop of 30-70%, vith.IO-IoO%
unaccounted for and presumed los;:. The data of Hauck (1971) show total .
';:ecoveries of applied N in the crop and soil as lov as 60% and as high as

110%. The near total recoveries of Craswell and Martin (1975) of 15y

2 t

- -

K
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balance oxpei:i.ment:s are similar to other studies. Carter et al. (1967), )
Henzell (1971), Vallis et al. (1973), and Shields et fl' {1973) reported
recoveries greater than 95%. In the first th;ee of these studies high 15N ”
recoveries were found amidst extensive losses in other phases of the '°El§;_
In the work of Carter et al. (1967), the recovery of 13N from field plots
vari¥d from 96.3 to 101.8% and averaged 99.0% of that of added‘N. This was
the result of treatments, such as cropping, time of application of N of the°
two so&rces of N tested, the plot size, and oexposure to natural rainfall.
Portion of the remaining N was recovered by subsec;uent crops. Another.
portion was probably lost through leaching beyond the root zone, or may
have been incorporated in soil organic matter, and a portion presumably

escaped as gases.

A}

M

A number of 15N balance studies have shown extensaive quantities of
added 15N to be unaccounted for after soil and plant ana\lysi‘.s. Greenhouse
studies by Zamyatina et al, (1?68) showed 30 to 70; of the applied N was
taken upﬁ by the plants, 7 to 45% wgs incorporated into soil organic matter
and 11 to 35% was u;xaccounted for and presumably lost as gaseous nitrogen.
Myers and Paul (1971) reported 64.4 to 83.8% of the added N as NH4,NO3 was
recovered by wheat indicating 1oss§; éf 16 to 36% N possibly due to
volatilization and/_or denitrification. When 13N-labelled (NH,)9504 was
applied to maize at 100 kg N ha~1 41% of the applied K was unaccounted for

after 12 weeks.

- Losses of 15N have tended to be low in the humid and subhumid areas of

Africa, averaging 20% and 24%, respectivelyoand were significantly less

than the average.of 40% found over all treatments and sources in Niger at a

-

u

&
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‘a! — &
semiarid site (Vliek, 1985). The ;’ov”‘a\;ouu in the humid and subhumid zones
may be in part attributed to high:crop densities which can be supported in
the more moist zones and results in a high uptake of applied N by the
plant. Plant uptake accounted for 45% of the applied fertilizer N in the
humid zones compared to only 28% in the \'semiarid zone. The living plant

material acts as a sink for fertilizer N, trapping it and reducind its loss

via wvolatilization or lgaching.

gy :

2.2.3 Methods of improving N efficiency

Response of wheat to a given application of N depends upon the
availability of soil N and water. The merits of‘ split application of N for
increasing yields seem to be largqly %ependent on growth season and sofil
conditions. Irrigated wheat grain yields have been incredsed by splitting
N applications between seeding ard tillering or stem elongation (Wahhab and
Hussain, 1957; Jain et al., 1971; Hamid and Sarwar, 1976). Khalifa (1973)
foundrao apparent benefit from split N application at seeding and till‘aring

with different wheat varieties.

Data from the four year isot;ope studies on wheat fertilization (IAEA,
1974) in several coﬁntries, Arab Republic-'?‘f Egypt, Turkey, Pakistan,
Lebanon, Peru, Uruguay and Romania under different cli:natic condit:iims have
generally shown split appiication of N to be superior in supplying N to

vheat. In Italy, where single application of N wais. superior, pr'ecipitationr
in the later growth stages w;;g insignificant to move N into the root zone.
In general, the two-split appLicat‘ion vas at least as good as the

three-split .application for the carriers used. The t;to-split application

incérpc;rates the two most ef}icien't times of application. 'The"superiority

o
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of the split application was mainly due to the higher uptake efficiency
from the nitrogen applied at tillering stage.

4
In the humid and subhumid zones of Africa the best combination of N

source and management over all sites was urea split broadcast treatment
vhich gave both highest N uptake in the grain and lowest losses. Split
application of calcium ammonium nitrate (CAN) also resulted 1nchigl'1 grain N
contents and broadcasting was the best method of application to assure good
N uptake in the grain. Over all zones, the point-iplacéd urea (as urea
supetgranules) tend;d to do poorly and performed significantly more pc;or:ly
than other sources in the semiarid zone as represented by the Niger site.
Concentrated placement of urea it-l points or in bands may lead to increased
leaching of f(ertilizer~N due to limiteci s'ccess to the sorption sites of the
soil. The problem is acéentuated in light textured soils (Vle&c et al.,
1980; Mughogho and Bationo, 1985). .

Late applications of nitr@en has aroused interest becauus; of the
possibility of increasing protein content and gx:ain yields. A significant
increase in both yields &nd grain protein was obtained in ‘winter wheat when °
N was applied in late spring (Johnson et al., 1973). Hammid and Sarwar
{1976) repérted that N ai)plied at boot stage or later inéreased wheat grain
protein but not yield. Early applications of N to wheat are effecti;re in
increasing grain ylelds, while later applicatidns are reflected in

']

increased N content of grain and less effect on yield.

2.2.4 Methods of 15§ assay K ~N . . )

»
%

Isotopes provide the only direct way of measuring thé uptake of a

r—— ., I

mi!:rient from applied fertilizefs as affa?:‘;ed by timing, placement,

—— ° N <

. ~ ~
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foertilizer source, and environmental interactions (Fried et al., -197%).
These authors extended the technique to mea;ute efficiencies without
interactions as to form of N and, further, to permit the diredt
quantitative measurement of intera‘ctions. The direct measurement of the
nutrient uptake from a fertilizer has enabled the quantitative separation
of the two trlajor sources of nut::;:ient s‘upply. i.e. the s0il and»{_!:e
fertilizer. Labelling with 158 permits more accurate evaluation of the

contribution of fertilizers under test than either yields or total nitrogen

contents of the crop (Craswell and Martin, 1975). -
Conventional.field experiments based on crop yielc{ data, may or may’
not give reliable information (IAEA, 1974). The amount of fertilizer
nitrogen utilized by a crop, for example would be greatly underestimated in
an experiment based on yield data.under conditions where there is no yleld

’ . -
response to added nitrogen, and éxaggerated under conditions of; severe

nitrogen deficiency.

In split appl?cgtior_t of fertilizers the efficiency of nugri:ant:
utilization of each application relative to the others car; be determined.
At each time of ;pplication, fert:}:[l:l.ztnf tagged with 15y 15 added in a
separate sub—ilot. In’Ehe case of a three-way split, three separate
sub-plots are required. When 15y tagged fertilizer is not added for m
giveanoapplication time, untagged fertilﬂizer is used. Although three ‘
separate sub-plots are employed, in reality they have the same treatment,
the ;>nIy difference is in the position of the label. Thus it is possible '

-

to study the effect of thé time of N abplication on N utilization without

b

K
)
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the confounding effect of N-supply on plant growth and utilization of plant

nutrients,

2.2.4.1 158 terminology .
The common working value in 15N tracer studies is the "atom percent

excess isN". This value is the percent abundance 158 1n the sample (A)

minug the percent abundance 158 in they standard gas or in a control sample

with the approgriate correction of the atom-percent 15§ for the reagent

blank (Rice, 1966).

no. of 13N atoms d
A=
- no. of 14N atoms + no. of 15N atoms “
(L4n158) + 2[15N1?N]
- : - [2.28)

2[14N14N] + 2[14N15N] + 2[15N15N]
where,

A = atom percent L5y,

/

The ion current corresponding to mass 30 (15N15N)‘1n the mass

spectrometer is not measured, as Ny is in equilibrium in accordance with

the equation

LANL4N 4 LSNISN gmmmmmmmw 14§15y 4 L4N1SN ©[2.29]
2

The ,equilibrium constant of this reaction at room temperature is 4:
\ \

[Léx15y)2 . :
-4 [2.30]

[laleN] [lSNISN]
Hence,
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p's
100
Aw . L
2R +1 ' [2.31)
vhe
mass 28
R = [2.32]
mass 2

In the agdlysis of atom percent Loy by emission spectrometry, nitrogen gas
at a low presfure in a glass discharge tube is excited by radio frequency
energy. The vaveleng;h of light emitted is related ;obthe isotopic form of
nitrogen (jones and Adam, 1975). Thus in the 2 - 0 band the nitrogen
molecules L14N14N emit light at wavelength 297.9 nm, L4N15yN ar 298.3 nm and
158158 at 298.9 nm. In the Statron spectrometer model NOI-5 utilized in
part of this study, a rdck salt prism monochrometer is fitted with an \\\\

automatic scanning' device that traverses these°whve1engths repeatedly at 1

minute intervals. The monochr%metgr output {s detected by a

9

photomultiplier and after appropriate amplification the signal is fed to a
chart recorder. The$15N enrichment 1s calculated from measurements of the
relative intensities of the l4N14N and l4Nl5N peaks (eq. [2.32]) because

equilibrium Is established by the high-frequency source used to excite the

nitrogen gas. Atom %158 1s thencalculated from eq. [2.31]

.

The limited resolution of the instrument renders caliﬁration with
known standards essential. Correction for background emission is a major
problem atLlow 15N abundances. One of the major aanqtages of the
instrument 1is lower cost and the small sample size, typically of the order

of 10 ug of N. Nitrogen gas is generated by the Dumas combustion or by the

lithium hyprobromite oxidation procedure.

Application of the final atom peﬁLeﬁt excess 15N value in the sample
] & .

leads to: '

- o
L
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°

(Ag) (Ng) \
Ne = — ° [2.33)
Ao

ghe quantity of labelled N present in any given fraction after
some form of translocation. In a fertilizer uptake experiment N
is yhe quantity of labelled niirogen present in any specif¥ic -
fraction of the plant or soil where the labelled fertilizew N is
tran;located. In a nitrogen fixation experiment, N, is the
quantity of labelled N in the organic matter which has been
translocated from the labelled atmosphere or labelled fertilizer
and labelled organic nitrogen source via microbial fixation.
atom percent excess 15§ in the specific fraction which receives
the translocated nitrogen. Atom per;ent excess 19N is the % 15¥
enrichment, ;hichqgives the % 13N above the natural abundance

0.366 (315N excess = %158 abunfance - 0.366).

the quantity of the N in the specific fraction which received the
\ -
translocated N.

the atom percent excess 158 in the labelled nitﬁggen source, ie,

fertilizer, fertiliZer-soil mineral nitrogen pool, atmosphere

etc.

-

Where severéi plant parts are analyzed for atom percent L5N, such as

stover, pods or seed, the weighted atom percent 15N for the sample is

AV-

Atomt 15N ex (A) * N yield (A) + Atom% 13N ex (B) * N yield (B)

o [2.34]
. N yield of (A) + (B)



&

Ay = veilghted Atomd 15§ excess of sample
|
A = plant part such as stover

J

B = plant part such as poiﬁ or seed

2.2.4.2 TUse of isotope derived criteria

Isotope derived criteria commonly used to express results obtained

, 1]
from soii-plant nutrition experiments involving labelled fertiligzers fall

into two groups: '
a) Yield dependent, and
"b) Yield independent factors

The §1e16 independent factors such as percent nitrogen derived from

t

fertilizer (¥Ndff) are calculated directly from estimates of isotopic
dilution.

atom % 19N excess in plant sample

a

ENAff = * 100

LY

{2.35)
atom % 19N excess in fertilizer

An assessment of plant yield is not requir;d. The ¥INdff provides a
sensitive criterion to assiss specific fertilizer management practices. Of
importance is the observation that identical conclusions can be drawn from
$Ndff values as kg N ha-1 taken by the crop for any one particular
experimént {E;nnie and Fried, 1971). This is a significant observation‘in
t in fo}mal plot laéouts, the labor inputs and costs involved in

obtaining a yield dependent function such as Kg N ha-l uptake are several

orders of magnit\is greater than that required to obtain WNAff.



" -56- i

Howvever, vhen comparing results obtained f;om experiments‘karfied over
several locations, the yield &ependent criteria should be used. The %Ndff
values not only reflect the extent of isotope dilution of the applied 15y
label as a funcéion of a single variable, such as different fertilizer N
placement or form etc, but also the influence of a(Qumber of other factors

which may vary from one location to another, such'as available soil
nitrogen, variable climatic conditions and‘different Aegrees of fertilizer
nitrogen-soil nittoge# interactions. The yielé dependent criteria, such as
"percent utilization of the applied fertilizer N" require in addition to a
measure af isotopic dilytion, an est;mate of total yield, and & N in the
plant. The percent utilization of the applied fertilizer nu;rie;t provides
a criterion by which the performance J¥ one or more fertilizer sources or

placements etc. can be evaluated. - -

amount of N in plant derived from fertilizer

FUE = x 100 {2.36]
fertilizer N applied

where, -

FUE = percent utilization of the applied N fertilizer

r

2.3 Utilization of Residual Nitrogen

ngumes are known to increase soil‘N levelskﬂNational Academy éf
Sciences, 1979) and consequently the productivity of succeeding cereal
crops {Singh and Awasthi 1978). Senescent leaves add a substantial amq?nt

of N to the soil. Reddy et al. (1986) tndicated 50 kg N ha-l to have been

added by senesced leaves of tropical legumes and to some extent roots -gnd
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nodules. Lladd et al. (1981) found after 32 weeks decomposition, /60-65% of
the added 15N labelled medic remained in the soils (0-20 cm) (;rtsﬂ

labelled residues, After another & years the values declined to 45-350%,

“0140 and 15N biomass was 8-12% of the total residual organie Tesidues.

A
After another 4 years the values declined to 6 and 9% of 14c and 13y

labelled biomass respectively (Ladd et al.; 1981).

Wheat plants took 'up gnly310.9 to 27.3%~b§ the 15N from previously
added legume material. Grain 15y accountesd é;r 51~toﬂ50% of‘zhe total 15y
recovered in the wheat; ’root 1§N contained 3.5 to 7.2% only, despite root
N being generally of higher enrichment than those of grain N and straw N
(Ladd et al., 1986 . The amount of N of the soil profiles derived from
min ralizsgaon of soil organic matter varied from 1.21 to 1.85% for
Aujiralian soils investigated (Ladd et al., 1981). The medic legume
material thus contributed only small proportions of the available N pools
after'ls months of decomposition at the three test sites. The main value
of the legumes in terms of supplying N to succeeding crops would appear to
be long term, 1.e.: thelr capacity to maintain or improve concentrations of

soil organic N to be decomposed at relatively slow rates in the following

" years (Ladd et al., 1981).

rY

2.4 Nitrogen Derived from Nitrogen Fixation
Lysimeter values of %Ndfa have varied from 38-70% depending on soil
: 4
and plant growth stage and harvest. A high value of 67% was found in the
R g

field. Other studies using 15y isotope dilution have reported tNdfa for

Chappewa soybeans of 61% in Austria (Rennie, 1982), 50%‘1n Sri Lanka, 38%
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in the USA and 38% in Hungary (Rennie et al., 1978). Ford soybeans had s

tNdfa of up to 60% in the USA (Deéibeért et al., 1979) and Clay soyﬁpans an

average of 37¢ (Ham and Caldwell, 1978). An average estimate of tNdfa for
soybearis would be about 50% (Rennie, 1982).

5

2.4.1 Amount of nitrogen fixed

Recorded values based on 15N isotope dilution indicate amounts of Nj
fixed are 92 kg ha-1 in Syl Lanka and 108 kg ha-1l for Fo£d soybeans in the
USA (Rennie et al., 1978). Deibert et al. (1979) ieporteq Ny fixed by Clay *
soybeans of up to 149 kg ha-l in the USA._Han and Caldwell (1978)
estimated that the amount of Nj; fixed by Clay|soybeans was 114 kg ha-l in
the USA. The amount of Ny fixed by soybeans on average is approximately
100 kg ha-l. ‘

The reasons for the difference in percent~N, derived from fixation and
the amount of Nj-fixed ;fe due to: (i) difference in potentiai for
Nj3-fixation by different l.egumes,a (i1) suitabili'tx of the reference crop
and time of harvest in Np-fixing systems, based on when enough Ny above
experimental error has been fixed, (i1il) temperature during theugrowth
perid& of the reference and fixing crop, (iv) choice of sampling material,
(v) e%ficiency of No-fixation by Rhizobjium stra;ns. and (41;’;;;?hs of soil

N (Fried et al., 1983; Witty, 1983).

i}

2.4.2 Use of 15§ in biological dinitrogen fixationm.

In the use of 13N for biologicalqnitnogen fixation studies, Danso
(1986) haf_enumerated the advantages of the is&tope dilution method:

a) fhe isotope dilution method gives a truly int;grated value for °

Nz- fixation in the field. Ve »
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b) It t: the only method whigh permits quantitative separation of the
contributions xo plant-N of the soil, fertilizer and atmospheric

' nitrogen.

c) The proportion of atmospheric nitrogen f1x3d by a crop can be
determined, even {f the yield cannot be meas&}eé’because of dqmage
due to disease, animals, soil, etc. o

d) Unlike the nitrogen balance method it is not necessary to grow the
control crop with zero or an unnatural 1;v level of fertilizer,

e) in plant breeding trials when the objective is to breed for higher
nitrogen fixation either by breeding for superior legume cultivars
or selection of superior rhizobiua strains, the Ny fixation method
can be used simply by comparing the atom 15N excess within

. treatments or among genotypes, withéut any ne;d for a reference

crop. ™

2.4.3 Estimation of biological dinitrogen fixation (BNF)

The most suitable methods of estimating Ny fixation are methods.which
integrate Ny fixation over the growing season, i{.e. nitrogen balance (NB)
and the 13N isotope dilutipn method (16§. The NB method 1is based on the

assumption that both fixing and nonfixing crops assimilate identical

amounts of soil and fertilizer N. The difference in N yield is attributed

to fixation. /

s

Thus Ny fixed = N yield {fs) - N yield (nfs)

[(N yield (£8) - N yield (nfs)] * 100
tNdfa

(2.37)
N yield (f3)

1
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where,

f3 = fixing system (crop) . \\\\\

nfs = non fixing system (crop)
$Ndfa = percent plant N derived from the atmosphere
.(fixation) )

The ID technique of estimating biological dinitrogen fixation (BNF)
ependséupon differences in isotopic composition of the sources available
for plant growth, i.e., so}l N, fertilizer N and atmospheric Ny (Bergersen
and Turner, 1983). The differences may arise fromlsmall natural enrichment

of 15N in soil N, or from the addition of 15N enriched or 15N depleted

materials to the soil. 15N enrich:i fertilizer N taken up from the soil by

the legume is diluted by fixed at

k!

€0.3663 atom % 13N).

spheric Ny of low natural abundance

Quantifying N9 fixation requires reference to a nonfixing control
plant. The estimation of N; fixed generally involves labelling the soil
with 15§ (organically or inorganically) growing the legume along with a

nonfixing control and calculating Ny fixed as follows:

5

1
atom § 19N excess (fs)

Ny £ixed = 1- * N yleld (fs) [2.38)
‘atom % 15N excess (nfs) -
and,
atom % 19N excess (fs) e -
t Ndfa = 1- x 100 [2.39]
) atom ¢ 15N excess (nfs)
- where, ’
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@ tNdfa = percent plant N derived from the atmosphere
atom t 15N ‘excess = atom percent 15N excess

The basic assumption of the ID procedure 1s_that the fixing and the
refe;ence plants should ;bsorb the soil N and fertilizer N in the sa;é
ratio (Fried et al.t 1983; Broadbent et al., 1983). When there are
differences in N uptake profiles practices which result in a less drastic
decline of 15N/14N ratio in the soil, such as d}rect incorporation of
15N-1abelled organic matter (Hauck 1973).'the addition of fertilizer
together with an available carbon source (Legg and Slogger, 1975)-or the
use of slow release 15N féftilizef formulations, which lead to a more

1 stable enrichment, should be adopted (Witty, 1983). A suitable reference

plant can be a nodulating line in nonfixing mode, either as uninoculated or

™

inoculated with ana}neffective ghigbbigm (Rennie, 1981), nonfixing isoldne
qE§ (Fried and Broeshart, 1975; Legg and Slogger, 1975; Ham and Caldwell, 1978,

Yeibert et al., 1979, Demenach et al., 1979; Rushel et al., 1979) and a

f nonlegume such as.barley. Barley has been used as a reference plant for

’soybeans'(Fried and Broeshart, 1975; Rennie et al., 1976) and for Phaseolus

vulgaris (Rennie and Kemp, 1983; 1984).
N9 fixation as estimated by the isotope dilution method is not

necessarily the amount of Ny fuxed byt rather an estimate of the amount of

14

fixed N9 contained in the harvested portion of the crop (Wift}, 1983). The

difference between the two values depends on the proportion of N lost from.
|

the crop such as leaf, nodule senescence and gaseous loss from plants
(Witty, 1983). Calculations made by Bergesen and Turmer (1983) indicatedl

|

1
3

-



that wvhen tNdfa was more than 50&..folinr anglysis provided adequate data
for estimation of ¥Ndfa and considerable effort of root collection ‘coild ye
avoided.

Identical estimates of Ny fixed by the NB and ID methods has been
obtained only vwhen the feréilizer use efficiency}tFUE)mof in unfertilized
experiment, the soil N upﬁak; of the fs was identical tQ the nfs (Deibert
et al., 1979; Rennie and Kemp, 1983; Witty, 1983; Rennie: 1984; Rennie and B
Dube£z, 1984). Fileld estimates of fixation based on ;he NB method of a
legume and control combinagion having the same percentage fert{liz;r uptake
could not be reliably obta?ped because the relative fertilizer uptake of—
the two crops varied from season tju

season (Witty, 1983).

-
1 P



3. INFLUENCE OF TRRIGATION SCHEDULES AND NITROGEN PLACEMENT
OR WHEAT YIELD

.

3.1 Introduction ~ '

Research involving irrigated wheat in Zambia is.limited. - Although the
plant nutrient needs for wheat are known, 1rrigatio?/;j¥es and method; of N
fertilizer placement have not been fully determined with Zambian conditions
and soils. Fertilizer recommendations are usually based ;n fertility and
irrigation trials with wheat in the neighboring country of Zimbabwe.

//7Huch resé;rch work has shown that uhllé vheat 1is sensitive to moisture
stress at earlier growth stages, irrigation water can be saved by omitting
itkrigation lat; in the growing ;eason (Kezer and Robertson, 1927; Day and
Intalap, 1970; Sing et al., 1979). Response of wheat to a given
application of N depends up;n the availability of soil N and water. N
Further, irrigated wheat grain yilelds hav; been increased by spfitting N

’
applications between sgeding and tillering or stem elongation (Wahhab and
’ -~ .

Hussain, 1957; Jain et al., 1971;'Hammid and Sarwar, 1976). Hammid and ‘
Sarwar (1976) reported that N applied at boot stage or later increased
wheat grain protein but not yield. Furthet,’there‘vas better utilization
of fertilizer N when it was split equally between see&ing and tillering

than for a single application at seeding. In contrast, Khalifa (1973)

found mno apparent benefit from split N application at seeding and tillering

4

with different wheat varieties.

- The study reported here was carried out to investigate the effect of

.

different irrigation regimes, rates and methods of N placement on the yield

i . - -
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of vheat grown on a sandy clay loam soil belonging to the Typic

Haplustalfs.

3.2 Materials and methods
A three year study was conducted under sprinkler irrigation on a

; .
nearly level sandy clay loam at the National Irrigation Research Station at

Nanéa. Zanbia. The soil belongs to the Mazabuka séries, which Includes,

chromic luvisols or Dystric "Nitosols (FAO-UNESCO) or Typic Haplustalfs' =

(USDA) occurring én elevated sites under miombo Savannah of modgrate
rainfall. They are deep well-drained soils gith characteristic red
argillic B horizon developed ove; calcium-silicate schists: The soil had a:
pH of 5.5, CEC of approximately 7 cmoles kg?l-an& total N-content in the D
order of 0.8 g kg-1. . : ' . ‘ -
3.2,% First year study (1982) , R -

Wheat (T;;g;;gm aestivum L;;EMU's) was_grown under /three.methods of

| .
fertilizer application and three irrigation regimes. Aftota{Koﬁ 150 kg°N

ha-l in the form of urea was broadcast prior to seeding either in one

portion, two portions (75 kg N ha-l each), or three portions (50 kg N ha-1

e

each). - The fertilization schedule is summarized in Table 3.1,

The irrigation schedules included: (i) every week irrigation at a rate”

v

of 70% of the total class A pan evaporation diring the whole irrigation

inter%al; (11) every two weeks irrigation at 60% of the total class A pan
evaporation during the whole irrigation interval; and (ii) eveéry three
veeks irrigation at 50% of the total class A pan gvapﬁration during the

wholé irrigation interval. These schedules wvere impﬂemented at tillering.
. g [ -

= =

e
1

¥
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D ]

Table 3.1 'Nitrogeh fertilizer pi-ogram for tﬁo 1982 experiment

Method of

- Time of application .
application . and amount of fertilizer
. At seeding At 4 weeks At 7 weeks
.after seeding after seeding
kg ha-1
One porti-bn 150 - Lo
Two portions 75 75 . ' -
Three portions 50 50 . 50
- ' 1
: 13
° 2
' 3
3
S .
t d " -
. o \
3 p:’\ . .
,' ' W o
. e -
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The experiment had a partly randomized split plot.design with
&rrigation as main plots and methods of fertilizer application as subplots
with six replications. Main plots were 12= x iZm and subplots were
3m x 4m. Subplots contained 16 rows of wheat that were 0.25 m apart.

Pre-irrigation was applied to the whole experiﬁental site seven days
prior to seeding to establish a homogeneous moisture profile to a 1.2 m.

depth. Planting took place on 28 May 1982 and the differential irrigation

was started on 21 July 1982.

¥,
Samples for grain yield determination were harvested from a 1.5 n?
-
areda (4 rows 1.5 m long). The samples were oven d;}ed at 60 °C and hand

) S
threshed.

\

A

Analyses of variance were calculated assuming a randomized block with
a split plot for the methods of N application.

3.2.2 Second year study (1983)

In the 1983 experiment wheat (Triticum aestivum L. EMU'S') was grown

¢

at an adjacﬁnt site to the 1982 experiment under four N placement méthods

. and two methods of application each, two nitrogen rates and three

irrigation regimes. Fertilizer placement methods were broadcast or
broadcast and incorporation before seeding, side-banding (at a narrow ‘band

: =
2.5 cm to the side of the seed) at seeding and broadcast two wegks after

Table 3.2,

The irrigation and pre-irrigation schedules were identical to those in

rthe 1982 expgriment.

.

The experiment had a randomized split-split plot design with
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Table 3.2 Nitrogen fertilization program for the 1983 experiment

Placement Time of application
method _ N rate N and amount of fertilizer
5 ’“T\\*\ At seeding At 2 weeks At n}llering
kg ha-l
Broadcast BAy 75 75 - -
150 150 - -
3 BAg 75 i 50 - 25
150 50 - - 100
Broadcast and IA 75 75 - -
incorporation 150 150 - -
IAy 75 50 - V- 25
150 50 - 100
Side-banding SAy 75 -~ 15 - -
150 150 - -
. SAy 75 50 - 25
150 50 - 100
lLate broadcasting LA; 75 . - 75 -
o . 150 - 150 -
. LAy 75 - 50 25
150 v 50 100
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{rrigation trestments as main plots, N rates as subplots and methods of N

placement as sub-subplots with four replicationms.

n

" Main plots vere 8 m x 8 m, sub-plots 4 m x 8 m. Sub-subplots
contained 5 rows of wheat that were 0.20 # apart. Planting took place on 9
.

June 1983 and differential irrigation on 10 August 1983.

Q
. Samples for grain yield determination were harvested from a 1 n? area

in each plot. The ‘samples were treated as in the 1982 experiment.
Analyses of variance were calculated for the randomized block with a

{ .
split plot for N rates and a split-split plot for methods of placement.

" 3,2.3 Third year study (1984)

* Preliminary analysis of irrigatio}\ data from the first twg years of

this study suggested that a more 1nt‘ensive irrigation program be

1

implemented in order to obtain maximum yields (Section 4). Thus in the

1984 experiment wheat (Triticum aestivum L. EMU'S') was grown under four N

. b

placement methods and two methods of application each, two nitrogen rates
and one irrigation regime only. Fertilizer placement and application
methods were identical to the 1983 experiments (Section 3.2.2).

Pre-irrigation was identical to the two previous experiments but irrigation

vas applied every week at a rate of 85% of the total class A pan

-,

o

evaporation during tq% whole irrigation interval.

The experiment had a randomized split-split plot design with N rates
as main plots, methéds of N applicétion (single and split) as sub-ptotsfand
methods of N placement (h'z:oadcast, broadcast and incorporation, side-band

and late application) hs~sub-subplot;'with f.ur replications.

Plot sizes wers identi~sl to those of the 1983 experiment (Section

'3.2.2). jlanting took place on 2 June 1984 and*differential irrigation

.

L TN

-
—~
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commenced on 27 Jane, 1984. , .

Harvesting of the plot's and statistical analysis of harvest dates were

o

the same as for the 1983 experiment (Sectiom 3.2.2).
3.3 Results and Discussion

3.3.1 Effect of Irrigation : {

Because the same irrigation schedules were followed during the first
tvo years of the study, the irrigation applied wvas expressed on the basis
of the maximum irrigation, which was assumed to have been applied with the '
veekly itriéation schedule. Thus, although the actual amounts of water
apoplied in each year of the experiment differed,.the amount of water

applied by the every three week and every two 'week schedules in both years

" was 24% and 43% respectively, of the maximum applied by the weekly

irrigation.

The average effect of grriéation schedule for the first two years is
illustrated in Fig. 3.%.. The dverage yields obtained in 1983 were lower
than those ohtained in 1982, w‘nicn0 may be associated partly with the
:lelayed seeding and partly wit}; a brief interruption of the irrigation Q
schedules‘during the gr;awing season. In both ;ears, the weekly irrigation
schedule produced significantly higher yields, Plants under the ever;' two ‘
and three week irrigation schedules e;hibite signs of water stress during
both growing seasons. Data from individual Iears showed that equivalent
stress periods affected‘yielwds consilierably Lnore in 1983 -(average yleld
reduction for both irrig‘ation schedules of 3{6t) than in i982 (éérruponding
average yieE decrease c;f 20%). Climatic conditions during stress perio‘ds.

undoubtedly affected the sevagity of the stress effects.

u . A

e



- -70-
.5000
| }Lsoo_os (1982)
‘ I ]LSDO.OS (1983)
) T :
2 4o00f
o E .
x - 1982
o I
o 3000}
;: B L.
z W
C g | 1983 ]
& 2000}
/ /
[l 1 T t |? 1 . | . g 1 1 ?
| I-WK 2- WK WEEKLY = 100 %
) . N ’

PERCENT OF MAXH\(AUM IRRIGA'I,"IOW“

. v . t &
‘Fig. 3.1 Average effect of irrigation schedul& on grain yield of wheat
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‘
There were no statistical differences in the grain ylield between the

L3

every two week and every three week irrigation schedules,

There was ar; interaction betwveen irrigation schedules and method of N
application or placement dufing both years of the atudy (Table 3.3).
However, there was no overall interaction between the fertilizer rates and
amd¥int of irrigation in 1983 (Table 3.3). Examination of the data on an
individual ir;'rigation schedule basis revealed that side-banding of higher N

rates produced slightly (P < 0.1) lower ylelds undef reduced irrigation, \

whereas under weekly irrigation broadcasting of higher N rates caused a

significant (P < 0.053) increase: These interactions are discussed in
detail below.

\

3.3.2 Effect of N rate and method of placement \

Differential N fertiligation was applied in 1983 and 1984 (75 and 150
kg N ha” 1, respectively)., No overall differences in the grain yield

produced by the application of two different levels of N were observed ’

t ~—

(Table 3.3 and Fig. 3.2). ,On the averagé, topdressing of N fertilizer
produced statistically higher yields 1nsall_ three years (Fig. 3.3).

However, in 1983 the effect of topdressing was dependent on the method of

¢
fertilizer |placement. Thus, statistically significant differencex betvun

i t *—~~-——3\ y
}two -split N applications vere obtained only when the N .

°

single and

fertilizer was broadcast and anorporated ot the initial portion ofﬁ
fertilizer was broadcast two weeks after see;!igg (Fig. 3.4).

3.3.8 Interaction of irrigation, N rate and method of N placement

#

The yleld curvei: in Fig. 3.5 show that in the 1982 ‘experiment, there

rs an interaction between irrigation schedule .and method'of N application,
/ ' A
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Table 3.3 F wvalues associated with the effects of irrigation schedule, method af nitrogen application and/or
',¥ﬁplacg-ent, nitrogen rates and their interaction on the grain yield of wheat grown at Nanga, Zambia.

-2L-

3 , ¥ Values
Year \ = _
‘ ml P N IRXP IRXN NXP TRXNXP
1982 2.77%00k 2.98%k - 1.23 - - -
1983 283, 3740k 48.. 00k 0.27 45. 9%k 2,42 - 14. 8%k . 2.26wkk
R n . A : P KA NP AxP NXAXP
- 1984 .099 T 1464wk 30.26%%% ' 1.57 2.27 2.09 0.45

1. IR = irrigation schedule; P = method of application and/or placement; -
N = nitrogen rate; A = method of application ) :
*%* and ** significant at P < 0.0001 and < 0.01, respectively

Q

’
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At every two or three week 1rriga;:ion schedules, wvater stress was the main
yield-limiting factor. Hence, no benefit of method of N application \u:

observed with these two irrigation schedules. However, when {rrigation was

-applied on a weekly basis, split applications procduced significantly higher

grain yields (Fig. 3.5). The results from the 1983 experiment were in
close agreement (Table 3.4), considering that the method of N fertiliz,ei:
placement in 1982 was s;.mple broadcasting. The results in Table 3.4
suggest that_ benefit of split application under water stress was obtained
only when the initial portion of the fertilizer was broadcast

and :anor{:orat:ed. Further, vit}; reduced amounts of irrigation, single )
application of the high N rate tended to enhance water stress with tl:xe
exception of the late broadcast, where actﬁﬁ; a benefit of a single
application of 150 kg N ha-l was obtained under stress. In }984 only one

©

irrigation regime was implemented. AN

High N rates applied in two portions did not enhance water stress
unless the initial portion of the fertilizer was side-banded (Table 3.5),
Comparison of yiéld redut;tion with sidé-‘banded urea un:le'r streass (Table
3.5) suggested that even the initial portion of 50 kg N ha-l was harmful to
the plant. High N rates did not produce any significant increase in the
grain yield under the weekly irrigation regimé, except when the fertilizer
was broadcast. This indi;:ate‘s thalt:, with the exc:.epti_on of broadcasting,

the placamer;t methods examined led to an efficient utilization of urea N by

non-stressed wheat.

Under weekly irrigation, the greatest benefit of split application in
1983 was obtal when the initial portion of the fertilizer was broadcast

two weeks after seeding (Table 3.4). This corresponded with the maximunm

4



-78-

!
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Table 3.4 Benefit of split application of nitrogen fertilizer placement
methods on the basis of irrigation schedule and nitrogen rate
1“ 19&3 . . \ I: -

Placement ' L % yleld increase
meéthod \ ) py split N application ’
75 kg ha-l 150 kgN ha-1

Heekly irrigation |
Broadcast R 16 ;20
Broadcast and incorporation i 21 v 16
Side-banding .- : ‘20 { 18 .
Late broadcast . 29 i 18

: s
Broadcast nonel ! none
Broadcast and incorporation . ; 35
Side-banding . none ' nonel
Late broadcast : 6 n.s.2 ; none
Broadcast . . 7 n.s8, - none
Broadcast and incorporation - 38
Side-banding

Late Broadcast , . [

1 I'n these treatments a significant (P <0.05) decrease was .
actually obtained

n.s. = non-significant . , :
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Table 3.5 Effect of nitrogen rat
-+ regimes in 1983,

1 !
I ¥~ o e s e e s

¢

A .-

-

i

!

e and placement on the grafn- yigld of wheat under varioub\ég'\t:igation

¢

. % change in grain yield with application of high N ratel

A

<

Broadcas't and

Irrigation . , ) ,
schedule Broadcast incorporation ‘Side-banding Late broadcast
Single .z-osplit Single 2-§pu: - Single 2-split Single . 2-split .
Z ” ?

' - ' ' S g
Veekly +17 n.s. * n.s. n.s. . n.s. n.s. n.s. . n.s. “
Every 2-wk ° -13 ° n.s. ' -11 n.s. -12 -10 -n.s. n’s.

Every 3-wk -10 n.s --15 n.s. -24 -21 +21 n.s.
: Yield)50 (kg N ha-1) - Yieldss (xg ‘N ha-1jy . .
1. ¥ change = _ ' : x 100 - .
) Yield7s (kg N ha-l) ‘
o™
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y:Leld~ obtained by any method of N fe.rtilizer placement :nd/‘or application
in all treatments (Fig 3.6). 1In 1984, the grsafest benefit of split
application was obtained vI;en the initial portion of the fertilizer was
;roadcast and incorporated (Table 3.6 and 3.7). This agai;x may reflect the
different water regime implement.ed in the last year of the experiment.
Higher yields with the late btoa'dcast: placement method may be associated
with reciucied N fertilizer 1:>sses during the early stages of wheat growth at
which N is taken up by the plant at relatively low ‘rates‘ (Olson and Kurtz,
1

1982). When the average grain yileld was obtained from all itriéation

schedules, the best method of placement was broadcast and incorporation.

v ’ "

. 3.4 \Conclusions
Veekly irrigationkof wheat at rates of 70% of the total class A pan
evapo'ration dur':ilng the whole irriga\:ior; interval and throughout the growing
s:eason was superior to itrigati(m schedules which included shifting to
either every two week or every three week (at 60 and 50% of the total class

A pan evaporation during the whole irrigation interval, respectively) .

irrigation at tillering. Split applications of urea fertilizer at rates of

.30 kgN ha-l at seeding and minimum of 25 kg N ha-1 topdressed at the

tillering stage produced maximum yields. Although no appar‘ent benefit was

obtained by employing various ;nethods of urea fertilizeg—application and
placement when every two or three week irrigation schedules were followed,
different methods of,placemént, (broadcast or broadcast and incorporation
prior to seeding: side-banding at seeding and broadcast two weeks after

13

seeding) and different methods of application (single, twvo or three split)
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Fig. 3.6 Grain yields obtained by the weekly irrigation; schedule in 1983 as
affected by the method of nitrogen application (S = single, T =
two .split) and placement (average yields of all treatments for the
every two and every three week irrigation schedules are presented
for visual comparison only -0 .
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Fig. 3.7 Grain yields obtained in 1984 as affected by the method of nitrogen .
application and placement. (B = broadcast, B&l-= broadcast and ‘
incorporation, S-B = side band, LB = late broadcast, S = singley -

2-S = two-split) .
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Table 3.6 Benefit’ of split application on the basis of nitrogen

&

fertilizer placement methods and nitrogen rate in }984.

y

K A
i’lacomgnt ‘ \ $ yield increase
method 2 by split N application
n -
o ’ 75 kg N ha-l . 150 kg N ha-1
"Broadcast . , none 19
Broadcast gnd incorporation_ 23 . 26
Side-band Y ) 13 S 9
Late application 27 7 . \ 8
. - .
~
¢ ) s
- 4
¢ . . \ ,
‘ /~/ é r
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produced differentuyields vhen.the veekly irrigation aschedule was figlovod.
Hence, maximum yields at weekly irrigation were obtained with lpiit
a‘pplicatioﬁ of N fertilizer of which the 1n:bti,al: portion vu sither
broadcast tro weeks after seeding or vas'broadcast and incorporated prior

to seeding. Highest yields in this 3-year study were obtained when weekly

. “

irrigation of wheat was employed at rates 85% of the tog:l class A pan

evaporation during the whole .irrigation interval.

& ’ N
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4. EFFECT OF IRRI?}TIOH SCHEDULES AND REGIMES ON WHEAT YIELD ’

*
- -

4.1 Introduction

a

The need for water congégyaiion in Zambia during the dry season (May
to Octobeé) is of utmost importance to the country's economy. Since Zambia

has embarked on a major agriqulturél expansion program, the need for
- @ % -

increased acreage of irrigated crops has received high priority. Thlg,

w -
however, must be combined with a hore rational and efficient 'use gf wvater

>
1

napd fertilizer (Sehtion 3). .

Parlier work at the National Irrigation Research Station, at Nanga,
Zambla could not lead to‘final recommendations due to a number*of obstatles

encauntered, especially with proper measurement of soil moisture. quever3
' L)

_Aeppli (1977) concluded that although with 14 days irrigation interval high

I3

vheat yields are possible under normal congitions, reduced irrigation
~ - (
intervals might be particularly effective at least during seasons with

higher temperatures than usual. A three-year investigation-was therefore
carried out to study the effect of irrigation intervals on the grain yileld
of wheat (Triticum aestivum L.). The effect of different Lf;igation
regimes, rates and methods of N plac?ment ;n the yields of irrigated wheat
have been already reported in Section 3. However, in that section no
considerations were given to soil moisture and water use efficiéncy. The
objéqtive of this Section is toranalyze ‘the soil moisture éna irrigati;n

data from the first set of experiments (Section 3) and arrive at
{ \ -

recommendations for rational and efficient use of irrigation water. /
\ : /

!



3

4.2. Materials and Methods

k]

Three field experiments vere éop{ducted in three crop years (1982, 1983
and 19é4) on a sandy clay loam soil at the Natiocnal Irrigation: Research
Station at Nanga, Zambia. The characteriatics of this soil and

e o 3
experimental design are described in Section 3. In summary, vheat

(Triticum aestivum L. cv EMU'S) was sown in each year. A heavy pre-sowving
. lrrigation was applied each season to saturate the field to a depth of

1.2 m. Blanket applicatfon of 60 kg P05 ha-1 vas applied prior to sowing
- <
in each of the three years. The experiment in 1982 was a partly randomized

split plot design with irrigation treatmentf as the main plots and N

application (single, t?:o-split ang{) three-split) as subplots. 1In 1983, a
completely randomized split-split plot design was followed with irrigation
treatments as main plo’ts, N rate (75 and 150 kg N ‘ha'l) as subplots and '
method of N placement (broadgast or broadcasting a;\d incorpordtion prﬂ.or to
sowing, side banding at sowing and broadcagting twvo weeks after sow:l.ng"l and &~
a;;plic:ation (sin.gle and two-split) as sub-subplots. The irrigation reqimas

in each of*the three years were implemented at tillering and included: (i)

A

irrigation on a weekly basis (W) at the rate of 70% of the total class. A

pan evaporation durin; the wliole irrigation int:erval' (11) every twd weeks T
irrigation (2-W) at 60% of the total class A pan evaporation during the

whole irrigation interwval; and (1iii) every three veelys irrigation (3-W) st

50% of the tot&l class A pan evaporation during the who:!.e irrigation

interval. In 1984 thé experiment was a s3plit-split plot in a completely
z:andomized block design with N rates (75 and 150 kg N, ha'l) as main plots,
methods of application (single and split) as subplots and methods of ‘

+

.placement (identical to the 1983 _expariment) as the suh-aubl?lota.
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Irrigation was on a weekly basis at 85% of clasxl"\ A pan evaporai:ion during .- p :

H . N 4
the whole irrigation interval. The dates of sowing, irrigation and Do

-

‘harvesting are given in Table 4.1. T
\

O'I'he_ class A pan evaporation and relative humidity were ‘determined on a
dniiy basis. Twelve-neutron probe access tubes wl‘hre mstalleg per

' : irrigation treatment. Soil water content was determined gravimetrically

t z
for the 0-15"cm depth and with a neutron moisture meter thereafter to a

~

. &
depth of 1.4 m before and after irrigation and at the time of \harvest.

Apparent field water use was calculated from these*sotl 'mois_turé’* data for

each .irrigation schedule. The data repo%ted'herec therefore do not include .
. R - 'S Py , _ \
- outgoing flux of water at the 1.4 m soil depth. Grain yields were measured

o/{d of N placement _

»
.

&
for all treatments (Section 3). The effect of the meth
¥ L

& -
‘ 3 v
* O

C - and application have been discussed in the preceding section.
, o : co
- - , S % A '
‘ 4.3 BResults and Discussion

i

.

CGrain yields of wheat increased with shorter irrigation intervals for

~—- 7 both 1982 and 1983 (Fig. 4.1). Multiple linear regression revealed that

the .greéater loss in yield was due to amounts of irrigation water applied (P

-~
”

: < 0.51) ratheg than interval of application. This (}em:radicts the results -

- -,oaAeppli (1977) who found irrigation increased intervais reduced yilelds

! _dramatically, vhereas reduced irrigation amounts had no significant \

/
effects. He attributed the loss of yileld to reduced effective rooting

~ ]

dépth and the amount of water stored in the soil available for the crop.as

_ a result of inadequate soil preparation.
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Table 4.1 Dates of sowing, 1rrigition and harvesting
. - — \
Crop year Date of First di'ffererjrtia'l irrigation Last irrigation Number of ' .
sowing — . " Date of
A 2-W 3-w . 'f'V 2w 3-w WV 2-W 3-W harvest
' . ’ : , - ‘
1982 28 May 20 July' 28 July 4 Aug. 15 Sept. 8 Sept. 15 Sept. 9 4 3 12 Oct.
1983 9 June 10 Aug. 17 Aug. 24 Aug. 28 Sept. 21 Sept. 21 Sept. "6 ¥ 2 28 Oct.’
1984 2 June 27 July - - 22 Sept. - - 9 - - - 15 Oct.
-‘ * \ ) :
- , ! . -
. N C .
14 . - ,‘ ] ;
- _/ - /

_88—
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N The cumulative pan evaporation on a weekly basis and average weekly

.relative humidity for 19826and 1983 seasons are ‘shown in Fig. 4.2. Pan

s

evaporation for the period of June to September was almost identical in the

1982 and 1983 experiments. Hence, the only major difference in the two

A )
experiments as far as water requirements are concerned was the date of

sowing as well as the date of init{iation of differential irrigation (Table

4.1). Total pan evaporation during the growing season amounted to 636.3

i

"and 674.1 mm in 1982 and 1983, respectively. The total irrigation applied

in 1982 as per gge three irrigation schedules was'W: 406.4 mm, 2-W: 329.0
mm and 3-W_321.6 mm. However, that in 1983 was significantly lesé due to a

brief interruption in irrigation and amounted to W: 311.1 mm, 2-W: 229.9 mm

and 3-W: 214.9 mm. This explains the significantly lower yields obtained
in 1983. - \ . ’ .
The effect of N rate and method of N placement as well as interaction

between irrigation“schedule and N rate and method of N placement have been
[

discussed in detaill (Section 3). o
®

An attempt was made here to.de;cribe wheat grain ylelds as a function
of amount of water based on the realizat;on that water was the main yleld
limiting factor. A close linear relationship (r = 0.975, P < 0.01) was
found between the depth of iFrigation in mm in the 1.4-m soil profile and
the weekly cumulative pan evaporation for the weekfy irrfgation schedule in
198?:
Y = - 0.58 + 0.645 X ‘ (4.1]

where s //*'W\

Y™ dépth of irrigation water in mm )
4 "
X = weekly pan evaporation in mm

LS

L
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°  Although Eq. [4.1] has no universal vaiue, it allowed us to make some

- -
.

~useful comparisons among the various trgatments. An aceQPpt was made

initially to predict the depth of irrigation water for the 2-W and 3-W

Y

treatments in 1982 and all the irrigation treatments Iin 1983, Details of
hS
this prediction are presented in Table 4.2 for the 1982 data only as those

s . 5 ) , :
for 1983 led to similar trends. There was a close agreement between the

-

,predictéd depth of irrigation water and the actual depth determined from

LY

neutron moisture meter readings for the 2-W treatment only (Table 4.2).
N

.‘Th§=largg discrepancy between the predicted:and actual values in the 3-W
treatment (Taﬁle 4,2) suggests that the efficlency of the every three week
irrigation schedule was much lower compared to the other two irrigbtion .

- tredtments., “The lower efficiency could be attributed to water losses due
to run-off. These losses, of course, could nog_be predicted from Eq.

[e1]. ’ . ‘

Simplé linear regression between grain ylelds and actual depth of
irrigation water for the 1982 data revealed a close relationship (r ;5‘
0.999, P<0.01) between these two variables:

Y = 106é + 9.3 X ‘ .

wheré; : . : ’ ‘ g
\ X
Y = actual grain yield in kg ha-1 \ [4.2] -

X = actual depth of irrigation wafer in um
The relationship between grain yleld and predicted depth of irrigation

water was also significant (P<0.05) but the intercept was negative:

« .
°Y = -400.5 + 13.18 X . [4.3)

hence, implying that Eq. [4.3] introduces large errors at low-amounts of

applied water.



. . \ :
Table 4.2 Relationship between applied irrigation and depth of irrigation in 1982
-A:x ) ‘ .

A

o
Weekly Every two weeks Every three weeks

Week of Applied Irrigation dept (mm) Applied Irrigation depth (mm) Applied Jrrigation depth (mm)

Irrigation ({mm) Predicted Actual (mm) Predicted Actual (mm) Predicted Actual \
1st.” 24.9 - 22.3 - - - - - ="
2nd 29.3 - 26.3 .4 42.2 © 40,1 - - ‘ - '
3rd 32.9 ~o- 29.8 - . - - 62.3 56.8 45.4
4th 31.3 - 28.3 55.0 50.0 48.1 - - - ' 1
5th 35.8 - 32.5 - . - - - - - \
6th 35.4 - 32.1 61.0 . 55.8 52.9 73.2 - 67.1 54.2 :g N
7th 38.9 - 35.3 - < - . - - - - i
8th 27.8 ’ - 25.0 57.2 52.2 49.3 - - -
9th 40.8 - 37.0 - - - 76.8 70.4. 55.7
SUBTOTAL  297.1 268.6 219.7 '200.4 190.4 212.3 194.3 155.3
Irrigation prior to differential . -

program 102.0 ' 102.0 102.0 102.0 102.0 102.0 102.0 102.0
Rainfall 7.3 7.3 7.3 7.3 7.3 7.3 ~ 7.3 7.3
TOTAL 406.4 377.9q 329.0 309.7 299.7 ‘ 321.6 303.6 264.6 . -
Unaccounted - 28.5 - 19.3 29.3 - 18.0

. 57.0 :
Irrigation effi- _ ) :
clency,% - * 93.0 - 94.0 91.1 .- 94.4 82.3

————
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The relationship between predicted grain yields for both 1982 and 1983
experiments and the grain yields actually obtained is illustrated in Fig
4.3, ) -

s Y

Irrigation in this experiment was applied strictly as a function of

~ -

total pan evaporation during the vhglé irrigation interval. It has been
shown (Prihar et al., 1974; Singh et al., 1979) that the use of fixed depth.
of irrigation and cumulgtiyg pan evaporati;n (W/PAN-E)-ratios is a valuabl‘
“ ) tool in rational irrigation scheduling £2 wheat. Hence, great savings of
irrigation water may be achieved especially by eliminating irrigation at
later stages of wheat growth. The IW/PAN-E ratio in our experiment was
maintained at 0.64, whiky is belo; the mi;imum ;alue 0f*0.75 recommended by
. - A Prihar et al., (1974). This may have led to comparitively lower yields in
QE’ - our experiments. Since the irrigation schedule followed in these )
experiments was a dire;t functioﬂ of pan evaporation and since there was a *
direct relationship betve;n grain yields and soil moistuie data, the loss.
in the average yield by not applying the minimum IV/EAN-E can b;\calculated
from Eq. {4.1] and [4.2]. This loss was appro;imately 0.7 Mg ha-1 and
could have been compensated by applying weekly irrigation at a rate of 85%
of the total pan evaporatton~during the whole irrigation interval.
Assuming that soil fertilit& is.maintained at optimﬁ;.and, hence, water is
the only yield limiting factor-and that 1rriga£iqp eféiciency is maintained
at 94%, the paximun yield that could possibly be obtained by applying vater
at 100% of pan evaporation during the whole irrigation interval on<a waekly
basis would probably be in the order of 5.5 to 6.0 Mg ha‘lﬂdepend;ng on the

-~

sowing date. The 1984 experiment was carried out at 85% of class A pan

.‘ ~ -y
M -
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Fig. 4.3 Relationship between grain yield of wheat and cummulative
' depth of irrigation in mm
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evaporation following the conclusions of the previous 1982 and 1983
seasons. Result; of the 1984 season are, in agreement with this hypothesis
(Fig. 4.1), 1.e. high grain yields.ff vh;at vhére obtained with the weekly
lirrigation at 85% of class A pan evaporation. The“stu&y of Aeppll (1977)
cotroborate; our results (Table 4.3). The amount of water us? by the wheat
crop in that experiment was only an estimate since soil moisture in the
root zone could not be determined. i
The°data of an experiment carried out at Mt Makulu (Soil Research
Coordination Report, 198l) with irrigation a ied eyery week confirms
“these conclusions. The mean for the wheat ;;over and grain yield was 10.6

and 6.1 Mg ha-1 respectively. The amount of irrigation .water applied was

not exactly determined. The higher grain ylelds of wheat possibly reflects

the higher fertilizer status and moisture retention properties of the soil.

[}

The apparent water use by wheat increased with shorter irrigation

intervals (Table 4.4). ﬁﬁter use efficienc; was maximum with the every
three week irriéation schedule in both years. Apparent water use in Mg
ha-l of grain produced éer cn of water ranged from 0.120 to 0.134 in 1982
and 0.116 to 0,127 in 1983. This demonstrates that itrigation water
effic;ency increases with longer intervals between two successive
irrigations.' However, apparent water use values have been calculated using
actual soil moisture data and, hence, do not compensate foF the efficieﬁcy
of the irrigation itself. Moreover, the loss in yleld with longer

intervals betggen‘irrigations is too large to warrant their implementation.

For example, improvement of apparent water use efficiency by 10% in 1982

.
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Table 4.4 Apparent water use of wheat in different irrigation treatments
\ - ]

- Irrigation Apparent water use Apparent water use efficiency ~

\ schedule 1982 1983 / 1982 1983 X
cm —Mg grain ha~l per cm water
( W 38.0 31.0 02120 0.116
2-w 30.0 19,5 0.125 0.119
3-w 26.5 18.5 0.134 . 0.127
\ —
4 v ~—
, -
v \
- &
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Table 4.3 Yield of irrigated vheat Mg ha-l (Aepplt, 1977)

- »

L}

- Interval days % of pan evaporation

) 1008  80%  60%
-7 5.28 5.25  5.22
14 3.98 3.64  3.70
21 - “3.40 3.15  3.42 Lo
- / .
L ,
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i

led to yiéld decreases of 18%, wheress a similar inc‘rease in apparent water
use ofﬁciengy in 1983 caused a 36% decrease in the grain yield. '

The tesu;ts of this study in combination with those reported in
Section 3 suggest that split application of N of which the initial port:l.oﬁ
is either broad;aat and incorporated prior tA sowing or broadcast two veeks‘
aftver sowing in ‘combination with ‘weekly in"igation\appli;.d at a rate of at
least 85% of ‘t:he total g}n evaporation during the whole irrigation interval

can lead to satisfactory wheat grain yields with relative conservation of

o
~

irrigation wvater.
s
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5. UTILIZATION OF 13N-UREA FERTILIZER BY IRRIGATED WHEAT IN ZAMBIA

o

.

) . >

N

5.1 Introduction % )

J Fertilizé} along with complementary inggts willlcontinue to play a
significant*vole in accelerktiné.agricultural growth in Zamgia. The
increasing cost of fertilizers, especially nitrogen, will necessitate
geforms and commitment in ieveral areas: (1) 1gprovement’of fertilizer
efficiency.and ?roductiv;ty. (11) risk reduction of fertiliier use through
appropriate fertilizer recomnendations and management, (iii; improvement
of crop }esponse to applied ﬁertilizer_through the development and. “

] .
transfer of fertilizer-responsive crop varieties, and, (iv) expansion of

.

irrigation. ince Zambia imports N fertilizers to meet the shortfall in
domestic profluction, efficient use of N fertilizer; is of utmost

importance to the country.

~ .
The transitory nature of N in soil, its tendency for loss from soil,

J
_acceleration of the acidification process and its potential for becoming a

pollutant of'water and air demands that N receive a higher management
level tlian an; other of the p 1maﬁ; and secondary nutrients.
For cereals, maximum efficiency Sf fertilizer N 1s obtained when

-

fertilizer is applied shortly before the period of most rapid growth and
greatest demand by the crop permitting ready uptake (Olson et al., 1964;
Herron et al., 1971; Hucklesby et al., 1971; Welch ét al., 1971; Miller et
al., 1975).

. -
Efficient application of fertilizer can be attained through

adjustment of (1) rate of application, (ii) time of appl{cation, (1115

LR Y

-
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method .of' placement, and, (iv) water management. Efficiency in crop use
[( of fertilizer \N generally decreases with increasing application rates,
Correspondingly, 1t:he economic return from each ;dded unit of N declines 80
. - that fertilizer Ni'i,s_ _not_recommended beyonﬁd vhere the cost of the last
fertiﬁzer increment 1is equal to the price return of the additic;nal yield
produced (Olson and Kurtz, 1982). A H\\
.r - ' 0 Dep;nding on soil and\climatic conditions, N application has been
: E divided into two or more. 1ncr‘ements during the growing season for maximum
fertilizer efficiercy. Seasonal\-i-ncrements are especially favored with
humid regi opping and with irrig;tion of sandy soils. Split .
applications of N reduce the opportunity for N losses through/ieach;lng,
runoff, volatili’zation and denitrification because an active root system
is present for absorbing the fertilizer N when it is app}ied ‘(Olson and
( Kurtz, 1982). When split application of ‘N was superiqf to -the si;gle
application, the upt:m;c_‘e/l efficiency was higher from t:he1 N applied at
\ - tillering and boot stage (IAEA, 19720). . This can be at least partially
attributed to the aW

rd

stage and the high ava

dance of excessive N during. the 'vegetative growth

bility of N during grain filling. Excessive

7

vegetative growth stimulated by excessive N levels at early growth si:ages B

uses available soil moisture at the expense of grain yield and is l‘ikely

L]

to hasten the onset of moisture strests (Olson and Kurtz, 1982).
(7‘

» 7 Isotope studies on wheat fertilization (IAEA, 1974; Tomar and Soper,

1981; Carter and Rennie, 1984) showed that the best method of placement

was side-banding. Nitrogen was less efficiently taken up by wheat when it

wvas incorporated in the soil prior to sowing as compared to side-banding
: - A

- e

-
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at planting time. Under a drier moisture regime, however, sido-banding
was inferior to the broadcast application (IAEA;'1976).
L g
Contrary to expectations, broadcasting in the humid and subhumid

tropics performed significantly better than either band dr point placement

~
]

(Mughogho and Bationo, 1985). Over all zones, gpint:blaced urea tended to
be less effective than other sources in the semiarid zone as represented
by the Niger site (Vliek, 1985). Concentgated placement‘hf ure; in points
or in bands may lead.to increased leaching of fertilizer;ﬁ 493 to limited
access to the sorptiontsites of the soil. The problem is accentuated in
coarse textured ;oils (Miller et ai., 1975; Velk et al., 1980; Mughogho

and Bationo, 1985).

The objective of this study was to assess the effect of various
- L3 v !
placement methods and application times examined in Sections 3 and 4 on

the efficiency of urea-N use bf irrigated wheat in Zambia.

512 Materials and Methods

The comparison of application time; an& placement methods of 15N-urea
under ;arious irrigation schedules was conducted in 1982 and 1983 at
adjacent sites on a nearly level san&y clay loam at the National
Irrigation kesearch Station at Nanga, Zambia. Th; soil belongs to the
Haz;buka series, vpich iqsludes chromic luvisols or Dystric Nitosols '
(FAO-UNESCO) or Typic Haplusta}fs (USDA) occurring on el;vated sites under
niombo Savannah of moderate rainfa{lf Tﬁey are deep well-drained soils

N

with a characteristic argillic B horizon developed over calcium-s{licate

schists. The soil had a pH of 5.5, CEC of'7 cmols (+) kg'l and total N
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n N P : . . 8
content of 80 mg kg'l. The experimentsl designs for the two years have

( been described in detail in Section 3. In summary, vheat (Triticum
{ aestivum Ll, cv. EMU'S) was grown each year. A heavy pre-soving

irriéntion vas aéplied each season to saturate the field to a depth of 1.2

.-+ m,_ Phopshorus was broadcast at a rate of 60 kg P05 ha-l -each yéar prior

—— —

- to sowing. -The experiment in 1982 ﬁas/a partly randomized split plot
design with irrigation (non-randomized component) treatments as the main

plots and N application time (single, two-split and three-split totaling
-- v
150 kg N ha“l) (randomized component) as subplots (Table 5.1). In 1983, a

corplétely randomized split-split plot design was utilized with irrigation N

- -
s

\ treatments as main plots, N rate (75 and 150 kg N ha‘l) as subplots and N

placement method (broadcast, .broadcast and incorporation prior to sowing, .
- banding-2.5 cm to the side of the seed row at sowing ahd broadcast two

_weeks after sowing) and N application time (single and two-split) as

C \ ,

sub-subplots (Table 5.2). The irrigation regimes in both years were
. implemented at tillering and included: (i) irrigation on a weekly basis at
the rate'of 70% of the total clags A pan evaporation during tﬂ; whole :247
\ ) irrigat}o;?interval; (115 every two weeks- irrigation at 60%°of the total

class A pan evaporation during the whole irrigation interval; and, (iii) °
‘ 3 +

_ every three weeks at 50% of the total class A pan evaporation during the
- whole irrigation interval.

& R
The 13N-utea treatments were applied in microplots (1L.5m X 1.5 m in

1982 and 0.6 m X 0.6 m in 1983) within the subplots and sub-subplots of

-~

the 1982 and 1983 experiments, respectively. The 15N-urea was applied to

all treatments in the 1982 experiment and only to the 150 kg N ha-1

(f’v - "ol o :
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Table 5.1. Nitrogen fertilixzer prdgram for the 1982 experiment

L

Time of application

Method of and amount of ‘fertilizer
application : .
; At seeding At 4 weeks’ At 7 weeks
> . after seading after seeding
. ‘ ."L \ ~ Y
, kg ha-l ‘
One portion 150wl T aa L --
Two portions . 75% 75 --
» "‘ 75 ' ) 75* \ - .
Three portions 50% ~ 50 ) 50 .
, 50 50% 50
- 50 - 50 50%
v . -

4

1 * indicates labelling with 0.96 atom % 15N excess urea-N, Thus,”
two and three microplots were useq‘ger treatment for the two
and three portions, respectively Ci

?
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c Table ~§.2. Nitrogen fertilizer- program for the 1983 experiment
| . ) Time of application
Method of and amount of fertilizer
placement — :
At seeding At 2 weeks At tilleringl

after séedi.eﬂg° .

kg ha -1 B

v ’ ’ . >
Broadgast and 150%2 | -- A
incorporation ., :
‘ « 50% -- 100
- 507 - Ce- 100%
Side-banding 150% . S—.
50% -- - 100"
50 * ' .- ' 100*
LI )
Late broadcast - 150% -
J \
-- 50% 100
-- 50 ) 100% e

¢ ‘ > :
Topdressing was broadcast in all cases '
* indicates labelling with 0.96 atom % 15§ excess urea-N. Thus,

° tvo microplots were used in the split application treatments -

(X
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broadcast and incorporation, side-band and late btoadcast‘ygeatmenta in
the 1983 experiment. - o - ‘

Samples for graiﬁ‘and strav yleld determination were harvested from a
_1.5”6:2 (4 rows 1.5 m long) a:,éea in 1982 and 1 m? area in‘1983. An area’”
half the linear dimensions of the microplots (0.75 m X 0.75 mnin 1982'and
0.30 m X 0.30 m in 1983) was harvested in the centre of each microplot for

¥
15y assay. ) ra s

7

5 Al plant samples from both field experiments were dried at 60 °C to-
lcanstaﬁt weight and ground to pass a 425-um siéve. The straw samples from
all micropldt replicates of both experiments were composited for each
treatment. Total N content was determined using a modified semi-micro
Kjeldahl procedure (Rennie and Paul, 1971). After Kjeldahl analysis, the
distillate was acidified with 0.5 M H2864 and concentr;ted ggr 13y
analysis. Assay for atom % 15N was carried out in a Micromass 602E mass
‘spectrometer.

fo assess relative differences in N efficiency, the pércent N &etiyed
¥rom fertilizer (INdIff) ang the percent utilization of fertilizexr N by

wheat weré determined. Analyses of variance for replicated parameters

wvere calculated assuming a randomized split’plot design for both years.

5.3 Results and Discussion ",

Dry d:;ter (DM) yields in both years were significantly higher with
the weekly %hap the every two or three week irrigation schedule (Tables
5.3 and 5.4). DM yields from every two or three week irrigation schedules

were statistically the same in both years suggesting thatcvater stress vas

<

A |

PR
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( Table 5.3, Effect of irrigation schedule and method of urea
application on DY yield of wheat grain and straw
in the 1982. experiment ~
Method of . DM yield
Water application
Grain Straw
Mg ha-1
Weekly Single 4.14 8.56
2-split 4,56 7.74
3-split 4.68 8.27
2-weekj Single 3.34 6.62
’ 2-split 3.93 ° - 6.76
3-splic 3.85 6.42
3-weeks Single 3.70 5.62 -
2-split 3.53 ’ 6.34
3-split 3.57 6.93
) Significance
Irrigation Yol *
c Application * ns
Irrigation X application ns ns
*k, * and ng = Significant at P<0.01l, P<0.05 and not
significant, respectively
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N \
Table 5.4. Effect of irrigation schedule and method of u'roa
" application and placement on DM yield of vheat grain
and straw in the 1983 experiment

Yi:elé g

Method of
Water v application
’ and placement Grain Straw
Mg ha-1
Weekly B& I - single 3.64 - 5.30
B & I - split 4,22 5.77
Sideband - singlé€ 3.34 5.73
Sideband - split 3.95 4.91
Late - single 3.89 7.58
Late - split 4.58 6.35
2-week B& I - single 2.08 4.70
B& I - split 2.81 4.03
Sideband - single 2.72 3.62
Sideband - split 2.36 3.65
Late - single 2,31 3.23
Late - split 2.26 3.64
3-week B& I - single 2.02 2.90
B& I - split 2.78 2.59
Sideband - single 2,62 3.63
Sideband - split 2.68 . 2.12
Late - single 2.66 2.51
Late - split © 2.34 2.84
0 Significance
rigation T ok ok
Placement ok ns
.Irrigation X Placement ) ok *
@ B & I = broadcast ahd incorporation /

%% * and ns = Significant at P<0.0l, P<0.05 and not significant,
/ respeztive“ly

'3

N N

e % -
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the main field 1tmiting factor. However, DM yields in 1983 were lower

than those in 1982, which was associated with a 2:week interruption of .the

"{rrigation schedules during the growing season. Plants under the every

tvo or three week irrigation schedules exhibited visual signs‘of water -
stress during both growing sdeasons.
Split appiicifions of urea-N producednsignificantly higher yilelds
than a single application in both years (Tables 5.3 and 5.4). Under water
stress benefit of split applications of urea-N was obtained only with two
splits ;nd when the initial portion of the fertilizer was broadcagt and
incorporateé (;ables 5.3 and 5.4). Under weekly irrigation, thé greatest )
benefit of split application in 1983 was obtained when the initial portion
of the fertilizer was broadcast and incorporated or. broadcait two weeks
after sowing (Table 5.4).
Total N uptake by grain was significantly %ffgcted by irrigation
schedule and time and method of application (Tabies 5.5 and 5.6). Uptake
tof fertilizer N under the weekly irrigation schedule was highe} than under
the every two or three week irrigation schedules in both years.
Split application of fertilizer N produced significantly higher
uptake of N in both years .(Tables 5.5 and 5.6). However, orthogonal
contrasts of the irrigation X placemeqf or time of application
interactions in 12g3 revealed that there was no benefit of split o
application on uptake of N into wheat®grain (Table 5.6) when the crop was

under vatei stress and the initial portion of N was side-banded or applied

tvo weeks after sowing.

" / i ) 3 ' -
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_Table 5.5. Effect of irrigation schedule and method of urea appljcation
. on total uptake into the grain aud straw and § Ndff in the
grain of wheat in the 1982 experiment

Method of Total uptalée
Water application \Nd_ff@
Grain Straw Total Grain
~ kg N ha-l
Weekly Single 83.47 -, 85,59 169.06 41.80
2-split 105.71 82.87 , 188.58 17.94/17.50%
3-split . 109.22 107.49 216.61 9.12/12.90/16.56%
2-veek  Single 67.39 66.20  133.59 41.21
,2-split 88.47 o 72.29 160.76 16.74/14.79
3-split 89.34 70.06 159.40 9.67/13.84/15.72
3-veek  Single . 71.54 63.50 135.04 42.48
2-split 77.43 67.77 145.20 15.72/16.37 .
3-split 78.43 75.52 153.95 9.67/12,30/17.61
Significance
Irrigation k| )
Application Yok ’
Irrigation X application - *

- [

@ Average of six replicates

# 1st split/2nd split

*+ 1st split/2nd split/3rd split -

** and * Significant at P<0.01 and P<0.05, respectively

—



‘:' Table 5.6. Effect of irrigation schedule and method of urea application
and placement on total uptake into the grain and straw and %
Ndff in the grain of wheat in the 1983 experiment

. Method of Total uptake
Water application Nd££@
and placement Grain Straw , Total Grain
! Kg N ha-l
\
- Weekly B & I* - single 77.35 56.74 134.09 35.37
B&I - split 115.45 66.36 181.81 7.57/21.98%
Sideband - single 76.64 54.18 130.82 . 32.83
: Sideband - split +90.80 53.96 144.76 10.17/27.18
) Late - single 100:06 81.84 181.90 35.98
Late - split 125.19 53.45 178.64 7.77/32.77
2-week B&I - single 48,80 50.27 99.07 33.63
B&I - split 86.81 46.36 133.17 5.70/21.57 .
Sideband - single 67.75 35.84 103.59 29.72
Sideband - split  59.20 40.12 . 99.32 7.65/22.49 . ®
\ Late - single - 45.78 34,87 80.65 33.58
Late - split 54,34 39.26 93.60 9.36/29.26
( 3-week —"B @I - single. 51.75 31.06 82.81 38.17 -
B@I - 'split 67.44 29.82 97.26 10.55/20,25
Sideband - single 59.71 35.94 95.65 31.44 .
i Sideband - split 63.09 23.27 86.36 11.27/19.33 .
Late - single 69.39 27.09 95.48 32.33
Late - split 64.55 30.65 95.20 9.62/28.03
b
Significance i
Irrigation ok
Placement ok
| Irrigation X Placement ¥* ) '

\
[ ©

N

e Average of four replicates

* B & I = broadcast and incorporation

+ 1st split/2nd split

Wk, % Significant at P<0.0l and P<0.05, respectively
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The % Ndff was similar for the two broadcasting _pllcemom: methods
independently of the water regimes in both years. Side-banding, howvever,
' .
of urea-N in 1983 resulted in slightly lower § Ndff values than either of
the broadcastiﬁg methods. Thii is in agreament with average data by tIho
International Atomic Energy Agency (1974) from a study carried out in
fifteen different countr;es. They are, however, in sharp contrast éo
those reported for not;-irrigated Canadian prairie soils (Carter and
Rennie, 1984), where low water regimes resulted in "positional
unavailability" of the broadcast fertilizer.

In spite of the similar % Ndff values.at various water regimes For
fertilizer N placement methods, percent utilization of N by wheat vas
significantly affected by irrigation schedules an:i the time andt method of
N application (Tables 5.7 and 5.8). Utilization of N by wheat grain was
significantly higher under weekly than under every two or three week
irrigation schedules in both y;ar§. There was a statistically significant
main effect of split applications of urea-N on uptake of N into the grain
but orthogonal contrasts of thé noted interactions revealed that benefits
from split applications on grain DM yiel'ds were significant only under the
weekly irriéation schedule and with broadcast abpiication under the every
two week irrigation schedule.

' In evaluating the irrigation scliedules for these experiments, it was
observed (Section 4) that class A pan evaporation rates were identical in
both years of the experiment and differences in the mean yields between

the two years of the experiment were attributed to different seeding times

and, water regimes. Hence, combination of the data from both years to
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( Table 5.7. Effect of irrigation schedule and method of urea application
on fertilizer 'uptake and § utilization by wheat grain and
strav in the 1982 experiment )

Method of Ferti{lizer uptake Utilization
Vater application '
’ Grain Straw Total Grain Total
kg N ha-1 1 3
Weekly , Single 34.85 15.49 50.34 2).23 33.56
1 2-split 037.39  13.26  50.65 24.93 33.77
e 23.gplit 42.00 17.09 59.09 28.00 39.39
2-week  Single 27.76  11.99 39.75 18.51 26.50
2-split 27.78 11.56 39.34 18.52 26.23
3-split 35.38 11.14 46,52 23,59 31.01
3-veek Single : 30.39 11.49 41.88 20.26 27.92
2-split 24,72 10.84 35.56 16.48 23.71
3-split A731.13 12,00 43.13 20.75 28.75
X Significance
Irrigation ‘ sk ok
c Applitation Yk oWk
Irrigation X application ns ’ L% -

- 3

ok, % Significant at P<0,01 and P<0.05, respectively.
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Table 5.8. Effect of irrigation schedule and method of urea application
k and placement on fertilizer uptake and % utilization by vhcl:
grain and straw in the 1983 experiment
- Method of Fertilizer uptake Utilization

Water application . '

and placement Grain Straw Total Grain Total
kg N ha-l __ %

Weekly B & I€ - single 27.36 10.27 37.63 18.24  25.09
B&I - split 36.00 10.62 46,62 24.00 31.08
Sideband - single 25.16 9.81 34,97 16.77 23.31
Sideband - split 35.59 8.63 44,22 23.73  29.48
Late - single  36.00° ~ 14.81 50.81 24.00 33.88
Late - split 54 .66 8.55 63.21 36.44 ; 42.14

o )

2-week B &I - single - 16.41 9.10 25.21 10.94 17.01
B &I - split 25.36 7.42 32.78 16.91 21.86
Sideband .- single 20.13 6.49 26.62 13.42 17.74
Sideband - split 18.84 6.42 25.26 12.56° 16.84
Late - single 15.37 6.31 21.68 10.25 14.45
Late - - split 22.24 6.28 28,52 14.83 19.01

3-week B &I - single 19.75 5.62 25.37 13.17 16.91
B &I - split 21.29 . 4.77 26.06 14.19 17.37
Sideband - single 19.56  6.50 26.06 13.04 17.38
Sideband - split 19.63 3.72 23.35 13.09 15,57
Late’ - single 22.43 4.90 27.33 14,95 18.22
Late ' - split 25.65 4,90 30.55 17.10 20.37

Significance

Irrigation sk ek

Placement *k ok .

Irrigation X Placefnent * *

M 4 . > "
@ B & I = broadcast and incorporationq

Y
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n.un the effect of irrigation water and SNJff on grain DM yields was

considered valid. Only the ddti;bfrom the broadcast and lnc;rporation

treatments were utilized, since tfhis application ::ethod was common in both

years. The following regteaaion model was used:' o
z-a+.bx+cY+dXY -

where, Z = grain DM yield in Mg ha~l, X = irtigation water in mm, Y =

ANdff values, and, a, b, ¢, d = coefficients.

A’response surfnce; wvas drawn for the irrigation (Sectior_x 4) and_%
Ndff (Tables 5.5 and 5.6) limits 'in this study_ (Fig. 5.1) and the .
following esquation derived from the experimental data:

Z = -15.726 + 6.0665X + 0.3898Y - 0.001~37XY (R2 = 0.96)

The response ,;urf:ce shows that, under the conditions of these
experiments, grain DM yleld was primarily a function of available water
and was affected by YNdff only at low water ;egime;a Increasing SNdff at
low water regimes resulted in increased grain DM yields but this increase
did not compensate for yi:ld loss due to restricted moisture.

v

5.4 Conclusions

i 'Veekly-irrigation «of wheat at r::;:\fpot of tl}e total class A pan
evaporation éuring the vhole irrigation interval and throughout the
growing seasc;ln resulted in higher fertilizer N utilization and pEficiency
as measured by crop uptake and isotope dilution pa:\:ameters compared to
every two or every three week 1rrigat1c:'1 .at 60 and 50% of class A pan
evaporation 'during the vhole irrigation interval, respectively. Maximum

fertilizer N utilization and grain DM yields were obtained with weekl‘y
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( drrigation and split spplication of urea-N. Yi.olq independent criteria
(SNd£ff) for any fertilizer placement method were independent of water
regime, thus leading to the conclusion that N utilization was primarily a

function of water availability. \




-118-

o

6. NITROGEN FIXATION BY son:gas (Glycine max L.) IN-ZAMBIA )
6.1 Introduction -

(% ]

Grain legumes are anaimportant component in the agricultural cropping
systems in Zambia, since they provide -a significant protein~<::::e for both
human and animal consumption. Soybeans (Glycine max L.) are being

introduced as a cash crop to small scale producers vho have’only groundnut

v

Arachis hypogea L.), béans (Phaseolus vulgaris L.), cowpeas (Vigna .
unguiculata L.) and bambara groundnut (yggnégig subterranea L.) as 1agumes'
for.rotation in.their farmin; systems. The traditional légumes have
agronomic limitations for expansion (Javahgri and Nkumbula, 1984)..
Soybeans, on the other hand, have a relatively good yileld potential and also
" possess resistance to disease and insect attack. Little is kéoyn, hovever,

about the nitrogen fixing capacity of different soybean cultivars adapted to

Zambian conéitions. Without an accurate measure of the Ny fixing capacity

@

"in the field, no baseline exists to assess the present agronomic
significance and-impact of Ny fixation. , ‘
Quantifying Ny fixation by the isotope dilution method requires
reference to a gon-fixing control. This generally involves labelling the
soil with 15§ (organically or inorganically) and calculating the amount of

Ny fixed by isotope dilution (Fried and Middleboe, 1977; Fried et al., 1983;

Rennie, 1984). The 15y concentration in the non-fixing plant provides an

integrated measure of the isotopic composition of the soil and/or fertilizer -

derived nitrogen. The reference criteria for Nj fixation studiés have been

) -

-

-

A S

-
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extensively discussed by Fried et al. (1983), Rennie (1979; 1984; f986) and
Rennie and Rennie (1983). <
The objectives of this study were to compare and select the most

appropriate non-fixing control for estimating Ny fixation by soybeans and

‘assess yields and Ny fixation for soybeans In Zambia.

6.2 Materials and Methods

|
. . . -
!

ﬂ\ ERperiments to quant%fi Ng fixation by soybeans in Zambia were

conducted at the National Irrigation Research Station, Nanga, Zambia. These

r

to evaluate the choice of non-fixing contrdl

experiments were desi&neé
plants to quantify N, fixﬂtion by 13y dilution and the ability of thrke
soybean'cgltivats to suppdrt symbiotic fixation by Bradxrh§iobium'jagonidum.

The characteristics';f the Typic Haplustalf soil on“;hich the
experiments were carrfed ﬁut have been described in Section 3. =«

Two methods of 1ncorgorating 15N labelféd materigls were utilized,
namely application 15N-1a%e;led organic matgfial and ap?}ication of
158-1abelled inorganic feftilizer. .

The former method was utilized in

choosing non-legume reference crops for estimating N, fixation by 15y

~

(4

dilution and the latter in assessing nonnéqglating soybean cultivars for
their suitability to serve as reférence crops for estimating Ny fixation as
well as in selecting soybean cultivars for their ability te fix Ns.

v, ;

The experimental sites were pre-irrigated, then ploughed and disced to

prepare a uniform seedbed. Macro and microelggfnts were applied as a

-
1
|
-
A3
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.- 100 kg N ha-l. The required amount of molasses for each replication was

\@
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¢ “ T
blanket application of 50 kg P ha-l as triple super phosphate, 60 kg K ha-1

as K9S04, 18 kg Mg ha® &fﬁ;ﬁfugsol,, 0.08 kg Mo ha~l as xozo},, 0:3kg B ha*! as
- Na3B0, and 3 kg Zn ha-l-as Znso,.
In the first experigent the plots were organically labelled with

molasses as a carbon source and 19N urea as the N source (Legg and Sloger,

1975). 15N-labelled urea at 4.56 atom § 15N exceds was applied at a rate of

diluted in 7 litres of water as a 1;1 molasses:water mixture and uniform%
sprayed on the surface of the soil. The molasses were applied in tl;rae .
separate applications at-veekly intervals prior to seeding. The final C:N
ratio was calculated to. be 100:1. Th;a plots Eeceived 14 mm of irrigation
three times a week. Control ffiants included Finger millet (Eleusine ‘
'corocana L.), Pearl millet (Panicum giaucum L.), Rhodesgrass (gh;g;u_'uy_g_ng
e . : ) :

L.) anci a nen-nodulating soybean cultivar (GLxc‘ine max cv. D68-0099)
-supplied by Dr.” Carter, USDA, Nc;rth Carolina. The nodulating so&bean
Glxcine; max cv. Haéoye, a local gultivar, was iﬁocul_ated vith a mixtuxl'e of

-

p_.qojaponigm strains MM48 —and US110.

*

The experiment (control plants and sampling dates) was arranged in a -

completely randomized block design with four replications. The experimental
. »
plots were planted on 6 December 1983 at a seeding rate of 40 seeds n-1l row

™~ -

for soybeans. The grasses vere pl.anted at 10 kg ha-1. Soybean seeds were
‘inoculated with a 1liquid suspension of a mixture of US110 and MM48 B.

japonicum strains to ensure 106 cells per seed.

The treatments of the se'cor;d experiment are summarized in Table 6.1.
.9 y . .
The experiment was arranged in a completely rando.t\n;zed factorial design. In

b r



Table_6.1. Components of the oe:i:per::(.mem: for selection of
\ nonnodulating soybean cultivars as reference
* crops by 15y isotope diltution and of fixing
cultivars for their ability to supporit Nj
fixation by R. japonicum :
‘ NN
¢ Cultivars Inocull Fexrtilizer N
rates o
R kg N ha-1
Nodulating . [
Bossier Usiio 20 and 100
. Magoye MM48
. Santa Rosa
u . .
Clark RJ1 Us1l1o0 20 and 100
D68-0099 MM48
( © N77 )
&
]
o

»



sach plot, one treatment of the fixing plant was inoculated with US110 while
the other treatment of the same cultivar was inoculated with MM48 B.
Japonicum strain, a local isolate. Urea was applisd at two levela, 20 kg N
ha-1 at 4.56 atom % 15N excess and 100 kg N ha-1 at 0.96 atom % 13N aexcess.
The soybeans were plahted on 6 December 1983 at 40 seeds per”meter row,
Rows of nonnodulating cultivars were alternated with rov;’of nodulating

cultivars in all cases.

Irrigation was applied to -both experiments to ensure uniform‘imergance

and (200 mm) during December and January dry spells to ensure good crop

growth.
¢ Y]

Plants were harvested at four different sampling dates (Table 6.2). On
each/sampling date, a cdﬁzosite sample froma 0.15 A section of eacu row (5
plants) of nodulating and corresponding non-nodulating var;eties of soybeans
was obt;ined. No attempt was made to collect abscised leaves and petioles.
At harvest, one m? area from each plot was harvested to assess final dry
matter ylelds. Straw, pods/huk}s and seed plant parts were separated, oven ,
dried at 60 °C to constant weight ground to pa;s a 425 um sieve and weighed.
Total N countent was determined‘;sing a modified semi-micro Kjeldahl
proéedure (Rennie and Paul, 1971). After analysis the distillate was
acidified with 0.05 M H9S04 and concentrated for 15§ assay on a NIOS
emission spectrometer using the lithium h§p05tom1te oxidation procedure.
yitrogen fixation estimates for all sempling dates were based on the

e , -~

total aboveground plant parts and were calculated using the isotope dilution

L

formula (Rernie and Rennie, 1983): A

-
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Table 6,2. Growth stages of soybean (Glycipe max L.) at which harvests
vere takdn .,

[
o

Harvest Days after Magoye Nofi-nodulating ;:ultivars
planting Bossier and Santa Rosa
1 . 46 begining bloom mid-bloom
2 69 mid-bloom pod production
3 76 pod production bean development
4 84 - " bean development beans full size
' * physiological maturity
e
~
3‘ ~
\ R

4 - d -

Aan &
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@ astom § 158 excess(fixing) .
) ANdfa = (1 - J x 100

atom § 15y excassmon-fixing))

o

and,
-
) atom % 15y excess(fixing)
Np fixed = (1 - . ) X N yleld(fixing)
6 " atom % 15y excess(non-fixing) -
o - Nitrogen derived from fertilizer (NAff) was calculated. from:
atom %~15N excess(plant)
\ INdEEf = ‘ _ X 100
] 3 N atom

% 1y excess(fertilizer)

The percent utilization of applied fertilizer N, i{.e., the percent
ﬂ fertilizer use efficiency (RFUE) was calculated from:

$Ndff X N yleld (kg N ha-1)

RFUE = . X 100

5 N appliéation rate (kg N ha-1ly

\Y

The 'A' value as an index of soil N availability to indicate the

suitability of each. non-fixing control was calculated from:

Ndfs .
. 'A' value = _______ XN application rate (kg N ha-l)
) SNAEE )
" where, Ndfs = 100 - (¥Nd£ + wdfa) L

_‘ ) 9
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6.3 Results and Discussion . ] °

Dry matter (DM) and N yields‘of all crops grown on plots tl;at received
158-1abelled organic material are presented in Tables 6.3 and 6.4. The N
yield of Finger millet and Rhodesgrass remained significantly lower ‘than‘
that of Magoye throughout the growing period (Table 6.4). The yield of the
nonnodulating cultivar became significan_tly lower than Magoye 69 days after
planting (DAP) and remained as such thereaff:er. In contrast, N yie‘l& of
Pearl millet was equal or significantly higher than the nodulating gultivar
* throughout the growing perfod. Nitrogen uptake of a}l reference crops
peaked at 76 ,DAP, while that of the nodulating _cgltivar was still increasing
at 84 DAP. | |

In choosing the appropriate reference crop the following factors (Fried

]

et al., 198ﬂ3) were considered:

a. Absence of No-fixing activity. Inspection of the fixin'g crop

revealed massive nodulation, while there were no nodules on the

nonnodulating cultivar.

.
1

b. Relative feeding pattern of standard and fixing ‘crop. Although the

reference and the Nj-fixing crops do not have to absorb the same quantity of
total N, bot.h should absorb similar ratios of available N from soil and
fertilizer (Fried et al., 1983). 0f the three non-legume reference cx:ops,
only Pearl millet consistently fulfilled this requirement (Table 6.5).

c. Time of growth of reference and fixing crop. The "A" values of the
soi!.l' as determined using the nonnodl:lat:h}g culi::ltvar increased sharply with

time (Table 6.6). It is apparent that Finger millet and Rhodesgrass were

\
\S
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Table 6.3. -Dry matter yields of soybeans and non-nodulating control plants at the fou;

5 harvest tfmes

Harvest 1 Harvest 2 Harvest 3

Crop Harvest 4 _
' Whole plant Whole plant Straw Pods/ Seed Straw Pods/ Seed
hulls ' - hulls
g 5 plants™%

Magoye 32.4a* 79.3b 77.7b 2.1b -- 86.6b 17.1a --
" Non-nodulating 27.7a 30.9¢ 28.6c 10.1a 16.1 16.5¢ .11l.1a 12.4
Finger millet 4.6c 6.4c 11.84d -- -- 3.44 -- --
Pearl millet 15.2b 160.9a 197.8a -- - 284.8a -- --
Rhodesgrass 7.3bc 18.2¢ 16.3d | -- ~- . 17.8c -- --

-

+ "Mean values followed by the same letter in
different at P<0.05. .

{

same colusmn

are not significantly

-9zt~
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Table 6.4. Nitrogen yields of soybeans and non-nodulating control plants at the four

- harvest times . .
r -
Crop- Harvest 1 Harvest 2 Harvest 3 Harvest 4
Whole plant Whole plant Straw  Pods/ o Seed Straw Pods/  Seed
s hulls hulls
g 5 plants~1
~ - ]

b

Magoye 0.53at 0.79b 1.39%« 0.06b = -- 1.48b 0.42a ~- bt

Non-nodulating 0.37a 0.45¢ 0.29¢ 0.13a 0.61 O0.l4c 0.13b 0.50 B !

Finger millet 0.07b 0.08¢c 0.19cd -~ -- 0.04ec . -- .-

Pearl millet 0.44a 1.96a 2.75a -- -- 3.32a -- --

Rhodesgrass | 0:11b 0.18¢ 0.23d -- -~ 0.36¢c -- --

+ Mean values followed by the same letter in same column are not signifiéantly
different ag, P<0.05. %




Table 6.5. Atom % 15N excess.in soybeans and non:nodulating control plants at the four”

)

harvest times

7

Crop Harvest 1 Harvest 2 Harvest 3 Harvest 4
N Whole plant Whole plant Straw Pods/ Seed Straw Pods/ Seed
\ .
: . hulls hulls
goye 0.39c* 0.214d 0.20b 0.22b -~ 0.19¢ 0.18b --
on-nodulating 0.76a 0.45bc 0.53a 0.44a 0.51 0.41a 0.45a 0.48
Finger millet 0.55b 0.50b 0.36b -- -- 0.36b - --
Pearl millet ~ 0.71a 0.58a 0.51a -- -- 0.49a -- --
Rhodesgrass 0.57b 0.43c 0.34a -- -- 0.31b -- --

+ Mean values followed by‘the same letter in same column are not significgytly

“gifferent at P<0.05. .

D
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Table 6.6. Comparison of possible non-legume crops as reference for
estimating Ny fixation by 15

N isotope dilution

I3

Crop "A" wvalue
- kg N ha-1l

- Haxvest 1

Magoye 8.6 494
Finger millet 12.1 726
Pearl millet 15.6. 541
Rhodesgrass 12,5 700
Haxrvest 2

Magoye 4.6 936
Finger millet 12.5 ' 700
Pearl mjillet 11.0 809
Rhodesgrass 9.4 964
Harvest 3

Magoye 4.4 808
Finger millet 7.9 1166
Pearl milleét 1.1 801
Riipdesgrass 7.5 1233
Harvest 4 .
Magoys 4.2 888
Finger millet 7.9° 118
Pearl millet - 0.7 83{
Rhodesgrass 6.8 1371

+ Nonnodulating D68-0099 cultivar used as a reference ctop.

Fd
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exploring different soil volumes comparod to the tixing cultivar and Pearl
millet, both of which apparently wvere oxploring similar :oil volumes. To
J;rlculate data in Table 6.6, the assumption was mndo that the nodulltins nnd
nonnodulating, cultivars had similar grovth patterna. This apparantly was
not the cas;, since the nonnodulating cultivar was progressing through
growth stages at a faster pace than the nodulating one (Table 6.2). .
Further, ‘the N uptake patterns of all crops over the sampling intervals
(Fig. 6.1) would suggest that Pearl millet was more suitable as a reference

k!

crop in these experiments. L

The nonnodulating cultivar and Pearl millet yielded higher estimates of
gymbiotic N9 fixation throughout the growing period wit;Fan exceg;ion at
harvest 2 (Table 6.7). The $Ndfa had increased by the second sampling (69
DAP) and remained relati;ely‘constant for the nonnodulating cultivar and
Pearl millet but declined for Finger millet and Rhodesgrass (Table 6.7).

Only the data for the first and fourth harvests are reporééd for the
second‘exp;rimentn No significant differen;es for any measured parameter
due to inoculation of nonaodulating soybean cultivars with B. japonicum
US110 or MM48 strains were obtained, hence the average values for the two
inocula are presented (Tables 6.8, 6.§ and 6.10). At anthesis, a;om s L3 x
excess and $NAff of the nonnodulating soybean cultivars were statilticqlly
the same for all cultivars but were significantly affected by N application
rate (T{ﬁle 6.8). At maturity, although atom % 15N excess in vatious plant
parts of nonnodulating cultivars was significantly affected by culttvuf and
N rate; % Ndff values were significantly affected by N rate only (Table

6.10). Therefore, at this growth stage all nonﬁGdulatinh cultivars

exhibited more or less similar characteristics.
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Figure 6.1 Changes in Nitrogen uptake by Glycine max cv. Magoye ( ) and
D68009 (o) and non-fixing reference crops (*Eleuisine corocana
L., ~Panicum glaucum L., and x Chloris gayana L.) between
sampling intervals duping the growing season.
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Table 6.7, "Percent Ndfa in.soybeans estimated from various control .
plants at the four harvest times

-
a

Control Harvest 1 Harvest 2 Harvest 3% Harvest 4%
Non-nodulating 48 .9a* |, 52.3b 58.2a 59.6a s
Finger millet 45.4a 62.7a 44.3b 40.9b ,
Pearl millet 29.5b 56.9a 57.2a " 60.7a
, Rhodesgrass 31.9b 49 .5b 41.3b ¢ 38.7b ‘ s .
- . -
J CoL i

* yeighted values for all plant parts. o .
+ Mean values followed by the same letter in same column are not
significantly different at P<0.05.

©
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Table 6.8. Dry matter and nitrogen yield and N isotope characteristics of
non-nodulating soybean cultivars at 46 days after planting

A. [ . )
Cultivar Nitrogen Dry matter Nitrogen Atom % 15y  Ndff Fertilizer

rate yield | ~ yleld excess use efficiﬁyci
' -l
kg ha-l Mg ha-l kg ha-1 % —
: N
RJ1 20 | 2.15 40 0.58 12.7 . 25.4
. 100 3.11 64 0.44 45.6 29.1
p68 - 20 3.48 54 0.56 12.2 -33.1
~ 100 3.30 73 0.44 46.5 37.8 A
N77 20 3.28 ° 9 Y . 0.5 119  35.1 ‘
100 2.82 45 0.43 44.5 2010
Significance* .
Cultivar o * ns ns doke I
- N rate . *. ok Jok dekoke ok
ok dedok ns ns Fokok

Cultivar X N rate

by ~ L4

<

Yok %k, % and ns = Significant at P<0.001, P<0.0l1, P<0.05 and not significant,
respectively.

s’
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- Table 6.9. Dry matter and nitrogen yield of non- noduldting soybean cultivars 84 days

after planting . . ™
4
¥ .Nitrogeﬁé Dry matter ' Nitrogen
Cultivar rate ~ . 4
Straw' Pods Seéd Total Straw Pods Seed Total
-3 , - .
. ¢ N H
kg ha-1 —_ Mg ha-1 kg ha-1
4 ~
€. RJ1 “ 20 1.2 0.6 1.7 - 3.5 5 4 53 62
100 4.6 1.3 1.5 7.4 32 9 52 94
Dé8 20 2.2 1.3 . 2.1 5.1 19 7 714 100
) ~ " 100 1.9 1.0 °2.5 5.4 - 16 10 87 - 113
N77 20 2.0 0.7 2.1 4.8 12 5 60 77
« 100 4,2 1.2 3.3 8.7 31 9 100 139
h% . . IS égggificance
* Cultivar . * ns sk ke * *k dok ok
N rate *k * *k & ke ok * ke
Cultivar X N rate *k * * Jokk *k ns ok ns -

|

*** ¥*, ¥ and ns = Significant at P<0.001, P<0.01, P<0 05 and not significant
Fespectively

L4

+
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Table 6.10. Nitrogen isotope chﬁracteristics of non-nodulating Eoybédh
cultivars B4 days after planting '

’
'y L]

) ' * Nitrogen Atom % 15N excess N Fertilize
Cultivar rate - NAff use
o , Straw Pods Seed  efficiency
. kg ha 1 ) %
— RI1 ¢ 20 0.33 0.48 0.56 12.3 68.0
" 100 0.31 0.41 0.52 45.0 47.9 5y
“Mpés 20 N0.44 0.36 0.39 8.7 43.6
100 0.39 0.27 0.47 45.9 51.9 -
\. , v~
N77 20 0.30 0.53 0.55 11.1 43.0 ‘
100 0.22 0.46 0.39 37.0 51.4
7 . -
., Significance ’
L ] -
K Cultivar’ " ke * ns *
N rate * * Ak okk . ok
Cultivar X N rate =~ = ¥ ns * ns Cowk
, & -
*kk Wk % and ns = Significant at P<0.001, P<0.01, P<0.05 and
<, - not significant, respectively. <
. o
< ‘ .
- o !
Y Y /‘/ .
{
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The type of inoculua had no signific‘ant effect:. on any of the plant .
parameters determined for nodulating g:ultiv.n"a at anthesis except N yield
(Tabie 6.11). Dry matter and N yields at thi‘a stage were statistically the
same for allicultiva'ts but N ylelds were significantly .nffect:adu by N
appli‘cation rate. With the ‘exception of Bossier, applicaticn of 100 kg N
ha-1 actually resulted in llower N-yields. Calculation o'f % Ndfn values
using either of the three n‘onnodulating.cultivarg as a reference crop showed
that Ny fixation was for the most part inhibited at this high N application
rate. Further, use of any 6f the three nonnodulating cultivars asxa

-

reference crop resulted in similar %Ndfa estimates, ‘except at 1Q0 kg N ha-1
application rate, at which D68-0099 led to higher estimates for Bossier and
Magoye. Since active fixation was taking place only at 20 kg N ha-1

application rate®and because all three rionnodulating cultivars were ~

exploring similar soil volumes (Table 6.12) any Qf them would be a suitable

LY

refe“rem_z crop at anthesi‘s. 0f the tlhree fixing soybean cultivars Magoye

yielded the highest ‘¥Nfda values (40-50%) at this growth stage (Table 6.11).
o . o

a

Contrary to anthesis, the DM yields of the three ‘cultivars were

statistically different 84 DAP (Table 6.13). Magoye ylelded the highest

!
*

total DM yield but no seeds had been formed at sampling time. However, DM
-~

c

yiﬁs of this cultivar taken at a later date and at full maturity vere 1in

the drder of 3.7 Mg seed ha-l. The type of inoculum continued to have no

effect on DM ylelds through to this stage but significantly affected N
yields. Total DM yields were, except in one case, statistically lower with

/ g " 100 kg N ha-1 application rates, thus suggésting that DM ‘yield bgnefits from

¥
1
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Table 6.11. Comparison of soybean cultivars at 46 days after planéing for their ability to support
synbiotic Ny fixation at Nanga, Zambia \
o ¢ ) Q\ *
- \ Cd A
Cultivar Inoculum Nitrogen Dry matter Nitrogen Atom % 15N Ndff . Fertilizer Ndfa
rate yieid" yield excess use .
RJ1 D68 N77
| A\
’ 7
kg ha~l Mg ha-l kg ha-1 %
’
Bossier Us110 20 3.37 62 0.47 10:3 3£\p 18.6 15.3 13.4
100 5.14 82 0.40 41.4 34.2 9.1 20.5 7.0
MM48 20 4.6¢6 80 0.38 8.3 33.2\ 34.6 32.0 30.4
100 5.31 113 0.53 55.0 61.8 -20.6 . .-5.5 -23.{&
Magoye US110 20 4.53 99 0.34 7.4 36.4  42.0 39.6  38.2°
. 100 4.36" 82 0.39 40.6 33.1 \10.9 22.0 8.8
. MM48 20. 4.55 131 0.26 5.7 37.2 \«1.1 48.5 39.8
100 3.18 69 0.48 50.0 34.5 1§\9 13.5 11.5
Santa Rosa US110 20 4.95 113 0.35 7.7 43.4 21. 31.0  19.3
100 4.05 79 0.58 60.4 47.7 -0.9 -5.0 -7.4
. MM48 20 4.26 104 0.36 7.9 41.0 18.3 \ 28.5 16.4
’ 100 4,72 98 0.51 53.1 52.0 11.3 \\ 7.7 5.5
N " Significance \\ &
Cultivar ns ns Jeike ik - Joick 4** “Hedek
Inoculum ns %* ns ns - ns ﬂ!\ ns
N rate ok Fkk ok Fekeke - * * N\ ns
Cultivar X inoculum ns ns ns Hokok - ) ns ns \ .- ns
Cultivar ‘X N rate ns ns Yokoke Jokk - ik Coddeke N\ Rk
Inoculum X N rate ns * ns ns - ns ns . ns
Cultivar X inoculum X N rate * badel ok dodeke - Aok Fokk ¥k

and ns = Significant at P<0.

o

001, P<0.01, ‘P<0.05 #nd not significant, respectively.
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Table 6.12. 'A'-values for nodulating cultivars of soybean
calculated’on the basis of the non-nodulating
cultivars at 46 days after planting

Non-no&ulat:lng Fertilizer 'A'-values

cultivar rate

kg N ha~ 1
RJ1 20 . 138
D68 20 144
N77 20\ lt.g
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Table 6.;3. Dry matter and nitrogen yield of nodulating soybean cultivars 84 days after plantiné

u

o

Nitrogen Dry matter Nitrogen
Cultivar 1Inoculum rate .
. Straw Pods 'Seed Total Straw Pods Seed Total
kg ha-1 —— Mg ha-l — kg ha-1
Bossier Usl1io - 20 7.0 1.7 3.5 12.1 53 "13 116 182 <
. 100 6.4 1.8 3.3 11.5 62 18 107 187
. MM48 i 20 6.6 1.4 3.4 11.4 44 12 117 174
100 4.6 0.9 1.} 7.2 67 18 63 148
Magoye Us110 20 10.8 1.6 " - 12.4 193 13 - 206
100 9.8 -1.9 - 11.7 192 44 - ' 236
b MM48 20 - 15.4 1.6 = 17. . 289 41 - 330
100 10.7 1.2 - 11.9 170 22 - 192
Santa Rosa US110 20 9.3 1.4 1.1 11.8 78 16 41 136
. 100 4.3 1.0 1.3 6.7 . 49 16 49 114
MM48 2}) 4.7 1.1 0.7 6.4 77 16 26 117
100 8.5 1.2 1.8 11.5 133 21 71 22%
- Significance Q\
Cultivar ek Yeiok
Inoculum ns *
N rate Sokok ns
Cultivar X inoculum ‘ dekok bodd
Cultivar X N rate ., - * ' 3 dokek
Inoculum X N rate - ns L\ - ns
Cultivar X inoculum X N rate deick .***

a

dhk %% % and ns = Significant at P<0.001, P<0.0l, P<0.05 and not significant, respectively.

(‘\ :
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Ny fixation were not, for the most part, compensated b'y this N application
rate in spite of similar N yields (Table 6.13). c
Estimates of %Nfda using Clark RJ1l and N77 as reference at 20 kg N ha-l
crops were similar and considerably higher than those arrived at using
D68-0099 as a reference (Table 6.14). This reflects differences in maturity
dates as D68-0099 is an early maturing cultivar and had reached senescencs ~ :
at this sampling time. This is also reflected in the "A" v&lggs forlfhc
three monnodulating cultivars at B4 DAP; whereas those for the two former
cultivars were similar to each other and had not considerably changed since
46 DAP, that of the latter had considerably increased (Tables 6.12 and
6.15). On the basis of $¥Ndfa and fertilizer use ;Eéiciency values at 84
DAP, Maggye was by far superior to Bossier and Santa Rosa in supporting No
fi;ation by B. japonicum. When this cultivar was inoculated with B.
japonicum MM48 strain yielded the highest amount of Ny fixed at 225 kg N

ha-1l.

6.4 Conclusions

“ Nonnodulating soybean (Glycine max) cultivars Clark RJ1 and N77 or in
their absence Pearl millet (Panicum glaucum L.) appear to be the best

reference crops for estimating Ny fixation using the 15y isotope dilution
technique in Zambia. A local soybean fixing cultivar (Glycine max L. cv. \
Magoye) rated highest among three cultivars tested for its ;bility to

support symbiotic Ny fixation under the exp;rimental conditions.

L e

-
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tnble‘ﬁ.lb. Comparison of soybean cultivars for their ability to support symbiotic Ry fi;ltion
84 days after seeding

-

<

Nitrogen  Atom % LN excess Ndfa . Fertilizer
Cultivar Inoculum rate , NAEf use
Straw Pods Seed RJ1 N77 D68 efficiency

kg ha-1 )

Bossier UsS110 20 0.22 0.37 0.54 1%.7 15.4 -8.7 9.5 86.5

. 100 0.33 0.38 0.38 18.1 -0.1 18.3 37.3 69.8

5 MM48 20 0.13 0.40 0.34 45.3 43.1 26.9 6.6 57.4

100 0.43 0.44 0.42 2.4 -19.3 2.7 44.7 66.2

Magoye - Us110 20 .0.16 0.19 -- 69.7 68.5 59.5 3.6 37.1

100 0.25 0.25 -- 43.5 31.0 43.7 25.7 60.7
MM48 20 0.15 0.32 -— . 68.8 67.6 58.4 3.7 61.1_PP

100 0.24 0.37 -- 42.8 30.1 43.0 26.1 50.1

Santa Rosa US110 20 0.22 0.37 0.40 45.3 43.1 26.9 6.4 43.5

- . 100 0.22 0.44 0.33 32.2 17.1 32.4 30.9 35.2

MM48 © 20 0.20 0.36 0.36 ° 51.5 49 .6 35.3 5.7 33.3

100 0.32 0.37 0.29 27.8 11.7 28.0 32.9 74.0

! I .Significance

Cultivar dokee dedeke Sk Jedck deiok Hedeke
Inoculum " ns Fokoke dokok ns sk ns
N rate ~ . ke dok - . ok dedoke
Cultivar X inoculum ns ns Fedeke ns ek ns
G ivar X N/rate deick ns ke dricke Jeick ns
Anoculum X N rate et ns Jedcke ns Jedede Fodck
dedok ns Jodede dodek © edek deiek

%tivai X inoculum X N rate

!

**;T\**, * and ns = Significant at P<0.001, P<0.0l, P<0.05 and not significant, respectively.

1

i 3 A S
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-Table 6.15. 'A'-values for nodulating cultivars of soybean
calculated on the basis of the non-nodulating
cultivars at 84 days after planting

f

a

Non-nodulating Fertilizer 'A'-values
cultivar rate
kg N ha-l
RJ1 20 151
D68 20 207
N77 20 157
&
)
Ig .
T
4 <
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7. VHEAT YIELDS IN MAYZE-VHEAT AND SOYBEAN-WHEAT ROTATIONS

7.1 Introduction . :
Grain legumes play an important role in agricultural systems since they
provide a significant source of prdotein for both human and animal
consumption. In addition, they providz an inexpensive source of fixed N
for the crop' itself as well as for subsequent crops in crop rotations.
This is of importance- to developing countries since the fertilizer N costs
are increasing and consequently the fertilizer .supply to farl_ners is being
reduced. Thus, biological N fixation is a viable alternative for these
coum:ties.? where escalatiné energy costs render the use of synthetic N
produact:s prohibitive.

¢ Legumes are known to increase soll N levels (NaFional Acx;demy of

Science, 1979; Ladd et al., 1981; Reddy et:(al., 1986). Consequently they
imptbve the- productivity of shbsequent‘ceﬂ;al crops (Singh and Awasthi,
1978). Legume materials contribute only a small portion of the avaiiablg
N pool. Their main value appears to be long te-rm, i.e., in their capacity
to maintain or intrease concentrations of soil organlic N to be decomposed
at relatively slow rates in the .folloving years (Ladd et al., 1981).‘

Section 6 dealt with establishing a baseline for Ntz-fixation of

. )
soybean cultivars adapted to Zambian conditions. Th{s Section will

¥

examine the agronomic significance and impact of No-fixation when soybeans

are included in rotations. “

The objectives of this study were to evaluate (i) amounts of N fixed

by two ;oybqan (Glycine max L.) cultivars at two levels of P in the first

3\ o ——

- . ¢
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crop season of & rotation, and (ii) the residual effect of applied N and P
fertilizers or biologically fixed Ny on wheat growth in a 'aoybun_-vhut_ ,

(Ixiticum gestivum L.) and a m;ize (Zea mays L.)-wheat rotation.

7.2 Materials and Methods 0

A two crop season experiment was carried out at the National

Irrigation Research Station, Nanga, Zambia. The characteristics of the

e )

Haplustalf soil at the site have been descrided in Section 3.
¥ Maize (Zea mays L. cv. MM502) and three cultivars of soybeans
(Glycine max L.) we;:e; planted on 23 December: 1983. Maize was planted a;:
25 cm stations with an intérrow spacing of 80 cm. The legume cultivars
(Bossier, Magoye and Chappewa) were planted at 15 cm spacings with an
interrow spacing of 40 cm. A li{uih suspension of Bradyrhizobium
japonjcum inoculum strain US110 was applied over the seeds to ensure 106
cells per seed and coveged immediately. Irrigation was applied to ensure
uniform emergence and during January-February dry spells for maximum crop
growth.

The experiment in the first year of the rotation vas arranged in a
compaletely randomized block design with six replications. The yield plot
for the fixing I;‘gumeF cultivars was 6 m X 4.8 m. The isotope subplot for

.
the fixian'g (Bossier and Magoye) and non-fixing (Chappewa) cultivars was
2.6mX 2.4 m, The yleld hot’:ffor the cereal (Maize) was 8.4 m X 4.8 m,

Micronutrients were applied as a -blanket application of 80 g Mo303,

80 g CuSO4 and 8 kg ZnSOy ha<k, All plots received 70 kg K and 2% kg f

"‘e\
ha-1, respectively as KpS0,;. Chappewa started flowering 30 dgys after

:
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smergence. This necessitated taking sequenfial harvests of tissue :aﬁples
from rows instead of plots in the 15N subplots. The first harvest vas 42
days and the second 72 days after plaﬁting. Harvest of soybeans for grain
vas taken on 18 April, 1984. Maize straw and grain was harvestedidn 24
April, 1984.

In the second crop season, wheat (ITriticum gestixgg L. cv. EHU's')j
was planted on 5 May, 1984. The wheat was drilled at‘20dcm interrow
spacing. Pre-irrigation was applied seven dgzs prior to seeding t;
establish a homogeneous moisture profile. A weekly irrigation at 70 % of
total class A pan evaporation during the whole irrigdtion interval was

applied. The experiment was a completely randomized block design with six

replications. The yield subplot for the wheat was 6 m X 4.8 m. The

rY

. rotations and the N and P fertilizer program involved are summarized in

Table 7.1. Macro- and micronutrients were applied at the same rates as
,for the first c£SE of the rotation. Wheat straw and grai» were harvested

on 5 September, 1984,

A »

All plant tissue samples were dried at 65 ©C and ground in a Wiley

mill to pass 425 um sieve. Analysis for total N was carried out using a

-~

modified semi-micro Kjeldahl procedure (Rennie and Paul, 1971). 15y assay °
vas carried out in a 602E Micromass mass spectf&meter. Total P was
- - ( 0

determined by the vanadomolybdophosphoric acid method (Olsen and Sommers,

%

1582). 32p vas first concentrated as magnesium ?fmonium phosphate
[Hg(NH4)P04.6326] and counting was carried out ‘ir a Geiger Muller counting
system. Isotopic parameters were:. calculated by the methods described by -

Rennie and Paul (1971).

o=
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Table 7.1. Fertfliier P and N treatments of two season rotations in Zembia

©

t
o

=7
(. 1

First season ® . Second season

First season crop followed by s
Igiticum gestivum L. cv. EMU's' Nitrogen Phosphorus Nitrogen Phosphorus

=,

- »

- kg ha-l
Glycine max L. cv. .Bossier 20t 0. 60 joH
‘ 20 30. - 60 30
Glycine max L. cv. Magoye N 20 0 60 30
=20 30 60 30
Zea pays L. cv. MM502 20 0 60 - 30
) .20 30 60 30.
: 60 0 60 - 30
- 60 . 30 60 30

~ v -

I

+ a1l ni.frogen treatments in first season were 1°N-labelled with 4.56 atom %
15N excess. .
> » ¥ All P treatments in second season were 32p-1abelled .

L]

0 , =~
4 - o 4
B “
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‘ 7.3 lemltl- and Discussion - . s
No significant differences in che'cocgl amount of -dry matter (DM)

yields between ‘tha twvo fixing soybean cultivars wvere obtained at 42 days

"after planting (Table 7.2). There vas a signi.ficant: interaction of bot‘:h

rd

cultivars and P on atom % 15N and SNdff , the latter owing to a significant ]
r-odu-ction in SNAEf "value for Magoye. Maximum N fixation .at this sampling
was attained by Magoye E(Table 7_.2) . ‘
At - 72 days after planting there was still no ;ignifican‘t: difference
in strav DM yield b?twéen the two fixing cﬁltiw:ars (;l‘able 7.3): Bossier
being an earlier mat'uring cultivar (100 days to maturity) than ‘Hagoye (liS
days to maturity) had set,6seed, while the letter was at ;;od set. This is
reflected :Lx:l the total DM yleld for Bos_sie;: (Tablé 3). “The total N yield,

however, was statistically the same reflecting higher N concentrations in

the Magoye straw. Both fixing cultivars responded to P applicatihn ('fable\

Y

7.3). , ”7

Atom § 15N excess of Magoye was significantly lower than that of

" Bossier (Table ?.lo). Esgimates of Né figxation using Chappewa as a

reference crop suggested that Magoye was superior in its ability to

’suppor‘c Ny fixation by B. japonicum (Table 7.4), which'is'cénsistent with

o

the re 8 of Section 6. Up to{SO% of N was derived from fixation.

There ;ns no significant effect of P on 15N enrichment of both cultivars

o

(Table 7.4). - ,

/

The 'X' values for 'both-fixing (Bossier’and Magoye) and the

~

non-fixing (Chappeva)u soybean cultivars were similar (Table 7.5). The

L v _
cultivars were exploring similar soil volumes and by implication took N of

» < .- i .



Table 7.2.— Comparison of soybean cultivars for their ability to support
' symbiotic Ny fixation by B. Japonicum at 42 days after planting

. s @
Cultivar P rate = Yield . Atom % 15N Ndfal  Ndff
Py : excess
Dry matter Nitrégen
! g .‘iplant:s‘1 mg 5plants'1 . %
“ C )
Bossier 0 3.20 - " v 82.4 - 0.4211 15.1 ' 9.2
- 30 3.56 78.5 _ 0.4240 16.6 o
°  Magoye 0 2.92 69.9 0.3246 34.6 7.1
30 -3.22 " - 84,1 0.4827 5.0 10.6
. Significance
Cultivar ns ) ns . ns ns ns
Phosphorus ns ns . baad © Wk ke
Cu%fivat°x P ns ns okeke N i ek
1 nonnodulating cultivar Chappewa used as a referemnce crop. °

;** *%, % and ns.= Significant at P<0.00i, P<0.01, P<0.05 and not significant >
respectively. :

=]
v

o 38
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Table 7.3. Dry matter and nitrogen yield-of soybean cultivars 72 days after
. planting

Cultivar P rate

-

Drya matter yield .

Straw ~° Pods Seeds 'fqtal (total)
kg ha-1 [ Mg ha-t _ kg ha-l ¢
Bossier 0 4.5 1.3 0.4 6.2 87.6
30 4.9 1.2 0.6 6.7 . 98.2
! - . )
"Magoye .0 4.3 - 0.1 .4 - 4.4 76.4
- 30 6.1 - 0.1 e = 6.5 5 94.5 N
- : ” Significance
Cultivar ns ns
* Phosphorus 0

Cultivar X P ',

L ek Joke ’ *
ns ns .

- 1

wkk, Wk, * and ns -181gn1ficant at P<0 001, P<0.01, P<0 05 and not significant,

. respeqtively e

Niticgen yield L

v -

£
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.Table 7.4. Comparison of soybean cultivars for their ability to

support N3 fixation by ! j_gm}_gm 72 days after

planting
Cultivar - P rate’ Atom %.15N excess % Ndff ANdfal
- ha-l
kg ha p
Bossier 0 0.3088 \ 6.8 36.7
30 0.2982 6.5 39.0
Magoye o ‘10.2393 5.2 50.9
30 0.2647 . 5.8 45.9
.. d
Significance
Cultivar ok ns Yedek
Phosphorus ( ns- ns ns
Cultivar X P ) " mns ns . ns

L lllonnodulating cultivar Chappewa used as a reﬁerencé crop
%%k and ns = Significant at P<0.001 and not significant at
‘' P<Q.05.

LI
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Table 7.5. 'A' values for nonnodulating and nodulating soybean

cultivars
\Cultivar P rate Ndff "A" value
kg ha-1 ] . kg'N ha-1
Chappewa 0 10.7 167
30 10.7 166
Bossier . 0 6.8 162
‘ . : 30 6.5 166
‘Magoye 0 5.3 167
30 5.8 167
!
0
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the same isotopic ratio, therefore, Chappeva was considered an appropriate
reference crop (Féied et al., 1983).

At final harvest at maturity, Magoye produced significantly higher
‘grain DM yleld than Bossier and Chappewa (Table 7.6), which is consistent
with the findings in Section 6. The level of P did t;ot: significantly

influence the final grain DM yield for all cultivars (Table 7.6).
. ‘Although Chappewva flowered much earlier than Bossier and Magoye, it

‘appears to have the same yield potential as Bossier (Table 7.6).
’ Maize responded to P application (Table 7.7), the maximum DM seed
yield being obtained with 30 kg P ha-l at 60 kg N ha-l (Table 7.7). |
Simi]za-r yield increases have been reported by ngaya (1976). Stover
yields followeﬁ the same, trend. .
The maize cultivar used (MM 502) is an early maturing, drought tolerant
hybrid, te;ently released. This study has shown its potential in
achieving high §ields at low levels Oﬁ;N (20 kg ha‘l). The stpn&ard maize
hybrid SR 52 is a late maturing one (175 days to maturity) and requires a
higher Nﬂinput level. The response of MM 502 to P ‘means that P
fertilizers have to be applied to obtain high yields.

In the second crop season, the levgls of P and N fert{lizers applied
to the wheat grown on various treatments-from the first  season-were
identical (Table 7.1). Hence, any differences in the DM yield could be
attributed t; the previous crop) and fertilizer history. .The highest vhe;t
DM yield was obtained when the prewvious crop was i;e fixiné legume Bossier

(Table 7.8). DM yields were lower when vheat was preceded by maize,

especially vhere no fertilizer was applied. Similar results vere obtained

o



' Table 7.6.

Grain DM yieids of soybean cultivars
Cultdivar P rate DM yield
. kg ha-1 . Mg ha-1l
Bogssier 0 2.48
30 2.51
Magoye 0 3.53
30 3.71
Chappewa 0 2.71
30 2.28
. A
Significance of contrasts

Bossier Magoye Chappewa

- o 0 30 0 30 0 30

,Bosgier O - ng % %k ns ns

30 - % %% ns ns &

Magoye 0 - n§g wk  dk

. 30 - ok dok

Chappewa 0 - mns

30 . -

9



Table .7.7. Dry matter yields—of maize in first season of
the rotation,

-

P rate N rate ‘

Dry matter yield
Stover Grain
— kg ha-1 ____ -_— Mg ha-1
0 20 6.23bl 4.09
60 5.21b 3.62
30 20 5.43b 4.05
60 9.52a 5.43

Significance of contrasts

Stover Grain

. P h P
0 30 0 30
N: 20 60 20 60 20 60 20 60
P N
0 20 - N8 _ ns Wk - %g‘ ns k¥
60 - ns ¥k ) - ng Wk
30 20 - ok - ek
60 - -
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7
Table 7.8. Wheat grain DM yields in the second season of the rotation

- Crop Fertilizer program -
in first Grain
aseason First season Second season DM yield
P rate " N rate . P rate N rate
kg ha-1 ” : Mg ha-l
Bossier 0 20 30 60 4.18
v/ 30 20 30 60 4.32
Magoye 0 20 ‘30 60 3.43
. 30 20 30 60 3.73
: Maize 0 20 ‘ 30 60 3.01
60, 30 60 . 2,79
30 20 30 > 60 3.12
c 60 30 60 3.19
Significance of contrasts
’ - Bossier Magoye Maize
2 30 0 30 0 30
’ , 20 60 20 60
Bossier 0 - ns * ok ok ek ok dek
. 30 - dok ok dok ok dek ok .
Magoye 0 - n8 ns ¥ ns ns -
30 - ngs % ng ns
Maize O 20 - ns ns ns
60 - ns ns
30 20 - mns

60 -
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by Reddy et al. (1986) and Singh and Awasthi (1978) for rye, maize and

vheat, which produced higher yields following t;:opicql legumes thin
cero:als. B
Application of P fertilizer to crops in the first year of the
rotation had no significant effect on wheat grain"D'H yields. PFurther, the
type of‘ crop in the first year of the rotation (legume or careal)‘ or, P
application rate did not significantly affect the P l‘e’vg;.s in wheat ér’ain
(Table 7.9). A mean value of 0.2 § P in wheat straw ghoved a sufficient
amount of P for wheat growth (Ozanne, 1980). Percerit P derived from
fertj.ilizer (%Pdff) values ranged from 8.8 to 20.5 %¥. Plants rarely
recover more than 20% of the applied P in a single season ‘(Black, 1968 ;
Stewart et al., 1983). The %Pdff,was higher when wheat was preceded by
the legume cultivar Bossier that had not received P f‘ertil‘i\ution (Tables .
7.9 and 7.10). Phosphorus application to Bossier'and maize (20 kg N ha-1)
in the first season of the rotation led to significantly lower WPAff
values of freshly applied P to the subsequent‘ vheat crop\compaz:ed to
treatments vhere no P was applied in the first season of the rotation,.
The contribution of previously applied P may be inferred from the
fertilizer P uptake by wheat'grown subsequent t}g the corres{ouding
treatments (Tables 7.9 and 7.10). No differences in tPAff values wvere
obtained f,klar Magoye possibly due to more P be:Lng recovered by vheat as
leaf fall from'this crop. 'uagoye was the biggest and most vigorously
growing of the two'legume‘a*w
The 'A' value appeared to be a fungf:imi":)f the residual effect of P \

apl;lied Iéln the first year of the rotation and was highest for Bossier and

| R

J

i , -
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' Table 7.9. Phosphorus levels and isotopic characteristics of wheat in the -~
second season of the rotation*

First season

P -~ i
- Crop Fertilizer program P PAff Fertililer '4' value
! uptake |
P rate N rate 1
. i
— kg ha-l $ kg P ha-1 —
‘ Bossier 0 " 20 0.19  20.5 1.76 125
c 30 20 . 0.20 4.3, 1.34 196
Magoye o 20 0.21  12.6  0.99 208, °
30, 20 0.20. 14.8 1.220 174
Maize 0 20 . 0.19° 15.0 0.90 170
60 0.19 13.5 0.79 200
30 20 0.21 8.8 0.56 314
60 0.30 ' 12.5 0.86 228
|

~t Statistical®°comparison of data in this Table is given in Table 7.10.

s AN
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Table 7.10. Significance of contrasts among P levels, VPdff, fertilizer
P uptake and 'A' values of wheat in the secoyd season of
the rotation

Bossier . Magoye co Maize
0 30 0 30 . / 0o\ 30
v . 20 60 20 60
. $PAEf
Bossier 0 - ns ik ek Yok ddek Wk Yok
' 30 - T dekk ke * dkde  dek gk
Magoye 0 ) - n8» * nsg ns &
30 - ns * ns ns
Maize 0 20 . - * ns ns
60 ’ - ns ns
30 20 - ns
Y 4
.0 Fertilizer P uptake
Bossier 0 - - % L Yok o ok dokk  deke
30 ' - ' % ng * Kk dh W
Magoye 0 - % ns ns % ns
30 - Kk ek *x
Maize 0 20 ‘ ° o ng % ns
: 60 g ) - * ns
30 20 - »*
. . ‘Al u
Bossier O \ - ns . dokeke  dek * dekk ek ok
30 - Cdekoke Kk : * doiok dokok Wk
Magoye 0 - ns * ns % ns-
30 . -ns ‘ns * ns
Maize” 0 20 ) - ns * ns
. 60 - * ns
30 20 . ‘. - ns
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naize at the lower t?eppucetion rate (20 kg N ha-1l). At the 'hi:gixer_u
epplicetion rate (60 kg N ha~ 1), the 'A'’value did n increase with P
epplicetion because of the high maize yield (Table 71;$\and the consequent
increased uptake of fertilizer P (Tables 7.9 and 7. 10) Maize 1eavee
deposited on the soil surface may supply the soil with more P than
legumen, especially after P fertil@hation (Hargrove, 1985).~ This study
has shown that the 'A' value for P appears sensitive enough to allow
detection of residual P. The 'A' value is an inverse measure- of the
effectiveness,oﬁ a fertilizer (IAEA, 1983).— The increase in gfhin DM
Ax}elds of wheat preceded by Bossier cannot be explained by the peesence of
of residual P, since differences in residual P were not reflected in ;he
DM yield“df the subsequent wheat crop. .
Legumes are known to increase the seil N levels (National Academy of
Sciences, 1979) and consequently the productivity of succeeding cereal
crops (Singh and Awasthi, 1978). Reddyaet al. (1986) indicated 50 kg N
ha-l to have been added by senescent leaves of tropical legumes and to
some extent roots and nodules. The }ncrease ih wheat ylelds after Bossier

could either be due to residual N through biological Ny fixation by the

previously grown legumes or to a better utilization of soil moisture

N

(Stewart et al., 1983; Dick, 1984; Power et al., i985; Reddy et al.,
1986).. This simple approach is complicated by the complex influence of
legumes with respect to eycling of other nutrients, soil water status,
soil teﬁpereture, soil structural changes, changes in soil microflora and
fauna etc (Hargrove, 1985). However; the highest vheat DM yields were

obtained vhen the preceding crop had the least soil N requirements (Table

- “‘\
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7.11). This is confirmed by the highest total N uptake of wheat when the

7
p &
grown in rotation with legumes in this study could be attributed to

s T

biologically fixed N by the precnding crop.

.- i 4
. B

preceding crops were legumes.('rty{e/ 7.12). Thus, grain benefits of wheat +

P



4 R /’.

/ %
- 4

Table 7.1]1 Nitrogen derived from at;nosphere, fertilizer and soil

0 by crops in the first season of the rotation*
Crop N rate Ndfa NAf£ Ndfs Total ,
o \
v - - kg ha‘]_-, \_

‘ »
Bossler . 20 / 61 11 82 154
Magoye _ - 20 108 12 105 225
Maize 20 - 12 108 120
Maize 34 108 142

o

60

4

+ Data.calculated assuming N c:lar’ot:ol:;:gc values aty final haxtvest were
same as 72 days after planting. Lot ’

-

N




: -162-

o
- N
o

‘Table 7.12 Total N uptake of wheat in the second season
o of the rotation

¢
First sea_s;n 3 o
- Total N
Crop Fertilizer program, uptake
' P rate N rate s
Bossier 0 20 ’ " 141
30 20 124
Magoye o - 20 - 132
. 30 .20 120
Maize © 0 20 : 100
. 60 87 -
30 20 ’ 114 ‘-
% 60 ) 117
.“‘ ST Significance - K
Crop . e = "ok k
Phosphorus » . ns
Nitrogen (maize) . - ns
) a ¥ H R .
. ; £ 4
¥* and ns = Significant at P<0.001 and not significant, . .
’ ’ respectively. - -
. .
F

o
b
L
¢
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a\ SUKHARY AND conmnsxoné

.

The objectivss of this ;tudy were to arrive at efficient use of two 3

] Ll b}

K most valuable resources in Zambian agriculture, water and nitroger{xf A’

number of field éxpériments were conducted over a period of three years at

NS the National Irrigation Research Station in Nanga, Zambia to arrive at
efficient management of water for irrigating wheat and'of two major dnputs
i s

- e ke to the nitrogen cycle, i.e. N fertilizer and Ny fixation. The water

efficiency component was tackled by evaluating various irrigation schedules

that woﬂg.;l,d pfovide maximum wheat yi’élds";rith minimum water losSes. The

- 2 ' nitrogen efficiency component was studied in a series of expetiménts, vhetge
s . ’ “‘. maximum effiéiency of fertilizer N or N from fixation was achieved by
- v, ’
proper pJ:'acement and time of application of fertilizer N or selection of \

’c " o soybean..cultivars with maximum fixing capacity under Zambian gonditions,

©

Y L4

- respectively.

- ] " The ‘efficient use of wa'ter and fertilizer N-was studied in a three

year experiment on a Typichapl’ustalf 80il with pH 5.5, CEC of 7 cmoles (+)

° ,kg‘l and total N copéent of 0.8 g kg‘l. . ‘

-
-

Three irrigation schedules were adopted for the first two years of the

stﬁdy," namely, (1) every week irrigation at a rate of 70% of the t:ot\al
class A pan evaporation during the whole irrigation interval, (ii) every
tvo weeks irrigation at 60% of the total class A pan e:raporatio”n during the

vhole.irrigation interval, and (iii) every three weeks irrigation at 50% of

v

the total class A pan evaporation during the whole irrigation interval.
Q . a~ -

%
! ) * ) "

I Y
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Nitrogen fertilizer in all experiments was in urea form. In the first

+year of the‘experiments the time of application of fertilizer N vas the
main focus, Urea-N vas applied either 43 a single application at- 150 kg N
"ha-1 prior to seeding} or, as a two-split with half of the fertilizer
applied ﬁriorlto seeding and hélf at four weeks dfter em;tgence; or, as a

three-split with one third applied prior to seeding, one third at four
weeks and one third at seven weeks -after emergence. The fertili;er iu all
cases was 15N-lébelled 1in such a way as to allow assessiment of the
utilization of the N from each application. ‘

IA the@%econd year of the study, in addition to time of N application,
faﬁr methods of fertilizer N placement were assessed. Data from the first
.year .of the-study had suggested that there was no benefié of a three-way
split of thé';:rtilizer compared to the two-splié application. Therefore,
only single (75 or 1%0 kg N ha-1l) and two-split applications were
evaluated. Single application of which the initial portion of the split
app}ication_of the fertilizer (50 kg N‘pa‘l)‘was either simply broadcast or
broadcast and in€orporated prior to seeding, placed in a narrow band 275 cm
to the side of the seedingkrow, or broadcast two wveeks after emergence. In
éhis year, the 15N-1abelled fertilizer treatments were applied to
microgléts within the major plots and only for the broadcast and
incorporation, side-band and late btoad;ast methods of placement.

Designing the third year experiments followed the experience obt;ined
through the first two years of experimentation for which the following

Do

results were obtained: .

B
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Irrigation\on a weekly basis led to higher vheat yields th;m ' v
‘\trrigatioan ev;ry two o;: three weeks. Although water efficiency increased
with laréer intervals betwveen irrigation, t;che efficiency of the irrigation
was drastically decreased. Hence, overall, maximum efficiency of water
vithout sacrificing maximum yields ;as obtained with the weekly irrigation.

G;.'ain yields were prix;larily a function of vat?nr availability and for
each ievel of water availability a function of fertilizer placement and
time of aét;lication. Split application of fertilizer .N resulted in
significant; benefits.' When water was not a limiting factor broadcasting
techn:!.ques followed -by 1ncori>oration of the fertilizer or applied<fter the

crop h‘aa established itself provided maximum efficiéncy of fertilizer N
use. In the latter cases, where maximum efficiency of fe;til:l‘.ze; N whas
achieved, grain yilelds were a function of the depth of irrigation water in
- H
LN

ma or indirectly of the evapotranspiration demands.

&

Calculationé?- using tthe data from the Eirst tw; years of the experiment
led to the conclusion that maximum éfficiency of water yields that would
provide maximum grain yields could be achiem increasing the amount of
irrigation water. for the weekly appl}cation to 85% of class A pan .
eviporation’ over the whole irrigation interval. Th:ﬁls hypothesis was tested
in the third yeu: of the study. Methods dand tim‘es of fertilizer N
application were maintained as in the secqndJ year of the experiment.

Indeed the predicted maximum yields of 5.5 - 6.0 Mg ha-l for the -whegt
variet:y used (Iriticum aestivum cv. EMU's') were obtained in these ’

experiments.
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Yield independent isotopic criteria (% N derived from fertiliut)‘ for
any fertilizer placement method in these studies was independent of water

regime, thus leading to the conclusion that N utilization vas primarily a
A

\

function of water availability.

To assess the contribution of N from atmospheric iiz fixation by
legumes, assessment of Np fixation by preferred Zambian legumes must be
documented. This initial step involved selection of appropriate non-fixing

reference c%“ops that would allow estimating Ny fixation using the 15y

isotope dilution technique. Thus a series of experifsem:s vere carried out

utilizing 15y isotope'labelling teéhniques to evaluate local and imported

~

nonno?ulating soybean varieties along with a number of non-legume crops.
é N

Organic material (molasses) amended with 15N~u;:ea or 15N-urea fercilizxet
were used. A time-dependent sampling scheme was devised to monitor crop
growth characteristics and availability of N sources throughout the growing
se;ison. This allowed for choices of reference crops suitable for
estimating Ny fixation by soybeans by 15y isotope dilution either at
specific growth stages or over the entire growing seasc;n. In choosing the
appropriate reference crop absence of No-fixing activity, relative feeding

1

pattern of standard and fixing crops and time of growth of reference and

fixing crops were evaluate;. y )
' Nonnodulating soybean (Glycine max) cultivars Clark RJ1 and N77 or. in "
their absence Pearl milletﬁ (Panicupm glaucum L.) appeared to be the best ,
re%erence érops for estimating No fixa’:ion using the 15y isotope dilut:.ion

technique in Zambia.
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’A’l;)cul soybean fixi?g cultivar (Glvcine max cv. Magoye) rated the
highest among three cultivars tested for its ability to support symbiotic
Ny fixation by Bradyrhizobjum japonicum under the experimental conditions.
Vhen this cultivar was inoculated with B. japonicum MM48 strain it fixed
225 kg N ha-l. Therefore, it would be most recommended for inclusion in
rotations by farmers in Zambia. )

The Buperiority of Magoys was confirmed in another s‘tudy, where three
;oybean cu,l't:i.vars, two fixing (Bossier and Magoye) an"c? a non-fixing
(chappeva) were planted along with m‘aize (Zea mays ev MM502) as first ’crops
in a t:'vo season rotacion. All crops received two levels of P (0 and 30 kg.
ha'l) an(d the légumes 20 kg N ha-1, whereas maize 26 and 60 kg N ha'-lu.
Chappeva was used as a reference crop for estimating symbi:otic Ny fixation
in the fixing soybean cultivars. After all crops were harvested, all plots
received 30 kg P ha-l and 60 kg N ha-l and were seeded to wheat ’(Tritzicum
aestivum cv. ‘El'(U's) as’a second season crop. There wexe no bénefits from
;esidual P from the first season on wt;eat: grain yielc{s. However, the'
yields of wheat grown on glots where fixing lggumes had grown the previous
year were significar_ltly higher than those where maize had preceded. The
superiority of thel soybean-wheat rotation over the maize-wheat rotation
vas attributed to residual N from—bi@ogical N2 fixation by the ‘preceding
legume crop. . . "

. This study was limited to an area ‘in Zambia vhere climatic conditions
are conducive for irrigated wheat cropping during the dry and cool {May to
October) season. Although the fertilizer placement methods and timeés of

application could be directly applicable for rainfed wheat, growth of the

latter has not been very successful in Zambia with the exception of certain

e
e -

ey

+

-
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localities in the north of the cosmt:ry. However, the country has an
tremendous pofential to develop :I'.rrigu:ion and as such inclusion of

. C .
soybeans in other rotation schemes, primarily involving maize (Zea mays

L.), can prove a definite asset for the Zambian agriculture as a whole.
L4

o
A
©

b
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