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Nitrogen management in irrigated spring wheat

J.l. Ortiz-Monasterio R.

Globally, fertilizer nitrogen (N) applications
are approximately 80 million tonnes, with
half being applied in developing countries and
the other half in developed countries (FAO,
1990). It has been estimated that by the
year 2025 the consumption of nitrogen
fertilizer will increase 60 to 90 percent, with
two-thirds of this being applied in the
developing world (Galloway et al., 1995).
This trend in fertilizer use is mostly driven
by the need of developing countries to keep
food supply up with population growth. It has
been projected that by the year 2020 world
population will be more than 8 billion people,
with more than 90 percent of this additional
growth concentrated in developing countries
(Sadik, 1992). Most of the irrigated spring
wheat in the world is located in developing
countries. These areas have high yield
potential and high levels of input use
compared to other wheat-producing regions
in the developing world. The International
Maize and Wheat Improvement Center
(CIMMYT) has defined the wheat irrigated
areas as mega-environment one (ME1) (for a
description of mega-environments, see
chapter “CIMMYT international wheat
breeding), which includes the Indo-Gangetic
plains in India and Pakistan, the Nile River
Valley in Egypt and the Yaqui Valley in
Mexico among others (Rajaram et al., 1993).
These areas already produce 42 percent of the
wheat in developing countries, and it is likely
that further intensification will take place in
order to keep up with food demand. However,
the efficiency of N fertilizer use tends to be
low in these systems (Byerlee and Siddiq,
1994), and further intensification with current
agronomic practices will likely lead to higher
inefficiencies and therefore higher N losses.

The nitrogen that is lost, in addition to being
an expense to the farmers, also has an
environmental cost. It has been documented
that land conversion and intensification alter
the biotic interaction and patterns of resource
availability in ecosystems and can have
serious local, regional and global en-
vironmental consequences (Matson et al.,
1997). Therefore, it is important to identify
nitrogen management practices that will
allow meeting the increasing demand for food
and fibre while minimizing environmental
impact and being economically attractive to
farmers.

APPROACHES TO IMPROVING
NITROGEN-USE EFFICIENCY IN
IRRIGATED WHEAT

Wheat production in many areas of MEI is
particularly dependent on synthetic nitrogen
fertilizer due to: (i) the use of animal manure
is very limited because (a) other higher value
crops have priority over wheat, (b) the
increasing demand of this product for use as
fuel and (c) a declining number of animals
that are being replaced by tractors (Hobbs et
al., 1998; Fujisaka et al., 1994); (ii) many of
the soils of MEI are naturally low in levels
of soil organic matter, and there is evidence
that this continues to decrease due to
increased tillage, burning and/or removal of
crop residues for animals (Meisner et al.,
1992; Hobbs and Morris, 1996); and (iii) there
are few legumes present in the main wheat
rotations in ME1 (rice-wheat, cotton-wheat,
maize-wheat, soybean-wheat and sorghum-
wheat) that could supply symbiotically fixed
nitrogen. There are two main approaches for
increasing nitrogen-use efficiency, plant
breeding and crop management.
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FIGURE 26.1
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NITROGEN-USE EFFICIENCY

THROUGH PLANT BREEDING

CIMMYT semidwarf spring wheat cultivars
were first adopted in the irrigated wheat areas
of the developing world (Byerlee and Moya,
1993; Byerlee, 1996). During the process of
adoption, it was often claimed that modern
wheat cultivars could not perform well in the
absence of nitrogen fertilizer (Simmonds,
1979), asserting that farmers would be better
off growing their old tall cultivars if no
fertilizer was available. It has been shown that
CIMMYT’s semidwarf spring wheat cultivars
can outperform old tall cultivars under high
or low N fertility conditions in Mexico (Ortiz-
Monasterio et al., 1997). These results are in
agreement with those of other researchers in
other countries where it has been shown that
semidwarf wheat cultivars either yield the
same or more than old tall cultivars under
low nitrogen fertility conditions (Jain et al.,
1975; Wall et al., 1984; Entz and Fowler,
1989; Austin et al., 1993). Semidwarf wheat

cultivars do not require more nitrogen; in fact
they often need less N to produce the same
yield per unit of available N than old tall
cultivars. Perhaps this misconception has
evolved because semidwarfs have a better
response to nitrogen and, therefore, they have
a higher optimum economic rate
(Figure 26.1).

According to Moll et al. (1982), nitrogen-
use efficiency (grain yield/N supplied) in
cultivar development can be divided in two
components: (i) uptake efficiency (plant total
N/N supplied), which is the ability of the crop
to extract nitrogen from the soil; and (ii)
utilization efficiency (grain yield/plant total
N), which measures the capacity of the plant
to convert the already absorbed nitrogen in
the plant into grain yield. One of the condi-
tions for breeding nitrogen-use efficient wheat
cultivars is the presence of genetic diversity
for that trait. Genetic variability for nitrogen-
use efficiency in wheat has been reported
(Dhugga and Waines, 1989; van Sanford and
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MacKown, 1986; Ortiz-Monasterio et al.,
1997). Furthermore, it has been shown that
by breeding under medium to high N fertility
conditions, the performance of CIMMYT’s
spring wheat cultivars from 1950 to 1985 has
been improved when these are grown under
high or low N fertility. In the semidwarfs,
this increase in grain yield has been associated
with gains in both components: uptake and
utilization efficiency at the medium to high
levels of N fertility and only with uptake
efficiency under low N fertility (Ortiz-
Monasterio et al., 1997). This suggests that
the level of nitrogen in the soil plays a very
important role in the genetic expression of
uptake and utilization efficiency in wheat. At
the low N levels, there is a better expression
of uptake, while at high N levels in the soil,
utilization is better expressed. This means
that in theory the nitrogen level in the soil
could be manipulated together with the
genetic diversity of the crop as a breeding tool
for the development of wheat cultivars with
improved uptake and/or utilization efficiency
(Ortiz-Monasterio et al., 1997). In the past,
breeding for high yield potential in favourable
environments (N not limiting) has produced
germplasm with improved nitrogen-use
efficiency when this is grown under low or
high N fertility conditions in irrigated areas.
It needs to be answered if other breeding
strategies considering low N, or alternating
low- and high-N environments during the
selection of segregating populations and grain
yield evaluations could result in germplasm
with higher N-use efficiency.

Improvement in lodging tolerance was one
of the main characteristics of the early semi-
dwarf wheat cultivars. However, in some
irrigated areas grain yield levels have been
improved to the point where lodging may be
keeping the levels of N fertilizer use below
the agronomic optimum (Hobbs et al., 1998).
Thus, further progress in lodging tolerance
will be fundamental in the development of
new cultivars with higher nitrogen-use
efficiency under high fertility conditions.

NITROGEN-USE EFFICIENCY
THROUGH CROP MANAGEMENT
Nitrogen deficiency is the most widespread
nutritional problem in irrigated wheat pro-
duction. In addition, nitrogen fertilizer
recovery tends to be low; in Pakistan N
recovery was estimated at about 30 percent
(Byerlee and Siddiq, 1994), while in Mexico
the estimates for the Yaqui Valley are less than
50 percent with similar N management to that
of farmers (Ortiz-Monasterio et al., 1994).
Crop management practices to improve
nitrogen-use efficiency have been reviewed
by many authors (Stanford and Legg, 1984;
Bock, 1984; Bock and Hergert, 1991;
Schepers and Mosier, 1991; Doerge et al.,
1991; Strong, 1995). The main practices sug-
gested by these authors are discussed together
with CIMMYT’s experience in the context
of irrigated systems. Four main crop manage-
ment strategies are often mentioned for
improving N-use efficiency.

Rate/yield goal

Only apply what is needed to meet crop
demand

Several authors have suggested different types
of N budgets to approximate the rate of N
application (Bock, 1984; Halvorson et al.,
1987; Sims, 1995; Fageria et al., 1997). Often
the information required in these budgets is
not available, particularly in developing
countries. The typical information needed is:
nitrogen requirement for a given yield goal,
efficiency of fertilizer use, residual soil nitrate
test, N mineralization from organic matter
test, N credits from manure or other organic
wastes, N credits from rotations with legume
crops and N credits from nitrates in irrigation
water.

In these budgets, the first step is to identify
the N rate needed by the crop to obtain the N
requirement. The N requirement is defined
as the minimum amount of N in the above-
ground portions of crops associated with
maximum production. This information can
be generated from experiments with different
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TABLE 26.1
Nitrogen in the above-ground wheat biomass at maturity for different
harvest index values and different yield levels

Yield Nitrogen (kg) Grain-N* Straw-N*
(kg/ha) Harvest index (%) (%)
0.3 0.4 0.5
1 000 19 17 16 1.45 0.18
2 000 41 37 35 1.53 0.22
3 000 69 62 58 1.68 0.26
4 000 95 86 81 1.75 0.27
5 000 147 132 123 2.10 0.36
6 000 197 174 160 2.19 0.47
7 000 235 207 190 2.22 0.49
8 000 283 246 224 2.25 0.55

“Data from grain-N and straw-N are taken from CIMMYT trials in Obregon, Mexico, except for data for the 1 000 and
8 000 kg/ha yield levels, which are estimated based on the data trends (Hobbs ez al., 1998).

N rates in which the total above-ground N
content is known. Two such sets of data are
presented here for irrigated spring wheat, that
of Hobbs et al. (1998) in Table 26.1, which
was derived from a number of experiments
at a research station in the Yaqui Valley, and
that in Figure 26.2. The information in
Figure 26.2 was derived from an N rate
experiment in farmers’ fields with different
rotations, soil types and management
practices, also in the Yaqui Valley (Ortiz-
Monasterio and Naylor, unpublished data,
1997). Both sets of information show that the
N requirement per tonne of grain yield
increases at the higher yield levels. For
instance, at the lower yield levels it takes
approximately 20 kg N in the above-ground
biomass to produce 1 tonne of grain yield,
while at the higher yield levels it is approxi-
mately 30 kg N per tonne of grain yield.
These values tend to be lower, even at the
high yield levels, when compared to those
reported for irrigated spring wheat areas in
high-latitude environments such as
Washington (40 kg N/tonne) and Montana
(37 kg N/tonne) in the United States
(Sanmaneechai et al., 1984; Christensen and
Killorn, 1981). Some authors recommend
estimating the N requirement based only on

the N removal by the grain, given that in some
situations most of the non-grain biomass will
be returned to the soil. It has been discussed
that in most areas of ME1 the straw is either
removed or burned, therefore, both grain and
straw are being considered. Farmers in the
Yaqui Valley and other areas of ME1 tend to
keep good grain yield records. The average
grain yield from the last five wheat crops for
a given field could be a reasonable yield goal
to expect for the coming wheat cycle. The N
requirement can then be estimated by using
Table 26.1 and Figure 26.2 together with the
yield goal.

The second step is to estimate the N con-
tribution from the soil. Residual nitrate from
the previous crop and the mineralization
potential of the organic matter, with the use
of soil tests, could provide a reasonable
estimate of this value as has been recom-
mended by some authors. On the other hand,
it has been suggested by Meisinger (1984)
that determining the N uptake of a field crop
receiving no fertilizer is the most satisfactory
method of estimating the soil N supply in a
given soil-crop-climate system because it
integrates the factors of crop growth and soil
N dynamics under natural conditions. The
disadvantage of this method is that the
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FIGURE 26.2
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information is not available until the end of
the crop cycle. However, if a reasonable
estimate of grain yield without any fertilizer
can be obtained, this could be used in
conjunction with Table 26.1 and Figure 26.2
to estimate the soil N contribution.

The third step quantifies credits for manure,
legume crops and irrigation nitrogen
contributions.

The fourth step is to subtract the soil
nitrogen, manure, legume and irrigation
nitrogen contributions from the nitrogen
requirement.

The fifth step is to select the expected N
fertilizer recovery and divide the N require-
ment by the efficiency after having subtracted
the different nitrogen contributions. This will
result in the amount of fertilizer N needed to
achieve the yield goal. Table 26.2 shows an
example of these calculations.

Soil diagnostics

Problems with soil nitrate tests, particularly
in high-rainfall environments, have for a long
time been recognized. Nitrate is a very mobile
and dynamic nutrient, which is greatly
affected by soil properties, climate of the area,
irrigation management, fertilizer source, ap-
plication method and tillage practice among
other factors. On the other hand, Aldrich
(1980) and Hergert (1987) reported that soil
nitrate-nitrogen tests can be used effectively
for improving N fertilizer recommendations
and are heavily used in irrigated areas of the
United States to estimate carry-over nitrate-
N that may not have been used by the previous
crop. Others have tried to further improve the
usefulness of nitrogen tests by also measuring
ammonium-N in the soil (Keeney, 1982;
Stanford, 1982). However, irrigated systems
in the developing world tend to have
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TABLE 26.2

Example of nitrogen budget

N Rate = N requirement — N contributions

N fertilizer efficiency

Calculation

Example

Realistic yield goal (5.5 tonnes/ha)
Soil N contribution (2.5 tonnes/ha)?
Contribution from manure
Contribution from legume rotation
Contribution from irrigation water

N requirement after N contributions

Efficiency of fertilizer use:
70 kg N/ 35% efficiency
70 kg N/ 45% efficiency
70 kg N/ 65% efficiency

120 kg N (from Figure 26.2, nitrogen requirement)b
- 50 kg N (from Figure 26.2, nitrogen requirement)b
0
0
0

70 kg N

N to be supplied as fertilizer in kg N/ha
200
156
108

*Yield expected without N fertilizer is used as an estimation of the N supplying capacity of the soil.
bThis value is the kg N/ha in the above-ground biomass for the given grain yield level.

favourable soil temperature and moisture lev-
els for nitrification, which can quickly convert
ammonium into nitrate. Matson et al. (1998),
working in the Yaqui Valley in an irrigated
spring wheat crop, found that urea was rapidly
hydrolysed to ammonium within three to four
days after an irrigation, and within 15 days
most of the ammonium was converted to
nitrate. Ammonium values remained very low
through the crop cycle unless additional
ammonium-forming fertilizers were applied,
which again were rapidly converted to nitrate.
This showed that the nitrogen nutrition of
wheat in this environment was dominantly
in the form of nitrate. Another approach
towards improving the assessment of N
coming from the soil has been to try to mea-
sure not only the currently available mineral
soil N but also the potentially mineralizable
N (Groot and Houba, 1995 ). Preliminary
results have shown that nitrate values after
aerobic incubations correlate better with
wheat grain yield than pre-incubation nitrate
values in the Yaqui Valley (Ortiz-Monasterio
et al., unpublished data, 1998). Nitrate soil
tests in irrigated wheat systems in developing
countries are rarely used, and although they

have their limitations, nitrate soil tests can
clearly be a step forward towards improving
nitrogen-use efficiency in these systems.

Plant and other diagnostics

It has been suggested that periodic plant tissue
nitrogen tests are particularly helpful in fine-
tuning nitrogen applications under irrigated
conditions. Knowles et al. (1991) concluded
that the use of mid-season basal stem nitrate
values in conjunction with a pre-plant soil
test can successfully be used for intensive N
management of irrigated spring wheat. They
identified deficiency, sufficiency and exces-
sive values for basal stem nitrate at different
stages of development to aid in identifying N
rates of application. On the other hand, they
suggest that exact N application rates at each
of the defined stem nitrate-N ranges require
local calibration. Similar strategies using
basal stem nitrate have been used by other
researchers (Gardner and Jackson, 1976;
Papastylianou et al., 1982). Other metho-
dologies that also use the plant as the indicator
of N needs are being proposed. This is the
case of the chlorophyll SPAD meters, which
have also been proposed as a diagnostic tool
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to manage nitrogen in irrigated crops, parti-
cularly in maize (Schepers et al., 1992).

A new level of precision in targetting N
applications is evolving under the name of
‘precision farming’. This technology, which
uses sophisticated computer equipment
together with global positions systems (GPS),
geographic information systems (GIS), grain
yield monitors and variable rate application
equipment for fertilizer applications, pro-
mises to make significant improvement in
nutrient management. Particularly interesting
are the use of sensors measuring the
normalized difference vegetative index
(NDVI), which have been applied success-
fully to treat N deficiency in the field at a
scale of 1 m? in winter wheat (Stone et al.,
1996). Others have looked at crop models as
a tool to diagnose and better understand N
requirements in crops including wheat. With
simulation models, it is possible to calculate,
on a daily basis, the availability of N to the
crop and the nitrogen uptake and growth of
the crop using average or actual weather data
and soil, crop and field parameters as inputs.
Unlike the other diagnostic methods, simu-
lation models can estimate the environmental
side effects of nitrogen fertilizer applications.
On the other hand, these models aim
primarily at obtaining a better understanding
of processes in soil-crop systems (Neeteson,
1995). It would require a great deal of simpli-
fication of these models before they could be
used by extension agents or farmers as
diagnostic tools in developing countries.

One of the most important contributions
that agronomic research can make towards
improving the nitrogen-use efficiency in
irrigated wheat is the development of appro-
priate diagnostic tests that could help the
farmer identify the correct N rate.

Timing

Should be done to coincide with the
periods of highest nitrogen demand

To be able to match supply with demand, it is
important to identify the periods of high N

requirement. This has been documented by
Doerge et al. (1991) where they show that N
uptake in irrigated spring wheat proceeds very
slowly until tillering begins, and in addition,
the N flux (kg N/ha/day) increases to a maxi-
mum during the jointing stage. This points
at Zadoks 31 (Zadoks et al., 1974) or Feekes 6
(Large, 1954), beginning of stem elongation,
as the start of rapid N uptake by the wheat
crop. On the other hand, nitrogen manage-
ment in irrigated agriculture should not only
consider crop demand but also the specific
irrigation schedule that is followed.

In order to match the time of high N
demand with N availability (which occurs
several weeks after planting), several
strategies could be tested: the use of nitrifi-
cation inhibitors, urease inhibitors, slow
release fertilizer, split applications or delayed
application.

Delayed nitrogen applications

Delayed N applications (where all the N is
applied close to Z31) have produced very
interesting results compared to N applications
at planting. It has been found that even when
the wheat crop has been severely nitrogen
stressed early in the crop cycle, breaking the
stress with a delayed N application by Z31
results in higher N recoveries; these often
translate into higher yields and consistently
produce higher protein concentration in the
grain (Fischer et al., 1993; Ortiz-Monasterio
etal.,1994), less lodging (Hobbs et al., 1998)
and lower incidence of the disease Karnal
bunt, Tilletia indica (syn. Neovossia indica)
(Ortiz-Monasterio et al., 1993). A recent
worldwide study (including ten countries)
lead by the International Atomic Energy
Agency (IAEA) in collaboration with
CIMMYT and the International Fertilizer
Development Center (IFDC) evaluated the
effect of N timing application in a five-year
study using SN techniques (IAEA, 2000).
This study compared Z31 nitrogen applica-
tions in irrigated wheat systems with
applications at planting. They concluded that
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FIGURE 26.3
Effect on wheat yield of delaying a single dose of 150 kg N/ha from planting to 85 days
after emergence, in a plot with low residual soil nitrogen after a crop of unfertilized
maize
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in nine of the ten countries where the study
took place N recoveries were higher at Z31
stage than at planting.

Split nitrogen applications

Split applications with some of the N applied
at planting and most of the N applied at Z31
has generally resulted in higher yields than
applications of all nitrogen at planting or Z31.
Although N applications are more efficient
at Z31 than at planting, it appears that some
nitrogen needs to be supplied early in the crop
cycle, particularly when the soil is highly N
deficient.

In a study over four environments com-
paring N applications at planting, delayed
applications at Z31 (where all nitrogen was
applied at that stage) and split applications
(where one-third of the total rate was applied
at planting and the other two-thirds at Z31),
it was shown that the split application resulted

in higher grain yield and higher apparent N
recovery than the Z31 delayed or the planting
application. Furthermore, it was found that a
three-way split with one-third at planting,
one-third at Z31 and one-third at Z37 resulted
in the same grain yield as the one-third at
planting and two-thirds at Z31 when the last
application in the three-way split was given
at stage of development Z37 (flag leaf just
visible) or 54 days after emergence under
Yaqui Valley conditions (Ortiz-Monasterio et
al., 1994). These experiments were carried
out in heavy clay soils. It is expected that in
lighter textured soils, with potentially higher
leaching problems, the three- or four-way split
could be more efficient than the two-way split.

Critical times of nitrogen application for
grain yield and protein

In another study also over four environments,
it was shown that in a three-way split N
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FIGURE 26.4
Effect on wheat yield of delaying a single dose of 150 kg N/ha from planting to 85 days
after emergence, in a plot with high residual soil nitrogen after a crop of Sesbania spp.
green manure
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application, one-third at planting, one-third
at Z31 and one-third at Z47 where the last N
split was given at stage Z47 (flag leaf sheath
opening) or 64 days after emergence under
Yaqui Valley conditions, grain yield and N
recovery declined compared to the one-third
at planting and two-thirds at Z31 application
(Ortiz-Monasterio et al., unpublished data,
1995). These data suggest that N applications
given closer to anthesis (about 85 days after
emergence in the Yaqui Valley) than to Z31
may not be as efficient at increasing grain
yield. This was confirmed in another study
that showed a linear reduction in grain yield
when single N applications were given after
stage Z31 at ten-day intervals. This was
observed under low as well as high residual
soil N conditions (Ortiz-Monasterio et al.,
unpublished data, 1995). Figure 26.3 and
Figure 26.4 show a linear reduction in the
response to grain yield to a single applica-
tion of 150 kg N/ha at ten-day intervals

between 35 and 85 days after emergence. The
horizontal line in both Figures represents the
yield level of the control plots that did not
receive N fertilizer. In these studies, as well
as others in the Yaqui Valley, there has been
a limited or no grain yield response to N
applications around the time of anthesis.
Other experiments also in irrigated spring
wheat have found a great deal of variability
in grain yield response to N applications at
anthesis. Wuest and Cassman (1992) reported
the results of four experiments in irrigated
spring wheat where N was applied at planting
and at anthesis. In two of the experiments,
there was no grain yield response to N
application at anthesis, while in all four
experiments there was an increase in protein
concentration in the grain. They concluded
that early-season N applications should be
managed to optimize grain yield, but that
excess N applications at this time reduce the
N partitioning efficiency to the grain, whereas
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FIGURE 26.5
Percent light interception in a wheat canopy at 67 days after emergence (DAE) with
different timings and rates of nitrogen application
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the anthesis N applications can be adjusted
to increase grain protein levels without
reducing the N partitioning efficiency to the
grain. Tindall et al. (1995) evaluated N top
dress applications at the beginning of head-
ing in irrigated hard red spring wheat in a
three-year study. A grain yield response
occurred only in one of the three years. In
contrast, there was an increase in protein con-
centration in all three years. These studies
show an inconsistent response to grain yield
with N applications at heading, but a con-
sistent response to grain protein. This
suggests that N applications close to or at
heading should be avoided as a way to
increase grain yield and instead these should
be used as a way to increase grain protein.
On the other hand, most of the nitrogen
should be applied around Z31 as a way to
maximize grain yield and should not be
delayed beyond Z37, except perhaps in sandy
soils.

Timing of nitrogen applications should also
consider the planting method, equipment
available to the farmer and irrigation
management. Nitrogen applications should
be scheduled to coincide with the irrigation
events to ensure incorporation (in the case of
urea that has not been incorporated mechani-
cally) and availability of N to the plant. When
wheat is planted in the bed systems (described
in chapter “Management of irrigated wheat”),
there is easy access to the field around stage
of development Z31, allowing nitrogen
applications at this time. In this bed-planting
system, nitrogen applications at Z31 and
cultivation for weed control can be done
simultaneously to reduce the number of field
operations. In small farms, such as some of
the irrigated areas of the Indian subcontinent,
farmers can walk into the field and make
broadcast fertilizer applications by hand at
the critical stages.
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FIGURE 26.6
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Physiological aspect of timing of nitrogen
application for grain yield

Nitrogen deficiency in the wheat crop mainly
affects: (i) leaf expansion (leaf area = light
interception); and (ii) nitrogen concentration
(chlorophyll concentration = radiation-use
efficiency). It is interesting to point out that
under conditions of low initial soil nitrogen,
the treatments of a delayed single nitrogen
application at Z31 did not reach full light
interception before the onset of rapid spike
growth, thought to be critical for attaining
maximum grain yield in irrigated conditions
(Figure 26.5). On the other hand, the chloro-
phyll content of the leaves in the delayed
single application at Z31 was significantly
higher. This suggests a higher radiation-use
efficiency that not only compensated for the
lack of light interception, but was sufficiently
high to result in a higher grain yield than the

treatments where all the nitrogen was applied
at planting, which reached close to full light
interception by the onset of rapid spike growth
(Figure 26.6). The treatment of one-third at
planting and two-thirds at Z31 was able to
reach close to full light interception by the
onset of rapid spike growth, thanks to the
nitrogen applied at planting. In addition, this
treatment was able to accumulate higher lev-
els of chlorophyll in the leaves compared to
the treatment of all nitrogen applied at plant-
ing, presumably increasing the radiation-use
efficiency. The challenge seems to be to
identify the optimum rate of N to be applied
at planting and later at Z31 that will result in
the ideal combination of light interception
(LAI) and chlorophyll content in the leaves.

Nitrification inhibitors
Nelson and Huber (1988) reviewed the
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FIGURE 26.7
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literature on the use of nitrification inhibitors;
he found great variability in the effectiveness
of these products. He concluded that the
greatest potential for benefits are with soils
that are poorly to moderately or imperfectly
drained. However, he suggested that even
more likely to benefit are coarse-textured soils
(sands) than fine-textured soils, since the
nitrification inhibitor will reduce the poten-
tial for leaching that exists with such soils.
Studies with the use of NSERVE 24 (a.i.,
nitrapyrin) mixed with urea and anhydrous
ammonia (AA) have not shown any improve-
ment in nitrogen-use efficiency in wheat in
clay soils of the Yaqui Valley (Figure 26.7)
(Ortiz-Monasterio et al., unpublished data,
1996). The author speculates that the rela-
tively high-maximum soil temperatures (0 to
5 cm) at the time of planting (late November,
29°to0 33°C and early December, 24° to 30°C)
may have resulted in high volatilization of
the product.

Sources

Should correspond to the time and method
of application that will result in the lowest
possible losses

A three-year study coordinated by the Inter-
national Atomic Energy Agency evaluated
several solid sources of N fertilizer (sodium
nitrate, ammonium nitrate and urea) in wheat
in 12 different countries. They concluded that
the effectiveness of the three sources was
remarkably similar except for a few cases
(IAEA, 1974). Studies in the Yaqui Valley
that evaluated ammonium sulphate, potas-
sium nitrate and urea use for several seasons
in heavy clay soils showed no difference in
wheat grain yield associated with the source
of nitrogen (Ortiz-Monasterio, unpublished
data, 1993). Similarly, in light-textured soils
Knowles et al. (1991) did not find grain yield
differences between ammonium nitrate, urea
and calcium nitrate. However, the studies
showed the importance of selecting immobile
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ammonium forms of N fertilizer early in the
season to reduce leaching due to the mobility
of urea and nitrate fertilizers in irrigated
wheat systems. Halvorson et al. (1987)
reported that in the humid wheat-producing
areas of the United States urea, AA, urea-
ammonium nitrate (UAN) solutions or
ammonium sulphate were generally rated as
being equal.

Urea

Urea is the most widely used nitrogen
fertilizer in developing countries. However,
when surface applied it should be incor-
porated as soon after application as possible
to reduce losses by volatilization and/or run-
off. Meisinger and Randal (1991) have listed
the conditions that favour volatilization,
which should be avoided whenever possible.
These are: surface applications, soil pH
above 7, little or no rain within seven days,
low cation exchange capacity (CEC) soils
(Iess than 10 meq/10 g), more than 50 percent
surface residue cover (zero-tillage, etc.) and
weather conditions favouring drying.

Anhydrous ammonia
Anhydrous ammonia is the main source of
nitrogen in the wheat irrigated systems of the
Yaqui Valley, mainly because of its lower cost
compared to all other N sources. Typically,
there are two ways in which AA is applied in
wheat in the Yaqui Valley. One way is to inject
the AA into the soil before planting and the
other is to apply it with the irrigation water
approximately 40 to 50 days after planting.
Parr and Papendik (1966) suggest the
following guidelines to minimize losses of
AA application to the soil:
¢ Select proper depth of application. This is
especially important in sandy soils when
losses can be markedly decreased by increased
depth of application. The recommended
depths of application vary between 12 to
24 cm below the soil surface.
® Select proper soil moisture and soil
physical conditions to ensure rapid and

complete closure of the injection channel.
Properly designed equipment and use of mod-
erate speeds also help to ensure channel
closure.

¢ Space applicator knives properly to ensure
a maximum efficiency of retention (i.e.
sorption and reaction) of ammonia by soil.

Other technologies have been considered
toward further improving the efficiency of
injecting AA into the soil. One of these is the
use of cold AA (-32° to -34°C) during appli-
cations to maintain the liquid state for
prolonged periods and potentially reduce
losses. The benefits of this system compared
with conventional equipment are still being
debated (Achorn and Broder, 1984).

In this chapter, the application of AA in
irrigation water will focus on furrow-irrigated
systems given that trickle or sprinkler irriga-
tion are rarely used in spring wheat systems
in developing countries. Warnock (1966) and
Denmead et al. (1982) suggest the following
guidelines to minimize losses of AA applica-
tion during irrigation:
¢ Irrigate on cool, humid, quiet days (no
wind) or at night when volatilization losses
tend to be 50 percent of those observed during
the day.
® Maintain a concentration of not over
110 ppm of ammonia.
¢ Keep the exposed surface of flowing water
to a minimum by reducing the turbulence of
the water and by using narrow, deep ditches.

During the application of AA, the pH of
the water can increase to high levels. High
pH in the water during application may result
in two problems:
¢ Nitrogen losses from ammonia volatili-
zation can exceed 50 percent when AA is
applied in alkaline irrigation water.
® Precipitation of some of the calcium (Ca)
and magnesium (Mg) in irrigation water with
high bicarbonate content (HCO,) can occur.
The precipitation of Ca and Mg can result in
water with a higher sodium absorption ratio
(SAR) and the hazard of increased exchange-
able sodium percentage (ESP).
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In addition, volatilization losses may result
in very uneven applications of N. Denmead
et al. (1982) reported that the N content of
the irrigation water decreased by 84 percent
over a distance of 400 m along the furrow.
Furthermore, the mineral N content in the
top 10 cm of soil one week after application
was significantly less at the end of the 400 m
run compared with the head of the furrows.

To reduce this and other water quality
problems, sulphuric acid can be added to the
irrigation water to neutralize bicarbonate
and/or counteract the alkalinity produced by
ammonia additions. Moreover, the sulphuric
acid changes sodium bicarbonate to less
harmful sodium sulphate (Doerge et al., 1991;
Brady and Weil, 1996).

The Yaqui Valley seems to be the only
spring wheat irrigated area in the developing
world where there is extensive use of AA.
Although AA tends to be less expensive than
urea, its use in developing countries is limited
by the lack of pressurized equipment and the
safety risks associated with its management.

Placement

Use a method that will place nitrogen in
the zone of maximum uptake

Three main types of fertilizer application
methods used in irrigated systems are: (i)
broadcast; (ii) band; and (iii) in the irriga-
tion water. Nitrogen fertilizer application is
usually avoided during planting because of
the need to separate the placement of the seed
and the N fertilizer (Strong, 1995). A number
of studies have shown a delay in germination
or a stand reduction when the seed and N
fertilizer are placed together (Brage et al.,
1960; Radford et al., 1989). Therefore, it is
suggested that only low rates of N be applied
together with the seed to avoid risk of seedling
damage from ammonia toxicity. A study by
the TAEA (1974) evaluated the use of
20 kg N/ha as ammonium nitrate together
with the seed versus side-banding the
fertilizer below the seed. They found no
differences between both methods in N uptake

or yield. Doerge et al. (1991) recommend no
more than 34 kg N/ha acre as urea of
diamonium phosphate for irrigated wheat in
Arizona, United States. Anhydrous or aqua
ammonia should be injected 15 to 23 m below
the soil surface prior to planting and should
never be placed near the seed zone. In the
bed-planting systems, there is the possibility
of either broadcasting or banding an N top
dress in the furrows. CIMMYT experiments
have compared both methods, and no
difference was found in grain yield when an
irrigation is applied the same day of the N
application. Also in the bed-planting systems,
it was possible to apply up to 180 kg N/ha as
AA to the soil in the furrows at the mid-
tillering period without any toxic effect on
the wheat crop (Ortiz-Monasterio et al.,
1996a).

ENVIRONMENTAL ASPECTS OF
NITROGEN USE IN IRRIGATED
WHEAT

Globally, agricultural activities have had a
major impact on the nitrogen cycle. Nitrogen
fertilizer production and planting of legumi-
nous crops fix more N globally than do all
natural ecosystems (Vitousek and Matson,
1993). The environmental consequences of
nitrogen fertilizer use in irrigated cropping
systems has mostly focused on the issue of
nitrate leaching and water quality (CAST,
1985; Keeney, 1982). High nitrate concen-
trations in drinking water represent a human
health concern, causing methamoglobinemia
(Aldrich, 1980). Nitrate also influences the
health of natural systems. Eutrophication of
estuaries and other coastal marine environ-
ments can cause low or no oxygen conditions
in stratified waters, leading to loss of fish and
shellfish resources and to blooms of nuisance
algae and organisms that are toxic to fish
(Howarth et al., 1996).

Nitrogen fertilizer use also results in the
emission of N gases to the atmosphere, nitrous
oxide (N,0), nitric oxide (NO), ammonia
(NH,) and dinitrogen (N,). The first three
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have a negative impact on the environment.
Nitrous oxide, which has an effect at a global
level, absorbs infrared radiation and thus con-
tributes to greenhouse warming. In addition,
it also participates in the depletion of the
stratospheric ozone layer (Granli and
Bockman, 1994). Nitric oxide plays a role
more at a regional scale, where it reacts to
form tropospheric ozone, a major atmospheric
pollutant that affects human health as well
as the health of agricultural crops and natural
ecosystems. Chameides et al. (1994) suggest
that as much as 35 percent of cereal crops
worldwide may be exposed to damaging levels
of ozone. Moreover, nitric oxide is a precursor
to nitric acid, a principal component of acid
deposition, and together with ammonia, also
emitted from agricultural systems, may be
transported and deposited in gaseous or
solution forms to downwind terrestrial and
aquatic ecosystems (Matson et al., 1997).
This deposition constitutes, in effect,
inadvertent fertilization and can lead to acidi-
fication, eutrophication, shifts in species
diversity and effects on predator and parasite
systems (Vitousek et al., 1997). Recent
research has shown that intensively managed
wheat irrigated systems in the Yaqui Valley
have lead to extremely high fluxes of nitrous
oxide and nitric oxide following the typical
farmer’s practice compared to other agricul-
tural areas. On the other hand, it was shown
that by using alternative practices, which
changed rate and timing of N application, the
emissions of these two gases could be reduced
by more than 50 percent without a reduction
in grain yield or quality (Matson et al. 1998;
Ortiz-Monasterio et al., 1996b). In the future,
it is projected that most of the N fertilizer
will be used in the developing world. There
is very little information available about the
consequences of N use in these countries.
While ways to increase productivity and effi-
ciency of N use are being developed, the
environmental consequences of the resulting
practices need to be considered. This will
allow reconciliation between increased world

food production and greater protection of the
environment (Matson et al., 1997).

CONCLUDING REMARKS

There is currently information available on
practices that can potentially improve the
efficiency of N fertilizer use in irrigated wheat
areas in developing countries. Some of this
information could be transferred readily to
different regions of the world, such as better
synchronization of nitrogen supply and
demand. This was demonstrated with the
IAEA project, which showed better efficiency
of time of N applications at Z31 compared to
applications at planting in nine out of ten
countries where the study took place. Other
information will require local calibration to
include soil and plant tissue tests. The fact
that blanket fertilizer N applications are
customarily used in these areas suggests that
there are good opportunities for improving
N-use efficiency by the identification of the
proper N rate at the individual field level. A
refinement over blanket recommendations
could take into account previous management
and soil types. Thus, instead of having one
recommendation for one region, there could
be three or five that could take into account
soil type and/or rotation. A further level of
refinement could be achieved with the use of
appropriate soil and plant tissue test diagnos-
tics that are taken during the critical stages
of development. This would allow the identi-
fication of N recommendations for site- and
season-specific conditions that together with
the information available on timing, sources
and placement would result in significant
improvements in N-use efficiency. Given that
most of the ME1 wheat systems have a high
dependency on inorganic fertilizers, the
feasibility of a more integrated approach to
nutrient management should be explored. In
India, for instance, the intensive rice-wheat
systems of the Punjab are beginning to show
signs of serious decline associated with loss
of soil quality and increased plant health
problems (Nambiar, 1994). Improvements in
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N use should result in higher yields with the
same rate of N fertilizer use or the same yield
with less N applied, therefore increasing farm
income. This in turn translates into less N
lost to the environment, resulting in a win-
win situation that will improve the efficiency
of N use and minimize the environmental
consequences.
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