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Chapter 6
Water Use and Yield of Millet Under

the Zai System: Understanding
the Processes Using Simulation

Dougbedji Fatondji, André Bationo, Ramadjita Tabo, James W. Jones,
A. Adamou, and O. Hassane

Abstract In the drylands of Africa about 90% of the population is rural and depends
on subsistence agriculture for their livelihoods. There is an increasing pressure on
the natural resources due to the high population growth, and farmers are constrained
to cultivate marginal lands, thereby compounding the land degradation problem.
Low and erratic rainfall, its poor distribution within the growing season, prolonged
dry spells, lack of adequate water supply due to soil physical degradation (soil crust-
ing) and nutrient shortage adversely affect crop growth and yields. To address these
problems, indigenous, easy to implement innovations such as the zai system may
provide solutions to increase productivity. The effect of three planting techniques
(Flat, zai pit of 25 cm and zai pit of 50 cm diameter) and three fertility management
options (control, crop residue, cattle manure) were tested at Damari in 1999 in
Niger. Soil water was monitored from weekly measurements using a Didcot
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Wallingford neutron probe throughout the growing period. Data from that experi-
ment were used to determine if the CERES-Millet model of the Decision Support
System for Agrotechnology Transfer (DSSAT) is sufficiently robust to predict yield
response to the zai water harvesting system. The model simulated the observed
yield response of the control and the manure-amended plots with high r-square
(0.99), low residual mean error square (340 kg-ha™! for above ground biomass and
94 kg-ha™! for grain yield) and high d-statistic (0.99), but this was not the case for
the crop residue treatment, which was over-predicted. Soil water content and extract-
able soil water were also well simulated for the control and manure treatments. This
evaluation of DSSAT provides a starting point for research to evaluate the perfor-
mance of these technologies over wider areas in West Africa. The application of
models for such studies must be interpreted in the context of limitations of the
model to address some constraints. Nevertheless, the highly variable crop responses
due to interacting effects of rainfall, management and adverse soil conditions in this
region make this an extremely important approach in planning for technology
adoption in an area and in interpreting results from experimental field research.

Keywords Zai * DSSAT ¢ Simulation ® Damari * Water haversting

Introduction

In the dry lands of Africa, about 90% of the population is rural and depends on
subsistence agriculture for their livelihoods (Bationo et al. 2003). Low and erratic
rainfall, its poor distribution within the crop growing period, prolonged dry spells,
lack of adequate water supply due to soil physical degradation (soil crusting, low
water retention) and nutrient shortage often adversely affect crop growth and yields
in this zone (Zougmor€ et al. 2003). According to Sundquist (2004) desertification
along the Sahara desert proceeds at an estimated 1,000 km? every year, which fur-
ther increases the pressure on arable land. One reason for this is the mounting popu-
lation pressure (3% yearly growth on average) and the limited availability of fertile
land. Many researchers have studied a wide range of management practices for
increasing productivity, including testing of better adapted varieties, use of inor-
ganic and organic fertilizer (Buerkert et al. 2002; Schlecht et al. 2004; Bationo et al.
1995; Yamoah et al. 2002; Tabo et al. 2007), rotation and residue management
(Bado et al. 2007; Fatondji et al. 2006; Adamou et al. 2007) and water harvesting
methods (Agyare et al. 2008; Roose et al. 1993).

One of the techniques studied is the zai system, an indigenous technology that
combines rain water collection (Roose et al. 1993; Fatondji 2002), and nutrient man-
agement. Research has shown that the zai technology promotes crop production on
highly degraded soils and helps alleviate the adverse effects of dry spells, which are
frequent during the cropping period in the Sahel (Roose et al. 1993; Hassan 1996;
Fatondji et al. 2006). This results not only from soil fertility improvement derived
from the applied amendment and wind-driven materials that collect in the pits, but
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also improvement of the soil water status following the breakage of the surface crust
and higher water infiltration (Fatondji 2002). Applying the zai technology on crusted
soils results in rapid progress of the soil wetting front, which may drain to deeper
layers to recharge ground water and also leach nutrients (e.g., nitrates Fatondji et al.
2011). Depending upon soil and crop growth conditions, the proportion of drained
water is variable. Using the zai system or other soil and water conservation tech-
niques for crop production may improve productivity and help eliminate hunger in
the dry land of West Africa. However soil type, climate and other conditions vary
over time and space and influence the ways those technologies interact.

Because many studies do not collect enough data to understand the interactive
effects of soil and weather conditions that affect crop yield, it is difficult to extrapolate
results from specific experiments to other soil and weather conditions. Crop simula-
tion models deal with these interactive effects and have been used to predict how crop
technologies will perform across sites and seasons and may help develop better man-
agement techniques for a wide range of conditions. However, it is not clear that the
models are suitable for predicting crop performance under the degraded soils and
extreme climatic conditions of West Africa. Although models have been used in many
studies in Africa, they usually take into account only one or two limiting factors, such
as variable rainfall and fertilizer input. Degraded soils have a number of factors that
interact to limit crop growth and yield in complex ways. In order to use crop models
for those conditions, they need to be tested in experiments in which measurements are
made to provide all of the needed soil parameters, weather conditions, initial soil con-
dition, management inputs and soil and crop growth responses. If the models are suc-
cessful, they can be used to predict performance of the technologies and reduce the
need for expensive and time-consuming field experimentation across regions.

Crop models in the Decision Support System for Agrotechnology Transfer
(DSSAT) (Tsuji et al. 1994; Jones et al. 2003) have been used widely worldwide. This
modeling system was designed for users to create computer experiments, simulate
outcomes of the agricultural practices, soil, and weather conditions, and suggest
appropriate solutions for specific sites (Jones et al. 1998). The millet model (CERES-
Millet; Singh et al. 1991), like other models in DSSAT, is designed to be independent
of location, season and management since it simulates the effects of weather, soil
water, cultivar, and nitrogen dynamics in the soil on crop growth and yield. This model
has not been evaluated for simulating production using zai technologies.

An experiment was conducted on a farmer’s field at Damari in Niger (West
Africa) to evaluate management systems that would increase yield and water pro-
ductivity of millet (Fatondji et al. 2006). The overall objective of that work was to
study the productivity and resource use efficiency of millet under rainfed conditions
in the zai system as compared to flat planting on a highly degraded soil. In this
study, we used data from that experiment to determine if the CERES-Millet model
is sufficiently robust to predict yield response to the zai water harvesting system.
This experiment was selected because of the potential importance of the zai system
in the Sahel which has highly degraded soils and because an intensive set of data
was collected on soil physical and chemical conditions, daily weather, weekly volu-
metric soil water versus depth, and crop yield and biomass productivities. The soil
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and climate conditions of this site challenge the capability of crop models because
of the extreme soil physical and chemical properties and intensive rainstorms. The
low soil water holding ability, soil crusting, low organic carbon, variable quality of
organic amendments, low fertility, low pH and intensive rainfall events, when
combined, may stretch the limits of crop models beyond their capabilities. In this
study we hypothesized that millet crop performance and soil water status in the
zai technology could be predicted with the CERES-Millet crop model using care-
fully measured weather and soil data at the experimental site. The specific objective
was to evaluate the ability of this model to simulate the performance of millet in the
zai system.

Material and Methods

Experimental Site

The experiment associated with the present study was conducted in 1999 in farm-
ers’ fields at Damari in Niger. Damari is located 45 km from Niamey, the capital
city of Niger, at 13°12" N and 2°14’ E. The long-term average annual rainfall is
550 mm, which falls between June and September. The long term monthly average
minimum and maximum temperatures vary, respectively, between 16°C in January
and 28°C in April and May and between 32°C in January and 42°C in April and
May (Fig. 6.1). Monthly potential evapotranspiration (PET) is very high; monthly
rainfall exceeds PET only in August (Sivakumar et al. 1993). During the experiment
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Fig. 6.2 Daily rainfall, minimum and maximum temperature, and potential evapotranspiration at
the experiment site, Damari in 1999

in 1999, weather conditions followed this trend; total rainfall for the season was
499 mm (Fig. 6.2).

The soil at Damari is classified as kanhaplic Haplustult (American taxonomy—
Soil Survey Staff 1998). It is acidic (pH-H,0=3.6-4.5), with 84% sand content, a
relatively low effective cation exchange capacity (ECEC) (2.8 cmol kg™!), and a
very low soil water holding capacity (PAWC=25-600 mm soil depth approxi-
mately). Because of intense rainfall events in the region the soils are prone to sur-
face crusting (Casenave and Valentin 1989) and high runoff rates. The soil organic
carbon ranged from 0.04% to 0.14% (Fatondji et al. 2006), even lower than the
typical levels in Niger (about 0.22%, Bationo et al. 2003). The nutrient levels of
soils in the region are very low (Bationo et al. 2003) and severely limit yield com-
pared to the genetic potential of the rainfall environment. Table 6.1 shows mea-
sured chemical characteristics of the soil at the experiment site. Available P was far
below the level of 2.1 mg/kg reported by Sinaj et al. (2001) typical to the soils of
the Sahel, indicating the advanced degradation status of the soil. Total nitrogen was
also very low compared to the average levels for Sub-Saharan Africa reported in
Bationo et al. (1996). For other details on the experimental site, refer to Fatond;i
et al. (2006).

Despite these extreme conditions, farmers are forced to use them for producing
crops because of limited land availability. Water harvesting technologies are there-
fore used to assure better soil water conditions to the crop. Due to the high price of
mineral fertilizer, and also the risk of leaching nutrients, farmers use mostly organic
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Table 6.1 Soil profile characteristics of the experiment field at Damari, measured in 1999*

Bulk

Land Depth  pH Total N P-Bray 1 Corg Sand Clay density
management _ (em) _ (H,0) (mgkg!) (mgkg) (%) (%) (%) (gem”)
Flat 15 39 0.13 1.73 0.14 84 13 1.6

30 3.9 0.11 1.03 0.09 83 13 1.5

45 3.7 0.12 0.74 0.07 84 13 1.5

60 3.6 0.12 0.46 0.06 85 12 1.5
Zai 25 cm 15 4.6 0.11 1.03 0.09 84 13 1.5

30 3.9 0.12 0.74 0.07 83 13 1.5

45 3.7 0.12 0.46 0.06 84 13 1.5

60 3.6 0.12 0.46 0.06 85 12 1.5
Zai 50 cm 15 4.2 0.11 1.03 0.09 84 13 1.5

30 3.9 0.12 0.74 0.07 83 13 1.5

45 3.7 0.12 0.46 0.06 84 13 1.5

60 3.6 0.12 0.46 0.06 85 12 1.5

*Adapted from Fatondji et al. (2006)

manure in the zai technology. These amendments are often of variable quality with
variable decomposition properties.

Field Experiment

The effect of planting technique (planting on flat vs. planting in zai pits of 25 cm
diameter and pits of 50 cm diameter (15-20 cm deep) and amendment type (control,
millet straw, and cattle manure) on millet growth and development were studied.
The zai pits were dug in the dry season in the third week of May 1999. When
digging the pits, the excavated soil was placed perpendicular to the slope on the
lower side of the pit so that water flow would be oriented into the pit. The organic
amendments were applied 36 days before sowing at the rate of 300 g dry weight per
pit or pocket (identification of the planting hill on non-zai treated plots) (i.e. 3 t/ha
for both manure and straw). When applied in the flat planting treatments, the amend-
ment was incorporated to 5 cm depth to protect it from wind that could displace it.
When applied in the zai pit, it was not initially covered, but it was covered later due
to accumulation of sand and plant material blown and washed into the pit. The field
was kept free of weeds throughout the growing season.

The millet straw used as amendment in the study had been collected from experi-
mental fields at Sadoré and cut into small pieces of 10 cm length, whereas the cattle
manure was collected from a barn on the same station. Urine was mixed with the
feces, which increased N and K content and improved the quality. Table 6.2 presents
the chemical composition of these amendments. The 2.53% N concentration of the
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Table 6.2 Nutrient composition (%) of the organic material used in the experiment ad nutrient
applied (kg ha™)

Nutrients applied per

Organic Nutrients content and C/N ratio hectare (kg)

amendment N (%) P (%) K (%) C/N N P K
Millet straw 1.18 0.10 1.57 50 327 2.8 435
Manure 2.53 0.94 1.72 21 62.9 233 42.8

Adapted from Fatondji et al. (2006)

manure was higher than the 1.2% N for cattle manure typically collected in farmers’
corralled fields (Esse et al. 2001).

The experimental design was a Randomized Complete Block Design (RCBD)
with two amendments + control (no organic amendment) and three planting tech-
niques (nine treatments) replicated 4 times. Millet variety Sadore local was sown
on 28 June at a planting density of 10,000 pockets per ha and harvested at maturity.
Plants were thinned to three plants per pocket, approximately 3 weeks after
planting.

Measurements

At maturity, grain and straw dry weight data were collected on a whole plot basis;
one border row was left out on each side of the experimental units. The collected
data were extrapolated to obtain yield on a per hectare basis.

Volumetric soil moisture contents were measured weekly at 15 cm intervals down
to 210 cm depth using a neutron probe (Didcot Instrument Company Limited;
Wallingford, UK). The probe had been calibrated in-situ for the soils of the experi-
mental site applying the gravimetric method suggested by the manufacturer (Fatondji
et al. 2006). The raw neutron probe data were converted to volumetric soil water
contents (cm? cm). Two 48 mm inner diameter aluminum access tube were installed
in each experimental plot. One tube was installed between the planting pockets while
the second was about 5 cm from the plants (in the pits in zai-treated plots). Data of
the tubes installed close to the plant (on the pocket or in the zai pit) are reported in
this chapter. The first measurements were made before the first rainfall on 7 June in
1999 and were continued throughout the growing period until harvest. To study the
progress of the profile wetting, several dates were selected to match soil water mea-
surements with other observations which were made in the experiment. These were
the date of first measurement before planting, the day of planting as well as days of
plant sampling. Only the top 60 cm soil water data were used in this study because
roots did not extend below that depth. Extractable soil water was calculated as the
difference between the volume of water at field capacity (or soil water drained upper
limit, DUL) in the soil depth to a maximum rooting depth of 60 cm and the volume
of water in the same soil profile at permanent wilting point (or lower limit). Rainwater
productivity was calculated as ratio of aboveground biomass or grain yield to the



Editor's Proof

84 D. Fatondji et al.

amount rain between planting and grain harvest dates and was expressed in kg per
millimeter of rain water. Drainage and runoff are important components of the water
balance equation to calculate evapotranspiration. Runoff measurements were not
taken during the experiment; therefore evapotranspiration water productivity values
were not estimated.

CERES-Millet Model Simulation

The CERES-Millet model in DSSAT (Tsuji et al. 1994) was used to simulate the
effects of the zai and amendment types on aboveground biomass production, grain
yield, soil water content, and extractable soil water. Measurements of soil and
weather conditions were used to provide the needed inputs to the model. These
inputs are (1) the initial chemical and physical status of the soil, which was deter-
mined through soil characterization measurements made prior to the installation of
the experiment on 12 May 1999. Soil samples were collected up to 200 cm depth to
measure nutrient content and particle size distribution. (2) Nutrient content of the
amendments were also measured. (3) Initial soil water conditions were determined
using the first neutron probe measurement on 7 June before rain started. The
CERES-based organic matter and nitrogen dynamics module (Godwin and Singh
1998) was used. (4) Weather data were collected with an automatic Campbell scien-
tific weather station (daily rainfall, solar radiation, and minimum and maximum air
temperature). (5) Lastly, data on the phenology of the crop were collected through-
out the cropping season. For comparison with the simulated variables, actual crop
yield and final biomass, soil water content, and extractable soil water data were
obtained. The root mean square error (RMSE), mean absolute error (MAE) and
d-statistic (Willmott 1981) were used to assess the agreement between simulated
and observed values.

For the measurement and estimation of all soil parameters vs. depth in the zai
treatments, the first measurement starts from the bottom of the pit as the rooting zone
of the crop sown in the pit starts from this level. This was taken into account in the
initial conditions and the soil characteristic input parameters for the model. Therefore
9 sets of initial conditions and soil analysis were used, which is equal to the number
of treatment combinations tested. The fact that the first depth of soil water measurement
started from the bottom of the zai pit did not have any influence on initial soil water
content. In fact in the flat treatment, the first sampling layer started at the soil surface,
whereas in the zai pit it started at the soil surface at the bottom of the pit.

Estimating Model Inputs Not Directly Measured

Some model parameters are difficult to measure directly and must be estimated
from other measurements. In this study, three soil parameters were estimated using
weekly soil water content vs. depth measurements in selected treatments: the lower
limit of plant available water (LL), the drained up limit (DUL), and the surface
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Table 6.3 Initial soil conditions set for the model from measured data in Damari in 1999

Soil water Soil drained Nitrate
Initial soil lower limits  upper limit  Saturation content
Land Depth  water content  (LL) (DUL) point (SAT) (g[N]-Mg™!
management (cm)  (cm*cm™) (cm*cm™)  (cm’-cm™) (cm3-cm™) soil)
Flat 15 0.022 0.024 0.065 0.361 0.007
30 0.028 0.024 0.075 0.354 0.004
45 0.038 0.024 0.08 0.354 0.003
60 0.042 0.024 0.08 0.358 0.002
Zai 25 cm 15 0.026 0.024 0.08 0.361 0.004
30 0.037 0.024 0.08 0.354 0.003
45 0.044 0.024 0.09 0.354 0.002
60 0.046 0.024 0.09 0.358 0.002
Zai 50 cm 15 0.027 0.024 0.08 0.361 0.004
30 0.038 0.024 0.08 0.354 0.003
45 0.041 0.024 0.09 0.354 0.002
60 0.046 0.024 0.09 0.358 0.002

water runoff curve number (ROCN). Although there are pedotransfer functions for
estimating LL and DUL, from measured soil texture, these functions are not reliable
for specific field sites (Gijsman et al. 2003). Genetic coefficients and an inherent
soil productivity factor were estimated using maturity date, biomass and grain yield
measurements in the manure treatments. Finally maximum root depth was estimated
using soil pH and water measurements. Although these estimates were obtained by
indirect methods, they are based on measurements that provided consistent predic-
tions taking into account the many interacting factors.

To estimate the soil water LL, we took the average of the measured soil water
contents of the first two soil layers (15 and 30 cm depths) taken on 7 June before the
first rain of the season. Due to the long dry season from October, these first two lay-
ers were dry. The average volumetric water content of the two layers was
0.024 cm?-cm~3. We did not include the lower depths as higher values indicated that
those layers probably did not reach the lower limit. To estimate DUL, the neutron
probe readings were also used. Flat-planted control and 50 cm zai control treat-
ments were used to estimate DUL for each layer for flat and zai treatments, respec-
tively. The DUL was set to approximate the soil water values measured after rainfall
had wet the soil, but before plants started rapidly extracting water. The results are
reported in Table 6.3

Due to soil crusting, runoff was high in flat-planted treatments. Therefore a high
coefficient (ROCN) was set for this treatment by comparing the time series of mea-
sured and simulated soil water contents in the control and manure flat-planted treat-
ments. Iteratively, ROCN values were changed until simulated soil water vs. depth
and time of season in these two treatments were in good agreement with observed
soil water contents. Following this procedure, a runoff coefficient of 98.4 was
obtained for the flat treatment. To estimate the runoff coefficient for the two zai pit
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Table 6.4 Genetic coefficients for the millet variety used in the study

Initial values

Parameter (variety CIVT) Values

Thermal time from seedling emergence to the end of the juvenile 180 170
Phase (P1)

Critical photoperiod or the longest day length (in hours) at which 12 12
development occurs at a maximum rate (P20)

Extent to which phasic development leading to panicle initiation 150 150

(expressed in degree days) is delayed for each hour increase
in photoperiod above (P2R)
Thermal time (degree days above a base temperature of 10°C) 500 450
from beginning of grain filling (3—4 days after flowering)
to physiological maturity(P2OP5)

Scalar for relative leaf size (G1) 2 1
Scalar for partitioning of assimilates to the panicle (G5) 0.50 0.77
Phylochron interval; the interval in thermal time (degree days) 43 43

between successive leaf tip appearances. (PHINT)

sizes, we calculated the proportion of area occupied by a zai relative to the total area
per pocket (1 m?). Although water falling between the pits has a chance to be cap-
tured in the pits, for simplicity we assumed that any drop falling between the pits
would runoff at a rate determined by the ROCN of the flat treatment and all rain
falling on the area of the pit would be retained. Based on this assumption we calcu-
lated a weighted average ROCN using the runoff coefficient of the flat planting and
relative area of the zai hole to the area not in the hole. Therefore we obtained a
ROCN of 93.5 for the zai of 25 cm diameter and 79.1 for the zai of 50 cm diameter.
One ROCN was used for each planting technique regardless of amendment.

Genetic Coefficients

Genetic coefficients were estimated using measured biomass and grain yield and
physiological maturity date for the zai manure treatments. Ideally, genetic coeffi-
cients should be estimated using data collected in experiments without water and
nutrient stresses, but this is not possible in many cases such as in this experiment.
Following Boote et al. (2003) and Mavromatis et al. (2001), coefficients for a vari-
ety in the DSSAT millet cultivar file was initially used, and phenology coefficients
(P1, P2R, and P20P5) were adjusted so that the simulated maturity date closely
approximated the mean observed date for the manure treatments (good, least nutri-
ent stress treatment) (Table 6.4.). Afterward, coefficients that determine biomass
production and its partitioning into grain yield were considered. However, this was
done simultaneously with adjustments to the soil fertility factor (SLPF), which must
be used to account for limited nutrients in the soil that are not included in the model.
Other researchers (e.g., Singh et al. 1994; Naab et al. 2004) found that SLPF values
ranging between 0.63 and 1.00 were necessary for some soils in India and Ghana.
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In this case, it was noted that soil P levels were very low, which justified our
modification of this factor. Thus, G5, the parameter that partitions assimilates into
grain, and SLPF were modified together using both grain and biomass yield as criteria.

Maximum rooting depth is determined by a root growth factor (SRGF) in each
soil layer. Layers down to the maximum root depth have values computed from the
DSSAT software, and values below that were set to 0.0. In this study, it was assumed
that due to Al toxicity and low pH below 30 cm depth, roots would not grow below
30 cm. This was consistent with the neutron probe data that showed no soil water
extraction below that depth. Therefore SRGF was set to zero for all layers below
that depth.

Results and Discussion

Experiments

Soil water content. Figure 6.3 shows graphs of soil water content vs. depth for dif-
ferent measurement dates for the 25 cm zai and flat planted treatments. The same
trend was observed for both pit sizes, but soil water contents were higher for the
plots with the 50 cm diameter zai. The wetting front was already below 200 cm on
the day of planting in the zai treated plots (Fig. 6.3a, c, e), whereas in the non-zai
treated plots, it was shallower on the same date (Fig. 6.3b, d, f). The results indicate
that even though the structure of the soil is sandy, breaking the surface crust and
digging the pits was highly favorable for water infiltration compared to the flat treat-
ment. Volumetric soil water content (VWC) was still higher at deeper layers in the
zai vs. the flat treatments even towards the end of the season. In the control-zai plots
for instance, at 200 cm depth, VWC was about 0.08 cm?*/cm? compared to 0.051 cm?/
cm? for the flat-control treatment.

In general, the soil water profile was shallower in the manure treated plots than
the other treatments regardless of the type of planting technique. Towards the end of
the cropping season, in the zai as well as on flat treatment with cattle manure, soil
water content decreased significantly compared to plots treated with millet straw,
indicating high water consumption of the crop due to increased biomass production.
Particularly in flat treatment amended with cattle manure, the wetting front remained
at 60 cm during the whole growing period, which is an indication that the presence
of crust hampered water infiltration. But in addition crop water uptake may have
increased considerably due increased biomass production

Extractable soil water (ESW) was calculated based on a maximum depth of
60 cm for comparison with the output of the model. In the flat-planted plots, extract-
able soil water was lower than in the zai-treated plots regardless of the amendment
type (Fig. 6.4). This was more pronounced in the manure treated plot probably due
to higher plant consumption as reported in Fatondji et al. (2006). Biomass and grain
yield on these plots were high compared to the control. The same thing may have
happened in the 25 cm diameter zai amended with manure where extractable soil
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Fig. 6.3 Effect of planting technique and amendment type of soil water content. Damari; Sed
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Fig. 6.4 Effect of planting technique and amendment type on extractable soil water

water dropped substantially from day 240 until the end of the cropping season,
which was not the case of the zai of 50 cm diameter. This is an indication that more
water was collected in pits of 50 cm diameter.

Yield components. In the control non-amended plots, the zai treatment increased
above ground biomass yield by a factor 3 for both pit sizes, while grain yield
increased by a factor 19 for pit size 25 cm diameter and 9 for pit size 50 cm
(Table 6.5). Nevertheless the yields were extremely low compared to the average
millet grain yield in Niger, which is 300 kg ha™! (Bationo et al. 1989). No farmer
would crop a field that would produce 1 kg ha™'of grain. This is an indication that
crop production would not be possible without external nutrient inputs in the soil
where the experiment was conducted. It also shows that water is not the major con-
straint. Only minor yield increases were observed in the zai compared to flat plant-
ing when crop residue was applied.

The zai treatment significantly increased the above ground biomass (5,133 kg ha™!
and 5,711 kgha~! for the 25 cm and 50 cm zai, respectively) compared to 2,967 kg ha™!
for flat planting, when cattle manure was applied. Grain yield also increased
(1,156 kg ha™! and 1,100 kg ha™! for 25 cm zai and 50 cm zai, respectively) com-
pared to 705 kg ha™! for flat planting (Table 6.5). This shows that by breaking the
crust with the zai digging, better conditions were created for crop growth. This may
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Table 6.5 Millet above Yield data (kg ha™)

g.round biomass and grair} Above around

g

yield as affected by P lanting Treatments biomass Grain

technique under various

fertility management Control

conditions, Damari 1999 Flat planting 96 1
Zai 25 cm 303 17
Zai 50 cm 280 8
Sed (x) 90.4 4.9
F.prob ns 0.045
Crop residue
Flat planting 795 127
Zai 25 cm 1,059 168
Zai 50 cm 924 157
Sed (x) 2325 48.9
F.prob ns ns
Manure
Flat planting 2,967 705
Zai 25 cm 5,133 1,157
Zai 50 cm 5,711 1,100
Sed (x)* 872.8 276.1
F.prob 0.044 ns

Adapted from Farondji et al. (2006)
2Sed Standard error of difference between means

have also helped the crops to escape from the effect of dry spells. In the Sahel, and
particularly during this experiment, dry spells resulting in 2 weeks without rain
were frequent (Fatondji et al. 2006). The observed differences were statistically sig-
nificant only for millet aboveground biomass yield when cattle manure was applied
and for grain yield of the control non-amended plots. No statistically significant
differences were observed between the zai pit sizes in terms of above ground biomass
and grain yield. This could be due to high variability in the data because of the harsh
conditions of the experiment, particularly in the control and the crop residue
amended plots. The residual mean square error was even higher than the treatment
mean for crop residue amended plots. Nevertheless, we speculate that soil nutrient
content was so low, that water availability alone without application of nutrients
made only small differences in crop productivity among the soil management
techniques.

In flat-planted plots, 2,900 kg ha™! of aboveground biomass yield was obtained
with manure application compared to 1,200 kg ha™! for crop residue and 96 kg ha™!
for the control non-amended plot. Relatively high grain yield production was also
obtained with manure application in flat-planted plots (705 kg ha™") compared to
127 kg and 1 kg ha™' for crop residues and control non-amended plots, respectively
(Table 6.6). All observed differences were statistically significant. In both zai pit
sizes, manure application significantly increased aboveground biomass and grain
yield compared to the crop residue and the control treatments. In the 25 cm diameter
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Table 6.6 Millet above Grain

ground biomass and grain Above ground yield

yield as affected by Treatments biomass (kg ha™) (kg ha™)

amendment type under .

various soil management Flat planting

conditions, Damari 1999 Control 96 1
Crop residue 1,159 127
Manure 2,967 705
Sed(+) 597.3 2154
Fprob 0.008 0.036
Zai 25 cm
Control 303 17
Crop residue 1,195 1,68
Manure 5,133 1,157
Sed(z) 666.2 112.6
Fprob <0.001 <0.001
Zai 50 cm
Control 280 8
Crop residue 924 157
Manure 5,711 1,100
Sed(+) 406.9 79.8
Fprob <0.001 <0.001

Sed Standard error of difference between means
Adapted from Fatondji et al. (2006)

zai treatment amended with manure, aboveground yield increased by a factor 17
compared to the control and a factor of 4 compared to crop residue treatments. The
same trend was observed in grain yield but more pronounced as manure applica-
tion in the 50 cm zai treatment increased yield by factors of 138 and 7 for the
control and crop residue treatments, respectively. Grain yield in crop residue-amended
plots was higher than the control by a factor 4 and 7 in the 50 and 25 cm zai
treatments, respectively. All the differences were highly significant statistically
(Table 6.6). These results show that for better results with the zai technology, there
is a need of additional nutrient input of good quality. Nevertheless, due to the
excess water that would collect in the zai, it may be preferable to use organic
amendment for nutrient input instead of inorganic fertilizers that tend to leach with
water drainage.

Table 6.7 shows the effects of organic amendment type on observed rain water
productivity and simulated results for the same parameter for comparison. Manure
application in the zai resulted in above ground yield of 12 kg-mm™" of rain on
average versus 0.6 kg mm™' of rain for the control treatment. Grain yield per mm
of rain water also increased by a factor 64 and 128 for zai 25 cm and zai 50 cm,
respectively, compared to the control non-amended plots. On flat-planted plots,
manure application increased rain water productivity by a factor 31. All the
observed differences were statistically significant. When compared to flat planted
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Table 6.7 Rainfall water productivity as affected by amendment type under various soil manage-
ment practices; Damari 1999

Rain water productivity (kg-mm)

Above ground yield Grain

Observed Simulated Observed Simulated
Zai 25 cm
Control 0.67 0 0.04 0
C.residue 2.65 6.6 0.37 1.82
Manure 11.38 13.4 2.56 3.11
Sed(+) 1.476 0.249
Fprob <0.001 < 0.001
Zai 50 cm
Control 0.62 0 0.02 0.00
C.residue 2.05 6 0.35 1.62
Manure 12.66 12.9 2.44 2.82
Sed(x) 0.902 0.18
Fprob <0.001 < 0.001
Flat
Control 0.21 0 0 0
C.residue 2.57 5.7 0.28 1.42
Manure 6.58 6.2 1.56 1.52
Sed(zx) 1.324 0.477
Fprob 0.008 0.036

C.residue Crop residue, Sed Standard error of difference between means

plots, manure application in the zai improved aboveground biomass and grain
yield per mm of rain by a factor 2. These results indicate that the crop made better
use of rain water in the zai when manure was applied. Similar results were reported
by Fatondji et al. (2006) on another experimental site where the same technologies
were tested.

Simulated Results

Soil water content. Figure 6.5 shows the simulated soil water contents for the con-
trol flat planted treatment for soil layers 5-15 and 15-30 cm compared to the
observed data. In general there is a good prediction of the movement of the wetting
front in the 5-15 cm layer during all the sampling period except for the 4th and the
14th sampling dates, which correspond to period of successive rainfall events (the
first was taken 1 day after 3 days of rain (total of 26 mm) and the second was taken
1 day after a rain event of 21 mm) which were under-predicted. The seventh and
tenth samplings, which were taken after 11 and 7 days of dry spells, respectively,
were over-predicted. In general the model performed poorly in predicting soil water
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Fig. 6.5 Soil water content in the flat control treatment, soil layers 5—15 and 15-30 cm. Simulated
(Sim) and observed (Obs) data

content in the 15-30 cm layer. It grossly under-predicted the second sampling,
which was 4 days after 48 mm of rain and the third sampling, which was 2 days after
10 mm of rain. Subsequently, the model predicted high water content all along the
sampling period except for samplings 11, 13 and 14, which were taken 4 days after
cumulative rains of 39, 38 and 20 mm and which were all well predicted. In both
soil layers, the dry spells were over-predicted. Our observation is that there is no
consistent trend on which we could base our argument in relation to the prediction
of soil water content depending upon the number of days before or after rainfall
event. Nevertheless we have to admit that the time resolution of this model would
not allow this level of detail.

Overall, the ability of the model to simulate over most of the season was good as
supported by the low residual mean square error (RMSE=0.01), high d-statistic of
0.9 and r-square of 0.7. Figure 6.6 shows the simulation results of the control zai for
the same soil layers. The general trend was well simulated, although the model
simulated more peaks that were not observed from the field measurements. We also
point out that the model can be off by one day, since it is not indicated exactly when
during a day the rainfall occurred, and at what time measurements were taken.
Figure 6.7 shows the simulated soil water contents in the manure amended zai 50 cm
plot. In general the measured trend was captured; nevertheless the 11% sampling that
was after 4 days of cumulative rainfall of 39 mm was not simulated accurately by
the model. Actually, there was no consistent relationship between the trends in
observed rainfall events and the time of sampling as per our observations.
Nevertheless, further studies may be needed to address these details which may help
us understand why the model over-predicted water content in some cases while in
other less water content was predicted compared to the observed values.
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Fig. 6.6 Soil water content in the zai control treatment, soil layers 5-15 and 15-30 cm. Simulated
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Fig. 6.7 Soil water content in the zai 50 cm manure treatment, soil layers 5-15 and 15-30 cm.
Simulated (Sim) and observed (Obs) data

Figure 6.8 shows the extractable soil water in the top 60 cm of soil. The observed
trend was captured by the model in the control flat and manure zai 50 cm with high
d-statistics (0.913 and 0.821) except for the samplings 11 and 12, which were over-
estimated as observed already with the graph of soil water content in the 50 cm zai
treatment amended with manure. The manure flat treatment had a lower d-statistic
(0.618) and very low r-square of 0.37; but a fairly low RMSE (5.953). One of the
major inputs of the zai technology is the breakage of the soil crust while digging the
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Fig. 6.8 Extractable soil water (ESW) in the control and manure flat+manure zai 50 cm treat-
ments; Simulated (Sim) and observed (Obs) data

zai holes. Depending upon the size of the pit, the amount of water collected may
differ. The results presented here were obtained by using a different runoff curve
number for each land management treatment (flat, zai 25 cm and zai 50 cm). The
general trend was that almost no water extraction occurred below the top 45 cm of
soil, which according to Fatondji (2002) was the depth above which 98% of the
plant roots (dry weight basis) were concentrated. High Al content (29%) of the
experiment soil (Fatondji et al. 2006) hampered root growth beyond the zone of
application of the organic amendment, which could explain why water extraction
did not occur at those depths. Nevertheless some water would move upward from
the 30-60 cm layer as the upper layer dries out, and thus plants will extract some of
the water from the 30-60 depth due to diffusion even if roots are not in that layer.

Yield Components

Table 6.4 shows the genetic coefficients estimated for the Sadore local variety used
in this experiment. The estimated value of SLPF was 0.68. These genetic coeffi-
cients and the SLPF were then used for all other treatments in the experiment.
Table 6.8 shows statistics comparing simulated vs. observed biomass and grain
yield for flat-planted and zai treatments with manure and with no amendments (six
treatments). Although the manure treatments were used to estimate these parame-
ters, these results demonstrate a good ability of the millet model to simulate differ-
ences among these six treatments, with high r-square and d-statistics and low root
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Table 6.8 Simulated vs. observed aboveground biomass and grain yield — statistical
comparisons

Mean (kg-ha™') Mean (kg-ha™') RMSE

Variable name Observed Simulated r-Square Difference Abs.Diff. (kg-ha™) d.stat
Control, crop residue and manure

Total biomass 1,974 2,441 0.847 467 711 943.2 0.948
Grain yield 382 591 0.728 209 225 327.755 0.885
Control and manure only

Total biomass 2,415 2,339 0.988 =76 290 340.026  0.995
Grain yield 498 536 0.991 39 63 93.045 0.993

d-stat d-statistic Willmott (1981), Abs.Diff. Absolute difference

® Grain Yield
X Total biomass yield [

3000 - @
[ ]

0 »’e : : ‘ ‘ ‘ :
0 1000 2000 3000 4000 5000 6000 7000

Observed data (kg ha')

Fig. 6.9 Observed versus simulated top dry matter and grain yield. Circled points are for the crop
residue treatments

mean square errors between simulated and observed data. Due to the marginal
conditions of the experiment in terms of soil physical and chemical characteristics,
the crops were so stressed in some treatments that they could hardly grow and
simulated growth was very low relative to the crop’s genetic potential (control non-
amended plots). Although these conditions are extreme to be simulated by conven-
tional models, these results show that by setting the parameters for conditions in this
experiment the model was able to simulate the observed responses to these six
treatments.

However, the simulation results for the crop residue treatments substantially
over-predicted observed yields (Fig. 6.9 — circled symbols). The model may have
under-predicted immobilization of N following addition of the high C:N residues in
this treatment.). One other possibility is that the low response observed in the exper-
iment relative to simulated yield may have been due to the very low phosphorus
content in the crop residue. Phosphorus concentration in the crop residue was 0.10%,
whereas it was 0.94% for cattle manure. The version of the millet model in DSSAT
v4.5 used in this study did not account for phosphorus limitations to growth,
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although this option is available for other crops (Dzotsi 2007). This means that
simulated yields for this experiment were based only on water and nitrogen avail-
ability in addition to weather and genetic coefficients. When soils have very low
phosphorus levels, and very little or no phosphorus is applied as an amendment or
fertilizer, the model may over-predict biomass growth and grain yield, which is
what happened in the crop residue treatments. It is also possible that the nutrient
content of the crop residue was highly variable and inputs for this amendment were
not accurate. In manure treatments, as manure decomposed it released about 9 times
more phosphorus than the decomposing crop residue, which apparently favored
crop growth and yield. This trend is not captured by the model as the phosphorus
module is not yet available in DSSAT for millet.

The model performed very well in terms of rain water productivity, particularly
for manure and control plots; whereas the effect of crop residue was not well cap-
tured in the model outputs (Table 6.7). This implies that water productivity esti-
mated by the model can be used to estimate rain water productivity for comparing
the zai with manure amendment vs. control flat planted management systems in
other years or locations if the required soil, weather, amendment, and planting tech-
nique model inputs are known.

Discussion and Conclusions

This study addressed the challenge of simulating low productivity of millet due to
combination of crusting soils (with adverse effects on soil water balance), extremely
low PAWC soils, N+P constraints on crop growth and low and erratic rainfall. We
explored the possibility of simulating millet production in one of the extreme condi-
tions that farmers have to deal with using an experiment in which detailed data were
collected on soil physical and chemical properties, organic amendment properties,
weather, yield components, and weekly soil water content vs. depth measurements
for nine treatment combinations of planting techniques and organic amendments.
These carefully-collected data provided a good test of how well the millet model
would predict the range of responses that were observed. But even with the extensive
data set, we found that several input parameters needed by the model had to be esti-
mated using indirect methods. Although this need may exist in other conditions, the
model was highly sensitive to these uncertain inputs for the conditions at this site.
The most sensitive inputs that had to be estimated indirectly were the genetic coef-
ficients for the variety used in the experiment, the runoff curve number for different
zai vs. flat planted treatments, and the soil fertility factor. Nevertheless, simulated
yield results were very good for the manure treatments on flat planted and zai treat-
ments, predicting aboveground biomass values that ranged between about 3,000 and
5,700 kg ha! and grain yield ranging between about 700 and 1,200 kg ha™'. For con-
trol treatments, simulated aboveground biomass and grain yield values were below
10 kg ha™!, whereas observed values were somewhat higher. But since observed grain
yields were less than 20 kg ha!, these treatments all represented crop failure.



Editor's Proof

98 D. Fatondji et al.

The output of the model in terms of rain water productivity as a ratio of dry matter
or grain production to the amount of rain from planting to harvest was captured
when compared to the observed data particularly for manure treated and control
plots. This indicates that the measured data were adequately used to estimate the
model parameters. The model calculates the amount of rain received during the
cropping period based on weather data provided. Therefore this result could
be expected as those two treatments were well simulated in terms of aboveground
biomass and grain yield.

Water harvesting techniques are one of the means to combat desertification in
sub-Saharan Africa. They are mostly used on the prevailing degraded bare land
of the region. The results of the field study that served as the basis for model
evaluation demonstrated that the zai technology is a powerful tool, which under
extreme physical and chemical conditions, can substantially increase crop yield
and provide conditions for crops to escape from adverse effects of dry spells.
Even though zai technologies are indigenous in some countries, there is a need to
extend them for broader use. A study for evaluating their effectiveness across
environments is therefore needed because among the water harvesting technologies,
the zai is simple and easy to implement by farmers as it requires locally-available
material.

We contend that simulation analysis of these options can be used to provide
insight on the effectiveness of alternative management systems. However, realistic
inputs are needed for environments to be studied, and results must be interpreted
relative to uncertainties in the inputs as well as limitations in the models. For exam-
ple, the comparison of manure amendments in zai vs. flat planting, based on these
results, could be simulated for a range of similar soils and climates with a reason-
ably high confidence level. However, simulating the use of lower quality amend-
ments, particularly in similar highly degraded soils, would need to be interpreted in
the context of limitations of the model. Although this is always true for model appli-
cations, the harsh conditions in this region make this an extremely important issue
when conducting and interpreting results from such studies.
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