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FOREWORD

The world’s population is expected to reach eight billion by the year 2025, putting greater pressure on
world food security, especially in developing countries where major population increases is expected
to occur. In meeting the increasing demand for food, rainfed agriculture will continue to play a major
role. More than 65% of cereal croplands worldwide are rainfed, accounting for 58% of world cereal
production. Moreover, with the decreasing availability of irrigation water for agriculture, there is an
increased need for enhancing crop productivity under rainfed conditions. Currently, irrigation
accounts for around 70% of water withdrawals worldwide and 90% in low-income developing
countries, but due to rapidly increasing domestic and industrial demands for water in many
developing countries, serious limitations to irrigated agriculture are foreseen.

Increasing crop productivity in arid and semi-arid areas is widely recognized as difficult. This is
mainly due to highly erratic and low rainfall as well as degraded soils deficient in plant nutrients. To
meet the increasing demand for food, farmers in many developing countries have expanded rainfed
agriculture into marginal lands that are susceptible to environmental degradation, particularly soil
erosion. Nutrient mining is a common application of adequate amounts of fertilizers to replenish
nutrient uptake by crops and losses but is not a viable option for most resource-poor farmers in these
regions. As a result, crop productivity of rainfed regions is low. For example, cereal yields in rainfed
areas of developing countries rarely exceed 1.5 t ha', less than half those of rainfed cereals in
developed countries. Nevertheless, there is some evidence that crop yields in these regions can be
profitably increased and yield variation decreased with a combination of careful management of
natural resources and low inputs of chemical fertilizers. Since nearly two-thirds of the rural
population of developing countries live in these less-favoured areas, there is an increasing demand for
exploring such management practices for improving soil fertility and increasing crop production. In
this regard, isotopes and nuclear techniques play a crucial role in providing valuable quantitative
information on nutrient release from crop residues and fertilizers and uptake of nutrients and water by
crops for identification of promising management practices for optimising crop production under
rainfed conditions.

Based on the recommendations of a consultants meeting organized by the Joint FAO/IAEA Division
of Nuclear Techniques in Food and Agriculture, 26-29 May 1997, a Coordinated Research Project on
Management of Nutrients and Water in Rainfed Arid and Semi-Arid Areas for Increasing Crop
Production was implemented between 1997 and 2002 with the overall objective of increasing crop
production through improved management of nutrients and water in rainfed arid and semi-arid areas.

Eleven contract holders from Argentina, China, India (two), Jordan, Kenya, Morocco, Niger, Pakistan,
Senegal and Zimbabwe, and five agreement holders from Australia, France, TSBF-Kenya, ICARDA-
Syria and ICRISAT-Zimbabwe participated. The first research coordination meeting (RCM) was held
6—10 July 1998 in Vienna, the second RCM was held in Tunis, 610 March 2000 and the final RCM
convened in Vienna, 24-28 September 2001. P. Moutonnet and G. Keerthisinghe/L. Heng were the
Project Officers from December 1997 to June 2001 and from July 2001 to December 2002,
respectively.

This publication contains the manuscripts prepared by the project participants and A.R.J. Eaglesham,
Ithaca, New York. The TAEA Officers responsible for this publication are G. Keerthisinghe and
L. Heng of the Agency’s Laboratory, Seibersdorf.
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SUMMARY

This coordinated research project (CRP) supported national efforts in eleven Member States to
identify improved nutrient- and water-management practices for increasing crop production in rainfed
arid and semi-arid areas. Various options for utilizing organic manures and fertilizers, recycling crop
residues, inclusion of legumes in rotations and conservation of water that are sustainable and
economically attractive to farmers were examined using isotopic techniques. The specific objectives
were to:

— investigate management strategies that optimize and sustain the productivity of rainfed farming
systems by increasing the efficiency of utilization of water and nutrient,

— define appropriate technologies to enhance crop water use and nutrient uptake, and to ensure
their applicability at the farm level,

— test crop responses to water and nutrients in relation to crop sequence and surface management
in field experiments using nuclear techniques,

— promote collection of minimum sets of data in all experiments, store the data in a common data
base, test and apply simulation models and use the data and models in training national staff.

The field experiments of this CRP covered a wide range of arid and semi-arid regions and cropping
systems, such as wheat-maize systems on the loess plateau of China (Cai et al., p. 77), sorghum—
castor rotations (Ramana et al., p. 139) in Andra Pradesh, India, maize-based systems in the Machakos
District of Kenya (Sijali and Kamoni, p. 209) and in the Senegal peanut basin (Sene and Badiane,
p. 197), and wheat—vetch rotations in the Safi-Abda region of Morocco (El Mejahed and Aouragh,
p. 89). Most of the study sites were characterized by low rainfall (< 300 mm) during the growing
season with frequent dry spells and soils low in organic matter (<1% organic carbon) and plant
nutrients, especially nitrogen (N) and phosphorus (P).

The use of stable isotope "N provided valuable quantitative information on the fate of N inputs
through fertilizers, manures, crop residues and biological N, fixation, enabling identification of
appropriate N management practices best suited to local conditions. It was observed from all the
studies that irrespective of the management practices, 20 to 60% of applied fertilizer N was lost, and
under alkaline (pH 7.7-8.0) soil conditions, N losses at the beginning of the vegetative period were as
high as 80%, while the residual value of applied N available to subsequent crops was extremely low,
and rarely exceeding 9% of the crop N requirement. These results highlighted the importance of
investigating fertilizer-management practices to minimize losses, especially during the early part of
the cropping season. Split application is one option which can increase fertilizer use efficiency;
experiments conducted at Changwu Experimental Station in the southern part of the Chinese Loess
Plateau (Cai et al., p. 77) showed that split application of 60 kg N ha™' during the dry season was
adequate to increase wheat yields by 80% compared with no fertilizers, however, no further increase
in crop yields was observed at higher levels of N. The amount of N to be applied at each split needs to
be based on the soil N status and crop demand for N.

Participants investigated a number of options to reduce fertilizer-N inputs by substituting a proportion
of the required N with manure, crop residues and biological N, fixation. The selection of management
options depended mainly on the availability of the resources and farmers’ practices. Results indicated
that manure combined with mineral fertilizers in correct proportions could provide 10 to 15% of the
crop-N requirement and increase yields. Studies conducted at the Regional Agricultural Research
Station (RARS), in Andhra Pradesh, India (Ramana et al., p. 139) demonstrated that application of
1.5t ha' farmyard manure (FYM) to sorghum did not increase the grain yield but combined with
45 kg N ha™' of urea, it produced a grain yield equivalent to 60 kg N ha™'. Similarly, studies conducted
at the Nioro Agricultural Research Station in the Senegal peanut basin (Sene and Badiane, p. 197)
showed that by application of 5 t ha™' of manure every two years, corn yields can be increased by
almost 100% compared with no organic or inorganic inputs. However, the manure option is dependent
on supply and will not be viable for all regions.



The participants demonstrated various ways of utilizing biological nitrogen fixation to improve the N
nutrition and yields of crops. Intercropping cereals with grain legumes showed positive results in
increasing overall system productivity. For example, intercropping sorghum with pigeon pea in India
(Ramana et al., p. 139) or wheat with lentil around Peshawar in Pakistan (Mohammad et al., p. 107)
significantly increased crop yields per unit area compared with sole crops. Moreover, legumes
produced over 2 t ha™' of crop residues, which supplied over 10 kg N ha™' to subsequent crops. Crop
residues also play an important role as animal fodder.

Using "N techniques, legume species efficient in biological N, fixation were identified for inclusion
in crop rotations. For example under Sahelian conditions, cowpea fixed more than twice the amount
of atmospheric N compared with groundnuts, and inclusion of cowpea in millet-based cropping
systems increased N-use efficiency by about 30% (Bationo et al., p. 53). Isotope techniques were also
useful in assessing intercropping systems. Studies conducted in Andhra Pradesh, India, showed that a
sole pigeon-pea crop obtained 57% of its N from the soil, whereas when intercropped with sorghum it
took only 35% of its N from the soil. The researchers were thus able to quantify the value of different
N inputs and formulate management options accordingly.

In all studies, the amount and variation in precipitation during the growing season had a strong impact
on yield and the utilization of applied N. Both grain yield and N use efficiency by crops increased with
increasing amount and timely distributed rainfall, which provided adequate soil moisture for uptake of
nutrients. This was demonstrated in the studies conducted at Maru Agricultural Research Station in
Jordan (Rusan et al., p. 155), and at Jemaa Riah and Jemaa Shaim Agricultural National Research
Institute (INRA) experimental stations in Morocco where fertilizer application under adequate
moisture condition increased crop yields (El Mejahed and Aouragh, p. 89), however, addition of
nutrients during periods of drought led to decreased yields. This was also demonstrated in the studies
conducted at the Indian Agricultural Research Institute farm in New Delhi with better performance of
both wheat and mustard in the first year primarily due to higher and timely winter rainfall (Sachdev,
p. 179).

The use of soil moisture neutron probe has provided quantitative measurements of soil moisture and
allowed water use efficiency (WUE) to be calculated. The WUE is the ratio between grain yield and
evapotranspiration (ET) and is considered to be an important parameter defining the productivity of
crops in water limiting environments. In general, application of N increased the WUE of crops due to
improved groundcover and hence reduced evaporation from the soil. Up to 50% improvement of the
efficiency of water use by crops could be achieved by changing the management practices according
to the pattern of rainfall during the growing season (Mohammad et al., p. 107). The result was better
overall crop productivity (by approximately 50%) and profitability and improved conservation of
scarce water resources. The results demonstrated that understanding the interactive effects of N and
water on nutrient uptake and crop yields is important to identify management practices for cost-
effective crop production (Asseng and Turner, p. 43).

The project also compared various soil- and water-conservation practices. In general, mulching
techniques using crop residues or polythene covers improved water infiltration and reduced soil-water
evaporation. However, the effects of mulching on crop yields were not consistent. For example, the
experiments conducted in China showed that corn yields increased due to mulching but similar effects
were not observed in wheat, mainly due to differences in soil-water content at sowing (Cai et al.,
p. 77). Other practices such as ridging over flat cultivation and zero tillage over conventional tillage
did not exhibit any significant effects on crop yields, especially under very low soil-moisture levels
(Sijali and Kamoni, p. 209). These results highlight that, if the soil moisture is extremely low during
the vegetative period due to low or erratic rainfall, expected benefits of soil moisture conservation
methods cannot be achieved.

One means of coping with dry environments is to exploit genotypic differences in plants for drought
tolerance. The carbon-isotope discrimination (A) technique was assessed as a diagnostic tool for



predicting water-use efficiency (WUE) and yield (Mohammad et al., p. 107; Sachdev, p. 179). While
there were significant relationships between A and wheat grain yield, they were not consistent, being
variously positively and negatively correlated (Heng et al. b, p 15). The variable data imply that
studies specifically designed to separate out confounding factors are needed before the efficacy of the
A technique can be verified.

The above studies indicated that low soil fertility and drought are the main factors affecting the
productivity and sustainability of rainfed agriculture. To improve crop productivity in drought-prone
areas, farmers, extension workers, researchers, and policymakers need to identify best-suited
management options to optimize the use of natural resources. Simulation models can provide valuable
information to researchers and farmers to evaluate a wide range of cropping system options (e.g. crop
rotations and intercropping; planting dates, fertilizer-management practices) and examine the long-
term climatic risks. One such model is APSIM (Agricultural Production Systems Simulator Model),
developed by the Agricultural Production Systems Research Unit (APSRU) in Australia, which can
accommodate interactions among climate, soil fertility, and crop- and residue-management practices.
In this CRP, APSIM-N wheat was successfully used to simulate wheat-grain yield and grain-N content
using field experimental data collected in Morocco and Jordan (Heng etal. a, p.5). It was
subsequently used to analyse the long-term effect of soil type, rate and timing of N fertilizer
application, initial stored soil water, different cultivars (early versus late) and supplemental irrigation
in optimizing wheat production The simulation results indicate that yields were mainly limited by the
amount and timing of rainfall. While nitrogen fertilizer improved grain yields in wet years; the effect
was minimal or detrimental in dry years. Tactical N management to improve and sustain yield can be
achieved through early sowing, having stored soil moisture at the start of the season and a small
amount of supplemental irrigation at sowing. Similarly, APSIM’s sorghum, pigeon pea modules were
successfully used to examine options for improving productivity in smallholder farming in semi-arid
lands in India and Zimbabwe (Myers, p. 127), by setting of low-rate fertilizer recommendations for
resource-poor farmers.

In conclusion, there is potential in increasing crop production in rain-fed agriculture to sustain food
production, if rainwater, crop and soil fertility can be managed properly and if socio-economic
constraints can be overcome. This CRP shows that there are a range of options available for
addressing the problems of low productivity in rainfed agriculture, through efficient use of natural
resources such as organic manures and fertilizers, the recycling of crop residues, inclusion of legumes
in rotations and conservation of water such as water harvesting (collecting of runoff and using it to
irrigate crops). The use of improved or high-yielding crop germplasm resistance/tolerance to abiotic
stresses (drought and salinity) is another way of sustaining yields in rainfed system. All these can
significantly improve yields and the reliability of agricultural production. However, in many parts of
the world where water is absolutely limiting, the addition of water through irrigation, supplemental
irrigation needs to be considered, as that is the only option to provide the much-needed water by the
crops.
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Abstract

The performance of a crop simulation model (APSIM-Nwheat) was tested using data obtained from two locations
in the rainfed environments of West Asia and North Africa: Morocco and Jordan. The experiments covered three
seasons in Morocco and one in Jordan, with a range of fertilizer-N treatments. The model was able to simulate
wheat-grain yield, grain-N content reasonably well except for one season in Morocco. It was subsequently used
to analyse the effect of soil type (water-holding capacity), rate and timing of N-fertilizer application, initial stored
soil water and different cultivars (early flowering versus late) in optimizing wheat production using twenty years
of historical weather records from Morocco. The simulation results indicate that yield is limited by rainfall.
Nitrogen fertilizer can improve grain yield in wet years; however, the effect can be detrimental depending on the
timing and distribution of rainfall. Having initial stored soil moisture was beneficial in dryer years, but the effect
was minimal in wet years. Simulation models such as APSIM can, therefore, be a useful tool to help identify better
nutrient- and water-management practices to increase crop production in rainfed arid and semi-arid areas.

1. INTRODUCTION

The West Asia and North Africa (WANA) region is one of the driest in the world, with low, erratic
precipitation and frequent droughts. Water shortage is a major constraint to agricultural production.
Cereal production is important in this region; in Morocco it represents more than 80% of the total
arable land [1]. However, yields of cereal crops in the rainfed areas are generally low; in Jordan they
range from 0.2 to 1 Mg ha™'. The unpredictability of the rainfall also makes it difficult to determine the
level and timing of fertilizer needed to attain optimum yield, as it might result in over- or under-
application of N depending on the rainfall [2]. Variation in growing-season precipitation, therefore, has
strong impact on yield and utilization of applied N.

In order to develop suitable and appropriate crop-production strategies for increased and sustained
yields, and to understand the links between climate variability, water availability and use, and
agricultural productivity, a crop-simulation model, APSIM-Nwheat, was used to evaluate field
experimental data collected in Morocco and Jordan between 1998 and 2002 [1,2]. Simulation models
can be useful when appropriately applied, as they allow study of outcomes over many seasons in parallel
with minimal computing time and with control over unwanted factors; they also allow the evaluation of
alternative farm-management options and overcome the limitations of field experiments: length of time,
locations, soil types and management options and initial conditions. Using information from long-term
simulation experiments and by characterizing production systems, it is possible to extrapolate the results
from these experiments to other similar agro-ecological zones, and explore the implications of various
improved cropping systems in farmers’ fields.

The Agricultural Production Systems Simulator Model (APSIM) [3] for wheat (APSIM-Nwheat
version 1.55s), developed by the Agricultural Production Systems Research Unit (APSRU),
Toowoomba, Queensland, Australia, is a model capable of simulating crop development, growth,
water and N dynamics and interactions among climate, soil fertility, and crop- and residue-
management practices. It runs on a daily time-step using daily weather information based on rainfall,
maximum and minimum temperatures and solar radiation. It calculates the potential yield, which is



the maximum yield reached by a crop in a given environment, and is limited only by temperature,
solar radiation, water and N supply. APSIM-Nwheat has been rigorously tested against various field
measurements under a range of growing conditions [4,5].

2. MATERIALS AND METHODS

The first field trial reported here was conducted between 1998 and 2002 in Jemaa Riah (JR) at the
Agricultural National Research Institute (INRA) Experimental Station, located 60 km south of
Casablanca in the Chaouia region of Morocco, as described in Ref. [1]. The soil was classified as a
fine montmorillonitic, thermic Palexerollic chromoxerert with a Ile capability subclass. It has a
petrocalcic horizon below 50 to 60 cm. The properties of the soil were described by El Mejahed and
Aouragh [1]. The measured physical and hydraulic properties used in APSIM simulation are given in
Fig. 1a. The plant-available water-holding capacity (PAW) of JR soil is approximately 70 mm, which
is the water content between the drained upper limit (DUL) and plant-available lower limit (LL). The
DUL is the soil water retained after gravitational flow, sometimes referred to as “field capacity” (FC)
SAT is the saturated water content and LL15 in Figs. 1a and b refers to the 15-bar lower limit of soil-
water content in the upper layers. It is approximately the least water content achievable by plant
extraction.

The second study was carried out in the 1998-1999 and 1999-2000 seasons at Maru Agricultural
Research Station, 100 km north of Amman, Jordan. The soil is a very fine smectic, thermic Typic
Chromoxerert, with a pH of 7.6 and 5.9% calcium carbonate [2]. The measured and the APSIM soil
parameters for the Maru experiment are given in Fig. 1b and the corresponding PAW of Maru soil is
95 mm. A difference of 25 mm exists between DUL and LL of JR and Maru soils, with the higher
values in the latter.

Wheat cultivars Horani 27 and Achtar (a bread type) were used in the Jordan and Moroccan studies,
respectively. As the phenology of the cultivars was not given, the early Australian cv. Amery, which
has similar growing characteristics, was used in this simulation (Table I).
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FIG. 1. The hydraulic properties and APSIM parameters for (a) JR, Morocco and (b) Maru, Jordan.



Table 1. Wheat genotype coefficients

Parameter ~ Amery

Spear

plv* 1.6
pld® 1.8
p5¢ 680
Grno* 22
Fillrate® 2.9
stwt’ 3.00
phint® 100

1.5
3.5
740

24
2.1
3.00
110

* Sensitivity to vernalization (1-5).
b Sensitivity to photoperiod (1-5).
¢ Thermal time (base 0°C) from beginning of
grain filling to maturity (°C d).
¢ Coefficient of kernel number per stem weight
at the beginning of grain filling [kernel (g stem) '].
¢ Maximum kernel growth rate (mg kernel ' d™).
" Potential final dry weight of a single stem, excluding

grain (g stem ).

¢ Phyllochron interval [°C d (leaf appearance) '].
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FIG. 2. Daily rainfall for JR, Morocco, during the experimental period.

The simulation was run over the whole experimental period from 1999 to 2002 for Morocco and for the
1998 to 1999 season for Jordan due to incomplete weather data in other years. The model was initialized
with measured initial soil moisture and N level when available, otherwise they were estimated.
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FIG. 3. Daily rainfall for Maru experimental station, Jordan.

3. RESULTS AND DISCUSSION

3.1. Rainfall

Daily rainfall patterns for the experimental period at JR, Morocco, and Maru, Jordan are given in
Figs. 2 and 3. Cumulative growing-season rainfall, i.e. between October and April, is given in Fig. 4.
The first two years (1999-2001) were dry in Morocco; the amounts and distribution of received
rainfall during these years are an indication of the variation in climatic conditions that prevail in
semiarid regions of Morocco. In the 1999-2000 season, although there were 236 mm of rainfall, around
70 mm were received in October (before planting), and 67 mm fell in April when crop growth had
ceased pending harvest. During the 2000-2001 cropping season, fewer than 10 mm of rainfall were
received after the end of January, resulting in low yields again. The highest rainfall during the above
study was received during the 2001-2002 cropping season, which was 270 mm. The rainfall distribution
in Jordan for the 1998—-1999 growing season was (mm): Oct. 1.3, Nov. 0.4, Dec. 14.1, Jan. 96.7, Feb.
42.2, Mar. 49.2 and Apr. 8.4. The late rain in October to December resulted in delayed emergence and
poor wheat growth.

3.2. Yields

The measured and simulated grain yields for Morocco and Jordan, plotted against the seasonal
cumulative rainfall from October to April are shown in Fig. 5. The measured grain yields were
extremely low in both countries, with most values less than 1.5 Mg ha™'. The results also showed that
most of the yields fell below the French and Schultz [6] 20 kg ha'mm™" potential line, which is
commonly used by farmers in Australia to set a target for potential yield using growing-season rainfall
after accounting for 110 mm of soil evaporation. This indicates that in the WANA region, often the
distribution rather than the total seasonal amount of rainfall determines potential grain yields.

Figure 5 also shows that the model simulated the yield reasonably well in most seasons except for the
2000-2001 cropping season in Morocco, which had 270 mm of rain. In that year, the model predicted
yields of approximately 3 Mg ha ' whereas the measured yields were only about 0.5 Mg ha'. The reason
for the discrepancy is unknown. However, a parallel experiment carried out in another location, Jemaa



Shaim (JS) Agricultural National Research Institute (INRA) experimental station, located in the Safi-
Abda region, with similar rainfall, produced grain yields close to that of the model prediction for the JR
site (Fig. 5).
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FIG. 4. Cumulative rainfall during the growing season, between October and April, for JR, Morocco,
and Maru, Jordan.
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FIG. 5. Measured (open symbols) and simulated (+) wheat grain yields for Moroccan and Jordan
versus cumulative seasonal October to April rainfall. Also shown is the French and Schultz [6]
potential yield line of 20 kg ha 'mm™".
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FIG. 6. Measured and predicted grain N (kg N ha™) for combined Morocco and Jordan.

The measured grain N was also reasonably well simulated, except for the 2001-2003 cropping season
(Fig. 6).

3.3. Long-term simulation

In order to better understand the cropping-system and management options for the region, the model
was run with a twenty-year historical weather record from Morocco, to assess effects of soil type,
initial soil-water and inorganic N profile, cultivar, and sowing date, on grain-yield potential.

3.3.1. Initialization

A range of N-fertilizer combinations were used (thirty-two combinations in total) with different rates
(N at 0, 30, 60 and 90 kg N ha™') and timing of application (at sowing and 4 and 7 weeks later) on the
above two soil types. Initial soil water was set to either the lower limit (LL) at the beginning of each
season or as having 30 mm moisture stored below 30 cm depth initially, to simulate the various
management practices that could possibly increase stored soil moisture. The simulation was also
compared between a fixed (Nov. 5 of each year, as used in the study) versus the optimum sowing date.
Optimum sowing was assumed to be within a sowing window of November to mid-January of each
year, whenever moisture in the first two layers of the soil profile reaches its field capacity value.
Finally, two cultivars were compared; the early cultivar Amery was compared with the later Spear
(phenologies are given in Table I).

To run the simulation, solar radiation or sunshine hour data are needed to calculate
evapotranspiration; this was missing from the historical data which provides only daily rainfall and
temperature. Where neither solar radiation nor sunshine hour data are available for at least a nearby
site, FAO Irrigation and Drainage 56 Guidelines [7] recommend the use of Hargreave’s radiation
equation to estimate solar radiation:

Rs :k (Tmax _Tmin)Ra (1)

where

R, is solar radiation MJ m>d ™),

k is the adjustment coefficient (°C™*?),

Tar and T,,;, are maximum and minimum air temperatures,
R, isthe extraterrestrial radiation (MJ m > d ™).
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FIG. 7. Solar radiation (R) obtained from sunshine hour and using Hargreave'’s equation.

The value of k& was derived from the 1999-2001 weather data, which included sunshine-hour
information. A value of 0.12 was obtained by fitting R; calculated from sunshine and that predicted
from Eq. (1) (Fig. 7) — lower than the values (0.16 and 0.19) reported in the literature for most
interior and coastal regions [8].

3.3.2. Simulated results
The twenty-year growing season (October to April) monthly rainfall pattern for JR, Morocco, is given

in Fig. 8. It varies markedly between and within seasons, from 124 mm in 1994-1995 to 439 mm in
1987-1988 seasons.
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FIG. 8. The growing season (October-April) monthly rainfall, JR, Morocco, 1983—2002.
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FIG. 9. Simulated wheat grain yield, for zero and 30 kg N ha™ applied at sowing, JR, Morocco,
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FIG. 10. Effect of N treatments and soil type on wheat grain yield, Morocco.

The highest simulated yield in the control, no-fertilizer treatment was close to 2.1 Mg ha™' in 1990
1991 (Fig. 9), however, the application of 30 kg N ha™' at sowing increased yield significantly to
3.2 Mg ha™' for the same year, hence N fertilizer was needed to maximize yield. This was, however,
not always simulated, and in fact in some years applying fertilizer gave negative yield responses. In
all these simulations, no yield was predicted in the three dry years (1991-1992, 1992-1993 and 1994—
1995) indicating that water was the limiting factor.

Figure 10 shows that further applications of N did not significantly affect yield, although splitting it
between sowing and tillering improved yields in many simulated seasons. Having initial stored soil
moisture was beneficial in the dryer years, but the effect was minimal in wet years. Nevertheless,
management practices that enhance stored soil water should be practiced. Similarly, having a better
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soil with a higher water-holding capacity increases the probability of obtaining higher yield,
especially when there is stored soil moisture at the time of sowing. The benefit of having a better
water-holding capacity outweighs that of having 30 mm of initial stored moisture; it increases the
probability of higher yield. Having a late maturing cultivar often gave a negative yield response (data
not shown); the late wheat variety was not suitable for this environment because drought is often
encountered at the end of the season.

4. CONCLUSIONS

Grain yield in arid and semi-arid rainfed environments such as the WANA region is highly dependent
on, and sensitive to, the amount and timing of rainfall during the growing season. Yield also varies
markedly depending on the water-holding capacity of the soil, and management of N and its
interaction with stored soil moisture. All these parameters interact in a very complex manner; to fully
understand the processes involved by field experimentation alone would be a costly and time-
consuming task. Using a simulation model such as APSIM can help to integrate these factors and
identify better nutrient- and water-management practices to increase crop production in rainfed arid
and semi-arid areas, especially when it is combined with long-term climate data and soil information.
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Abstract

A synthesis of data on carbon-isotope discrimination (A), yield and water-use efficiency (WUE) of various plant
organs was carried out to determine if relationships exist among these traits for a range of C; and C4 crops, and if
A is a suitable selection tool for yield and WUE under different levels of applied nitrogen (N) and diverse
cropping systems. The samples were from the co-ordinated research project on “Management of Nutrients and
Water in Rainfed Arid and Semi-Arid Areas for Increasing Crop Production,” with Members States covering a
wide range of arid and semi-arid regions. The results showed that genotypic variation in carbon-isotope
discrimination exists within plant organs in all crops, with A values lowest in the grain component. Genotypic
variation in A also exists in different environments; in the case of wheat, the lowest A was found in the driest
regions (Jordan compared with China, the latter having a higher growing-season rainfall). There were strong
correlations between wheat grain A and grain yield in all studies; however, the correlations were negative in two
(China and India) and positive in the other three countries (Jordan, Morocco and Pakistan). While various factors
may influence A, these contrasting results showed that it is difficult to predict outcome in a particular
environment and hence in using A as a tool for selecting yield; however, breeders could argue that yield in these
two environments could be chosen based on lower A in relatively wet years in the negative cases, and high A in
wet years in the positive cases. Correlation between A and WUE was less strong, and cropping system had little
effect on the variation of A values within plant organs for most crops. The level of N applied affected A value in
wheat, except in China. In all cases, A decreased with increasing leaf-N content. Nitrogen deficiency reduces
photosynthetic capacity, and hence an inverse relationship between %N and A should exist. This relationship was
more pronounced in the grain component than in straw. The association between yield and the carbon-isotope
discrimination value in different organs of wheat showed that better correlations were achieved for grain A than
for other organs, indicating that grain is the more suitable organ for A analysis. Weak correlations were observed
for most C, crop traits with respect to A values. It appears that the use of A as a selection criterion for C,4 crops is
even less obvious, but more studies are needed before concrete conclusions can be drawn, as the examination of
the utility of A was not the main objective of the CRP.

1. INTRODUCTION

Poor soil fertility and low and erratic rainfall are the major constraints to sustainable agricultural
productivity in many parts of the world. In addition to applying appropriate water-conservation
practices, one strategy for coping with such stress in these tough environments is to exploit genotypic
differences to select/identify plants that have superior resource-use efficiency for drought tolerance.
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The carbon-isotope discrimination (A) technique has been shown to be a potentially valuable screening
tool in breeding programs for improving water-use efficiency (WUE) and yield. Carbon-isotope
discrimination is attractive because it provides a time- and spatially-integrated measure of the balance
among the important traits influencing carbon gain and water use by plants. It has been used to
evaluate drought stress and water-use efficiency in several C; crops, such as wheat [1], barley [2,3],
peanuts [4,5], cowpea [6], cotton [7,8], and in some C, plant such as pearl millet [9] and sorghum [10].

However, A is influenced by stomatal conductance and by the photosynthetic capacity of mesophyll
cells, therefore morphological, physiological as well as environmental variables—such as salinity, soil
moisture supply and nitrogen (N) level—can affect its values. Studies have shown that plant attributes
that increase water-use efficiency (WUE) can have opposite effects on A, as WUE can be improved by
increasing the root depth or early stomatal closure [11,12]. Increasing the rooting depth should
increase available water and A in C; plants, while early stomatal closure reduces A. As a result, highly
variable relationships between yield and/or WUE and A have been reported, ranging from strongly
positive to strongly negative, making it difficult sometimes to separate external from intrinsic effects
in the use of A as a water-stress assessment tool [13]. In order to use A as a diagnostic tool, the
influence of the various attributes on A, yield, and drought tolerance must be better understood.

Data on A, yield and WUE of various crops and plant organs, and their variation under different levels
of applied N and under different cropping systems from the CRP on ‘“Management of Nutrients and
Water in Rainfed Arid and Semi-Arid Areas for Increasing Crop Production,” which covers a wide
range of arid and semi-arid regions in the world, were used in this synthesis paper. The objective was
to determine if relationships exist between the above traits for a range of C; and C, crops, and if A is a
suitable selection criterion for yield and WUE.

2. MATERIALS AND METHODS

The A data presented in this chapter comprise plant samples from the field experiments of the
countries that participated in this CRP: Argentina, China, India (two), Jordan, Kenya, Morocco, Niger,
Pakistan, Senegal and Zimbabwe. The samples were obtained at harvest, and they were separated into
plant organs (e.g. straw and grain) before being finely ground and analyzed for 8"°C and total N in a
mass spectrometer (IRMS Optima Micromass system, Micromass UK, Wythenshaw), linked to a
Carlo Erba Strumentazione 1500 Nitrogen-Carbon Analyser, at IAEA’s laboratory in Seibersdorf,
Austria.

The initial results of carbon-isotope ratio were expressed in the delta notation as 8"°C (%), which is
not the absolute isotope ratio but relative to a standard:

Rsam le
(%0) = (—"_ 1) %1000

s tan dard

13
5 Csample

where

ESBCmmple is the isotope ratio in parts per mil (%o),
Reample and Rggndara are the BC/C molar abundance ratios of the plant material and the Pee Dee
Belemnite (PDB) standard, respectively.

They were re-expressed as carbon-isotope discrimination (A) [1], the preferred notation, using the
following equation.

é‘13C~’air - 513Csample
1+6°C

sample

A(%0) =

where

813C,;, is assumed to be —8%o relative to PDB, a value widely used for free atmospheric CO, [14].
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The crops studied included C; and C, species (wheat, maize, barley, millet, chickpea, sorghum, pigeon
pea, castor, mustard, cotton, and lentil). Details of the experimental protocols are given in the
respective reports [15-22]. The physical and chemical properties of the soils and growing-season
rainfall values are shown in Tables I and II, respectively. Most of the experimental sites were

characterized by low rainfall during the growing season (<300 mm) with frequent dry spells.

Table 1. Physical and chemical properties of topsoils at the experimental sites

c Sand Silt Clay OC*  BD’ -
ountry %) (Mg rn_3) Pwater
Argentina 24 64 12 1.4 1.45 7.4
China 44 69 27 0.0 1.30 8.4
India 1-Andhra Pradesh 63 7.1 30 0.43 1.50 4.9
India 2-New Delhi 50 36 14 047 1.40 8.1
Jordan—Maru 1.1 49 50 0.58 1.00 7.6
Jordan—-JUST 14 44 43 035 1.14 7.9
Kenya 50 80 42 0.80 1.31 6.7
Morocco—JS 18 22 60 1.20 1.15 7.7
Morocco—-JR 60 10 30 1.20 1.25 6.7
Niger—Tarna 97 2.8 0.50 0.22 NA® 6.0
Niger—Bengou 81 12 69 037 NA 5.1
Pakistan—-NIFA 20 46 34 031 1.62 8.0
Pakistan—Farmer1 40 46 14 0.20 1.53 7.8
Pakistan—Farmer2 40 46 14 0.20 1.53 7.9
Senegal 9 4.0 59 0.20 NA 5.0
Zimbabwe 9% 4.0 3.0 0.30 NA 4.5
* Organic carbon. ® Bulk density. “Not available.
Table II. Growing-season rainfall at the experimental sites
1998-1999 1999-2000 2000-2001 2001-2002
Country
(mm)
Argentina NA 613 669 NA®
China 241 247 299 350
India 1-Andhra Pradesh NA 427 450 644
India 2-New Delhi 140 44.5 37.8 36.3
Jordan—Maru 184 194 NA NA
Jordan-JUST NA NA 159° 271
Kenya 239 144 222 172
Morocco—-JS 177 199 171 292
Morocco—-JR 194 236 200 270
Niger—Tarna* 547 585 465 NA
Niger—Bengou® NA NA 761 NA
Pakistan—NIFA 268+60 158 85+120 142
Pakistan—Farmer1 268 158 85 142
Pakistan—Farmer2 268 158 85 142
Senegal® 682 979 978 814
Zimbabwe NA NA NA NA

* Not available. bSupplemental irrigation of 65 mm was applied between January and April 2001.

¢ Growing season May to October.

4 1998-1999 refers to the 1998 season (June—October).
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3. RESULTS AND DISCUSSION

The results are grouped according to species; wheat and maize were the two most-studied crops in this
project.

3.1. Wheat

Wheat was studied in China, India (New Delhi), Jordan, Morocco and Pakistan. Brief descriptions of
the experimental setups are given for each country before results are discussed.

3.1.1. China

The Chinese study which was carried out at Changwu experimental station, in Changwu County,
Shaanxi Province (35° 12°N, 107° 40’E, elevation 1200 m), in the southern part of the loess plateau in
northwest China, was to investigate the effects of N and mulching management on N and water
productivity on rainfed wheat and maize. It is a Heilu soil derived from loess with a deep and even
profile. The wheat variety was Changwu-134. The experiment compared four N treatments (0, 100,
150 kg N ha™', and 100 kg N ha™' urea + 50 kg N ha™' organic manure in 1998-1999, and 0, 60, 100,
and 60 + 40 kg N ha"' as organic matter (OM) in 1999-2000). A wheat-wheat-maize cropping
sequence was adopted, with wheat traditionally planted (with a row spacing of 20 c¢m), and maize
mulched and ridge planted [15].

Table III shows grain yields and WUE and A values of the various wheat components under the
different cropping management systems for 1998—-1999 and 1999-2000 growing seasons. Water-use
efficiency is defined as the amount of wheat grain produced per mm of total crop water use (ET),
which includes both crop transpiration and soil evaporation.

Table III. Wheat yield (kg ha™'), water-use efficiency (kg ha”' mm™) and A values (%o), 1999 and
2000, China

Plant Control NI* N2° N10¢

Year
part A Yield WUE A Yield WUE A Yield WUE A Yield WUE

1999 Grain 174 2,770 7.6 165 4,000 102 16.8 3,730 9.7 16.7 4,300 10.5

Root 17.7 16.5 16.6 16.2
Straw  18.7 18.2 18.4 18.3
2000 Grain 16.6 1,450 88 162 2470 139 16.0 2,620 126 16.1 2230 14.1

Root 16.8 16.8 16.7 15.9
Straw 17.4 16.6 16.1 16.4

d e

Plant A WMI

Year

part A Yield WUE A Yield WUE

2000 Grain 15.8 2,600 11.8 163 2,800 14.0
Root 159 16.5
Straw 15.9 16.4

100 kg N ha™" in 1999 and 60 kg N ha ' in 2000.

® 150 kg N ha ' in 1999 and 100 kg N ha ' in 2000.

€ 100 kg N ha ' urea + 50 kg N ha' OM in 1999 and 60 kg N ha ' +
40 kg N ha™' OM in 2000.

4 Traditional planting, i.e. with a row spacing of 20 cm.

¢ Mulching and ridge planting: ridge 30 cm wide and covered with
plastic film, with four rows of wheat seeds sowed between two ridges
at a spacing of 15 cm.

18



5.0 16
454 (a) m Y =-1438x+27.95 14 ] 1999
40 r=-0.896 (P<0.10) FE . ©2000
- 3.5 .
E 3.0 <
o ® 2
o 2.5 81
= ® 2
= 2.0 - < ;)
T 15 ® 4 y=-3.79x + 73.
© 1.0 y =-1.244x +22.48 W 1999 S 4 r=-0.788**
: r=-0.699 )l
0.5 - ©2000 (b)
0.0 ‘ ‘ ‘ 0 ‘ ‘ ‘
15 16 17 18 19 15 16 17 18 19
Discrimimation A (%o) Discrimimation D (%o)

FIG. 1. The relationship between A and grain yield and WUE of wheat in China (**P<0.01).

The grain, straw and root A values were similar within and between cropping systems over the two
years, with values ranging from 15.8 to 18.7%o (Table III), slightly lower than a well watered, non-
stressed wheat plant A value of approximately 20 + 2%o. Although previous studies showed that A
values in wheat were influenced by N level, as N deficiency reduces photosynthetic capacity [23,24],
different levels of N fertilization seemed to have little effect on A in the Chinese study, and the
correlation between A and %N in grain was not significant (data not shown). Condon et al. [25] also
observed that N nutrition had little effect on A values in wheat. Water and N stress should have
opposite effects on A [23,24]. In C; plants, N limitation should increase A whereas water stress
decreases it. Nevertheless, there was a negative correlation between A of grain and grain-yield values
(Fig. 1a), and between A and WUE (Fig. 1b), although only the WUE correlation was significant.
Variation in A can result from variation in stomatal conductance or photosynthetic capacity. A
negative correlation between A and grain yield suggests that the trait is dependent more on internal
photosynthetic capacity.

3.1.2. New Delhi, India

The experiment carried out at the Indian Agricultural Research Institute farm consisted of mustard
(Brassica juncea, variety T-59) and wheat (Triticum aestivum, variety WH-147), grown during the
winter season under rainfed conditions, and cowpea during the monsoon season. The soil is an alluvial
loam of the Mehrauli series and was classified as coarse loamy non-acid hypothermic typic
Ustochrept. The experiments were laid out in a randomized block design with four replications with
three levels of N and P (mustard: 0, 30 and 60 kg N ha™' and 0, 15 and 30 kg P,Os ha™'; wheat: 0, 40
and 80 kg N ha™', 0, 20 and 40 kg P,Os ha™). Nitrogen was given in two splits to both mustard and
wheat, and P and K were applied in a single application as a basal broadcast and incorporated. In the
case of the mustard crop, half of the N was broadcast at sowing and incorporated and the remaining
half was top-dressed at the flowering stage, while for wheat one-third N was broadcast at sowing and
incorporated and the remainder was top-dressed at the maximum tillering stage.

The results of the wheat study are given in Table IV. Contrary to the report of Sachdev [17], the
correlations between A of grain and straw with grain or straw yield, WUE and %N were significant
(Figs. 2, 3 and 4), and negatively correlated. The correlation between A of grain and N uptake in grain
was significant in 1998-1999 (r = 0.768**, n=9) but not in 1999-2000 (r = 0.54, n=9) (data not
shown). Although little difference between the A values of the different plant organs (grain and straw)
wasreported in the Chinese study, the difference in the A values was significant in the Indian study
(Table IV), with a higher A value in straw than in grain. Variations in A in different plant organs have
also been reported previously [26-28]; they could be due to variation in carbon allocation to these
organs or to differences in water availability during their formation.
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Table IV. Water use efficiency (kg ha' mm™"), grain and straw yields and A values of wheat, India

Grain Straw . Grain  Straw Grain Straw Grain  Straw

199899 WUE A A Gfgn yield yield 1999 0o WUE A A  yield yield
(%o) (kg ha™) (%0) (kg ha™)

NOPO* 239 17.1 202 1.64 545 900 NOPO 257 17.0 20.2 533 717
NOP20 3.21 172 202 1.72 732 1,227 NOP20 2.79 17.2 20.0 581 836
NOP40 3.59 16.6 19.7 1.75 819 1,427 NOP40 2.82 169 19.6 586 957
N40PO0 4.70 164 193 1.82 1,071 1,793 N40PO 16.1 19.2 1,280
N40P20 5.23 16.7 19.6 1.83 1,193 1,992 N40P20 3.53 16.7 19.5 733 1,308
N40P40 6.00 16.8 19.8 1.88 1,368 2,274 N40P40 494 164 19.7 1,027 1,456
N80OPO 6.33 16.6 196 193 1444 2321 N8OPO 5.16 165 19.6 1,073 1,453
N80OP20 7.08 162 196 199 1,614 2,687 N8OP20 5.53 16.6 19.7 1,149 1,484
N&OP40 7.79 16.3 194 2.01 1,775 2,975 N80P40 5.82 165 19.6 1,210 1,632

*Nitrogen at 0, 40 and 80 kg N ha ' and P,0s at 0, 20 and 40 kg ha .

20.0 16.0
Wheat 1999-00
18.0 - ° Wheat 1998-99 14.0 -
16.0 - 12.0
@ 14.0 w y = -8.90x + 157.4
= = = Sk
g 12.0 - g 10.0 - r=-0.888
T 10.0 - T 8.0
2 8
> i >
€ 6.0- =-9.47x + 169.5 s
[ y=-2 © e O 4.0
4.0 | r=-0.765*
20 2.0
0.0 ‘ ‘ 0.0 T T
16 16.5 17 17.5 16 16.5 17 17.5
A (%o) A (%o)
FIG. 2. The relationship between A of grain and grain yield for 1998—1999 and 1999—1900, India.
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FIG. 3. The relationship between A and WUE for 1998—1999 and 1999-2000, India. (*P<0.05,
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3.1.3. Jordan

Two field experiments on wheat (variety Horani 27) were carried out in Jordan, at Maru Agricultural
Research Station, 100 km north of Amman. The experiment had a split-split plot design in four
replications to investigate the role of wheat-crop residues and level of N fertilizer on the subsequent
wheat crop in three crop rotations. The experiment included the following treatments: three crop
rotations: wheat—fallow, wheat—lentil and wheat—wheat; two crop-residue practices (0 and 100% of
the residue incorporated into the soil), and three N levels (0, 40 and 80 kg N ha™' for wheat, and
20 kg N ha™' for lentil). The soil is a fine smectic, thermic Typic Chromoxerert. It has a relatively high
pH (~7.6) with 5.9% calcium carbonate.

Wheat-grain and straw yields, %N and the respective A values are presented in Table V. As in the
Indian study, the straw A values were much higher than the corresponding grain A values. However,
both the grain and straw A values were much lower than those reported in the previous two studies
(China and India), indicating the severity of water stress in Jordan.

Table V. Wheat straw and grain yields, %N and A values,1998-1999, Jordan

Plant Yield A
part (kgha) 7N (%0)
RO°NO® Grain 156 3.82 1343
RONI  Grain 203 3.4 13.87
RON2  Grain 268 406  13.37
RINO  Grain 293 347 13.84
RINI  Grain 333 354 13.84
RIN2  Grain 259 347 13.79
RONO  Straw 1,170 1.6 15.91
RONI  Straw 2,045  1.31 17.16
RON2  Straw 2,478 1.63  15.73
RINO  Straw 2,008  1.31 16.74
RINI  Straw 2,063 135  16.87
RIN2  Straw 2,610 143  16.76

Treatment

# Zero residues incorporated into the soil.
b 0, 40 and 80 kg N ha™', respectively.
 100% residues incorporated into the soil.
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FIG. 5. The relationship between A and the FIG. 6. The relationship between A and %N,
respective grain and straw yield, Jordan. Jordan.

A strong but positive relationship was observed between A of grain with the corresponding grain yield
when data from both years were combined (Fig. 5), instead of the negative correlations in the China
and India studies. Positive correlations have been widely reported [29, 30], especially under
Mediterranean or similar environments, where there is a strong reliance on within-season rainfall [31-
33], suggesting that stomatal conductance is the main factor accounting for variation in A. Linear
relationships were again observed between the A values for wheat grain and straw and the
corresponding %N (Fig. 6), as in the Indian study. WUE analyses were not carried out.

3.1.4. Morocco

Two field experiments with wheat were conducted between 1997 and 2002 at the Jemaa Riah (JR) and
Jemaa Shaim (JS) experimental stations of the Agricultural National Research Institute (INRA),
located in the Settat-Chaouia and Safi-Abda regions, respectively. The objective was to assess the
substitution of fallow with green manure and its impact on soil properties, wheat yield and its response
to N fertilizer, as well as the profitability of wheat—fallow, wheat-incorporated vetch and wheat—
mowed vetch as forage. The soil at JR was classified as a fine montmorillonitic, thermic Palexerollic
chromoxerert. At JS, the soil is a fine montmorillonitic, thermic Palexerollic chromoxerert. The
experiment had a split-plot design arranged in a randomized complete block with four replicates.
Rotations, wheat (cv. Achtar)—fallow (W/F), wheat—vetch mowed (W/VM), wheat—vetch incorporates
(W/V]), fallow—wheat and vetch—wheat were assigned to main plots. The subplots consisted of N splits
with 0 or 40 kg N/ha at planting (P), 46 kg N/ha at tillering (T) and N at planting and tillering (P+T).
Therefore, the N treatments were 0, 46, 0—40 and 40—46.

In the rotation experiment at JR, the A value of grain in the W/F cropping system was significantly
higher than those of W/VM and W/VI for the 1998-1999 growing season (Table VI). However, there was
either no difference in the A values among cropping systems or no relationship between WUE and straw
A or both, for the other cropping seasons [20]. A values within the grain and straw components at the
Jemaa Riah site were similar for the different cropping systems (Table VI). For the JS site, the A of grain
and straw for 1998-1999 and 2001-2002 growing seasons showed higher values for W/F which was
significantly different from that of W/VM and W/VI (Table VII) [20]. When the dataset from the 2001—
2002 growing season at JR were excluded, a single significant relationship existed between A and grain
yield combining the datasets from both sites, as in the N-combination experiment (Fig. 7).

Except for the %N of the straw component at JR, there was a strong correlation between the %N of straw

at JS with A of straw, and a good correlation was also obtained with %N in the grain in both sites (Fig. 8,
Table VIII).

22



(S070>d) WRIIJIP APUBOIUSIS dIe SIONS] JUSISFIIP £q POMO[[0F JedA B UIY)IM MOI B UL SIdQUINN

8T 70T  L6T 9€¥I 6Tl TTL  S98 18°8 v'IT Tl TIT 617 (wuw ey 3Y) [e10) INM
98°6 66'L LTl ¥8T  ¥PT  SOT 911 6€°1 W 00y ¢y s8¢ ([ wuw ey3y)urers gnm

B8l ®BCLL 488l 9Vl Lyl TSI LST 9ST €91 ®BT9l  BEI9L 9691 (0%) mens v
BG'OT  ®BI'9I  QqI'LT  TCI  +¥'Tl 9Tl VN VN €€l ®BO€l ®BEl Oyl (0%) ureid v
qQeossy qrIL’c ®EOI'S TIST  96L°1 ¥ITT ALLY'T qeeb’l ®BSLLT 8b0'C TIOE  S8I'E (,_ey 33) mens
BEO0'C  9EEy’T ®BO9S'C 0Tk vSE €SS QI€T  ALLT  ®I8Y  LOL  SYL L89 (,-by 3y) urein
IV WA/ M I/ WA/ I/ TN INA/M M TA/M INA/M /M o
Ijawered
2002-100C 10020002 000Z-6661 6661-8661

7007-8661 ‘0000I0JA ‘WIBYS BRWA[ ‘SoNJeA  Pue AJUSIOIJd 9sn Jojem ‘PIAIA Jeaym UO UoneIol JO 109134 TIA 9l9eLl

(S0°0>d) YURIHIIP APUBOYIUSIS I8 SI0)I] JUIIYIIP AQ PIMO[[OF JBIA B UIYIIM MOI B UL SIQUINN ,

€0°s 88°¢C 19°L 09I 'St L91 L6T 1018 S B S O 1 14 661 6'0¢ (L ww _eySsy) o gnm
011 061 yee 9y LeS  8LS ST0 ero oIl 96°S 6’9 Tyl (L ey 3Y) ureid gnm

Tor 191 6SI 0Ll TLL 691 LSI  6SI  SSI ®B9L B9l ALl (0%) mens v
ST LS §ST Svl 9%l T¥l VN VN 8T ®eel  qeryl  q9vl (0%) uress v
QEIT'T Q9TT'T ®9S9'1 60T°C SPOT T6T'T TOL  SIL 9161 T8Y'T TIST 00LE (&Y 3) meng
q8€€  BLSS  ®B689  evIl  €TI'T  OITT  99€  Q0€  ®B6ST AvSI‘T ALVET BIVLT (,-by 3y) urein
INVM INA/M M TA/MN WA/ /M T/ WA/ /M T/ INA/M /M o
Jjawered
T002-100C 1002000 0061-6661 6661-8661

7007-8661 ‘0000I0IA ‘Yery BRWQ[ ‘sonjeA y pue AOUSIOIJO asn Jojem ‘pIAIA Jeaym U0 UONEI0L JO 1091 TA 2]qeL

23



4500

4000 -

w

(2]

[=]

o
!

3000 -
2500 -
2000 -
1500 -
1000 -

500 -

Grain yield (kg ha™)

A (%o)

20

FIG. 7. The relationship between A and grain yield at Jemaa Riah and Jemaa Shaim, Morocco, for
nitrogen-combination experiments; data from 2001-2002 at JS (circled) were excluded.

Table VIII. Effect of N combination on wheat yield, water-use efficiency and A values at Jemaa Riah

and Jemaa Shaim, Morocco, 1998-2002

Jemaa Riah Jemaa Shaim
Season Parameter
0-40 40-0 4046 0-0 0-40 40-0 40-46 0-0
1998— Grain (kg ha™) 1,556 1,689 1,827 1,923 704 737 597 819
1999  Straw (kg ha™) 2,976 2913 2,548 2,563 2,984 3246 3,008 3,087
WUE grain (kgha' mm™) 8.02 871 942 991 397 416 337 4.63
WUE tot (kgha' mm™) 234 237 226 231 208 225 204 221
A grain (%o) 142 144 141 NA 131 139 132 NA
A straw (%o) 171 171 170 NA 162 168 163 NA
1999—  Grain (kg ha™) 86 149 106 91 365 265 284 402
2000  Straw (kg ha™) 1,008 1,165 942 897 1414 1811 1,694 1,410
WUE grain (kgha' mm™) 036 0.63 045 039 1.83 133 143 2.02
WUE tot (kgha' mm™)  4.63 557 444 419 894 104 994 9.10
A grain (%o) NA NA NA NA NA NA NA NA
A straw (%o) 156 157 156 157 158 159 156 163
2000— Grain (kg ha™) 1,220 1,181 1,192 1,034 457 383 336 593
2001  Straw (kg ha™) 2,183 2,233 2261 2,050 1,962 1970 2,001 1,831
WUE grain (kgha' mm™) 5.87 564 569 494 269 211 193 3.03
WUE tot (kg ha' mm™) 163 163 165 147 137 13.1 11.7 142
A grain (%o) 142 144 144 146 124 124 122 127
A straw (%o) 170 170 169 172 148 146 148 15.0
2001- Grain (kg ha™) 517 513 526 597 3,112 3,199 3,073 3,008
2002  Straw (kg ha™) 1,298 1,408 1,347 1406 4,700 4,313 4,429 4,504
WUE grain (kgha' mm™) 1.68 1.66 171 194 102 105 101 9.88
WUE tot (kgha' mm™) 589 624 6.08 650 257 247 246 247
A grain (%o) 155 156 154 157 164 167 162 -24.5
A straw (%o) 161 162 159 161 179 183 180 183
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FIG. 8. Relationship between A of grain and straw and their respective %N values, Jemaa Riah and
Jemaa Shaim, Morocco.

Table IX. Grain yield, water use efficiency and carbon-isotope discrimination in straw and grain of
wheat at harvest, as influenced by tillage and nutrient treatments, at NIFA Research Station and two
farmers’ fields, 1998—-1999

Straw Grain
Location Tillage Parameter - .
P* P, P, P,

NIFA Research Station  T,° Yield (kg ha™) 4,666ab  4,883a

T, Yield (kg ha™) 4,000c  4,100bc

T, WUE (kg ha™' mm™) 29.4 12.3

To WUE (kg ha ' mm™) 26.3 9.91

T, A (%o) 212 212 20.8 20.5

To A (%) 21.1 213 20.6 20.6
Farmer-1 (Urmar) T, Yield (kg ha™) 1,917 2,067

To Yield (kg ha™) 1,683 1,850

T, WUE (kg ha™' mm™) 11.1 4.69

To WUE (kg ha™' mm™) 11.2 4.16

T, A (%o) 21.1 21.1 184 18.7

To A (%o) 204 205 187 18.8
Farmer-2 (Jalozai) T, Yield (kg ha™) 2,667 2,767

To Yield (kg ha™) 2,867 3,033

T, WUE (kg ha ' mm™) 22.0 10.1

To WUE (kg ha™' mm™) 26.3 11.0

T, A (%) 208 204 194 18.9

To A (%o) 207 21.0 19.1 19.5

; Ngo + P30.

Ngo + Peo.

¢ Conventional tillage.
4 No tillage.
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Table X. Yield and carbon-isotope discrimination in straw and grain of wheat, as influenced by tillage
and nutrient treatments, 2000—-2001

. _ Straw Grain
Location Tillage Parameter :
P P, P, P,
NIFA Research Station T° Yield (kg ha™) 2,067 2,100
Ty Yield (kg ha™) 1,200 1,333
T, A (%o0) 209 209 18.9ab 19.0a
Ty A (%o0) 20.5 21.0 19.0a 18.9b
Farmer (Urmar) T, Yield (kg ha™) 443b  433b
To Yield (kg ha™) 500b  800a
T, A (%o0) 183 183 177 17.7
To A (%o0) 183 17.2 177 17.6
Z Neo + P3o.
Nego + Peo-
¢ Conventional tillage.
4 No tillage.
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FIG. 9a. The relationship between A and grain yield FIG. 9b. The relationship between A and %N
conducted at NIFA, Pakistan, and on farmers’ fields of grain, NIFA, Pakistan (symbols as in 9a).
for 1998—1999 and 2000-2001, under conventional

and no-till systems, respectively (NIFA conventional

1998—-1999 m, 2000-2001 A; NIFA no-till 1998—

1999 [, 2000-2001 A; Farmers’ conventional

tillage 1998—1999 e, 2000-2001 o; Farmers’

conventional tillage 1998—-1999 & 2000-2001 9).

3.1.5. Pakistan

Field experiments were conducted from 1998 to 2002, at the Nuclear Institute for Food and
Agriculture (NIFA) and in farmers’ fields in rainfed areas around Peshawar (34°4' N, 72°25' W). The
response of three cropping sequences [wheat (cv. Tatara)-wheat, lentil-wheat, chickpea—wheat] to two
tillage (conventional T1, and no-till TO) and nutrient [30, 60 kg N ha™ N (urea) and P] regimens was
tested with a view to improving and developing sustainable water- and fertilizer-management practices
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under rainfed conditions. The soils of the experimental site at the institute are silt clay, alkaline,
moderately calcareous, deficient in N (0.05%), P (7.0 pg g') and OM (0.62%) and free from salinity.
The non-saline soils at the farmer’s fields were loam, alkaline, calcareous and very low in N (0.02—
0.03%), P (34 pg g ') and OM (0.4-0.5%).

There were no significant differences in the A values of either plant component at NIFA under the two
tillage systems; there was also no significant tillage X P interaction for any plant part at NIFA
(Tables IX and X). On the other hand, a lower A value and lower yield were obtained in the 2000—
2001 season as compared to those of 1998-1999, probably due to adverse effects of a prolonged dry
spell [21].

The A values for grain from the farmers’ fields were significantly lower than those at the NIFA
Research Station, whereas the straw A values were relatively similar. However, the lower grain A
values were not influenced by tillage, nutrient level or their interaction (Tables IX and X). The overall
differences in A were not significant and showed no relationship to grain yield. However, when data
from both years from the research station and farmers’ fields were combined, a good relationship
existed between the A value and grain yield (Fig. 9a). Although the correlation between grain and
straw A with the corresponding WUE was non-significant (data not shown), a strong correlation
existed between grain A and its %N value (Fig. 9b).

3.2. Maize

The next most commonly studied crop was maize, a C, species. Results are reported from Argentina,
Kenya and Senegal.

3.2.1. Argentina

The experiments were carried out on the “La Maria” experimental field at the Santiago del Estero
Research Station of the National Institute for Agriculture Technology (INTA-EEASE). The objective
was to evaluate the effects of crop rotation, to optimize crop yield from the low-input production
systems of the small-farm holders of the province of Santiago del Estero, Argentina. The specific
objective was to test soil-management technologies for increasing soil moisture through improving
rainfall infiltration into the root zone and/or reduction of soil-water losses. The La Maria soil is well
drained. Maize (cv. H40, a double hybrid), and cotton (cv. Guazuncho II INTA) were grown in
rotation (planting dates: cotton January 3, 1999; maize November 5, 1099) under conventional tillage
and no-tillage (direct seeding) with N fertilizer applied at 0 or 50 kg N ha™' to cotton and 0 or 60 kg N
ha™' to maize. The treatments were designated as follows: cotton with conventional tillage cotton but
without fertilizer (C1), cotton with conventional tillage and fertilizer (C2), cotton without tillage and
without fertilizer (C3), cotton without tillage but with fertilizer (C4), maize with conventional tillage
but without fertilizer (M1), maize with conventional tillage and fertilizer (M2), maize without tillage
and without fertilizer (M3), and maize without tillage and with fertilised (M4).

Yield, %N and A values for the different plant parts in the 1999-2000 season are presented in
Table XI. There were significant differences in A values between the various plant organs, with grain
A being the smallest with an average of 3.3%o compared to 5%o for the leaves. However, there was no
effect of tillage or fertilization on the A values. Prieto (personal communication) attributed the lack of
difference to the high seasonal rainfall, as soil moisture was reported to be above the threshold value
associated with water stress (17% volumetric water) throughout the season. On the other hand, the
correlation was significant between A of all plant parts with yield and between A of the grain and its
%N value (Table XII). A significant positive correlation was obtained between the A values and the
corresponding WUESs across the crop-management practices (Fig. 10).
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Table XI. Effects of crop-management practice and nitrogen fertilization on yield, %N and A values
of plant parts of maize, Argentina

MI? M2° M3¢ M4¢

Plant Yield Yield Yield Yield
part 1€ o A 1€ o A 1€ o A 1€ o A

(kgha) 7N (%) (kgha) N (%) (kgha™) N (%0) (kg ha) 7N (%o)
Stem 4,118 1.48 44 4757 125 44 2305 1.13 41 3232 0.85 42
Leaves 2,349 149 49 2571 1.58 5.1 1,359 136 49 1,795 1.62 4.9
Grain 3,826 1.88 3.4 5600 192 3.4 2537 157 3.0 3,849 1.61 3.2
Cob 1,398 1.00 3.8 1,615 0.97 3.7 788 0.99 3.4 1,356 0.93 3.5
Husk 1,232 099 43 1317 0.84 43 644 12042 1,276 0.99 4.3
Pod 1,426 1.23 49 1,541 1.1549 905 1.14 48 1232 1.16 4.7

* Conventional tillage zero fertilization.

® Conventional tillage fertilized.

¢ No tillage zero fertilization.

9 No tillage fertili

zed.

Table XII. Correlation coefficients between carbon-isotope discrimination values (A) measured of
maize plant parts and their respective yields (kg ha™'), Argentina

Plant A vs yield A vs %N
part (r) (r)
Stem 0.96** 0.73ns"
Leaves 0.83ns 0.27ns
Grain 0.76ns 1.00%*
Cob 0.80ns 0.33ns
Husk 0.89ns 0.87ns
Pod 0.70ns 0.59ns
% p<0.05, **P<0.01.
® Not significant.
16.0
e y=22.111x - 80.824 °
‘TE 12.0 r=0.895
‘TE 10.0 ° [ ]
-; 8.0 -
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o 6.0
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FIG. 10. Relationship of carbon-isotope discrimination (4) and water use efficiency (WUE) in maize,
over the different crop management practices, Argentina.

3.2.2. Kenya

The experiments were conducted in Machakos District, a semi-arid area characterized by erratic
rainfall, especially from March to June. Two soil- and water-management treatments were examined
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with ridging (SWM,) and flat cultivation (SWM,), three N treatments (0, 25, 50 kg N ha™' as calcium
ammonium nitrate or farmyard manure), and two modes and times of application of N fertilizer. The
mode of application included basal application or equal splits at emergence (T;) and knee high (T,).
The soils were well drained, with texture ranging from friable clay to sandy clay loam, and classified
as chromic luvisols, developed on quartzo-feldsphatic gneisses.

Tables XIII to XV show yield (grain and total dry matter), A and the corresponding WUE values for
the whole experimental period. There were no differences in the A values among the various N sources
and management practices within years (Table XIV); however, A values were significantly higher in
1999 compared to 2001, due probably to higher seasonal rainfall. The mean A values were also higher
under ridging compared to flat cultivation, both in 1999 and 2000 (Tables XVI and XVII). Correlation
between A and dry-matter production was non-significant for both years (Fig. 11a), while the
relationship between A and grain yield was positive in 1999 and negative in 2001 (Fig. 11b).
Correlations of A and dry matter WUE varied from a strong correlation in 2000 (» = 0.93) to weak in
1999 (» =0.14) and 2001 (r = 0.48).

Table XIII. Grain yield and total dry matter for maize for 1999-2001, Kenya

Grain yield TDM
Treatment 1999 2000 2001 1999 2000 2001
(kg ha™')
Nil 736 - 859 4,595 851 3,720
50 kg N ha'at T1 784 - 702 4307 1,151 3,291
I’ +50 kg N ha ' at T1 NA® - 2306 NA NA 5374
FYM®+50 kg N ha'at T1 NVe - NV NV 734 NV
50 kg N ha'at T2 861 — 684 4,168 NA 3,049
25kgNha'splitat Tland T2 936  — 995 4244 561 4,143

* Crop died before maturity.
b Irrigation.

¢ Not assessed

¢ Farmyard manure.

¢ Not available.

Table XIV. Carbon-isotope discrimination, maize, Kenya

1999 2000 2001

Treatment
(%0)
Nil 450 NA® 3.89
50 kg N ha'at T1 4.62 427 3.94
I’ +50 kg N ha ' at T1 NA NA 3.65
FYM*+50kgNha'atTI NA 434 NA
50 kg N ha'at T2 446 NA 3.72

25kgNha'atTland T2 429 445 3.89

* Not Available.
by . .
Irrigation.
¢ Farmyard manure.
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Table XV. Water-use efficiency, maize, Kenya

Grain Total biomass
Treatment 1999 2000 2001 1999 2000 2001
(kg ha”' mm™)
Nil 3.8 -2 6.3 237 102 27.1
50 kgNha'at Tl 3.3 - 51 222 99 241
I’ +50 kg N ha' at T1 NA® - 79 NA NA 183
FYM!+50kgNha'atTI NA - NA NA 70 NA
50kg N ha'at T2 4.5 - 51 21.6 NA 226
25kg N ha'at T1 and T2 4.8 - 73 222 50 303
# Crop died before maturity.
b Irrigation.
¢ Not assessed.
d
Farmyard manure.
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FIG. 11. Relationships between dry matter and grain yield versus carbon-isotope discrimination in

maize, Kenya.

Table XVI. Maize grain and total biomass yields and water-use efficiency for soil- and water-

management options, Kenya

Grain yield® WUE Total DM Yield WUE
Soil & water 1999 2001 1999 2001 1999 2000 2001 1999 2000 2001
management

(kgha™) (kg ha'mm™) (kgha™) (kg ha'mm™)
Ridging 001 1,184 45 70 4548 691 3,927 234 6.6 245
Flat cultivation 682 1,035 3.7 56 4,109 958 3904 214 95 245

* No yield in 2000; the crop died before reaching maturity.
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Table XVII. Carbon-isotope composition for water management, maize, Kenya

A of dry matter
Soil & water 1999 2000 2001
management
(%0)
Ridging 452 440 3.89

Flat cultivation 4.41 430 3.75

3.2.3. Senegal

The experiments in Senegal were to study crop water and N-use efficiency as influenced by soil
amendments. During the 2000 and 2001 rainy seasons, on-farm tests were conducted on the use of a
phosphocalcic soil amendment, alone or in combination with manure. These tests were aimed at the
sustainable improvement of the three main crops: peanut, millet and maize. Millet cv. Souna III, and
maize cvv. synthetic C (1997) and Pool Across 86 were used in 1999 and 2001, respectively.

The treatments were: plowing (P) + fertilizer N and K applied at the recommended rates (P + NK), P +
NK + 50 % phospho-gypsum (PG) and 50% Taiba phosphate rock (PR) mixed at 1,000 kg ha™": (P +
NK + PG-PR), P + NK + manure at 5 t ha' added once every two years, in 1997 and in 1999 (P + NK
+ M), and P + NK + PG-PR + M. For an on-farm trial at Diamaguene, started in 1998, a fifth treatment
was added consisting of plowing and NPK fertilizer application at the recommended rate .

There were significant differences within and between the grain and dry matter A values between the
1999 and 2001 seasons, with a higher A recorded in 1999 from the Nioro Agricultural Research
Station (Table XVIII). However, there was little soil-amendment effect on the maize A both on the
research station and on the farmer’s field (Tables XVIII and XIX). On the other hand, there were
negative correlations between grain yield and A and between WUE and A (Fig. 12). On the whole,
total biomass A values were not affected by soil P- and Ca-source amendments (Tables XX and XXI),
with a mean value of 3.0%o.

Table XVIII. Grain yield, water-use efficiency and A for grain and total above-ground biomass of
maize in 1999 and 2001 as affected by soil amendments at Nioro Agricultural Research Station,
Senegal

Component Parameter Control PG-PR Manure (M) PG-PR +M
1999 Grain Yield (kg ha™) 806 1,042 1,698 1,829
A (%) 270 2.80 251 2.50
WUE (kgha'mm™) 203  3.09 4.50 4.20
Total DM Yield (kgha ') 1,663 2,028 3,286 3,494
A (%0) 314 3.22 3.00 2.99
2001 Grain Yield (kg ha™) 442 591 1,591 1,610
A (%) 232 212 2.13 2.14
WUE (kgha'mm™) 1.06 1.56 3.63 3.74
Total DM Yield (kgha™) 819 1,227 2,557 2,812
A (%) 238 243 2.46 2.40
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Table XIX. Soil-amendment effects on grain, straw and A for maize in 2001, on a farm at

Diamaguene, Senegal

Grain Straw  Total biomass A
Treatment o
(kgha™) (%o)
NK (noP) 2916 1,594 2.67
NPK 2,623 1,673 2.81
PG-PR 2,882 1,504 2.59
Manure (M) 2,697 1,622 2.75
PG-PR +M 3,187 1,672 2.72
3000 5.0
|:|D ® 1999 4.5 | °
-~ 25001 02001 —~ 4.0-
P E 35| O
< 2000 £
= =-2950x+ 9088 | | Ty 301 y=-5.8x+18.7\_®
% 1500 - r=-0.886 £ 25 r=-0.771
= o . 2 20 °
£ 1000 -
5 6545% + 16119 § :z 3 1999
1y ooosax o =.9.1X +22.3
500 o646 osl Y r=_(;(_g33 02001
0 : : ‘ ‘ 0.0 : : : :
200 220 240 260 280 3.00 200 220 240 260 280 3.00
A (%o) A (%a)

FIG. 12. The relationship between maize grain yield and water-use efficiency and A, Nioro Research
Station, Senegal.

Table XX. Soil amendment effects on maize yield and total biomass A in 1999 and 2001, Nioro
Research Station, Senegal

1999 2001 1999 2001

Treatment Grain Straw Grain Straw Total biomass A
(kgha™) (%0)

TO0? 1,640 1,501 802 765 3.11 2.93
T1 1,390 1,600 817 763 NA 2.96
T2 1,820 1,850 665 472 3.08 2.97
T3 1,560 1,590 994 830 NA 2.93
T4 1,500 1,670 530 470 3.11 2.85
T5 1,680 1,740 783 774 NA 2.84
T6 1,540 1,580 800 878 NA 2.96
T7 1,370 1,330 662 667 2.98 2.77

% TO=no RP and no PG; T1= no PR and no PG + 30 kg ha! P,Os5 as TSP; T2 =0%PR + 100%PG; T3=25%PR
+75%PG; T4=50%PR+50%PR; T5=75% PR+ 25%PG; T6= 100%PR +0% PG; T7 =100% PR.
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Table XXI. On-farm yields (grain + straw) and total biomass A for maize on farms at Darou Pakathiar
and Dieri Kao in 2000

Darou Pakathiar® Dieri Kao®

Treament Grain Straw A Grain A
(kgha') (%) (kgha) (%o0)

T1 699 717 327 714  3.00
T2 896 806 3.28 765 3.07
T3 926 725 324 621 2.89

T1, T2 and T3 are 5t ha’lmanure, 1tha' PG-PR, and 5 t ha' manure + 1 T ha' PG-PR applications,
respectively. le, T2 and T3 correspond to applications of 150 kg ha' NPK, 150 kg ha™' NPK + 500 kg ha' of
lime, and 150 kg ha™' NPK + 1,000 kg ha™' PG-PR.

3.3. Castor and sorghum
3.3.1. Southern Telangana, Andhra Pradesh, India

A sorghum and castor-based cropping system was examined in the southern Telangana region of
Andhra Pradesh in India, with the objective of developing a set of options for improving the N
nutrition of these dry-land cropping systems with inputs of biologically fixed N, fertilizer and organic
matter at the regional agricultural research station (RARS), Palem, Mahabubnagar District. The main
experiment, on an Alfisol, consisted of traditional (sorghum—castor) and improved (sorghum/pigeon
pea—castor) cropping systems on a two-year rotation cycle arranged in a split-plot design with four N-
marllagement options (ON, 1.5t FYM ha™', 60 kg N ha™' as urea, and 45 kg N ha™' as urea + 1.5 t FYM
ha™).

The A values of the plant organs were different for the three crops: sorghum, pigeonpea and castor,
with lowest A values in the grain (Table XXII). The A values of castor and sorghum were not affected
by cropping system or N source and were stable between seasons; however, there were significant
differences in the A values of the various plant components (Table XXIII). There was also no
correlation between A and grain yield or between A and WUE for sorghum or castor; neither was a
relationship found between A and %N in the different plant parts for the three crops (results not
presented). The above analyses indicate that A is not a good predictor for sorghum, castor or pigeon
pea in terms of grain or WUE. More data are needed to confirm this.

Table XXII. A and %N values of various crop components of sorghum, pigeon pea and castor, India

Cropping A
system (%0)

C—s" Sorghum  Stalk 39 054
Chaff 3.5 0.67
Grain 3.1 1.20

C—s/pp° Pigeon pea Stalk 189 0.75
Chaff 15.6 0.67
Grain 150 3.55
S—° Castor Stalk 19.8 0.76

Chaff 20.6 1.20
Grain 202 271

Crop Plant part %N

* Castor—sorghum cropping system.
b Castor—sorghum intercropped with pigeon pea.
¢ Sorghum-—castor.
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Table XXIII. Effect of N source on A values of castor and sorghum grain for 1999 and 2000, India

1999 2000
Crop Cropping systemN source A Grainyield A Grain yield
(%) (kgha') (%) (kgha')
Castor S—° FYM® 204 1,280 20.1 1,007
60N° 19.8 1,623 198 1,482
45N4+FYM 19.9 1,452 19.6 1,282
S/pp—c FYM 20.8 1,399 202 1,171
60N 20.8 1,622 205 1,442
45N+FYM 199 1,550 20.0 1,478
Sorghum C—s FYM 3.0 854 3.0 1,454
60N 3.1 2,259 3.0 2,666
45N+FYM 3.1 2,326 3.2 2,814
C—s/pp FYM 2.9 906 3.1 1,196
60N 3.0 1,847 3.1 2,056
45N+FYM 3.1 1,748 2.9 2,210

* Sorghum-—castor; sorghum intercropped with pigeon pea—castor; castor—sorghum;
castor—sorghum intercropped with pigeon pea.
b Farmyard manure at 1.5 t ha .

¢ 60 kg N ha ' as urea.
445 kg N ha! as urea.

3.4. Mustard

3.4.1. New Delhi, India

The A values of mustard grain, straw and pod-husk were relatively uniform and were not affected by
the various N and P treatments over two years (Table XXIV). However, there were differences
between the plant-organ A values. Correlation coefficients of A values of grain with grain yield, WUE
and %N in grain showed no significant relationships. With the current limited data set, it is difficult to
determine if A is a good indicator for grain yield or WUE.

Table XXIV. Water-use efficiency, grain yield and associated A values of mustard, India

A A
Pod- WUE_1 G.rain Pod- WUE_1 G'rain
Treat. Year GrainStrawhusk (kg 11;1 ylelq 1 Year GrainStraw husk (kg th y1elq 1
mm ) (kgha™) mm ) (kgha)
(%o) (%0)
NOPO 1998-20.5 21.2 19.7 2.01 1,549 1999-20.4 214 19.9 2.83 386
NOP15 1999 20.4 21.519.7 2.22 1,633 2000 202 21.6 19.6 3.00 408
NOP30 20.5 21.2 19.6  2.21 1,566 20.3 21.2 19.6 3.08 420
N30PO 20.2 21.1 19.7  3.70 2,037 20.6 21.7 19.9 4.66 636
N30P15 209 21.519.7 5.83 2,414 20.7 22.0 19.9 7.25 988
N30P30 20.8 21.4 19.8  6.39 2,571 20.8 22.0 19.9 8.03 1,095
N60PO 204 21.1 19.6  5.24 3,042 20.7 21.8 19.8 6.66 907
N60P15 20.2 21.2 19.5 6.95 3,175 204 219 19.7 8.27 1,128
N60P30 20.5 21.7 19.7  6.79 3,053 20.5 21.8 19.7 8.17 1,114




3.5. Lentil
3.5.1. Jordan and Pakistan

The A data for lentil from studies in Jordan and Pakistan are presented in Tables XXV and XXVI;
smaller values were obtained with straw in the Jordanian study. Slightly smaller values were obtained
in the presence of residues (Table XXV). In Pakistan, the differences in A values for lentil were not
significantly influenced by tillage or nutrient treatments in straw, grain and roots. There was a positive
but non-significant correlation between A and grain and straw yields (Fig. 13). In view of the limited
data available, it is not possible to conclude if A is an appropriate tool for selection for grain yield.

Table XXV. Straw yield, A value and %N of lentil for 1998-1999, Jordan

Yield A o
Treatment (ke haﬁl) (%o) %N
RONO 76 17.5 2.52

RON1 324 18.5 2.57
RON2 404 18.2 2.50
RIN1 230 18.8 2.32
RIN2 166 18.7 2.13

Table XXVI. Effects of tillage and nutrient treatments on grain yield, A in straw, grain and roots of
lentil on two farmers’ fields, 1998-1999, Pakistan

Straw Grain
Location Tillage Parameter P? sz P, P,
(kg ha™')
Farmer-1 (Urmar) T, Yield (kg ha™) 1,016 1,050
Ty Yield (kg ha™) 783 783
T, WUE (kg ha' mm™) 3.89 2.58
To WUE (kg ha' mm™) 3.21 2.01
T, A (%o) 203 203 172 173
To A (%o) 204 202 17.8 175
Farmer-2 (Jalozai) T, Yield (kg ha™) 1,100 1,267
T, Yield (kg ha™) 1,267 1,133
T, WUE (kg ha' mm™) 8.40 4.48
To WUE (kg ha' mm™) 8.15 4.42
T, A (%o) 198 205 173 186
To A (%o) 204 199 183 17.8
i Ngo + P3o.
Ngo + Pgo.

¢ Conventional tillage.
4 No tillage.
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FIG. 13. The relationship between lentil grain (Pakistan) and its A values and lentil straw (Jordan)
and the corresponding A values. The correlations were non-significant.

3.6. Barley

3.6.1. Jordan

Barley was studied for one year at the University of Science and Technology as the second part of the
Jordanian experiments. Just like the non-significance within the dry matter, grain and straw yield
reported [18], the grain and straw A values were also not affected by the crop rotation or N rate
(Table XXVII). Correlations between A values of grain and straw with the corresponding grain and
straw yields were also not significant (Fig. 14). In rainfed conditions in southern Spain, Garcia del
Moral et al. [34] found that the most important determinant of barley yield was number of spikes per

m?, followed by number of grains per spike.

Table XXVII. Carbon-isotope discrimination and yield of barley, 2001-2002, Jordan

Grain A Shoot A Dry matter Grain Straw

Treatment
(kg ha™)

BB*NOQ" 16.0 18.4 6,150 1,814 4,336
BBNI1 15.2 18.0 7,700 2,041 5,659
BBN2 15.1 18.2 7,500 1,978 5,356
BVNO 15.2 18.5 7,520 2,116 5,405
BVNI1 15.0 18.6 9,730 2,505 7,225
BVN2 15.1 18.8 10,230 2,613 7,618
BFNO 14.3 18.4 7,220 1,935 5,285
BFN1 14.8 18.2 9,100 2,508 6,592
BFN2 15.3 18.8 9,870 2,652 7,218

? Barley after barley, barley after vetch, barley after fallow, respectively.

b 0, 40, 80 kg N ha™', respectively.
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FIG. 14. The relationship between grain and straw yields of barley and their A values.

3.7. Millet
3.7.1. Niger and Senegal

The study in Niger was on sandy soils at two locations, Tarna (or Maradi) and Tara (Gaya or Bengou)
Research Stations, to determine the influence of combinations of organic and inorganic fertilizers and
cropping systems on crop production. The cropping systems consisted of continuous millet, rotation of
millet and cowpea and a millet-cowpea intercrop. Three levels of N and P (0, 30 kg N ha™'+ 20 P,Os
ha™' and 60 kg N ha™ + 40 kg P,Os ha™") combined with three levels of organic fertilizer (0, 0.9 and
2.7 t ha™') were factorially arranged to give nine treatments in a split-plot design with four replicates.
The annual rainfall amounts at Tarna and Tara are 500 and 800 mm, respectively. Tarna soils are
sandier than those at Tara. The variety of millet used was CT6.

In Senegal, a long-term experiment was conducted at Nioro du Rip Research Station within the maize-
peanut cropping system in the Senegal Peanut Basin. The aim was to optimize water and nutrient use
by maize, peanut and millet in rotations based on organic and phosphate rock (Taiba PR) soil
amendments. The soil at the experimental site is classified as an Alfisol with pH values less than 5.4 in
the top 30 cm. The millet-peanut rotation experiments were carried out on-farm at the villages of D.
Pakathiar and K. Madieng, the purpose being to correct either soil acidity or P deficiency. There were
four treatments: TO, farmers practice (control); T1, manure application once every two years at the rate
of 5,000 kg ha™'; T2, PG-PR application once every four years at the rate of 1,000 kg ha™'; T3,
combination of T1 and T2. The variety of millet used was Souna III.

While the Niger millet grain yield and straw increased with increasing organic manure input (0 to 2.7 t
ha™), the A values of grain decreased with increasing grain yield (Fig. 15 and Table XXVIII).
Unpublished data showed that A values of straw are significantly higher than those of grain (3.35 +
0.03 cf2.35 + 0.01 %o) but there was no correlation between the grain and straw A. The grain A data at
Maradi were slightly higher than those at Tara: the values ranged from 2.18 to 2.56%0 with a mean of
2.368 £ 0.018 %o compared to 2.25 to 2.32 with a mean of 2.282 + 0.001.

Millet grain and straw yields were low in Senegal compared to those in Niger (Table XXIX). The
various soil amendments did not have any effect on the A of the biomass. There was no correlation

between A of biomass and biomass (Fig. 15).

The results from Niger and Senegal were insufficient to conclude whether A can be utilized as a
selection tool for yield.
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Table XXVIII. Millet grain and straw yields and grain A values, 1999, Niger

QGrain Straw Grain A
Treatment N N
(kg ha™) (%0)
E2°FO° 1080 2210 2.89
E2F1 1380 2205 2.87
E2F2 1510 2400 2.84

* 60 kg N ha™! inorganic fertilizer.

®0,0.9and 2.7 tha' of organic manure, respectively.
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FIG. 15. Correlation between A of grain (Niger) and of total biomass and grain (*) and biomass ()

(Senegal)

Table XXIX. On-farm yields of grain and straw and total biomass (grain + straw) A for millet, at Keru

Madien in 2000 and Darou Pakathiar in 2001, Senegal

Grain Straw :
Location Treatment BlOIglaSS A
(kg ha™) (%0)
Keur Madien TI11? 808 1,721 2.62
T12 853 1,435 2.61
T13 905 1,556 2.59
Darou Pakathiar T21° 677 1,665 2.72
T22 722 1,843 2.71
T22 864 2,243 2.73

a5 tha’lmanure; ltha PG-PR; 5 tha ' manure + 1 tha' PG-PR, respectively.
® 150 kg ha ! NPK; 150 kg ha™' NPK + 500 kg ha ' lime; 150 kg ha™' NPK +

1,000 kg ha™' PG-PR, respectively.

3.8. Cotton

3.8.1. Argentina

The yields and %N values of the various cotton components, and the corresponding carbon-isotope
discrimination values are shown in Table XXX. The A values for leaves were high compared to those
in another study [8] in which a mean A value of 18.4%. was obtained from twenty-seven cotton
cultivars studied. The lower A values were probably due to the drier environment in that study.
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Table XXX also shows that A values differed between plant parts. Statistically significant differences
in the A values were observed for leaves of plants grown without tillage, but there were no significant
differences in A values between fertilized and unfertilized treatments. The A values tended to be
lowest in fruits and highest in carpels.

No relationship was found between the A value of fruit and carpel of cotton and their respective yields.
A positive correlation between the A of cotton seed and its yield and a negative correlation between A
of cotton leaves and their yield were obtained. Correlations between A of various plant parts with the
respective %N value were strong except for leaves (Fig. 16). Gerik et al. [33](1996) also observed a
positive correlation between A and seed yield over a range of environments and years.

4. CONCLUSIONS

The above analyses show that there is genotypic variation in the carbon-isotope discrimination of
wheat, with A values lowest in the driest regions. Wheat crops in extremely dry environments such as
in Jordan tend to have low A and high WUE values, and low productivity. There were good
correlations between grain A and grain yield in all of the studies. However, the correlation was
negative in China and India and positive in Jordan, Morocco and Pakistan. These contrasting results
show that various factors influence A, making it difficult to utilize this parameter as a diagnostic tool;
however, one can argue that breeding for yield in these two should involve selecting for lower A in
relatively wet years in the negative cases, and selecting for high A in wet years in the positive cases.

Table XXX. Effects of crop-management and N fertilization on yield, %N and A values for parts of
cotton.

. CCTNF* CCTE® CNTNF® CNTF¢
ant
Yield A Yield A Yield A Yield A
part 0 0 0 0
keha) N ) (keha') N %o (kghah) N (%) (kegha) N (%)

Seed 669 5.7 21.2 754 5.7 21.0 410 5.84 20.8 465 599 20.8
Fruits 1,748 3.6 193 1,602 345 195 2,822 331 197 1,822 3.28 20.0
Carpel 1,470 24 218 1,630 265 21.5 1,901 281215 1377 286 215
Stem 6,584 132 204 7,002 1.06 20.1 8,080 1.31 204 4981 124 204
Leaves 2,028 426 20.7 1,832 397 20.7 2,154 4.17 20.8 1,486 3.98 20.8

* Cotton, conventional tillage, zero fertilization. PFertilized cotton, conventional tillage. “Cotton, no tillage, zero
e . d . .
fertilization. "Fertilized cotton, no tillage

7.0
6.0 cotton
0 X
5.0 ® seed
B fruit
> 40 X o
$ g Em A carpel
3.0 1 8 A O leaves
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FIG. 16. Relationship between carbon-isotope discrimination (A) and %N of various parts of cotton,
Argentina.
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Positive correlations have been observed in field trials of wheat especially in Mediterranecan and
similar environments [31-33], where there is strong reliance on within-season rainfall. The correlation
between A and WUE was less strong in general. In order to use A as a diagnostic tool, properly
designed studies are needed to understand the influence of the various factors on A, yield and drought
tolerance.

In general, cropping system had little effect on A values within plant organs. However, level of N
applied affected A in wheat, except in China. In all cases, A decreased with increasing leaf-N content,
as reported from previous studies [23, 24, 35]. Nitrogen deficiency reduces photosynthetic capacity,
hence an inverse relationship between %N and A should exist; this relationship was more pronounced
in grain than in straw.

Genotypic variation existed in A values of various plant organs in all crops, with grain A being the
lowest. The association between yield and carbon-isotope discrimination in different organs of wheat
in all of these studies showed that better correlations were achieved for grain A than for other organs,
indicating grain is the more suitable plant organ for A analysis. This observation was also made in a
study of durum wheat under Mediterranean conditions [36].

Although there was genetic variation within each C, crop (maize, sorghum and millet), correlations
between grain A and other traits (grain yield, %N and WUE) were non-significant in most cases,
indicating that A is not suitable as a selection tool. According to Farquhar [37], A in C, plants is also
affected by the initial fixation of CO, by phosphoenolpyruvate carboxylase (PEPC), and the
“leakiness” of CO, from bundle-shealth chloroplast cells, in addition to:

— fractionation due to CO, diffusion,
— changes in stomatal resistance or assimilation rate, and
— fractionation by ribulose-1,5-bisphosphate carboxylase-oxygenase (rubisco).
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Abstract

The APSIM-Nwheat model was used to analyze the water-use efficiency [WUE (kg grain yield ha' mm ' ET)]
of rainfed wheat crops in the Western Australian wheat-belt, where soils vary between locations and rainfall
varies between seasons and rainfall zones. Management options such as improved N supply and breeding options
such as early vigour and increased transpiration efficiency were investigated. Studies were carried out to analyze
the impact of these options on WUE across major soil types, rainfall zones and with over eighty years of
historical weather records. Results indicated a large potential for improving the WUE of wheat, in particular
when tailoring management and breeding to specific soil types and rainfall locations.

1. INTRODUCTION

In many environments, water supply is a major source of variability in crop yields [1]. Total water use
or total evapotranspiration (ET) by a crop can vary substantially due to limited water storage in the
soil or due to limited rainfall. It can also vary with crop transpiration changes resulting from
management, such as nutrient supply [2] and sowing time [3], or from use of different species [4] or
cultivars [5]. The seasonal water use of a crop consists of both crop transpiration and soil evaporation
[6], with the latter varying between 14% [7] and 75% [8] of total water use. The ratio between grain
yield and evapotranspiration, the generally accepted definition of water-use efficiency [WUE (kg grain
yield ha' mm™ ET)] for grain production, can be an important parameter defining the productivity of
crops in water-limited environments [9,10].

In water-limited environments, WUE has been quantified in only a limited number of experiments
aimed at comparing cropping systems and management practices [e.g. 2, 4, 7, 11-15]. However,
interpreting these direct measurements and assessing the value of the management strategies imposed
is made difficult by season-to-season variability in both the total amount and seasonal distribution of
rainfall. Extrapolation of such field measurements to other sites and seasons is further complicated by
diversity of soils and crops, and lack of information on interactions among crop, soil and climate on
water use and water loss.

Differences in production in dryland cropping have been explained with simple models including
those based on rainfall between ear-emergence and maturity [16], soil-water supply after ear-
emergence estimated from a soil-water model [17], total ET from sowing to maturity [18], total water
use less an amount for soil evaporation [6] or total water use and the proportion of water used after
anthesis [19, 20]. Fischer [21] argued that to understand yield variability, important physiological
information regarding crop-climate interactions — such as pre-anthesis conditions and grain number
— evaporation and air saturation vapour deficit need to be considered in relation to biomass
production and total water use. Hence, for a simulation model to be comprehensive, it must take into
account the dynamics of crop-soil-weather interactions and capture the principles inherent in all the
above simple models. Such a model would then be able to fully explore cropping systems across a
range of seasons, soil types and rainfall zones. Indeed, some crop-soil models consider the dynamics
of crop-soil-weather interactions and capture the physiological and bio-physical principles of such
systems, and can be effective tools in extrapolating research findings over time, soil types and climatic
regions (e.g. [22-27].

The Agricultural Production Systems Simulator (APSIM) [28] for wheat has been rigorously tested
against field measurements and used in various studies under a large range of growing conditions [22,
29-31] and in particular in the Mediterranean climatic region of Western Australia [22, 32, 33]. This
paper demonstrates how a crop-soil simulation model was used in evaluating WUE of rainfed wheat in
a Mediterranean-type climate.
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2. THE SIMULATION MODEL
2.1. APSIM

APSIM [28] was configured with the Nwheat crop module (www.apsim-help.tag.csiro.au), SOILN2,
SOILWAT2 and RESIDUE2 soil and residue modules [34]. This model configuration simulates
carbon (C), water and nitrogen (N) dynamics and their interactions within a wheat crop/soil system
that is driven by daily weather information (rainfall, maximum and minimum temperatures and solar
radiation). It calculates the potential yield, that is, the yield not limited by pests and diseases, but
limited only by temperature, solar radiation, water and N supply. The model has been successfully
tested against data from field experiments in Western Australia and elsewhere [22, 32, 33].

Potential evapotranspiration in the APSIM model is calculated with a modified [35] approach as in the
CERES models [36] and is a function of solar radiation, soil and crop albedo, and air temperature.
Likewise, soil evaporation is calculated according to the CERES model [36] in two consecutive stages.
Stage I applies to a wet soil surface after a rain event and is energy-limited, based on potential
evapotranspiration and the soil cover by the crop. However, stage II is limited by hydraulic
conductivity of the soil supplying water to the surface. Unlike the CERES model, water uptake in
Nwheat is linked to biomass production via transpiration efficiency and vapour pressure deficit [37].
Simulated water uptake is a function of uptake demand, the distribution of root length density and
available soil water in the different soil layers. Documented model source code in hypertext format is
available (www.apsim-help.tag.csiro.au) or can be obtained by writing to Dr. B.A. Keating
(Brian.Keating@csiro.au).

2.2. Simulation experiments

A number of simulation experiments have been conducted, described in detail by Asseng et al. [33,
38]. Briefly, two major soil types, a sand (55 mm plant-available soil water in the rooting zone) and a
clay soil (109 mm), from the central agricultural zone of south-western Australia were chosen to study
the effect of available water-holding capacity of the soil in interaction with rainfall zone, seasonal
rainfall and crop management on wheat (7riticum aestivum L.) yields and WUE. The two soils were
considered non-waterlogging. Their characteristics were derived from field measurements. The plant-
available lower limit (LL) was derived from measured soil-water contents at maturity of wheat crops
in years of little or no rainfall during grain filling. The drained upper limit (DUL) was derived from
measured soil-water contents after sufficient rainfall had wet the profile and several days were allowed
for drainage. The difference between DUL and LL within the root zone was defined as extractable
water-holding capacity of the soil. Root hospitality factors (RHF), which affect the downward
elongation of a root system, were derived from measured changes in root length densities (> 0.1 cm
cm ) and measured soil water change due to crop uptake. Soil characteristics for the sand were based
on data from Anderson et al. [39] and for the clay soil on data from Rickert et al. [40].

Table 1. Rainfall at locations in the central agricultural zone of Western Australia

Mean Growing-season (April-October)

Location Latitude & Rainfall  annyal Mean s.d. Range
longitude zone
(mm)
Merredin 31.3°S,118.2° E Low 310 235 57 102418
Wongan Hills  31.0° S,116.7°E  Medium 391 322 78 112-535
Moora 30.6° S, 116.0° E High 458 392 87 165—648




Simulations were carried out with long-term daily weather records from three locations, namely
Merredin (low rainfall zone), Wongan Hills (medium) and Moora (high) (Table I). Each simulation
run commenced on 1 January (DOY 1) and was re-set each year with soil water at LL on 1 January.
Sowing time was controlled by a sowing rule in the model. Sowing was set between 5 May (DOY
125) and 31 July (DOY 212), but before 5 June (DOY 156) it did not occur unless at least 25 mm of
rainfall had accumulated within the previous 10 days or after 5 June it did not occur until at least 10
mm of rainfall had accumulated. The variety Spear (late maturing) was simulated as being sown
before 5 June, otherwise the variety Amery (early maturing) was simulated. All planting rules
represented current “best farmer practices.”

Seasonal rainfall (or effective growing-season rainfall) was defined as rainfall between April and
October. WUE was defined as the ratio of grain yield (in kg ha ') to evapotranspiration (in mm) during
the main growing season between May and October. When comparing WUE with the French and
Schultz [41] approach, Water use efficiency was defined as the ratio of grain yield (in kg ha™) to
seasonal rainfall (in mm) between April and October.

2.3. Role of fertilizer input in improving water use efficiency

Rainfall is very variable in the central agricultural zone of Western Australia, with between two thirds
and three quarters of the total annual amount falling in the cropping season. Growing season rainfall
increases from Merredin (235 mm average, April-October) to Wongan Hills (322 mm) to Moora (392
mm) (Table I). The sowing date for wheat varies from early May to July depending on when the first
significant rainfall occurs after the dry summer. Sowing before May is often not possible due to too
little rainfall, low water-holding-capacity soils, high temperature, disease and cultivar limitations. The
restricted sowing opportunity and a period of 2 to 3 months of low biomass accumulation in wheat
after sowing in this environment restricts substantial biomass growth prior to August. Depending on
sowing date and phenology, wheat crops flower between September and October, and grain filling is
often affected by high temperatures and terminal drought before maturity in November and December
[42].

High N had a major effect on simulated biomass growth (average increase from 3.7 to 6.3 t ha ') in the
medium rainfall location, but had only minor effects on ET (Fig. 1).
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FIG. 1. Simulated evapotranspiration between May and October versus above-ground biomass with
low N (O) and high N (A) on a deep sandy soil at a medium rainfall location in Western Australia.
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Table II. Simulated long-term average grain yields and evapotranspiration (ET) (May—October) for a
sand and a clay soil at three sites differing in growing-season (April-October) rainfall, Merredin (235
mm), Wongan Hills (322 mm) and Moora (392 mm) given two levels of N

_ Grain yield ET
Growing-
season Sand Clay Sand Clay
rainfall 30° 210 30 210 30 210 30 210
(mm) .

(tha™) (mm)

235 1.2 1.4 1.1 1.0 192 193 224 226
322 1.5 2.1 2.2 2.3 224 230 277 288
392 1.4 2.5 2.4 2.9 246 259 304 327

* N applied at 30 and 210 kg ha™'.

Large increases in biomass growth rate (BGR) between July and October occurred in conjunction with
large increases in crop transpiration (E.) during these months (Fig. 1). However, the increased BGR
with high N application also induced more rapid leaf-area development and reduced soil evaporation.
Despite higher E. in conjunction with increased N because of the reduction in soil evaporation, the
increase in total ET was relatively small (on average from 222 to 230 mm). In addition, the simulated
increases in BGR in July and August from additional N occurred at the time of lowest vapour-pressure
deficit, resulting in a simulated increase of transpiration efficiency (TE) [33].

Water-use efficiency increased from 17 kg biomass ha' mm™ ET in the low-N treatment to 27 kg
biomass ha' mm ™' ET in the high-N treatment on average over the cropping season, approximately a
doubling in efficiency. The effect of higher N input on water use later in the season only marginally
reduced the water content of the sandy soil after harvest.

One conclusion from the simulation is that biomass production and grain yield (Table II) can be
increased by fertilizer use in many seasons with little impact on ET, particularly on sandy soils.
Hence, the largest impact on WUE on sandy soils in such an environment will be by increasing grain
yields. Substantially increased biomass production and grain yields (41%) have also been observed by
Zhang et al. [15] in wheat crops with high N input, while ET was increased by only 21 mm (8%). In
this case, crop transpiration was increased by 40 mm, but soil evaporation was reduced by 19 mm,
which is in good agreement with the simulation results. Gregory et al. [4] reported that a range of crop
treatments, including low and high N fertilizer, that varied by as much as 50% in biomass, ultimately
used the same amount of water (250-255 mm), and the corresponding fallow treatment used only 15
mm less water (237 mm), which agrees well with our simulations. This also agrees with findings in the
Mediterranean climate of northern Syria by Shepherd et al. [2], who showed that biomass production
and grain yield were increased with increased levels of fertiliser use at different sites and seasons. In
most cases the increase in biomass and grain yield resulted from shifting E, to E. without increasing
total ET.

In addition, Anderson [43] has shown in Western Australia that changing from low- to high-input
agronomic practices had little effect on seasonal water use, with only five out of twelve sites
responding to additional N fertilizer by increasing water use by an average of 14 mm. This value is
very similar to the long-term simulated average for the medium rainfall zone. These observations
together with the simulation results suggest that in a Mediterranean climate increased biomass can be
achieved without an increase in water use (in terms of total ET), because there is a trade-off between
E. and E;

French and Schultz [41] predicted that where growing-season rainfall did not exceed 500 mm, the
maximum WUE was 20 kg grain ha' mm ™' ET in the growing season after accounting for 110 mm of
E;. This has proved to be a simple and easy-to-use approach to estimate potential yields and has been
widely adopted by farmers and farm consultants, employing growing-season (April-October) rainfall
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as a surrogate for water use [41]. However, simulation studies have shown [33] that the potential yield
estimated by French and Schultz [41] based on growing-season rainfall is rarely achieved on sandy
soils due to losses of water by deep drainage below the root zone and losses of N leached with the
draining water, and on texture-contrast soils from runoff and overland flow [4, 44]. Further, the
amount of rainfall alone does not determine grain yield. Rather it is the distribution of rainfall,
particularly on soils with low water-holding capacity [22], that affects the availability of water after
anthesis [13, 45]; it is of greater significance than the amount of rainfall in determining WUE. On
soils of greater water-holding capacity, the effects on after-anthesis water use can be larger and will
increase grain yields, but also overall WUE. Poor agronomy uses less water after anthesis and,
therefore, can leave additional water behind on better water-holding soils at harvest [33] resulting in
low WUE. Water left behind at harvest and carried over to the next season will often have little impact
on the following-year crop in terms of water supply, but rather adds to deep drainage in the
subsequent year in the high rainfall region [33]. Therefore, improved crop agronomy can also play an
important role in reducing deep drainage, the main cause of dryland salinity in Southern Australia
[46].

Simulated grain yields were more closely correlated with the amount of water use after anthesis on
clay than on sandy soils [33]. In most years on clay soil, N-fertilizer input reduced water use in the
post-anthesis period due to increased pre-anthesis water use. However, on sandy soil, N input
increased the water use after anthesis in 26% of the years (Fig. 2), and the majority of these years
(87%) involved above-average rainfall in September and October, rainfall that could not be utilized
when N input was low. On the clay soils with high-N input, only 10% of the years had increased water
use after anthesis, with half of these being years with above-average rainfall in September and October
[33]. With an increase in the actual amount of water used after anthesis, grain yields have been shown
to generally increase [2,5,2,13]. But at any one value of water use, increased fertilizer input
significantly increases yields and WUE [47], which agrees with the simulation results (Fig. 2).
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FIG. 2. Relationship between simulated grain yields and water use after anthesis by wheat for sandy
soil with low N (O) and high N (A) in a medium rainfall location of Western Australia (after Ref.

[33]).
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In addition, on the clay soils in the low-rainfall zone, early sowing and the presence of stored water in
the profile both provided opportunities for increased yields and WUE, and should be taken into
consideration when making N-management decisions [33].

2.4. Role of deeper roots on improving WUE

Compaction in the upper horizons is a widespread problem in sandy and loamy soils of the Western
Australian wheat-belt [48]. Deep ripping to about 30 to 40 cm to mitigate compaction increased root
growth and the maximum depth of water uptake by 60 cm [49]. Differences in root depth in annual
crops have been reported by Hamblin and Hamblin [50] with roots of some legumes, such as narrow-
leafed lupin (Lupinus angustifolius L.), reaching more than 70 cm deeper than wheat on a deep loamy
sand.

Genetic differences in root-growth rates have been observed for wheat by O’Brien [51] and Bai et al.
[52]. Simulation studies have shown that faster root growth can increase grain yields in the
Mediterranean-type environment of Western Australia, particularly on sandy soils, by enabling the
plant to keep pace with the downward movement of N in low fertilizer-N treatments [33]. However,
the positive yield effect of faster root growth, induced either by deep ripping the soil or by genetic
means, can largely be overridden by increased fertilizer-N supply according to crop demand [38, 49].
Faster root growth, therefore, represents mainly a N effect on grain yield, rather a water-supply effect.
Nevertheless, it improves WUE. Furthermore, enhanced root growth is less of an advantage on clay
soils, due to less nitrate leaching and can even have a negative effect on yields in low-rainfall years
with a shallow soil-wetting front inducing severe water stress when roots reach the dry subsoil before
grain filling is completed. This confirms findings by Jarvis [48] and Delroy and Bowden [49] with
deep ripping that showed positive, no, or negative effects on grain yield in a number of field
experiments depending on soil type and season
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2.5. Genetic options for improving WUE

A combination of traits has been associated with selection for early vigour (R. Richards, pers. comm.
2002). These are increased specific leaf area (SLA), faster early root growth, earliness and reduced
radiation use efficiency. In addition, early vigour has been combined with increased transpiration
efficiency (TE) (R. Richards, pers. comm. 2002). In a simulation experiment, the combination of all
these traits in a wheat crop (Asseng et al. 2003) grown on clay soil in the low rainfall region showed a
30% yield increase on average, regardless of N supply (Fig. 3a). The average yield advantage
remained at 30% in the higher rainfall regions with high N input, but with low N input the average
yield advantage was reduced to 10%. In contrast, on the deep sand the average yield increase with
early vigour and high TE was 20 to 30% with low N input and about 20% with high N input across all
rainfall regions (Fig. 3b).

The reason for the different yield response on the sandy soil compared to the clay soil was due to the
single traits associated with early vigour and high TE acting differently in response to N on the two
soil types (Fig. 4). On the sandy soil, doubling SLA increased yield by 15%, but only when sufficient
N was supplied. On the clay soil, doubling SLA reduced yield under low N, but was marginally
beneficial under high N. One of the traits associated with early vigour, faster early root growth,
increased grain yields by more than 15% on the sandy soil with low N input, but this trait became less
important with high N input on the sand and gave little benefit on average on the clay [38]. Water use
efficiency in these increased in parallel to increased grain yields.
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FIG. 4. Simulated effect of individual traits comprising early vigour and high transpiration efficiency
(TE) on wheat yields compared to control (vields given in Table Il) in a deep sand and a clay soil with
(a) low N and (b) high N, for a medium rainfall location in Western Australia (322 mm growing-
season average). Increased specific leaf area (SLA) (dark filled bar), faster root growth (open bar),
earliness (cross-hatched bar), +10% TE (grey bar) and —10% radiation-use efficiency (horizontal
lines in bar).
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3. CONCLUSIONS

This analysis has indicated that yield and WUE of wheat crops in the Mediterranean climatic region of
Western Australia vary markedly depending on soil water-holding capacity, N management and
rainfall amount. The degree of variation in yield and WUE from the simulations is difficult to quantify
from field experimentation alone. Thus, simulation modelling provides a powerful tool for integrating
all of these factors and when combined with long-term climatic data and regional soil information is
able to markedly extend the interpretation possible from limited experimental studies.

The results suggest that there is large potential for increasing yield and WUE, in particular in the high-
and medium-rainfall zones of Western Australia on soils with high water-holding capacity. The
analysis also highlights that in low-rainfall years and in the low-rainfall zone the yields were higher
and the responses to N fertilizer were greater on sandy than on clay soils. Breeding for early vigour
and increased TE will further allow increased yields and WUE in the Mediterranean climatic region of
Western Australia. The different traits associated with early vigour and increased TE have been shown
to have different impacts on yield, depending on soil type, management and rainfall season.
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Abstract

Food production has lagged behind population growth in most parts of the West African semi-arid tropics
(WASAT). One of the reasons for low food production is decline in soil fertility as a consequence of continuous
cropping without fertilization. As a result, there is a negative nutrient balance in most land-use systems in
WASAT. The amount of nutrients leaving the soil, through crop uptake, leaching and erosion exceeds that
returned through natural processes such as atmospheric deposition and biological nitrogen fixation or through
additions of inorganic and organic fertilizers. Use of mineral fertilizers by many smallholder farmers remains
low because of socio-economic constraints. Lack of adequate foreign exchange to import fertilizers, poor
infrastructure and poor distribution mechanisms have hampered the use of inorganic fertilizers. Organic inputs
such as manure, compost and crop residues are often proposed as alternatives to mineral fertilizers, however, it is
important to recognize that in most cases the use of organic inputs is part of an internal flow of nutrients within
the farm and does not add nutrient from outside the farm; also, quantities available are inadequate to meet
nutrient needs over large areas because of limited availability, low nutrient content of the material, and high
labour demands for processing and application. The beneficial effects of combined manure and inorganic
nutrients on soil fertility have been repeatedly shown, yet there is need for more research on the establishment of
the fertilizer equivalency of manures, in determining the optimum combination of these two plant nutrients and
in taking into account the high variability in their quality. Such information is useful in formulating decision-
support systems and in establishing simple guidelines for management and utilization of the resources. This
paper highlights current research results on the management of nitrogen, phosphorus and organic matter and
summarizes our findings on farmers’ evaluation of soil-fertility restoration technologies. We also discuss new
research opportunities in the WASAT.

1. INTRODUCTION

The Sudano-Sahelian zone of West Africa (SSZWA) is home to the world poorest people, 90% of
whom live in villages and depend on subsistence agriculture. Per-capita food production has declined
significantly over the past three decades. According to FAO, total food production in Sahelian
countries grew by an impressive 70% from 1961 to 1996, but lagged behind the population which
doubled, causing food production per capita to decline by approximately 30% over the same period

[1].

The present farming systems in the Sahel are unsustainable, low in productivity and destructive to the
environment. Plant nutrient balances are negative [2]. Increasing needs for cropland have prompted
farmers to cultivate more and more marginal lands that are prone to erosion.

In this paper, after a brief description of the crop-production environment, we will present the state of
the art of nitrogen (N), phosphorus (P) and organic matter management for sustainable land use in the
Sudano-Sahelian zone. Before presenting new opportunities for future research for soil-fertility
restoration in this zone, we will discuss the effect of various cropping systems on soil fertility and also
the main research achievements of on-farm evaluations of soil-fertility restoration technologies.

Land degradation is one of the most serious threats to food production. Rates of soil loss through
erosion are about ten times greater than the rate of natural soil formation while deforestation rate is
thirty times greater than that of planned reforestation. Buerkert et al. [3] measured absolute soil loss as
190 t ha™' in one year on bare plots, as opposed to soil deposition of 270 t ha™ on plots with 2 t ha™
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millet-stover mulch. Sterk et al. [4] reported a total loss of 45.9 t ha™' of soil during four consecutive
storms. Buerkert et al. [5] reported that in unprotected plots up to 7 kg of available P and 180 kg ha™'
of organic carbon (C) were lost from the soil profile within one year. Wind erosion, which also
decreases the exchangeable base and increases soil acidification, constitutes one of the major causes of
land degradation. Loss of the top-soil, which can contain ten times more nutrients than the sub-soil, is
particularly worrying, since it potentially affects crop productivity in the long term by removing the
soil that is inherently rich in organic matter.

The data in Table I show physical and chemical properties of soils in the SSZWA. Most of the soils
are sandy. One striking feature is inherent poor fertility, expressed in low levels of organic C
(generally <0.3%), low total and available P and N and low effective cation exchange capacity
(ECEC). The ECEC is attributed to low clay content and the kaolinitic mineralogy of the soils.
Bationo and Mokwunye [6] found that the ECEC is more related to the organic matter than to the clay
content, indicating that a decrease in organic matter will decrease ECEC and, consequently, nutrient-
holding capacity. De Ridder and Van Keulen [7] reported that a difference of 0.1% in organic C
content results in a difference of 4.3 cmol kg™ in ECEC.

Soil-nutrient depletion is a major bottleneck to increased land productivity in the region and is a major
cause of poverty and food insecurity. Such depletion occurs when nutrient inflows are less than
outflows. Nutrient balances are negative for many cropping systems, indicating that farmers are
mining their soils. Table II shows aggregated nutrient budgets for some West African countries.

Table I. Physical and chemical properties of selected West African soils, 0—15 cm [3]

Parameter Mean SD
pH H,O (2:1 water:soil) 6.17 0.66
pH KC1 (2:1 KCl1:s0il) 5.05 0.77
Clay (%) 3.9 2.67
Sand (%) 88 8.0
Organic matter (%) 1.4 1.1
Total N (mg kg ™) 446 455
Exchangeable bases (cmol kg ™)
Ca 2.2 3.0
Mg 0.59 0.55
K 0.20 0.22
Na 0.04 0.01
Exchangeable acidity (cmol kg ') 0.24 0.80
Effective cation exchange capacity (ECEC; cmol kg ™) 34 3.8
Base saturation (%) 88 17

Table II. Nutrient losses for some West African countries [2]

Nutrient loss

Country a ,éggaha) N P,Os K,O
(1,000 tons)
Benin 2,972 414 104 325
Burkina Faso 6,691 954 278 788
Ghana 4,505 137 323 90.5
Mali 8,015 61.7 179 66.7
Niger 10,985 176 553 147
Nigeria 32,813 111 317 946




Brief but intense rainstorms, frequent in the region, pose special problems in terms of soil
conservation [8]. Charreau [9] reported rainfall intensities between 27 to 62 mm h™'. Runoff and soil
loss depend on soil type and erodibility, land form and management system [10].

2. MANAGEMENT OF NITROGEN, PHOSPHORUS AND ORGANIC MATTER
2.1. Nitrogen
2.1.1. Introduction

For many years, scientists in the Sudano-Sahelian zones have attempted to

— assess the performance of the various sources of N fertilizers,

—  to assess the efficiency of different methods of N placement,

— to calculate "°N balances in order to determine N uptake and losses, and

— to determine efficiency of N under various management systems and the effect of soil and agro-
climatic factors on the performance of N fertilizers [11-15].

2.1.2. Nitrogen-fertilizer efficiency as affected by source, method of placement and time of application

Christianson and Vlek [13] used data from long-term experiments in the SSZWA to develop response
functions to N for pearl millet and sorghum, and found that the optimum rates are 50 kg N ha™' for
sorghum and 30 kg N ha™' for pearl millet. At these rates the returns were 20 kg grain per kg N for
sorghum and 9 kg grain per kg N for pearl millet. The use of "N to calculate N balances and to
determine fertilizer-N uptake and loss provides an important tool for N management. The following
conclusions may be drawn from early research results with "N [11]:

— Apparent uptake of fertilizer N exceeds measured uptake using "°N.

—  Uptake of "“N-labelled fertilizer and apparent recovery of unlabelled N decreases with
increasing rates of application.

— Loss of "N-labelled fertilizer to the atmosphere and recovery of N in the soil increase with
increasing rates of fertilizer application.

— Estimated losses of N are high regardless of N source.

Urea and calcium ammonium nitrate (CAN) are the most common sources of N in the region. Trials
were undertaken to evaluate them with basal or split application, banded, broadcast or point-placed as
urea supergranules (USG) or CAN point-placed. Nitrogen-15 was applied in microplots in order to
construct N balances and to determine uptake and losses of N from the different sources, with different
methods of application and different timings of application.

The following conclusions can be made from the data in Tables III, IV and V:

—  Fertilizer N recovery by plants was very low, averaging 25 to 30% over all years.

— There was higher loss of N with point-placement of urea (USG) (>50%) and the mechanism of
N loss is believed to have been ammonia volatilization.

— For all years, losses of N from CAN were less than from urea because half of the N in CAN is
in the non-volatile nitrate form.

— Although CAN has a lower N content than urea, it is attractive as an N source because of its low
potential for N loss via volatilization, and point-placement will improve its spatial availability.

The data in Fig. 1 clearly indicate that CAN point-placed outperformed urea point-placed or broadcast
and similar trials indicate that '’N uptake by plants was almost three times higher from CAN than from
urea applied in the same manner (Table V).
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Table III. Recovery of "°N in millet plants and soil at harvest, Sadoré, Niger, 1982 [16]

N recovery
Treatment Grain y1_e11d Grain Plant® Soil Loss
(kgha™)
(%)
Check 590 — — - -
CAN° split band 970 21 37 38 25
Urea split band 1,070 19 31 37 32
Urea split broadcast 1,070 17 31 41 28
Urea basal broadcast 1,010 17 27 42 32
USG? basal 960 16 28 39 33
USG split 1,070 14 27 33 40
LSD (0.01) 167 4.6 60 60 98

* Averages for all N rates for each source.
®Sum of grain and stover °N.

¢ Calcium ammonium nitrate.

4 Urea supergranules.

Table IV. Yield and recovery of "°N in millet plants and soil at harvest (1983-85), Sadoré, Niger [16]

N recovery
Year Treatment G(rla;;nh};l_ell)d St((;{;eflz_lle)ld Grain Plant® Soil Loss
(%0)
1983 Check 660 - - - - -
CANC split band 940 - 13 29 34 37
Urea split band 1,040 - 9.8 23 39 38
USG? split 990 - 80 22 25 53
LSD (0.01) 110 - 1.6 32 34 22
1984 Check 460 1,570 - - - -
CAN split band 480 1,850 9.9 37 37 26
Urea split band 470 1,930 5.5 20 40 40
USG split 490 1,780 8.1 22 25 54
LSD (0.01) 30 220 1.6 38 42 44
1985 Check 900 2,315 =° - - -
CAN split band 1,320 2,910 - - - -
Urea split band 1,225 3,020 - - - -
USG split 1,350 3,000 - - - -
LSD (0.05) 175 386 - - - -

? Averages for all N rates for each source.
" Sum of grain and stover "°N.

¢ Calcium ammonium nitrate.

4 Urea supergranules.

¢Nitrogen-15 was not used in 1985.

2.1.3. Efficiency of N fertilizers as affected by soil and crop management and rainfall
Mughogho et al. [11] found significant relationships between crop yield and N recovery. Nitrogen

losses averaged 20% with maize in the humid and sub-humid zones, significantly less than the average
loss of 40% found over all treatments in the Sudano-Sahelian zone.
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Table V. Recovery "N fertilizer by millet applied at Sadoré, Niger, 1985 [13]

BN recovery
N source Application method Grain Stover Soil Total
(%)

CAN* Point incorporated 21 17 30 68
CAN Broadcast incorporated 11 11 43 65
Urea Point incorporated 5.0 6.5 22 34
Urea Broadcast incorporated 8.9 6.8 33 49
Urea Point surface 5.3 8.6 18 32
SE 1.2 2.0 1.9 24

? Calcium ammonium nitrate.
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FIG 1. Effects of urea and calcium ammonium nitrate on grain yield, Gobery, Niger, 1985 [13].

In the Sahelian zone, an N-use efficiency value of 14% in plots without lime and P was reported [17],
whereas it increased to 28% when lime and P were applied.

Rotation of cereals with legumes could be a way to increase N-use efficiency. Bationo and Vlek [17]
reported a value of 20% in the continuous cultivation of pearl millet, whereas it increased to 28%
when pearl millet was rotated with cowpea.

Bationo et al. [12] found a strong effect of planting density on response to N fertilizer. Christianson et
al. [16] developed a model on the effect of rainfall on N for pearl millet production in the Sahel and
found that the response to N was affected by rainfall over a 45-day yield-sensitive period, which
coincides with the culm-elongation and anthesis growth stages for millet (Fig. 2).
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FIG. 2. Grain and stover yields of millet affected by N rate and mid-season rainfall, Sadoré, Niger,
1982-1985 [16].

2.2. Phosphorus sources and management
2.2.1. Introduction

Among soil-fertility factors, phosphorus deficiency is a major constraint to crop production in the
Sudano-Sahelian zone. For many years, research has been undertaken to assess extent of soil-P
deficiency, to estimate P requirement of major crops, and to evaluate the agronomic potential of
various local deposits of phosphate rock (PR) [18-31].

About 80% of the soils in sub-Saharan Africa are deficient in this critical nutrient element and,
without application of P, other inputs and technologies are ineffective. However, sub-Saharan Africa
uses 1.6 kg P/ha™’ of cultivated land as compared to 7.9 and 14.9 kg P/ha™', respectively, for Latin
America and Asia. It is now accepted that the replenishment of soil capital P is not only a crop-
production issue but also an environmental issue, and P application is essential for the conservation of
the natural resource base.
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Availability and total-P levels of soil are very low in the SSZWA as compared to the other soils in
West Africa [25,32—34]. For the sandy Sahelian soils, total values can be as low as 40 mg P kg™’ and
available P can be less than 2 mg P kg™'. A study of the fertility status of selected pearl millet-
producing soils of West Africa [35] found that total P ranged from 25 to 340 mg kg ™' with a mean of
109 mg kg'. The low content of both total and available P parameters may be related to several
factors including:

—  parent materials, mainly composed of eolian sands, contain low mineral reserves and lack
primary minerals necessary for nutrient recharge,

— a high proportion of total P in these soils is often in occluded form and is not available for crop
uptake [9],

—  low level of organic matter and the removal of crop residues from fields.

Organic matter has a favourable effect on P dynamics of the soil; in addition to P release by
mineralization, competition with organic ligands for Fe- and Al-oxide surfaces can result in decreased
fixation of applied and native P.

The P-sorption characteristics of various soil types have been investigated. Compared to the soils of
more humid regions, the soils of the SSZWA have very low P-fixation capacity [25, 36-38]. For pearl
millet-producing soils, sorption data were fitted to the Langmuir equation [35] and P-sorption maxima
were determined using the method of Fox and Kamprath [39]. From these representative sites in the
Sudano-Sahelian zone, the values of maximum P sorbed ranged from 27 mg kg ™' to 253 mg kg ™' with
a mean of 94 mg kg

Phosphorus deficiency is a major constraint to crop production, and response to N is substantial only
when neither moisture nor P are limiting. Field trials were established to determine the relative
importance of N, P and K fertilizers. The data in Table VI indicate that from 1982 to 1986 the average
control plot yielded 190 kg grain ha'. The sole addition of 30 kg P,Os ha” without N fertilizer
increased the average yield to 714 kg ha™'. The addition of 60 kg N ha™' alone did not increase yield
significantly over the control at an average of 283 kg ha .

Table VI. Effect of N, P, and K on pearl millet grain and total dry matter at Sadoré¢ and Gobery, Niger

1982 1983 1984 1985 1986
Sadoré Sadoré  Gobery Sadoré Sadoré Sadoré
Treatment
Grain TDM? Grain Grain Grain TDM Grain Grain TDM
(kg ha™)
NOPOKO® 217 1,595 146 264 173 1,280 180 180 1,300
NOP30K30 849 2,865 608 964 713 2,299 440 710 2,300

N30P30K30 1,119 3,597 906 1,211 892 3,071 720 930 3,000
N60P30K30 1,155 3,278 758 1,224 838 3,159 900 880 3,200
N90P30K30 1,244 3,731 980 1,323 859 3,423 1,320 900 3,400
N120P30K30 1,147 4,184 1,069 1,364 1,059 3,293 1,400 1,000 3,300

N60POK30 274 2,372 262 366 279 1,434 290 230 1,500
N60P15K30 816 2,639 614 1,100 918 3,089 710 920 3,100
N60P45K30 1,135 3,719 1,073 1,568 991 3,481 1,200 980 3,500
N60P30K0 1,010 3,213 908 1,281 923 3,377 920 910 3,400
S.E. 107 349 120 232 140 320 162 250 400
CV(%) 24 22 26 30 24 22 28 32 25

*Total dry matter.
® Amounts applied as N, P,Os and K,O kg ha'.
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These data clearly indicate that P is the most limiting factor in those sandy Sahelian soils and there is
no significant response to N without correcting first for P deficiency. When P is applied, the response
to N can be substantial and with the application of 120 kg N ha™' a pearl millet grain yield of 1,173 kg
ha' was obtained as compared to 714 kg ha' with P alone. Additions of K did not significantly
increase yield of either grain or total dry matter of pearl millet.

2.2.2. The use of alternative locally available phosphate rock

Despite the fact that deficiency of P is acute in the soils of West Africa, very little P is applied by local
farmers, partially because of the high cost of imported fertilizers. The use of locally available
phosphate rock (PR) indigenous to the region offers a less-expensive alternative. The effectiveness of
(PR) depends on its chemical and mineralogical composition [40—42]. The most important feature of
the empirical formula of francolite is the ability of carbonate ions to substitute for phosphate in the
apatite lattice. Smith and Lehr [43] concluded from their studies that the level of isomorphic
substitution of carbonate for phosphate within the lattice of the apatite crystal influences the solubility
of the apatite in the rock and, therefore, controls the amount of P that is released when PR is applied to
soil. The most reactive PRs are those having a molar PO4/CO; ratio of less than 5.

West African PRs are not very reactive. Chien [44] found that the solubility of PR in neutral
ammonium citrate (NAC) was directly related to the level of carbonate substitution. Diamond [45]
proposed a classification of PRs for direct application based on citrate solubility: >5.4% high; 3.2—
4.5% medium and <2.7% low. Based on this classification, only Tilemsi PR has a medium reactivity.

For certain crops and soils, Bationo et al. [21] have shown that direct application of PR indigenous to
the region may be an economical alternative to the use of more expensive imported water-soluble P
fertilizers. While evaluating Parc-W and Tahoua PRs indigenous to Niger, Bationo et al. [21] found
that PR was only 48% as effective as single superphosphate (SSP), whereas the effectiveness of the
more reactive Tahoua rock was as high as 76% of SSP. Further studies [22] showed that Tahoua PR
was suitable for direct application, but Parc-W had less potential for direct application.

The data from a long-term benchmark experiment showed that SSP outperformed other sources and its
superiority to sulphur-free triple superphosphate (TSP) indicated that with continuous cultivation,
sulphur deficiency would develop. For both pearl millet grain and total dry matter yields, relative
agronomic effectiveness was similar for TSP and partially acidulated Parc-W phosphate, indicating
that 50% acidification of Parc-W PR can significantly increase its effectiveness [1].

2.2.3. Phosphorus placement and replenishment with phosphate rock

The data in Table VII clearly shows that hill-placement of a small quantity of P fertilizer had a higher
P-use efficiency (PUE) as compared to broadcasting 13 kg P ha™' as recommended by the extension
services.

Single superphosphate, Tahoua phosphate rock (TPR) and Kodjari phosphate rock (PRK) were
broadcast (BC) and/or hill-placed (HP). For pearl millet, grain PUE for broadcasting SSP at 13 kg P
ha™' was 18 kg kg ' P, but hill-placement of SSP at 4 kg P ha' gave a PUE of 83 kg kg ™' P. Whereas
the PUE of TPR broadcast was 16 kg grain kg™ P, the value increased to 34 kg kg™’ P when additional
SSP was hill-placed at 4 kg P ha™'. For cowpea fodder, PUE for broadcast SSP was 96 kg kg 'P and
the hill placement of 4 kg P ha' gave a PUE of 461 kg kg ' P. These data clearly indicate that P
placement can greatly increase PUE and the placement of small quantities of water-soluble P fertilizer
can also improve the effectiveness of PR (Table VII).
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Table VII. Effect of P source and placement on pearl millet and cowpea yield and P-use efficiency
(PUE)

2001 2002
P source Millet Cowpea Millet Cowpea
(placement) Grainyield PUE' Fodder PUE Grainyield PUE  Fodder PUE
(kgha) (kgkg ' P)(kgha')(kgkg'P) (kgha') (kgkg' P)(kgha)(kgkg'P)
1 Control 468 1,406 634 1,688
2 SSP* (BC)* 704 18 2,656 96 887 19 2,375 134
3 SSP (BC)
T SSP (HPY! 979 30 4,468 180 1,898 74 3,125 147
4 SSP (HP) 798 83 3,250 461 1,026 98 2,969 584
515-15-15(BC) 958 38 4,250 219 1,110 37 3,813 245
6 15-15-15 (BC)
T 15-15-15 (HP) 1,559 64 6,500 300 2,781 126 5,156 266
7 15-15-15 (HP) 881 103 4,062 664 1,196 141 3,531 724
8 TPR® (BC) 680 16 2,531 86 744 8 2,094 112
9 TPR (BC)
1 SSP (HP) 1,048 34 3,781 140 1,039 24 3,375 161
10 TPR (BC)
T 15-15-15 (HP) 1,065 35 4,281 169 1,242 36 3,844 189
11 PRK' (BC) 743 21 2,468 82 745 9 2,469 141
12 PRK (BC)
1 SSP (HP) 947 28 4,750 197 1,002 22 3,219 152
13 PRK (BC)
+15-15-15 (HP) 1,024 33 5,125 219 1,171 32 3,688 180
SE 46 120 60 222
Cv 18% 11% 10% 14%

“P use efficiency, kg yield kg ' P applied.

b Single superphosphate,15-15-15, N, P,Os5 K,O compound fertilizer.
°Broadcast at 13 kg P ha .

4 Hill-placed at 4 kg P ha .

® Tilemsi phosphate rock.

fKodjari phosphate rock.

In long-term soil-management trials, application of N, crop residue and ridging, and rotation of pearl
millet with cowpea were evaluated to determine their effects on PUE. The results show that
productivity of sandy soils can be dramatically increased with the adoption of improved crop- and
soil-management technologies, whereas the absolute control recorded 33 kg ha™' of pearl millet grains,
1,829 kg ha” were obtained when P, N and crop residues were applied to the ridged and fallowed
leguminous cowpea in the the previous season. Results indicate for the grain yield that PUE increased
from 46 with P alone to 133 when P was applied in combination with N, crop residue and the crop was
ridge-planted in a rotation system (Table VIII).

2.3. Organic matter management

2.3.1. Introduction

Maintaining soil organic matter is a key to sustainable land-use management. Organic matter acts as
source and sink for plant nutrients. Other important benefits resulting from the maintenance of organic

matter include retention and storage of nutrients, increasing buffering capacity in low-activity clay
soils, and increased water-holding capacity.
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Table VIII. Effect of mineral fertilizers, crop residue and crop rotation on pearl millet yield and P-use
efficiency, Sador¢, Niger, 1998 rainy season

—CR*N — CR+N
Treatment TDM" . Grain TDM Grain
yield PUE gielg PUE g PUE ieg  PUE
Control 889 33 2,037 58
13kgP ha™! 2,704 140 633 46 4,339 177 1,030 75
13kgP ha' + ridge 2,675 137 448 32 4,057 155 946 68
13kgP ha™! + rotation 5,306 340 1,255 94 6,294 327 1,441 106
13 kg Pha™' + ridge + rotation 5,223 333 1,391 104 5,818 291 1,581 117
SE 407 407 407 407
+CR N + CR +N
Treatment : :
TDM - pyyg Grain ppp IDM g Grain o
yield yield yield yield
Control 995 61 1,471 98
13kgP ha! 4,404 185 726 51 4,594 240 1,212 86
13kgP ha' + ridge 3,685 210 785 56 4,530 235 1,146 81
13kgP ha™! + rotation 5,392 338 1,475 109 6,124 358 1,675 121
13kgP ha' + ridge + rotation 6,249 404 1,702 126 7,551 468 1,829 133
SE 407 407 407 407

a .
Crop residue.

® Total dry matter (kg ha .

¢ P-use efficiency (kg grain kg ' P).

In 1960, Nye and Greenland estimated that the annual increase in N under forest fallow was 30 kg ha™'
in the soil and 60 kg N ha' in the vegetation. For the savannah ecosystems, the annual increase was
10 kg N ha™' in the soil and 25 kg N ha™' in the vegetation.

Bationo et al. [49] reported that continuous cultivation in the Sahelian zone has led to drastic
reductions in organic matter and subsequent soil acidification. Bationo and Mokwunye [6] reported
that, in the Sudano-Sahelian zone, the ECEC is more related to organic matter than to clay, indicating
that a decrease in organic matter will decrease the ECEC and. subsequently. the nutrient-holding
capacity.

A study to quantify the effects of changes in organic C on cation exchange capacity (CEC) [7] found
that a difference of 1 g kg in organic C resulted in a difference of 4.3 mol kg™'. In many cropping
systems, few if any agricultural residues are returned to the soil. This leads to decline in organic
matter, which frequently results in lower crop yields.

The concentration (mg kg ') of organic C in the topsoil is reported to average 12 for the forest zone, 7
for the Guinean zone, 4 in the Sudanian zone and 2 for the Sahelian zone. The soils of the Sudano-
Sahelian zone are inherently low in organic C due to low root growth of crops and natural vegetation
and rapid turnover of organic materials at high soil temperature by microfauna, particularly termites. A
survey of millet-producing soils, [35] found an average soil organic C content of 7.6 g kg'' with a
range of 0.8 to 29.4 g kg ™. The data also showed that organic C content was highly correlated with
total N (R = 0.97), indicating that, in the predominant agro-pastoral systems without application of
mineral-N fertilizers, N nutrition of crops largely depend on the maintenance of soil organic C.

2.3.2. Effect of soil management practices on organic C content
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There is much evidence for rapid decline in soil organic C levels with continuous cultivation of crops
in the SSZWA [49]. For these sandy soils, average annual losses in C often expressed by the K-value
(calculated as the percentage of organic C loss per year), may be as higher as 4.7%, whereas for sandy
loam soils, reported losses seem much lower, with an average of 2% (1989, Table IX).

The data in Table IX also clearly indicate that soil erosion can increase organic C losses from 2% to
6.3% and management practices such as crop rotation, following soil tillage, application of mineral
fertilizers and mulching have significant effect on annual losses of C. The K-value in cotton-cereal
rotations was 2.8%, lower than the 2.8%, lower than the 2.8% in continuous cotton system. At Nioro-
du-Rip in Senegal, soil tillage increased annual losses of organic C from 3.8 to 5.2% and NPK

application decreased losses from 5.2 to 3.9%.

Table IX. Annual loss rates of soil organic C measured at selected research stations in the SSWA

Clay+silt vl
Couqtry & Dominant . Observations Years® (0-0.2 m) loss
location cultural succession N rate (k)
(%) 0
(%)
Burkina Faso With tillage
Saria, INERA- Sorghum monoculture No fertilizer 10 12 1.5
IRAT Lo fertilizer 10 12 1.9
Hi fertilizer 10 12 2.6
Crop residue 10 12 22
CFJA, INERA- Cotton— Eroded
IRCT cereals watershed 15 19 6.3
Senegal With tillage
Bambey, ISRA- Millet— No fertilizer 5 3 7.0
IRAT groundnut With fertilizer 5 3 4.3
Fertilizer + straw 5 3 6.0
Bambey, ISRA- Millet monoculture PK fertilizer +
IRAT tillage 3 4 4.6
Nioro-du-Rip, Cereal-legume FOTO" 17 11 3.8
IRAT-ISRA FOT2¢ 17 11 52
F2T0* 17 11 3.2
F2T2° 17 11 3.9
FIT1' 17 11 4.7
Chad With tillage
Bebedjia, IRCT- Cotton monoculture  High-fertility soil 20 11 2.8
IRA Cotton—cereals 20 2.4
+ 2 years fallow 20 1.2
+ 4 years fallow 20 0.5

*Number of years of measurement.
®No fertilizer, no manual tillage.
“No fertilizer with heavy tillage.
4400 kg ha' of NPK fertilizer + Taiba phosphate rock, no manual tillage.
€400 kg ha ' of NPK fertilizer + Taiba phosphate rock with heavy tillage.
200 kg ha ' of NPK fertilizer with light tillage.
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2.3.3. Effects of crop residues and manure on soil productivity

In long-term crop-residue and management trials in the Sahelian zone, a very significant interaction
between crop residue and mineral fertilizer was observed [50]. In these experiments, which were
started in 1984 [51], grain yield declined to 160 kg ha™ in unmulched and unfertilized plots. However,
grain yields were increased to 770 kg ha™ with a crop-residue mulch of 2 t ha™ and to 1,030 kg ha™'
with 13 kg P plus 30 kg N ha™'. The combination of crop residue and mineral fertilizers resulted in a
grain yield of 1,940 kg ha™'. The application of 4 t of crop residue per hectare maintained topsoil
organic C at the same level as that in an adjacent fallow field, whereas continuous cultivation without
mulching resulted in drastic loss of C (Fig. 3). In the Sudanian zone, available reports show much
smaller or even negative effects of crop residue used as soil amendment [49]. In the Sahelian zone,
application of crop residue increased soil pH and exchangeable bases and decreased the capacity of the
soil to fix P.
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FIG 3. Effect of management practice on soil organic C content after fourteen years of cultivation,
Sadoré, rainy season, 1997.

On nutrient-poor West African soils, manure can substantially enhance crop yields. In Niger, Mclntire
et al. (1992) reported grain yield increases of 15 to 86 kg for millet and between 14 and 27 kg for
groundnut per ton of applied manure. Similar effects of manure application have been reported in



other Sahelian countries. However, given the large variation in nutrient concentration according to
manure source, comparisons of results of different experiments should be made with caution. Powell
[52] found very significant effects of manure and urine application to pearl millet in the Sahelian zone.

At the farm level, the maintenance of organic C in the soils of the region will largely depend on
increased fixation of C by plants. Given the strong limitation of plant growth by low availability of
mineral nutrients, yield-effective applications of mineral fertilizers are crucial. It would not only allow
large increases in crop production and amounts of by-products, but also would improve soil coverage
by forage grass and weeds.

2.3.4. Placement of manure

The placement of manure affects the yield achieved. For instance, a complete factorial experiment was
carried out in Niger, West Africa, with three levels of manure (0, 3, 6 t ha_l) and three level of P (0,
6.5 and 13 kg P ha™) using two methods of application (broadcast and hill-placement). For pearl
millet, hill-placement of manure performed better than broadcasting, and with no application of P
fertilizer, broadcasting 3 t ha™' of manure resulted in a pearl millet grain yield of 700 kg ha™' whereas
point-placement of the same quantity of manure gave about 1,000 kg ha™' (Fig. 4). Similar effects were
observed with cowpea.
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FIG. 4. Millet grain yield response to P and manure at different rates and methods, Karabedji, Niger,
2002 rainy season.
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Table X. Optimum combination of plant nutrients for cowpea fodder yields in the Sahel

2001 2002
Treatment .
(kgha™)
Absolute control 1,875 2,406
30 kg N ha'! 2,531 2,625
12kg P ha™ 3,781 3,281
8 t manure + 30 kg N ha™' 5718 3,531

6 tmanure + 3 kg P+30kg N 4,843 4,625
4tmanure + 6 kgP+30kg N 4,656 3,625
2 tmanure + 8 kg P+30kg N 4,281 3,375

12 kg P+30 kg N 5,000 3,156
SE 204 200
cV 14%  12%

2.4. Combining organic and inorganic plant nutrients

Combined application of organic resources and mineral inputs forms the technical backbone of the
integrated soil fertility management approach. The data in Table X clearly indicate the comparative
advantage of combining organic and inorganic plant nutrients for soils in the Sahel. Combination of
both organic and inorganic P and N sources achieved more yield as compared to inorganic sources
alone. Successive levels of manure from 2 to 8 t ha™', with reduction in inorganic P applied, resulted in
yields of up to 5,700 kg ha™'.

In Mali, low-quality manures derived from livestock fed predominantly with rice residues were used
in combination with urea at 0, 30, 60, 90 and 120 kg ha™. The research showed that application of 90
to 120 kg N gave the highest paddy yield (approx 7.5 t ha™) double that of the control. Integration with
manure did not significantly increase the rice yields at any N level; rather there was a slight additive
effect of the low-quality material.

In Burkina Faso, low-quality manure (<1.0% N) applied at 1, 2, 3 and 4 t dm ha™' was combined with
urea at 0, 40, 80 and 120 kg N ha'. Applications of N alone doubled rice grain yield over the
unfertilized control. There were additive effects of all levels of manure organic matter with inorganic-
N, however the increases were not significant.

At Zaria, Nigeria, typical farm-produced low-quality manure was applied at 1, 2, 3 and 4 t dm ha™' and
combined with 0, 30, 60 and 90 kg N ha™ in a split-plot arrangement with N as the main plots and
manure as the sub-plots. Additive effects of manure and fertilizer combinations were not significant
indicating that these manures contributed little to the N demand of maize. However, low-quality
manures can contribute significantly to overcoming P deficiency in maize (Fig. 5).

2.4.1. Interactions of nitrogen, phosphorus and manure.

A factorial experiment of manure (0, 2 and 4 t ha™"), N (0, 30 and 60 kg ha™") and P (0, 6.5 and 13 kg
ha™') established in Banizoumbou to assess the fertilizer equivalency of manure for N and P showed
very significant effects of N, P and manure on pearl millet yield (Table XI). Whereas P alone
accounted for 60% of the total variation, N accounted for less than 5%, indicating that P was the more
strongly limiting factor. Manure accounted for 8% of the total variation.
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FIG. 5. Use of low-quality manure (<1% N) to alleviate P-deficiency in maize in Zaria, Nigeria, 2001.

Table XI. Fertilizer equivalency of manure at Banizoumbou, Niger, in 2001 and 2002

2001 2002
Parameter Grain TDM® Grain TDM
(kgha™)
Absolute control 290 1,275 338 1,238
Control for N 1,210 4,550 1,008 3,895
Control for P 635 2,280 916 3,545
% N in manure 0.71 0.71 1.6 1.6
% P in manure 0.18 0.18 0.32 0.32
Yield at 2t ha™' of manure without N 1,530 5,450 1,167 4,746
Yield at 4t ha™' of manure without N 1,695 4,855 1,609 5,640
Yield at 2t ha™' of manure without P 810 2,910 1,229 4,659
Yield at 4t ha™' of manure without P 1,070 3,625 1,411 5,294
Equivalent N for 2 t ha™' of manure 42 39 8.0 13
Equivalent N for 4 t ha™' of manure - 21 49 33
Equivalent P for 2 t ha™' of manure 3.0 2.7 8.7 7.2
Equivalent P for 4 t ha™' of manure 7.5 5.57 11.8 9.6
N fertilizer equivalency at 2 t ha™' of manure 292 273 25 41
N fertilizer equivalency at 4 t ha™' of manure — 74 77 52
P fertilizer equivalency at 2 t ha ' of manure 83 75 136 113
P fertilizer equivalency at 4 t ha™' of manure 104 77 92 75

*Total dry matter. "Data missing.

Grain production with manure and no P was lower than with manure and no N (Table XI), indicating
the importance of P at this site. Addition of both manure and N fertilizer increased the yields;
however, using equivalent N for 2 t ha™' of manure had an even greater effect.

Superior results following combinations of crop residues and inorganic fertilizer were reported from a
long-term soil-fertility management experiment established at the Sahelian Center of the International
Centre for Research in the Semi-Arid Tropics (ICRISAT) in 1986. The objective was to study the
sustainability of pearl-millet-based cropping systems in relation to management of N, P, and crop
residue, rotation with cowpea and soil tillage (Table XII). In this split-split-plot design, the sub-sub-
plot consisted of crop residue application (half of the total residue produced left on the plot) or no
residue application and the sub plot was with or without N application.
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Table XII. Effect of fertilizer, crop residue, tillage and rotation on cowpea and millet yield, Sadoré,

Niger 1998-2002

- CR*-N —CR+N
Treatment MG® IMT® CG' CF* MG ILMT CG CF
(kg ha™")
Traditional practices 118 822 40 256 177 1,207 50 348
AT +no rotation+intercropping + P 463 2,248 54 235 567 2,556 50 263
. . 777 3,591 68 431 923 4,011 96 542
AT + rotation+intercropping + P 048 490 99 539
HC" +no rotation+intercropping + P 380 1,971 48 326 596 2,618 68 536
. . 769 3,578 72 199 868 4,139 86 235
HC + rotation+intercropping + P 132 744 122 883
AT +no rotation +pure millet + P 484 2,110 646 2,751
AT + rotation + pure millet + P 802 3,427 90 352 957 4,108 66 440
HC +no rotation + pure millet + P 526 2,219 785 3,028
HC + rotation + pure millet + P 818 3,524 156 1,044 1,030 4,139 138 1,269
SE 43 149 12 83 43 149 12 83
(A% 27% 21%  69% 66% 27% 21% 69% 66%
+CR-N +CR+N
Treatment MG IIL.MT CG CF MG IV.MT CG CF
(kg ha™')
Traditional practices 197 1,141 51 416 295 1,467 43 427
AT +no rotation +Intercropping + P 596 2,766 52 247 736 3410 59 278
. . . 939 4,117 106 602 1,107 4,788 111 713
AT + rotation + intercropping + P 115 720 120 871
HC +no rotation +Intercropping + P 627 2920 43 392 768 3,498 66 659
. . . 981 4430 49 234 1,104 5,044 54 262
HC + rotation +intercropping + P 150 1,084 153 1314
AT +no rotation +pure millet + P 626 2,669 846 3,520
AT + rotation + pure millet + P 1,033 4,348 84 420 1,141 5,155 87 673
HC +no rotation + pure millet + P 708 2,875 1,065 3,835
HC + rotation + pure millet + P 1,135 4,305 120 1,001 1,301 4,929 126 1,216
SE 43 149 12 83 43 149 12 83
Cv 27%  21%  69% 66% 27% 21% 69% 66%

* Crop residue. ® Maize grain. ° Maize stover. d Cowpea grain
sole cowpea yields in rotation. "Hand cultivation

2.5. Cropping systems and fertility management

2.5.1. Intercropping

. ¢ Cowpea fodder. T Animal traction. & Italics are

Fussell and Serafini [53] reported yield advantages from 10 to 100% by intercropping millet with
cowpea. Yield stability has been proposed as a major advantage of intercropping; farmers want
management practices that increase yields, when possible, without jeopardizing stability of production
in both good- and poor-rainfall years. Relative stability of intercropping and cropping using stability
analysis have been compared [54,55]; with groundnut/cereal systems in northern Nigeria,
intercropping systems were more stable. Ntare [56] reported yield advantages of 20 to 70%, depending
on the combination of pearl millet and cowpea cultivars.
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Although traditional intercropping covers over 75% of the cultivated area in the SSZWA, there is a
scarcity of information on the efficiency of fertilizers under these systems. The number of days before
planting the second crop will depend on the importance of the next rains after the first cereal crop has
been planted. With a basal application of P fertilizer, the cereal growth is rapid and can suppress
completely the second crop if its planting occurs more than 3 weeks later. In contrast, if the legume
crop is planted early, it will compete more for light, water and nutrients and may significantly reduce
the yield of the cereal.

2.5.2. Relay and sequential cropping

In the Sudanian zone with a longer growing season and higher rainfall, there is greater opportunity
than in the Sahelian zone to manipulate systems with respect to genotype and management. Field trials
to examine performance of cultivars under relay and sequential systems revealed their potential over
traditional sole or mixed cropping [57, 58].

In Mali, by introducing short-season cultivars of sorghum in relay cropping with short-duration
cowpea and groundnut cultivars, substantially increased yields of legume and cereal were obtained as
compared to traditional systems [59].

In the Sahelian zone, analysis of data on the onset and ending of the rains and the length of the
growing period indicated that early rains offer the probability of a longer growing period while
delayed onset may result in a considerably shorter growing season. Even in the Sahel, relay cropping
can increase soil productivity with early onset of the rains.

2.5.3. Crop rotation

Despite the recognized need for chemical fertilizers for high yields, their use in West Africa is limited
by lack of capital, inefficient distribution infrastructure, poor enabling policies and other socio-
economic factors. Cheaper means of improving soil fertility and productivity are necessary.

Nitrogen-15 has been used to quantify the amounts of N biologically fixed by cowpea and groundnut
under various soil-fertility levels. The N derived from the air (NDFA) varies from 65 to 88% for
cowpea and from 20 to 75% for groundnut. In a complete treatment, with all nutrients applied, cowpea
stover fixed up to 89 kg N ha™' whereas groundnut fixed only 40 kg N ha™' in the Sahel. In order to
determine N recovery from various cropping systems, “N-labelled fertilizers were applied to
microplots of pearl millet grown continuously, in rotation with cowpea, in rotation with groundnut,
intercropped with cowpea, and intercropped with groundnut. The data indicated that N-use efficiency
increased from 20% in continuous pearl millet cultivation to 28% when pearl millet was rotated with
cowpea [17]. The same authors reported that in the Sudanian zone, N derived from the soil increased
from 39 kg N ha' in continuous pearl-millet cultivation to 62 kg N ha' when pearl millet was rotated
with groundnut. These data indicate that although all the above-ground biomass of the legume will be
used to feed livestock and not returned to the soil, rotation will increase not only the yield of a
succeeding cereal crop but also its N-use efficiency.

Cropping system significantly affects soil organic C. The soil organic C level averaged 0.22% in
continuous system whereas it increased to 0.27% in rotation systems. As a result of this, soil pH was
higher in the rotation systems as compared to continuous monoculture.

An on-going experiment in the Sahel region involving a combination of rotation, inorganic and

organic nutrient sources has clearly indicated the high potential to increase the staple pearl millet
yields in very poor Sahelian soils (Table XIII)
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Table XIII. Effects of fertilizers, soil tillage, crop residue and cropping system on pearl-millet grain
yield; Sadoré 2001-2002

2001 2002
—Rotation +Rotation —Rotation +Rotation
Treatment — CR" +CR - CR +CR -CR +CR - CR +CR
-N +N -N +N -N 4N -N +N -N +N -N +N -N +N -N +N
(kgha™)
Traditional 146 181 331 473 104 104 156 183

P+HC® 873 1,1451,247 1,649 703 1,067 1,649 1,866 244 337 438 594 583 667 724 807
P+AT® 708 816 935 1,114 904 1,2251,381 1,529 280 355 456 574 586 788 781 903

a .
Crop residue.

®Hand cultivation, planting on flat.

Animal traction, planting on ridges.

3. SOIL-FERTILITY RESTORATION TECHNOLOGIES

3.1. Farmer-managed trials

Research results have indicated a very attractive technology consisting of hill-placement of small
quantities of P fertilizers. With diammonium phosphate (DAP), containing 46% P,0s and a compound
NPK fertilizer (15-15-15) containing only 15% P,Os, fields trials were carried out by farmers to
compare the economic advantage of the two sources of P for millet production. As hill-placement can
result in soil-P mining, a treatment was added consisting of application of PR at 13 kg P ha™' plus hill-
placement of 4 kg P ha™' as NPK compound fertilizer.
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FIG. 6. Millet-grain response to four management practices, Gaya, Niger, 2002 rainy season.
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There was no difference between hill placement of DAP and 15-15-15 indicating that with the low
cost per unit of P associated with DAP, this source of fertilizer should be recommended to farmers.
The basal application of Tahoua PR gave an additional 300 kg/ha of pearl millet grain (Fig. 6). The
combination of hill-placement of water-soluble P fertilizer with PR seems a very attractive option for
the resource-poor farmers in this region. Similar results were been found previously [60, 61]

4. NEW RESEARCH OPPORTUNITIES
4.1. Strategies for integrated nutrient management

In the past, integrated nutrient management concentrated mainly on judicious and efficient utilization
of available organic and inorganic sources of plant nutrients. Integrated nutrient management is now
perceived much more broadly as the judicious manipulation of all soil nutrient inputs and outputs and
internal flows.

Future research needs to adopt this new holistic approach to integrated nutrient management. For a
given cropping system or watershed, this will require the establishment of nutrient balances.
Interventions to limit nutrient losses through erosion can, in some cases, be as important as research on
increasing the efficiency of use of organic and inorganic plant nutrients for sustainable land use. This
new approach will enhance more C sequestration and increase biomass production for on-farm use and
more biomass will be available as livestock feed and mulch.

4.2. Integration of socio-economic and policy research

In the past, several technical solutions to the problem of land degradation in the SSZWA have been
researched and tested, and have shown potential for addressing the problem in some places.
Unfortunately a review of the state of the art indicated that very few of these technologies have been
adopted by the resource-poor farmers. Therefore, future research should focus more on problems
driven by socio-economic factors and on enabling policy environments in order to enhance farmers’
capacity to invest in soil-fertility restoration. Adoption of the participatory approach will be essential.
In this way, technologies generated have a better chance of adoption by land users.

4.3. Combining rain-water and nutrient-management strategies

In the SSZWA.. high inter-annual variability and erratic rainfall distribution in space and time result in
water-limiting conditions during the cropping season. In areas with inadequate rainfall or in runoff-
susceptible land, water-conservation techniques and -harvesting techniques offer the potential to
secure agricultural production and reduce the financial risks associated with the use of purchased
fertilizers. With adequate water supply, the addition of organic and inorganic amendments is the single
most effective means of increasing water-use efficiency. Future research needs to focus on enhancing
rainwater- and nutrient-use efficiencies and on capitalizing on their synergies for increasing crop
production and preventing soil degradation.

4.4. Increasing the legume component for better integration with livestock production

Rotations of cereals with legumes have led to increased cereal yields at many locations in the SSZWA.
Factors such as mineral-N increase, enhancement of infection with vesicular-arbuscular mycorrhiza
(VAM) for better P nutrition and decrease in parasitic nematodes have been identified as mechanisms
of yield enhancement in cereals in rotation with legumes. Most of the research has focused on the
quantification of above-ground N fixed by different legumes cultivars, but very little is known of the
amounts of N fixed that remain below ground.

There is need to increase the legume component in mixed cropping systems for better integration of
crops and livestock. The increase of the legume component in the present cropping system will not
only improve the soil conditions for the succeeding cereal crop, but will provide good quality livestock
feed, and the manure produced will be of better quality for soil amendment.
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4.5. Exploiting genetic variation for nutrient-use efficiency

Phosphorus is the most limiting nutrient for crop production in the SSZWA and there is ample
evidence that marked genotypic differences exist for P uptake. A better understanding of the factors
affecting P uptake would help the process of selection for superior P-use efficiency, such as the ability
of plants to:

— solubilize soil P through acidification of the rhizosphere and the release of chelating agents and
phosphate-solubilizing enzymes,

— explore a large volume of soil,

— absorb P from low-P solutions.

Another important future research opportunity is the selection of genotypes that can efficiently
associate with VAM for better utilization of P applied as indigenous PR.

4.6. Use of decision-support systems modelling, and geographical information systems

Farmers’ production systems vary with respect to rainfall, soil type and socio-economic circumstances
and, therefore, they are complex. Dealing with such complexity only by empirical research is
expensive and inefficient. Use of models and geographical information systems (GIS) will facilitate
the transfer of workable technologies to other similar agro-ecological zones. The use of the Decision
Support System for Agrotechnology Transfer (DSSAT), Agricultural Production Systems Simulator
(APSIM) and GIS will facilitate cost-effective extrapolation of findings to other agro-ecozones similar
of the benchmark sites chosen for testing technologies.
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Abstract

Two field experiments were conducted in northwest China from September 1998 to June 2002. In one, the
effects of three nitrogen (N)-fertilizer treatments were compared on a wheat-wheat-maize rotation. In the other,
three mulching treatments were compared on continuous wheat. In an additional experiment in 2001, the effects
of mulching were examined on maize. A '’N micro-plot study was included with the three N treatments in the
first year, and another was included, with and without mulching of wheat in the second year. Results showed
that rational fertilization is an effective management practice to increase efficiency of water and nutrient
utilization in rainfed farming systems of the region. Grain yields of wheat and maize were increased greatly by
application of N-fertilizer: 35 to 81% for wheat and 35 to 44% for maize. Application of N fertilizer also
increased water-use efficiency (WUE). An appropriate application rate for wheat was 60 to 100 kg N/ha and for
maize was around 120 kg N/ha. Mulching increased maize yield from 5.1 to 7.9 t/ha, and WUE from 15 to
24 kg/ha/mm, but showed no effect on wheat. Grain yields of wheat varied greatly between years mainly as a
function of rainfall. Plant recovery of applied N was in the range of 35 to 43%; 29 to 60% of applied N
remained in the soil and from and 5 to 34% was unaccounted for. The efficiency of use of residual "N in the soil
by the subsequent crop was 7 to 9 % and gradually decreased as cropping continued.

1. INTRODUCTION

The IAEA coordinated research project (CRP) “Management of Nutrients and Water in Rainfed Arid
and Semi-Arid Areas for Increasing Crop Production” was started in 1998 and completed in 2002.
The overall objective was to define management strategies that optimize and sustain the productivity
of rainfed farming systems by increasing the efficiencies of water and nutrient utilization. The present
research was part of the CRP.

In China, approximately 60% of cultivated land is rainfed [1]. Approximately half, including the north
and northwest are semi-arid or arid regions where drought and limited soil moisture are key
constraints to agricultural production. Moreover, the soils are deficient in nutrients, especially
nitrogen (N) and phosphorus (P). Thus, better management of water and nutrients is especially
important for increasing crop production in rainfed moisture-deficient conditions. Application of
N-fertilizer is an effective means of increasing crop production in general [2] and in rainfed arid and
semi-arid areas in particular [3, 4]. Mulching, a management practice for reducing soil water
evaporation and increasing soil temperature, has been widely adopted in rainfed farming systems [5,
6]. Therefore, the objective of the present research was to investigate the effects of N and mulching
management on efficiency of use of N and water by rainfed wheat and maize in northwest China.

2. MATERIALS AND METHODS

Field experiments, conducted at Changwu Experimental Station in the southern part of the Chinese
Loess Plateau, were initiated in September 1998 and completed by the end of June 2002. The research
included two experiments, each of four treatments with four replicates in a Latin square design. Each
plot was 42 m” in area.
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2.1. Experimental site

The experiment station is located in Changwu County, Shaanxi Province (35°12” N, 107°40’ E,
elevation 1,200 m). Mean annual rainfall is 580 mm, mean annual temperature is 9.1°C, annual
cumulative mean daily temperature >10°C is 3030 °C, annual duration without frost is 170 days, and
annual sunshine time is 2,230 h.

The Heilu soil, derived from loess, has a deep and even profile. The surface soil (0-20 cm) has a pH
of 8.4, CaCOs content of 10%, total N content of 0.8 g/kg, available P of 14 mg/kg, available K of
146 mg/kg, cation exchange capacity of 13 cmol/kg, bulk density of 1.3 g/cm’, field capacity of 27%
and <0.01 mm clay of 37%.

2.2. Field experiments
2.2.1. First experiment

The crops were planted as follows:

—  Wheat, 24/9/1998-24/6/1999
—  Wheat, 29/9/1999-20/6/2000
—  Bean, 23/6/2000-20/10/2000
—  Maize, 16/4/2001-20/9/2001
—  Wheat, 25/9/2001-20/6/2002

Rates of application of N in each treatment and cropping year are shown in Table I.. Since the soil was
rather dry at the sowing of wheat in 1999, N-application rates were reduced. Phosphate at a rate
equivalent to half of N2 was applied to all the treatments in each year. The urea, phosphate and
organic manure in treatment N10O were applied as a basal dressing. Before sowing, fertilizers were
broadcast followed by plowing, resulting in an application depth of 15 to 20 cm. Wheat was
traditionally plane-planted; after harrowing, seeds were sown with a 20-cm row spacing at about 5-cm
depth at a rate of 180 kg/ha.

In the case of maize, phosphate, organic manure and two thirds of N as urea were applied as basal
dressing on April 16, 2001, and the remaining one third of N was applied by deep point-placement as
top dressing on June 19, 2001. Maize was plane planted with mulching. A 60-cm wide area was
covered with plastic film, and the distance between two films was 30 cm. Maize seeds were sowed
under the film in two rows (45-cm row spacing, 40-cm plant spacing). No fertilizer was applied to
bean in 2000.

Table 1. Nitrogen application rates

Wheat Wheat Maize
Treatment (1998-1999, 2001-2002) (1999-2000) (2001)
(kg N/ha)
CK 0 0 0
N1 100 (urea) 60 (urea) 120 (urea)
N2 150 (urea) 100 (urea) 180 (urea)
N10 100 (urea) + 50 (OM)* 60 (urea) + 40 (OM) 120 (urea) + 60 (OM)

a .
Organic manure.
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2.2.2. Second experiment

The second experiment involved continuous wheat with treatments as follows:

— W-—traditional planting i.e. plane planting with a row spacing of 20 cm,

— WM I1—mulching and ridge planting 1; each ridge was 30 cm wide and covered with plastic
film without planting, and four rows of wheat seeds were sown between two ridges with a
spacing of 15 cm,

— WM2—mulching and ridge planting 2; each ridge was 60 cm wide and covered with plastic
film and wheat seeds were sown under the film in four rows (15 c¢cm spacing and 10 cm between
2 bunches with 8 wheat seeds in each bunch), the distance between two ridges was 30 cm
without planting; however, in the fourth year (2001-2002), the 30 cm between two ridges was
covered by maize straw, and the straw was removed at harvesting,

— WT—no-tillage after harvesting of the wheat and the soil mulched with wheat straw during the
fallow season (late June to late September); the straw was removed before sowing.

In the first year, 150 kg N/ha as urea and 75 kg P,Os/ha as phosphate were applied to the four
treatments. In the second, third and fourth years, 100 kg N/ha as urea and 50 kg P,Os/ha as phosphate
were applied. The N and P fertilizers were applied as basal dressings. Application methods were the
same as for the first experiment. Wheat seeds were sown at a depth of about 5 cm depth at 180 kg/ha
for W and WT treatments. In the cases of WMI1 and WM2, a reduced sowing rate of 160 kg/ha was
used. In addition, there was a 2-week delay in sowing WM?2.

2.2.3. Additional mulching study

A contrasting maize experiment with two treatments (plane planting, with and without mulching) in
four replicates was set up on April 16, 2001. For the mulching, a 60-cm wide area was covered with
plastic film, and the distance between two plastic films was 30 cm. Maize was planted with a 45-cm
row spacing and 40 cm between plants. Plot size was 5.4 x 6 m. Urea was applied at 120 kg N/ha and
phosphate at 60 kg P,Os/ha. Two thirds of the N and all of the P were applied as basal dressing on
April 16, 2001, and the remainder of the N was applied by deep point-placement as topdressing on
June 19, 2001.

2.3. Nitrogen-15 micro-plot experiment

In the first year, an ’N-labeled urea study was included within the N1, N2 and N10 treatments in four
replicates. The micro-plots were bounded by iron frames of 50 x 40 x 60 (depth) cm, inserted into the
soil leaving 5 cm above the soil surface. The abundance of "°N in the urea was 7.06 atom %. Soil and
plant samples were taken at physiological maturity and analysed at IAEA’s Seibersdorf laboratory for
total N and "°N.

In the second year, a °’N-labeled urea study was set up in the W and WMI treatments to investigate
the effect of mulching on the fate of fertilizer N applied to wheat. The "N micro-plots of 1.44 m’
(1.2 x 1.2m) were located without frames in the corresponding macro-plots. The abundance of N in
the urea was 5.34 atom %. Residual effects of applied urea-N were investigated from previous "N
studies in treatments N1, N2 and N10O as well as W and WM.

2.4. Measurement of soil-water content

At sowing and harvesting, soil samples (0-300 cm) were taken and oven dried at 105°C to constant
weight to determine gravimetric water contents. Volumetric water contents were then determined
according to soil bulk density. During the cropping season, soil water content was periodically
measured using a neutron moisture meter which was calibrated against actual determinations of
volumetric water content in the first measurement each year.
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Table II. Wheat response to nutrient application

1999 2000 2002
Treatment G.ram Increase Prqduc‘uwty G'raln Increase ProFiuct1V1ty G'ram Increase Productwlty
(%) index yield (%) index yield (%) index
(t/ha) (kg’kg N)  (t/ha) (kg’kg N)  (t/ha) (kg/kg N)

CK 2.77v* 1.45b 0.920c

N1 3.99a 44 12.1 247a 70 17.0 3.85b 318 29
N2 3.73a 35 6.40 2.62a 8l 11.7 4.18ab 354 22
N10O 430a 55 10.2 223a 54 7.80 4.56a 396 24

* Different letters in a column denote a significant difference at the 5% level by Duncan’s multiple-range test.

3. RESULTS AND DISCUSSION
3.1. Wheat and maize responses to N

Wheat yields responses to N application are shown in Table II. Yields in the control CK (zero N) were
2.77, 1.45 and 0.92 t/ha in 1999, 2000 and 2002, respectively. Grain yield in the controls decreased
from 2.77 to 0.92 t/ha between 1999 and 2002, mainly due to decreasing soil mineral N; at 0- to
60-cm depth before sowing in the first and second years it was 12 to 21 mg N/kg, and 7 to 9 mg N/kg
in the fourth year.

Nitrogen fertilizer significantly increased grain yields by 35 to 55% in 1999, 54 to 81% in 2000 and
3.2- to 4-fold in 2002. However, there were no significant yield differences between treatments N1
and N2, indicating that the rate of 60 to 100 kg N/ha as urea was usually sufficient under these
conditions. In 1999 and 2002, the highest yields were obtained with treatment N10O; although not
significantly different from the other N treatments in 1999, it was significantly higher than N1 in 2002.
This result indicates the benefit of combined use of organic and inorganic N fertilizers. An even
higher yield may have been obtained by increasing the N rate using additional manure.

The productivity index (PI), i.e. kg/ha of additional yield above CK per kg of plant nutrient applied,
had a broad range: 6.4 to 29.3 kg/kg N (Table II). The PI values were much higher in 2002 than in
1999 and 2000 due to the very low yield in the control in 2002. The highest PI was obtained with N1
and decreased as N-application rate increased. The average PI for wheat in this experiment in 1999
and 2000 (10.9 kg/kg N) was similar to that reported by the Chinese Agricultural Academy of Science
(10 kg/kg N) in 1986 [2].

Maize-yield responses to nutrient application are shown in Table III. Grain yield was 4.47 t/ha in the
control CK (without N) and increased significantly to 6.32, 6.44 and 6.02 t/ha for treatments N1, N2
and N10O, respectively. However, there were no significant yield differences among the three fertilized
treatments, indicating that 120 kg N/ha was sufficient for maximum yield.

Table III. Maize response to nutrient application in 2001

Productivity =~ Straw

Treatment Grain yield Increase index weight Increase Grain/
t/h 0 0
(t/ha) (%) (ke/kg N)  (t/ha) (%) total dry matter
CK 4.476* 8.09b 0.36
N1 6.32a 41 154 9.12a 13 041
N2 6.44a 44 10.9 8.85ab 94 042
N10O 6.02a 35 8.6 9.67a 20 0.38

* Different letters in a column denote a significant difference at the 5% level by Duncan’s multiple-range test.
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Table IV. Effects of mulching on wheat yield

1998-1999 1999-2000 2000-2001 2001-2002 4-year mean

Treatment
(t/ha)
W 421a° 2.60a 3.46a 4.04b 3.58
WM1 4.56a 2.86a 3.20a 3.77b 3.60
WM?2 4.00a 2.72a 3.00a 4.682° 3.60
WT 4.25a 2.93a 2.84a 3.41b 3.36

Mean  4.2640.12°2.78 £0.07 3.134+0.13 3.984+0.27

* Different letters in a column denote a significant difference at the 5% level

by Duncan’s multiple-range test.

® In addition to the ridge the space between two ridges was covered by maize straw.
“Mean =+ standard error of the mean of four treatments.

The harvest indices (grain yield over total dry matter yield) in the fertilized treatments were higher
than for the control due to relatively less increase of straw weight in comparison with grain yield
(Table III). The highest PI was obtained with N1 and the average of PI for maize obtained in this
experiment (11.6 kg/kg N) was slightly lower than that obtained by the Chinese Agricultural Academy
of Science (13.4 kg/kg N) [2].

3.2. Effects of mulching

Mulching is a management practice for improving water infiltration, reducing soil-water evaporation,
and increasing soil temperature [7, 8]. Mulching with plastic film has increased wheat or maize grain
yield by 10 to 20% [7-10], and up to >40% [6]. However, in the present experiments, mulching had
no effect on wheat yields over four years (Table IV) whether with plastic during cropping (WM1 and
WM2) or with wheat straw during fallow (WT). In the case of WT, it seems that no-tillage affected
seedling growth due to presence of residues. As a result, grain yields in the third and fourth years were
0.6 t/ha lower than those of W (CK) although the difference was insignificant.

Factors such as crop variety, sowing time, planting density and fertilization influence the effects of
mulching [4, 9, 11]. Mulching material [12] and soil-water content at sowing [13] also are important.
Soil properties and environmental conditions impinge on the effectiveness of any management
practice. It was concluded that the mulching techniques used on wheat in the present experiment are
ineffective in this region.

In the fourth year (2001-2002) the WM2 treatment was modified; in addition to the ridge being
covered by plastic film, the space between two ridges was covered by maize straw. This modification,
combining plastic and straw mulching, significantly increased wheat yield, and merits further testing.
Other studies showned that mulching with plastic plus straw increased grain yield in comparison with
plastic or straw alone [5,14].

Table IV also shows that grain yields of wheat varied among years. Yields in 1999 and 2002 (averages
of 4.26 t/ha and 3.98 t/ha for the four treatments, respectively) were significantly higher than those in
2000 (2.78 t/ha) and 2001 (3.13 t/ha). These differences probably resulted from different annual
rainfall: 573 and 625 mm in the first and last years, and 412 and 389 mm in the second and third years,
respectively (Table V). It seems that the rainfall in the last 3 months before sowing is important
because it affects available soil water at sowing: Zhou [15] showed that soil water storage is
significantly correlated to the ratio of rainfall/evaporation in the 55 days before sowing. Rainfall
distribution during the wheat-cropping season also played a role. From February to May (the growing
period for wheat) it was limited in 2000 (Fig. 1) and 2001, 61 and 69 mm, respectively, in comparison
with 151 mm in 1999 (Fig. 1) and 160 mm in 2002.
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Table V. Available soil water and rainfall

1998-1999 1999-2000 2000-2001 2001-2002

Parameter
(mm)
Available soil water in 0-3 m depth at sowing 282 78 144 210
Rainfall in the growing season 241 257 265 299
Rainfall in the 3 months before sowing 332 155 124 326
Rainfall in the whole year (July—June) 573 412 389 625
100
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€ 1
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20
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FIG. 1. Rainfall in two wheat-cropping seasons.

In contrast to the results with wheat, plastic mulching significantly affected maize (Table VI). Maize
yield with normal planting was 5.12 t/ha and 7.92 t/ha with mulching, i.e. an additional 2.8 t/ha maize
or 55% increase. On the other hand, mulching decreased straw weight, and thus increased the harvest
index from 0.31 to 0.44. Agronomic efficiency of fertilizer N was higher with mulching.

In this region, mulching with plastic film was effective in summer but not in winter. In summer,
temperatures are high as is evaporation, thus positive effects of reducing soil-water evaporation by
mulching probably are easier to demonstrate.

Mulching with plastic film has been widely adopted in regions of limited water supply, where the
growing season is cold, and where the soil benefits from protection. The main problems with plastic
mulching are residual contamination and decreasing soil fertility. These adverse effects should be
considered and resolved as components of investigations of effects of mulching on agricultural
production.

Table VI. Effect of mulching on maize in 2001

Treatment Maize yield Increase Straw weight Change Grain/
(t/ha) (%) (t/ha) (%)  total dry matter
CK 5.12+£0.20" 11.34+0.71 0.31
Mulch 7.92+0.38 55 10.2+0.51 -9.7 0.44

* Mean = standard error of the mean of four replicates.
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FIG 2. Volumetric water content in the soil profile (0-300 cm) at sowing and harvesting of wheat
(1998—-1999).

Table VII. Water-use efficiency of wheat

Growing CK NI N2 NIO W WMl WM2 WT
season (kg/ha/mm)

1998-1999 7.6 102 9.7 105 105 117 9.9 10.2
19992000 8.8 139 126 141 11.8 142 13.9 11.5

2000-2001 102 10.8 9.4 8.5
2001 - 25 8.3 8.7 9.8 8.6 8.5 11.3 7.4
2002

3.3. Dynamics of volumetric soil-water content and efficiency of water use

Figure 2 shows soil-water content at harvesting and sowing in the first year of the wheat experiment
(September 1998—June 1999). Soil moisture decreased greatly from sowing to harvesting. Differences
among treatments were small throughout the season. In contrast, the soil-water content in the second
year (1999-2000) at harvesting was higher than at sowing due to a low soil-water content at sowing
and some rainfall before harvesting.

Net depletion of soil water during the cropping season can be calculated from the change in moisture
content. Water-use efficiency (WUE) was calculated using total water consumption, which was
calculated from the rainfall and the sum of soil-water depletion throughout the 3-m profile. Table VII
provides WUE values for wheat for the 4-year period. It was lowest (2.5-8.8 kg/ha/mm) for CK, and
increased to 7.4 to 14.2 kg/ha/mm, averaging 10.6+ 1.0 for the N-fertilized treatments. Mulching did
not much affect WUE (Table VII). Previous studies in the region showed low WUE values for wheat
without N fertilization (2.6-6.5 kg/ha/mm), reaching 13 kg/ha/mm with fertilization [3]. Results from
Zhou [15] showed that the average WUE in rainfed wheat fields in the Fengqiu region was
7.2 kg/ha/mm, increasing to 11 to 17 kg/ha/mm with fertilization.
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Table VIII. Water use and yields for maize in 2001

Parameter CK NI NIO N2 Nomulch Mulch
Consumption of soil water (0—3m) (mm) 96.5 104 87.5 103 62.0 54.6
Rainfall (mm) 281
Total water consumption (mm) 378 385 369 384 343 336
Grain yield (kg/ha) 4,473 6,318 6,438 6,024 5,122 7915
WUE (kg/ha/mm) 11.8 164 175 157 14.9 23.6
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FIG 3. Comparison of volumetric water contents (cm’/cm’) in the soil profile (0-300 cm) without
mulching of maize in 2001 maize experiment.

Similar to wheat, the WUE of maize greatly increased with N fertilization, from 11.8 kg/ha/mm in CK
to 15.7 to 17.5 kg/ha/mm (Table VIII). In contrast with the wheat experiment, mulching greatly
increased WUE of maize, from 14.9 kg/ha/mm to 23.6 kg/ha/mm due to higher grain yield in the
mulching treatment.

Regarding soil-water consumption, there was no significant effect of mulching (Table VIII, Fig.3).
Mulching is a management practice for reducing soil water evaporation. Apparently, the maize used
part of the water preserved by mulching in higher transpiration due to higher biomass. Fan et al. [10]
and Ren et al. [11] also found little effect of mulching on soil-water content or water consumption.

Table IX. Fate of urea-N applied to wheat in 1998

Plant Recovered in soil Total Unaccounted
Treatment T€COVETY 0 10cm 10-20cm 20-40cm 0-40cm  recovered for
(% of applied N)
N1 38a’ 22 52 4.6 32a 70a 30
N2 37a 21 4.2 4.3 29a 66a 34
N10O 37a 22 6.6 4.9 34a Tla 30

* Different letters in a column denote a significant difference at the 5% level by Duncan’s multiple-range test.



3.4. Fate of applied N

3.4.1. Wheat

The fate of urea-N applied at different rates to the Heilu-soil-wheat system is shown in Table IX.
When applied as a basal dressing, recovery of N by wheat ranged from 37 to 38%, and 29 to 34%
remained in the soil (0—40 cm). Thus the total recovery of the applied N ranged from 66 to 71%, and
30 to 34% remained unaccounted for. Statistical analyses indicated no significant differences between
the treatments for plant recovery, soil recovery or total recovery, indicating that the fate of urea-N was
not affected by the rate of applied urea or by the use of organic manure in the present study. Table IX
also shows that when urea was applied as a basal dressing, the fertilizer N remaining in the soil was
mostly located in the 0- to 10-cm layer and gradually decreased with depth. Fate of applied N is
affected by a number of factors, such as the crop, type of soil, rate, and method and timing of
application [16]. Our results are comparable with those obtained with irrigated winter wheat in China
[17-20].

3.4.2. Effects of mulching

When urea was applied with traditional planting (W), recovery of the N by wheat was 43%, with 44%
remaining in the soil (0—100 cm) (Table X). Thus the total recovery of the applied N was 87%, and
the proportion of unaccounted-for N was 13%. The corresponding figures with mulching and ridge
planting (WM1) were 35%, 60%, 95% and 4.8%, respectively, indicating that mulching greatly
improved recovery in soil, but had no effect on N recovery by the crop. This is consistent with the
finding that mulching had no effect on grain yield. The N residual in the soil may be overestimated by
the "N technique. It should be pointed out that the *N-recovery measurements for 20 to 40 cm, 40 to
70 cm and 70 to 100 cm might be affected by sampling errors; only two to four soil cores were taken
and assumed to be representative.

Figure 4 shows that when urea was applied as a basal dressing, the fertilizer N remaining in the soil
was located mostly in the 0- to 40-cm layer (40—58% of applied N) and greatly decreased with depth.
Only 3 to 4% of applied N remained at a depth of 40 to 100 cm, and only 1% was present between
100 to 200 cm. Figure 4 also shows that a greater proportion of N remained in the subsurface soil
(2040 cm) in treatment WM1 than W, probably due improved water infiltration by mulching.

Table X. Effects of mulching on fate of N applied to wheat

Recovered Recoveredinsoil Total N
Unaccounted for

Treatment DY plants 0-100 cm recovery
(% of applied N)
W 43£0.9° 44+1.7 87£0.9 13
WMI 35£1.6 60+7.2 95+6 4.8

" Mean = standard error of the mean of four replicates.
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FIG. 4. Recovery in on "N at various soil delphs by conventional (W) and mulching planting (WM]I).
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3.4.3. Effect of residual N in soil

Table XII shows that recoveries of residual N in subsequently cropped wheat were in the range of 2.1
to 2.8% of applied N, taken up from the 6.7 to 8.7% of N remaining at 0 to 40 cm (Table XI) or 7.9 to
10% of N remaining at 0 to 20 cm. Shi et al. [21] studied residual effects from ammonium sulfate
applied to rice on a bleached paddy soil in Jiangsu Province and found that the recovery of residual N
by second cropping season rice was 20% of N remaining in the 0- to 20-cm layer, much higher than
obtained in the present study. It was explained that the high residual effect on the bleached paddy soil
was due to “newly” fixed ammonium N the availability of which was higher than that of biologically
immobilized N [22]. Fertilizer N remaining in the 0- to 40-cm layer in treatment N1 was similar in
1999 (32%) and 2000 (35%) indicating that it was stable. Approximately 2.5% of the applied N was
taken up by the subsequent crops of wheat and bean, and about 2% of the applied N was taken up by

the fourth crop, maize.
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Table XI. Recovery of residual N by wheat in the second year

Residual N taken up by wheat

Treatment % of N o] il % ofN N il
o . 0O remalnlng 1n So1 0O remalmng 1n so1
/o of applied N 0-40 cm 0-20 cm
N1 2.5+0.3" 8.0+1.0 93+1.2
N2 2.11+0.04 6.710.1 7.94+0.2
N10 2.81+0.2 8.7£0.8 101+0.9

*Mean of four replicates + standard error.

Table XII. Recovery of residual N by subsequent crops

Second wheat Third bean Fourth maize

Treatment

(% of applied N)
N1 2.5+0.3" 23403 1.940.1
N2 2.14+0.04 23+04 22402
N10O 2.81+0.2 28404 1.6£0.2

*Mean of four replicates % standard error.



Table XIII. Mulching effects on recovery of residual N by wheat in the second year

Nremaining  Nremaining Residual N taken up Residual N taken up
Treatment 10 s0ilin 2000 insoilin 2001 by wheat in 2001 by wheat in 2001

(% of applied N) (% of residual N)
W 44+1.7 44+22 3.1+0.7 7.0
WMI1 60+7.2 39+238 16£4.0 26

Table XIII shows residual effects in the mulching experiment. With traditional planting, 3.1% of
applied N, 7.0% of the residual N, was taken up by the second crop of wheat. However, with
mulching-ridge planting, 16 % of applied N, 26% of residual N, was taken up by the second wheat
crop, consistent with the decrease in N remaining in the soil from 2000 to 2001: N remaining in the
soil in 2000 (60%) decreased to 39% in 2001, apparently taken up by the wheat crop presumably as
mineral N.

4. CONCLUSIONS

Results showed that fertilization is an effective management practice to increase the efficiency of
utilization of water and nutrients in rainfed farming systems in the Changwu region. Wheat and maize
grain yields were increased with application of N fertilizer, i.e. 35 to 81% for wheat and 35 to 44% for
maize. Urea at 60 to 100 kg N/ha was usually sufficient for the wheat. However, higher yields are
possible with higher N rates using additional manure. A rate of around 120 kg N/ha was sufficient for
maize in Changwu.

Mulching is a management practice that improves water infiltration and reduces soil water
evaporation, which is particularly beneficial for maize production in this region. Mulching increased
maize yield from 5.12 to 7.92 t/ha. In contrast, mulching had no effect on wheat over the 4 years. A
modified technique, combining plastic and straw mulching, significantly increased wheat yield in the
last year; this needs further testing. Wheat grain yields varied greatly from year to year, mainly due to
how annual rainfall affected soil-water content at sowing.

Application of N fertilizer increased water use efficiency (WUE) for both wheat and maize: from 2.5
to 8.8 to 7.4 to 14.2 kg/ha/mm for wheat and from 11.8 to 15.7 to 17.5 kg/ha/mm for maize. Mulching
did not affect WUE of wheat, but increased WUE of maize, from 14.9 to 23.6 kg/ha/mm.

Nitrogen-15 studies on wheat showed that plant recovery of applied N was in the range of 35 to 43%,
N remaining in soil was in the range of 29 to 60%, and the proportion of unaccounted-for N ranged
from 5 to 34%. The efficiency of use of residual N in soil by a second crop usually was 2 to 3% of
applied N or 7 to 9 % of "N remaining in soil, gradually decreasing as cropping continued.
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GREEN-MANURE AND NITROGEN-FERTILIZER EFFECTS
ON SOIL QUALITY AND PROFITABILITY OF A WHEAT-
BASED SYSTEM IN SEMI-ARID MOROCCO
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Institut National de la Recherche Agronomique,
Settat, Morocco

Abstract

The objective of this study was to assess the substitution of fallow with green manure in terms of soil properties,
wheat response to nitrogen (N) fertilizer and yield as well as profitability of wheat—fallow, wheat—incorporated
vetch and wheat-mowed vetch as forage. Field experiments using nuclear techniques (ISN, neutron probe) were
conducted over five years at two experiment stations with different rainfall. Soil N, carbon (C), organic matter
(OM), nitrate, stability index and water as well as wheat grain and straw yield, N uptake, %N derived from
fertilizer, N-use efficiency and rain-based water-use efficiency (WUE) were used as criteria for differences
among these systems. The three dry years that occurred during the period of the study affected wheat
performance in all cropping systems. The wheat—fallow rotation was generally more efficient than wheat-mowed
vetch and wheat—incorporated vetch, in terms of wheat yield, N uptake, N-use efficiency and WUE. Soil-water
use in wheat—fallow was around 20 mm. It buffered drought, but wheat yield depended on total rainfall and its
distribution, especially in February and March. Values of §"°C were not consistently related to water use. Vetch
production, like wheat, was affected by the frequent droughts. Incorporated vetch did not substantially increased
OM, soil nitrate or stability index. The effect of applied N on wheat in different rotations differed with location
and year. In general, wheat yield was highest without N application and lowest with N application at sowing and
tillering or both. Nitrogen treatments had no effect on soil-water content or use. Based on cost:benefit ratio, the
fallow system generated the highest benefit, while incorporation of vetch was not economically justified.

1. INTRODUCTION

Arid and semi-arid regions, devoted mainly to cereal production, represent 87% of the total arable land
in Morocco. Precipitation is low (200400 mm) and distributed erratically; droughts are frequent [1].
Stanhill [2] has shown that rainfall distribution is the main factor affecting water-use efficiency
(WUE). Therefore, water is often a limiting factor in crop production and potential evaporation exceeds
precipitation in these areas. Crop production under dry farming depends on water supply from current
rainfall and water stored in the root zone of the soil at sowing [3-6].

Besides water, nutrient deficiencies, especially of N even after a legume crop [4,6] and to a lesser extent
phosphorus (P), often limit wheat production. Substantial increases in production of rainfed cereals and
food-legumes is possible with minimum inputs and improved management. The need for affordable,
alternative and appropriate technologies is critical. Water-conservation techniques combined with
suitable crop management, crop selection and sequencing of the crops in the rotation are necessary to
increase and stabilize wheat yields through efficient use of water and N.

Wheat—fallow rotation, justified by yield stability, is dominant within the 250- to 350-mm rainfall zone.
Both tilled and clean fallow are practised in deep soils in order to conserve water and sustain grain
production, especially during dry years [3—5]. Fallow reduces pathogen levels and weed infestation of
the wheat [7, 8] and alleviates the need for mineral N through mineralization of organic matter (OM).
This mining of the soil’s nutrients, besides erosion problems, is accelerated by stubble removal and
grazing, and high soil N-mineralization potential [9]. In the long term, soil mineralization capacity is
likely to decrease and the wheat—fallow system would require additional N to maintain yield levels [10—
12]. Furthermore, conventional fallow efficiency is only around 10% compared to 20 to 32% in black or
minimum-till fallow [3-5, 13]. This efficiency depends on rain intensity, timing and distribution.
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Research in semi-arid Morocco has indicated that food legumes improve soil fertility and subsequent
wheat yields [4, 6, 14, 15]. Concerns over degradation of this fundamental resource have led to
renewed interest in use of sustainable green-manure legume-cropping systems with minimum input of
chemicals [16]. Green manure might be an economical means of restoring degraded soils, increasing
soil OM and nutrient availability and improving soil production [17, 18]. The use of legumes as
forage and green manure, especially vetch, dates back to 300 to 800 years BC [19, 20].

The substitution of fallow with green manure may lead to a more sustainable cropping system. It has
the possible advantages of reducing surface and ground-water contamination, increasing soil OM and
N, improving soil structure and aggregate stability, reducing erosion, increasing aeration, water
infiltration and microbial activity. It may also contribute to soil N through biological N, fixation,
reduce fertilizer N needs by the wheat and farmer-dependence on mineral N. However, the use of
green manure in low-rainfall areas might reduce soil-water availability to the following crop [21].
Green manure as a crop preceding wheat can be readily transferable and adopted by farmers,
especially in shallow soils, where fallow water-storage potential is nil and continuous cereals
predominate. The introduction of green manure will eliminate the need for herbicides to control
weeds during the fallow period. It will also reduce need for biocides for wheat production. Green
manure can be easily integrated as a forage in crop-livestock systems. Vetch is commonly used as
forage, serving as a valuable source of protein. It is usually mowed early in the season (February—
March) but incorporating it into the soil was seldom considered. However, wheat performance of this
system and its N requirement, water- and N-use efficiencies as well as soil physical and chemical
changes were not monitored and compared to those of a wheat—fallow system. Nuclear techniques
(labelled N fertilizer, carbon discrimination and the neutron moisture probe) are useful tools for
evaluating N and water effects in this wheat system.

The objectives of this study were to:

— evaluate rotation and fertilizer effects on wheat,

— assess the effects of green manure and fallow on soil properties,

— monitor soil-water and N use efficiencies using nuclear techniques,

— sustain soil productivity and ensure environmental protection by reducing chemical use, and

— select the most profitable system that can be easily and readily adopted by farmers and reduce
farmer-dependence on the fertilizer market.

2. MATERIALS AND METHODS

Identical field trials were conducted from 1997 to 2002 at Jemaa Riah (JR) and Jemaa Shaim (JS)
Agricultural National Research Institute (INRA) experimental stations, located in the Settat-Chaouia
and Safi-Abda regions, respectively. The soil at JR was classified as a fine montmorillonitic, thermic
Palexerollic chromoxerert with a Ile capability subclass. At JS, the soil is a fine montmorillonitic,
thermic Palexerollic chromoxerert (mixed) with a IIIw capability subclass. Both soils have a
petrocalcic horizon, below 1 m at JS and at 50 to 60 cm at JR. Soil profile description, for both sites,
is reported in an appendix. Physical and chemical properties are given in Table 1.

The experimental had a split-plot design arranged in a randomized complete block with four replicates.
Rotations were assigned to main plots: wheat—fallow (W-F), wheat-vetch mowed (W—VM), wheat—
vetch incorporated (W—VI), fallow—wheat and vetch—wheat. The sub-plots consisted of N split with 0 or
40 kg N/ha at planting (P), 46 kg N/ha at tillering (T) and N at planting and tillering (P+T). Therefore, N
treatments were 0, 46, 0—40 and 40—46. Phosphorus and potassium were applied based on soil tests.
Nitrogen-15 micro-plots of 1.5 x 1 m for "N were installed for wheat and vetch in four replicates.
Urea at 2.19% "N a.e was used for all N rates. For vetch, 2.5 % "N a.e labelled urea was used at a
rate of 22.3 kg/ha.

Neutron-probe access tubes were installed in four replicates in wheat plots; only four tubes were
installed in the vetch and fallow phases. Soil water was monitored using a neutron probe, to a depth of

90



60 cm in both location during the 1998—-1999, 1999-2000, 2000-2001 cropping seasons. Soil-water
measurement periods were not the same for both locations; they also differed over years within each
location according to rainfall pattern and wheat-germination date.

Bread wheat (cv. Achtar) and vetch (Vicia sativa) were sown each year in November. Weeds in wheat
were chemically controlled. Wheat-grain and straw %N, as well as their "N a.e and §"°C values, were
determined at the IAEA laboratory at Seibersdorf, Austria.

Water use (WU) was calculated as the sum of rain and difference between soil water (R) at two
different times (final and initial) as indicated below:
WU = Ri — Rf + Rain
where
Rf  is the final soil-water reserve (mm),

Ri  is the initial soil-water reserve (mm).

Water-use efficiency is the ratio of yield to WU (kg ha' mm™):

WUE - Yield
Rain-water-use efficiency was also determined as:
RWUE — Yield
wu

The ""N-enrichment data were used to calculate the % of N derived from fertilizer (%Ndff). The N-use
efficiency (NUE) for wheat grain, straw and total dry matter was calculated as:

N uptake x % Ndff
labelled applied N fertilizer

NUE =100 x

Grain and straw yield, WU, WUE, §°C, N uptake, %Ndff, NUE, as well as soil water and nitrate at
different depths and OM (0—20 cm and 2040 cm) were used to examine the effects of rotation and
N fertilizer at the two sites. Analyses of variance and mean comparisons were done separately for each
location and year.

3. RESULTS AND DISCUSSIONS
3.1. Rainfall quantity and distribution

There were three consecutive dry years (1998-2001). The 1997 to 2002 rainfall for both locations is
reported on Table II. The amount and the distribution of received rainfall during these years are an
indication of the variation in climatic conditions that prevail in semi-arid regions of Morocco. The
1998 to 1999 season was dry at the beginning and at the end. The late onset of rain affected crop
establishment. The cumulative rainfall from February to May 1999 was 70 and 64 mm at JR and JS
respectively (Table II). Therefore, water stress during grain filling was more severe at JS, which had a
total rain of only 177 mm.

In the 19992000 growing season, rainfall was 236 and 199 mm for JR and JS, respectively. However, at
both locations, approximately 70 mm were received in October (before planting), while 67 mm at JR and
50 mm at JS were received in April 2000 when the wheat crops were ready for harvest. Therefore,
received rainfall during the 1999-2000 growing season was only 125 mm at JR and 78 mm at JS. The
30 mm received in the second decade of January 2000 at JS, compared to 15 at JR, affected wheat yield
because of difference in soil depth and water-holding capacities (Table I).
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Table 1. soil physical and chemical properties at Jemaa Shaim (JS) and Jemaa Riah (JR)

Site Depth Clay Silt Sand B. dens3ity Water retention
(cm) (%) (gem’)  033bar 15 bar
JS 0-15 60 22 18 1.15 27 18
15-30 56 27 17 1.25 27 18
30-60 56 27 17 1.34 28 20
60-90 55 26 19 1.46 27 15
JR 0-10 30 10 60 1.25 21 10
10-38 32 7 61 1.64 17 11
38-50 40 6 54 1.55 22 14
50-60 46 6 48 1.65 20 18
oM oC ™ NOs P K
Site ?ep)th oH
em (%) (ppm)
IS 0-15 2.0 1.2 0.09 20 22 220 7.7
15-30 2.0 1.2 0.06 21 5 265 8.0
30-60 1.5 0.9 0.06 - - - 8.1
60-90 1.0 0.6 - - - - 8.1
JR 0-10 2.0 1.2 0.11 14 6 149 6.7
10-38 1.7 1.0 0.09 13 2 17