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Summary

In the 400-600 mm annual rainfall zone of the Sahel, soil fertility is the main determi-
nant of yield in rainfed millet cropping systems in all but the driest years. Numerous
on-farm and on-station experiments have addressed the issue of improving soil fertil-
ity. Yet the widespread use of the experimental results is restricted by the highly site-
specific millet response to fertility management practices due to high spatially variable
soil properties as well as high intra- and inter-annual rainfall variability. Mathematical
soil-crop growth simulation models could therefore suitably complement experimen-
tal research to support decision making regarding soil fertility under variable rainwater
supply conditions. The objective of this thesis was therefore to develop the biophysi-
cal basis for the use of crop-soil models in decision support regarding water and soil
fertility management and risk mitigation strategies in rainfed millet-based systems of
Sahelian Niger. Because farmers rely on multiple cultivars with variable length of
growing cycle due to sensitivity to temperature and photoperiod as part of their risk
management strategies we first characterized seven Sahelian millet genotypes and pa-
rameterized the Agricultural Production Systems Simulator (APSIM-millet model).
The cultivars include three improved cultivars (CIVT, ICMV-IS-89305, ZATIB) and
four landraces (Ankoutes, Hainikirey, Maewa and Zongo). Our research showed that
only one of the cultivars, Maewa, was very photosensitive contrary to the six others.
The majority of the agronomic state variables (leaf number, leaf area, biomass and
grain yield) were negatively affected by late sowing (associated with lower air tem-
peratures). This characterization enabled to compute for the first time in the Sahel
the principal eco-physiological or genetic millet parameters (thermal times of devel-
opment phases, leaf area dynamics) of crop growth models (e.g. APSIM, DSSAT). To
gain confidence in the use of the APSIM model for decision support in the Sahelian
environment, it was successfully tested to reproduce the agronomic state variables un-
der non-limiting water and nutrient supply conditions. Moreover the APSIM model
satisfactorily reproduced the millet CIVT cultivar response to water x N interaction
from the combined application of crop residue, cattle manure and mineral fertilizer
during two years and for contrasted rainfall conditions. Using the model with site
and cultivar specific parameterization, we implemented two applications for decision
support. A 23-year, long term factorial numerical experiment showed that a moderate
N application of 15 kg N ha—! is more appropriate for smallholder, subsistence farm-
ers than the usual 30 kg N ha~! recommendation. Although it implies a lower long
term average yield than at 30 kg N ha—!, the application of 15 kg N ha~! guarantees
both a higher minimum yield in extreme dry years and a lower inter-annual variabil-
ity, thereby increasing food security and reducing farmers vulnerability. In the second
model application, we integrated GIS information (land tenure, spatially distributed
weather data, fertility management) and the APSIM model in a 12-year yield simula-
tion to show that the spatial dispersion of fields of a household throughout the village
territory (farmer risk management strategy) leads to more uniform yields across house-
holds and reduces the inter-annual yield variability in the Fakara region of Niger. Our
research breaks the ground for several other applications of the use of crop-soil sim-
ulation models in millet-based systems in the Sahel, e.g. climate change impact and
food crisis mitigation.
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Résumé

Dans la zone Sahélienne avec 400 a 600 mm de précipitation annuelle, la fertilité des sols est
le principal facteur déterminant des rendements du mil pluvial hormis lors des années plus
séches. De nombreuses expérimentations au champ et en station ont abordé la question de
I’amélioration de la fertilité des sols. Cependant, I’extrapolation de ces résultats, et a forciori
leur utilisation par les agriculteurs, est limitée par le fait que la réponse du mil a ces pratiques de
fertilité dépend fortement des propriétés des sols tres variables dans I’espace ainsi que de la plu-
viométrie annuelle et sa répartition intra-annuelle. Les modeles mathématiques et dynamiques
de simulation de la croissance des plantes peuvent donc utilement compléter la recherche ex-
périmentale pour I’aide a la décision en ce qui concerne la gestion de la fertilité des sols dans
diverses conditions d’alimentation hydrique. L’objectif de cette these était donc de développer
les bases biophysiques pour 1'utilisation de modeles de croissance des cultures en vue de leur
utilisation comme outils d’aide a la décision en matiere de gestion de 1’eau et la fertilité des sols
dans les systemes de culture a base de mil en zone sahélienne du Niger. Puisque les paysans
utilisent de multiples variétés de mil avec des cycles de croissance variables en tant qu’élément
dans leurs stratégies de gestion des risques, nous avons d’abord caractérisé sept génotypes de
mil Sahelien en vue de la paramétrisation du model dynamique APSIM (Agricultural Produc-
tion Systems Simulator). Trois variétés améliorées (CIVT, ICMV-1S-89305, ZATIB) et quatre
variétés locales paysannes (Ankoutes, Hainikirey, Maewa et Zongo) ont été étudiées. Notre
recherche a montré que seule une des variétés, 1’écotype Maewa, est trés photosensible con-
trairement aux six autres. La majorité des variables agronomiques (nombre de feuille, surface
foliaire, biomasse et rendement en grain) ont été négativement affectées par un semis tardif (as-
sociés a des températures de 1’air plus faibles). Cette caractérisation a permis de calculer pour la
premiere fois au Sahel les principaux parametres éco-physiologiques du mil (durée thermique
des phases de développement, dynamique de la surface foliaire), indispensables aux modeles
dynamiques de croissance des plantes tels qu’ APSIM et DSSAT. Le modele APSIM a permis de
reproduire avec succes les variables agronomiques de 6 des 7 variétés de mil en condition non-
limitante d’apport en eau et en nutriments. De plus, le modele APSIM a reproduit de maniére
satisfaisante la réponse de la variété améliorée CIVT a I’interaction de I’eau et de 1’azote suite a
I’apport combiné de résidus de récolte, de fumier de bétail et d’engrais minéral sur deux années
ayant des pluviométries contrastées. Ceci a permis de renforcer la confiance dans 1’utilisation
du modele APSIM comme outil d’aide a la décision dans I’environnement Sahélien. Sur base
du modele APSIM ainsi paramétrisé pour des conditions spécifiques de site et de variété, nous
avons développé deux applications en matiére d’aide a la décision. Une expérimentation facto-
rielle numérique a long terme (23 ans) a révélé que 1’application d’une dose modérée d’azote
(15 kg N ha™') est plus appropriée dans le contexte d’une agriculture de subsistance que la
recommandation habituelle de 30 kg N ha~!. Bien qu’elle implique un rendement moyen 2
long terme inférieur & celui obtenu avec 30 kg N ha™!, I’application de 15 kg N ha~* garan-
tit un plus grand rendement minimum pendant les années seches extrémes et une variabilité
inter-annuelle plus faible, ce qui permet de garantir une meilleure sécurité alimentaire tout en
réduisant la vulnérabilité des paysans. Dans la deuxieme application du modele, nous avons
intégré des données SIG (parcellaire villageois, données climatiques et de pratiques de gestion
de fertilité distribuées dans I’espace) et le modele APSIM dans une simulation de rendement
de mil sur 12 années. Ceci a permis de montrer que la dispersion spatiale des champs d’un
ménage dans le terroir villageois (stratégie paysanne de gestion du risque) permet 1’obtention
de rendements plus uniformes entre ménages au sein du méme village et de réduire la variabil-
ité inter-annuelle des rendements de chaque ménage dans la région de Fakara au Niger. Notre
recherche ouvre la voie a plusieurs autres applications de 1’utilisation des modeles dynamiques
de croissance des plantes dans les systeémes a base de mil au Sahel, par exemple dans 1’étude de
I’'impact des changements climatiques et de prévention des crises alimentaires.
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Chapter 1

Introduction and objectives

1.1 Context and justification

In Niger (West-Africa, Figure [I.1), pearl millet [Pennisetum glaucum (L.)
R.Br.], the main staple food, dominates in the agricultural production system
and contributes about 75% to the national cereal production (Ben-Mohamed
et al.,[2002). The last 50 years have been characterized by a low annual millet
production growth rate (0.6%) compared to the human population growth rate
(3%) (Reardon et al., (1997). Millet grain yields are low, usually below 500
kg ha=! (De Rouw, 2004). The annual increase in the total national millet
production is best explained (R? = 0.83) by the expansion of cropland rather
than productivity increase (Figure[I.2)).

Apart from pest damage, the low millet yields have been attributed to
three major factors: (1) limited annual rainfall (300-600 mm), considering
the high annual potential evapotranspiration (2000-2300 mm) associated with
frequent drought spells and high inter-annual rainfall variability (Sivakumar
et al. [1993), (2) inherent low soil fertility (Bationo and Mokwunye, [1991al)
and (3) limited use of external inputs (Shapiro and Sanders| [1998; |Abdoulaye
and Sanders|, [2005). Much research has been undertaken to improve or sim-
ply maintain soil fertility (Klaij and Ntarel [1995; Bationo ef al.| [1998; Lamers
et al L [1998;|Sinaj ef al.|, 2001} Bationo and Buerkert, 2001)), as well as improve
water use efficiency (e.g. Payne et al.,[1991,(1992;|Zaongo et al., {1997} [Paynel
1997, 2000), and nutrient use efficiency or both (e.g. |[Bationo et al.l [1990b).
Research efforts provided the foundation for extension in Niger that formulated
a set of recommendations regarding planting density (10.000 hill ha~') and nu-
trient management (30 kg N ha—!, 13 kg P ha~!), among others (Reddy, 1988;
Klaij et al., [1994). However, these recommendations have not been adopted
(Lamers and Feil, [1995;|Abdoulaye and Lowenberg-Deboer, [2000). There are
multiple reasons for this, among which the weakness of extension services and
incomplete exchange mechanisms between farmers-development-research and
extension, as well as the complexity and heterogeneity of Sahelian production
systems. Moreover the difference in priorities between researchers, who aim to
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Figure 1.1. Geographical location and rainfall characteristics of the study sites in western Niger.
Coordinates are in North and East degrees. [adapted from[Schlecht ef al.| (2004)]
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improve yields in average years, and Sahelian subsistence farmers, who seek
to reduce the frequency of crop failure, could also explain the non-adoption
of most innovations because the risks of yield losses were not reduced by the
improved practices (De Rouw, [2004)).

This situation calls for decision support tools (DSTs) such as mathemati-
cal crop-soil simulation models that are widely used to better understand and
support decision making in agricultural systems (Gijsman et al.| [2002; Jones
et al.2003; Keating et al.l 2003; Moeller et al.,[2007)). The use of such DSTs
enables to save time and expense from field and on-station trials and capital-
ize upon past research outcomes and farmers indigenous knowledge. This is
particularly true in the Sahelian environment where research trial results are
highly site and year-specific due to high spatial variability in soil properties
and high inter- and intra-annual rainfall variability. Hence, crop-soil models
can undoubtedly help with the interpretation of experimental data after care-
ful calibration and validation. They can also be used in a prospective way
in conjunction with field data to draw recommendations better adapted to the
risk-minimization strategies used by farmers in these environments.

But so far, the use of crop models for decision support in millet-based sys-
tems in the Sahel is very limited. This is because the complexity and hetero-
geneity of the system call for detailed and dynamic simulation models which
must be parameterized and tested with respect to millet water and nutrient re-
sponses but also with respect to the phenology and determinants of yield of
the dominant cultivars found in the region. Indeed, farmers rely on multiple
cultivars with variable length of growing cycle and sensitivity to photoperi-
odism as part of their risk management strategies. In addition, a number of
improved cultivars have been introduced by national and international agricul-
tural research organizations over the last decades, some of which potentially
present an interest in famine mitigation strategies in case of late rains because
of their short growth cycle (Ahmed ez all [2000). Without cultivar-specific
parameterization, calibration and validation, risk management strategies re-
lying on this diversity of crop responses cannot be properly evaluated using
crop-soil simulation models. Therefore prerequisites for the successful ap-
plication of crop-soil models in millet-based systems in the Sahel are (1) the
characterization of Sahelian millet genotypes, (2) an in-depth evaluation of
crop-simulation models to respond satisfactorily to the main agricultural con-
straints in the area (water, N and P management, and the high variability in soil
physical and chemical properties on short distances). This thesis will address
only part of these prerequisites, by focusing on the characterization of com-
mon millet genotypes and on the water and N management in millet cropping
systems.
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1.2 Objectives of the thesis

The main goal of the research is to develop the biophysical basis for the use
of crop-soil simulation models for decision support in the Sahel. The specific
objectives are to:

1. Assess the main agricultural assets and constraints in the Sahel and the
possibilities for the use of crop simulation models for decision making
in order to alleviate them;

2. To characterize Sahelian millet varieties of Niger, from an ecophysiolog-
ical and crop modeling point of view, under optimal water and nutrient
conditions;

3. Evaluate the performance of the APSIM crop-soil simulation model for
millet in Sahelian conditions under various genotypic, climatic and fer-
tility management conditions;

4. Apply the APSIM crop soil simulation model to support decision mak-
ing regarding water and soil fertility management and risk management
strategies in the Sahelian Niger using recent and innovative tools for
agricultural system analysis such as long term numerical simulation ex-
periments and GIS.

1.3 Methodological overview

This thesis is the outcome of the combination of many disciplines and method-
ological approaches. Disciplines implemented were agronomy, eco-physiology,
soil hydrology, applied mathematics and computer programming among oth-
ers. In terms of methodology, we made use of literature review (Objective
1, chapter [2)), on-station experiments at ICRISAT Sahelian center (Sadoré),
farmer fields system analysis and characterization in the Fakara region (Niger)
and numerical computer modeling. On-station experiments comprised both
self designed and implemented experiments (Objective 2, chapter [3)) and the
capitalization of past on-station experimental data (chapter | and [5))(Table[I.I).
These experiments served to either parameterize or calibrate the APSIM model
or to validate it in order to gain confidence in its use as a decision making tool
in the Sahelian Niger. Farmer fields characterization in the Fakara region fo-
cused mainly on the soil physical (Weynants, [2005)) and chemical (Ska) |2005]))
properties as well as rainfall conditions (Van Vyvel [2006) and were imple-
mented as bio-engineering Master (MSc.) research thesis. The outcome of
these studies, though not presented in detail in the present thesis, provided the
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basis for the understanding and the numerical modeling of some farmer risk
coping strategies (Minet, [2007)(chapter [6).

1.4 Outline of the thesis

The thesis is made up of 5 main independent sections presented in journal
paper format, all references being gathered at the end of the document. Chap-
ter [2] is a review of the millet production constraints in the Sahelian Niger,
the main research outcomes to solve them and the possibilities to take advan-
tage from the available information for the establishment of decision support
tools. Chapter [3| presents the ecophysiological characterization of seven mil-
let cultivars and the performance of the APSIM model to simulate the growth
and yields of these cultivars sown on four sowing dates in 2005. Chapter [4]
deals with an integrated nutrient management experiment for pearl millet us-
ing combined crop residue, cattle manure and mineral fertilizer application.
This experiment served to validate the APSIM model under various fertility
management practices, which is presented in chapter [5] along with the use of
the model to support decision making regarding N management for millet in
Niger. The last section (chapter [6) reports on the use of the APSIM model
combined with GIS to evaluate a farmers’ strategy for agro-climatic risk man-
agement in a context of high spatial rainfall variability.



Chapter 2

Crop modeling for decision support in
millet-based systems in the Sahel: a
challenge

Abstract

Sahelian farmers’ agricultural management practices are reviewed with an emphasis
on Niger and pearl millet. Remarkable results derived from research works to im-
prove crop productivity are presented and analyzed with regard to the main agricul-
tural constraints. Potential and currently used crop/soil modeling tools are presented
and compared in terms of relevance for use as decision support tools in such a particu-
lar environment. This shows that crop modeling in millet-based agricultural system of
the Sahel should be addressed with an integrated approach that can handle the multiple
and usually connected agricultural constraints. Recommendations are made regarding
the relevant aspects that crop/soil simulation models must take into account for suc-
cessful and reliable use as decision support tools (DSTs) in the Sahel.

Keywords: millet-based systems, Sahel, decision support, crop-soil models, rain-
fall, soil fertility

2.1 Introduction

Small-holder farmers in the Sahelian zone of sub-Saharan Africa are facing
difficult times as a result of productivity levels that are often low. Millet grain
yields are often below 500 kg ha—! (De Rouw, 2004). Crop yields are strongly
dependent on, and constrained by what has been recently recognized (after
many decades of blaming only water stress) as the most important asset - soil
fertility. The unfavorable climate and low fertility create intense pressure on
land even at relatively low population densities (Reardon et al., [1997). Much
research has been undertaken in the area but these constraints are still imped-
ing the development of agricultural systems. This situation calls for tools that
can support decision making. Such decision support tools (DSTs) can assist
with the diagnosis and analysis of problems and opportunities related to water,
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soil fertility, and farmers indigenous practices. Several DSTs have been devel-
oped over the past decades; they range from simple best-bet options tables to
sophisticated computer models.

A computer model is a simplified representation of reality with which we
can compute outcomes without having to perform actual experiments. Bio-
physical models can be used to predict crop yield under different management
strategies, as well as individual land properties or characteristics that are im-
portant components of yield, such as moisture supply, nutrient supply, and
radiation balance.

The objective of this review is to analyze agricultural constraints for millet-
based systems in the Sahelian region with respect to local farmers’ practices
and research outcomes. An overview of potential crop simulation models or
currently used in semi-arid Africa is given. And finally the role that these
models may play in such an environment is discussed.

2.2 Agricultural constraints in millet-based cropping
systems in the Sahel

2.2.1 Rainfall uncertainty and variability in time and space

The general atmospheric circulation is a major factor influencing climate vari-
ation in west Africa. In Niger, the single-peak rainy season occurs in the pe-
riod from May to September, with the remainder of the year dry. The length
of the rainy season ranges from 60 days (250 mm year~! isohyet) to 120
days (750 mm year ~! isohyet). Millet is grown throughout the semi-arid
zone, but is dominant within the 250-750 mm year~! zone (Hoogmoed and
Klaij, [1990). The annual potential evapotranspiration is high (2000 - 2300 mm
year_l) (Sivakumar et al., |1993).

Moreover, a long term rainfall trend towards aridification was reported es-
pecially for northern rainfall stations and a comparison of different annual rain-
fall datasets shows that the isohyets have shifted 100-150 km southward since
the 1960s (Sivakumar et al.,[1993)). A close relationship between the Sahelian
rainfall decrease and the reduction in the number of rainy days has been con-
firmed by [Le Barbé and Lebel| (1997). They observed a decrease in both the
seasonal amount and number of rainfall events of about 25%. But recently, this
trend towards aridification became a very controversial issue. While some au-
thors reported the drought to be ending since the 1990 (e.g. Ozer et al., [2003),
or being simply an artifact of changing station networks (e.g./Chappell and Ag-
new, 2004) others as [L'hote et al. (2002, [2003), [Dai et al.| (2004) and Hulme
(2001)) comfirmed it to be real and continuing.
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Beside the long term trend, the temporal variability of rainfall is very high
on the annual, monthly and daily time scales. The monthly rainfall variabil-
ity is more distinct since rainfall occurs only during the 3-5 summer months.
More crucial to agriculture is the daily variability. The average amount of rain
per rainy day increases from 9.7 to 14.4 mm during the course of the rainy
season, while the standard deviation increased at the same time from 7.6 to
11.1 mm. The mean duration between successive rain events progressively de-
creases during the wet season from 6 to 2 days. Mean maxima per rainy day in
July and August are 45 mm day ! and 48 mm day ! respectively (Sivakumar
et al.,[1993).

The Sahelian zone is characterized by a strong North-South annual rainfall
gradient, with 1 mm decrease on average for every km. Beside this general
latidunal trend, annual differences of 200-300 mm may occur in any directions
within a radius of only 100 km. So spatial rainfall variability is higher at a
local scale than at regional scale. The strong local scale rainfall variability is
a factor farmers have to deal with in the Sahel and farmer’s fields are found to
be dispersed within 1-5 km distance (Graef and Haigis), 2001). At ICRISAT
Sahelian center, total annual rainfall in 1995 ranged from 440 to 553 mm over
only 2.5 km distance, while in 1996 it ranges from 503 to 554 mm over 0.8
km distance which correspond to maximum gradients of 42 and 64 mm km™?,
respectively (Graef, 2000). The same author mentioned that single rainfall
gradients may exceed 20 mm over 3.2 km distance during a single event.

2.2.2 Poor and highly variable soil physical and chemical charac-
teristics

Based on data from the Fakara region (Hiernaux and Ayantunde, [2004) and
ICRISAT Sahelian center, Sadoré (Lu et al., 2004])), the soils were classified as
sandy, with more than 90% sand in the A horizon (West et al., [1984). Soils
have a pH-water of 4.5 to 6.3, CEC of 0.8 to 7.0 meq/100g, organic matter
content of 0.1 to 0.80%, total N of 100 to 300 mg kg~! and total P 0.7 to 5.5
mg kg1 Soil water at field capacity is of the order of 0.10 cm® cm™3 (Klaij
and Vachaud, [1992). High variability were reported over short distances (2
m) (Geiger and Manul, |1993} [Manu et al., [1996} Rockstrom, |1999; |Voortman
et al.,[2004).

The soil are of structureless class with high percentage of coarse sand par-
ticle (Hoogmoed and Klaij, [1990). Differences in soil properties are thought
to be caused by differential wind and water erosion and deposition, growth
of trees and shrubs before clearing for cultivation, trees left standing such as
Faidherbia albida, termite activity, differential leaching, and/or human activity
(including uneven application of manure, location of village sites and refuse
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heaps, and burning of cleared vegetation) (Miedema ef al., [1994; |Geiger et al.,
1994; |Gérard and Buerkert, (1999; IDe Rouw and Rajotl 2004b)).

2.2.3 Yield variability in space and time

Millet germinates uniformly across fields, but 1-2 weeks after emergence, dif-
ferences in growth occur (Scott-Wendt ef al., [1988a). This short-range vari-
ability results in low yields in farmers’ field and experiments. Using a harvest
scoring technique in 1993, on a 40 x 60 m plot, grain yield in the sub-plots (4
X 5 m) at the end of the growing season ranged from 0.02 to 1.38 t ha—!, with
an average of 0.64 t ha—!. The total biomass measured in the sub-plots ranged
from 0.16 to 4.50 t ha—!, with an average value of 2.35 t ha—! (Sterk et al.,
2004).

Many attempts were made to explain the cause of this large millet yield
variability. Some authors have observed that often, although not consistently,
millet growth is better on micro-high conditions and poorer in micro-low situ-
ations (Scott-Wendt ef al.,|1988b; |Geiger and Manu, |1993;[Manu ef al.,|{1996).
Scott-Wendt et al.| (1988b) investigated a transect from very poorly growing
to well-growing millet and observed that low yields were correlated with high
Aluminium saturation levels and lower cation levels (Ca, Mg, and K). |Voort-
man et al.|(2004) showed that the proportion of the cations (Ca, Mg, K and Na)
on the exchange complex, in combination with the Al saturation profile were
the main source of spatial variability at this scale where these soil properties
explained 82% of the millet yield variation. They pointed out that macronutri-
ents N, P, K explained only a modest portion of millet yield spatial variability.

Termite activity was cited as another factor inducing spatial yield variabil-
ity. According to [Miedema et al|(1994) good growth sites were associated
with a higher level of termite-derived pedofeatures (termites infillings) and
termite amended groundmass features (bridged grain microstructures). They
explained this by an enrichment of the soil surface with organic matter and fine
clayey material as a result of termite activity which cause a better chemical fer-
tility status and a better water holding capacity.

Inter-annual yield variation has been explained by rainfall pattern with the
main determinants being the date of rain onset, number and length of dry
spells, and water x nutrient interaction. In fact the period of rain onset is
very wide (April to July), the average date (and standard deviation) of onset
of the rainy season in Niamey is 12 June (18 days) while rain stops approx-
imately at the same time every year at 27 September (12 days), causing late
sowings to suffer from end of season water stress (Sivakumar, (1988 [1990).
Frequent occurrence of dry spells were reported to impede millet developpe-
ment and yield establishment mainly during sensitive phenology stages such
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as flowering and grain filling (Sivakumar, [1992; Winkel et al.l|1997). Interac-
tion between water and nutrient availability was frequently reported to explain
millet yield variability between years. For instance, Gandah et al.|(2000) ob-
served that maximum yield was not observed at the same place in farmer fields
every year (under the same fertility practice). (Christianson et al.| (1990) tried
to explain millet grain yield as a function of N rate and annual or mid-season
rainfall.

2.3 Farmer soil fertility management practices and re-
search findings

2.3.1 Manure and corralling of livestock (on fields)

Smallholder farmers employ a range of technologies to enhance soil fertility,
and manure is a cornerstone of many of the soil fertility management strate-
gies they use. Manure is composed of all sort of feaces, urine, refuse fodder,
vegetation added to the compost to trap urine, cooking waste and ash from
cooking fire (Harris} 2002). Large cattle or small ruminant manure application
is devoted to limited spots within farmers’ fields and often applied (corralling
livestock on field or transported farm yard manure) at very high application
rates. Manure application was targeted to spots in only 30% of 307 fields sur-
veyed by |Schlecht et al.| (2004) in a recent survey around Chikal, southwestern
Niger.

Schlecht et al.| (2004) collected data from southwestern Fulani (herders)
and Zarma villages in southwestern Niger (Ticko, Kodey, Tigo-tegui, Bani-
zoumbou) refarding corralling and manuring practices and found average ap-
plication rates of 12.7 to 15.5 tha—! feacal dry matter (FDM) for cattle and 6.8
to 7.2 t ha—! (FDM) for sheep and goats. Average manure application rates in
Chikal were much lower, varying around 3.4 t ha—! and 1.3 t ha—! FDM for
cattle and for small ruminants. |Akponikpe (2005) found 0.05 to 4.9 t ha=! in
corralled spots and 0.0 to 1.0 t ha~! in transported manure spots within farm-
ers field in the same area (Kodey, Tigo-tegui, Bagoua, Banizoumbou) in 2004.
The application amount varies according to the farmer cattle herd size and the
extent and spatial homogeneity of application depends on his capacity to as-
sure a good distribution of the manure in the spots during corralling or manure
transportation.

Manuring of the same field or spot is normally repeated only every 3rd-5th
year. In general, more farmers opt for the longer interval between applications
than the shorter one (Schlecht et al.|,[2004).

Manure received much scientific attention (Williams|, [1999; Harris| 2002;
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Table 2.1. Effect of application frequency and amount of manure (M) on millet grain yield in Sahelian West-africa. Most soils are arenosol. [adapted and

completed from Schlecht ez al. (2006)].

Amendment Amount (kg ha™1) Grain yield increase above con-  Application Frequency References
trol and country
FM 5000 Millet: 99% Once every 3 years Bationo and
(Burkina Faso) Mokwunye
(1991a)
FM 20000 Millet: 302% Once every 3 years Bationo and
(Burkina Faso) Mokwunye
(1991a)
MC 2000 Millet: Ist year 350 kg ha=!, Once every 5 years Schlecht et al.
2nd year 90 kg ha™', 3rd year  (Niger) (2004)
190 kg ha™!, 4th year 145 kg
ha™*
MC 4000 Millet: 1st year 500 kg ha™*, Once every 5 years Schlecht er al.
2nd year 177 kg ha™!, 3rd year  (Niger) (2004)
240 kg ha™!, 4th year 150 kg
ha=?
FM + SSP 5000 + 8.7 broadcast Millet: 202% Once every 3 years/SSP  Bationo  and
yearly (Niger) Mokwunye
(1991a)
FM + Rock- 5000 + 39.3 broadcast Millet: 163% Once every 3 years/RP  Bationo  and
phosphate yearly (Burkina Faso) Mokwunye
(1991a)
FM + NPK fer- 5000 + 100 broadcast Millet: 150-700 kg ha™! Yearly (Burkina Faso) Dugué (1998)
tilizer

FM Farmyard manure, MC Manure corralled, SSP single super phosphate,
RP rock phosphate, NPK 15-15-15
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Schlecht er al., [2004). The effect of different manuring and corralling treat-
ments on millet yield in the Sahel varies widely (Table 2.I). Having tested
from 1997 to 2001 five rates of application of cattle manure, i.e., 2, 4, 6, 10,
and 14 t ha—! of fecal dry matter on a millet landrace, [Schlecht et al.| (2004)
found that millet dry matter yields exceeded (on average over 4 consecutives
years) the yield of the control by 7794-84 kg ha—! of grain and 18224233 kg
ha~! of stover when 2 tha~! of manure were applied in the first year. The yield
response of millet increased linearly to the rate of manure application in the
first year, at least up to 14 t ha—! of FDM. Additional on-farm trials from the
same region extend the linear response up to an application rate of 21 t FDM
ha—! (Gerard, unpublished). Some on-farm experiments (Tigo, southwestern
Niger) showed that the residual effect of manuring was still significant 3 years
after application (6 t ha~! manure + 2 t ha~! crop residue), with grain yields
of 527+56 kg DM ha™! versus 29854 kg DM ha™! in the control (Schlecht
et al.,2004). Underlying beneficial effects of manure are increased soil poros-
ity and aggregate stability, increased water infiltration and water holding ca-
pacity, decreased eolian soil losses, increased soil organic matter (SOM), pH,
CEC and nutrient availability (e.g. Bationo and Mokwunye, [1991b; [Buerkert
and Hiernaux) (1998} |Schlecht ef al.| 2004). But the quality of manure pro-
duced by livestock and their effect on crop vary according to their diet (Powell
et al.,|1994; Tittonell et al., 2007). Other works have pointed out the beneficial
effect associated with the application of urine during corralling (Powell et al.|
1998}; Sangaré et al.,[2002).

Large manure application rates usually result in high nutrient loss on the
acidic and sandy soils of Niger. On average, 1070 kg ha=! of C, 91 kg ha™!
of N, 19 kg ha~! of P were leached in a single year to depth between 1.5 and
2 m at high rates (9 to 10 t ha—!) of manure application (Brouwer and Powell,
1998). They suggested application to be less than 2.8 t ha~! on topographical
lows (prone to high run-on and rainfall infiltration) and 2.5 t ha~! on higher
parts (prone to runoff and low rainfall infiltration) of farmer’s field. But these
recommendations do not take into account the highly variable quality of the
manure (Harris, [2002)) and its low availability in the area. One strategy to
increase the nutrient efficiency, well known to farmers but labour demanding,
is placement of the manure in planting pits (zai) (Fatondji, 2002} [Fatondji ef al.,
2006).

2.3.2 Crop residues

Traditionally farmer remove millet residues from fields, after grain harvest,
for household uses (fencing, fuel, animal feeding, bed or granary making) or
sell them to herders (Baidu-Forsonl, |1995} [Bationo et al.l [1995)). So little crop
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Table 2.2. Effect of application frequency and amount of millet crop residue (CR) on millet
yield in Sahelian west-Africa. Most soils are arenosol [adapted and completed from |Schlecht

et al.|(2006))].

Amendment Amount (kg ha~ 1) Grain yield Application References
increase above Frequency
control and country
CR 2000 20->100% Annually Bationo et al.
(Burkina (1992} 11993)
Faso)
CR 2000 (control: 500) Ist year 6%, Annually Buerkert et al.
2nd year  (Niger) (20001 [2002)
20%, 3rd year
32—-40%
CR 4000 Millet: 250% Annually Bationo __and
(Niger) Mokwunye
(1991a)
CR 2000 Ist year 20%, Annually Buerkert and
2nd year 108%, (Niger) Lamers|(1999)
3rd year 283%
CR All CR from last har- 40—238% Annually Yamoah etr al.
vest (8 years) (2002)
(Niger)
CR 4000 1st year and all upto443% Annually Hafner et al.
CR from last harvest (6 years) (1993b)
(Niger)
CR Ist year 2000 2nd year TDM: 1st year  Annually Rebafka et al.
6000 (control received 62%, 2nd year (Niger) (1994)
noting since 4 years 192%
CR + fertil- 4000 + 13 kg P ha™'  790% Annually Bationo _and
izer broadcast (Niger) Mokwunye
(1991a)
CR + fer- 4000 1st year and all up to 1070% Annually Hafner et al.
tilizer (SSP, CR from +13 P30 N 25 (6years) (1993b)
urea, KCl) K kg ha™! last harvest (Niger)
CR +fertil-  All CR from last har-  90->400% Annually Yamoah et _al.
izer vest + 13 kg Pha™' + (8 years) (2002)
30 kg N ha~! broadcast (Niger)
CR + fertil- 4000 1st year CR or all ~ 80->600% Annually Bationo et _al.
izer CR harvest + 17 P +30 (Niger) (1993)
N kg ha™! (urea) +25K
(KC1)
Millet CR  Istyear 2000+ 13kg P TDM: 1Ist year Annually Rebatka et al.
+ fertilizer ha™', 2nd year 6000 + 266%, 2nd year  (Niger) (1994)

(SSP)

13 kg P ha™*, (control
received noting since 4
years

447%

CR millet crop residue, SSP single super phosphate
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residues are left on fields. Schlecht and Buerkert| (2004) found in a recent sur-
vey in the Chikal territory, southwestern Niger, that mulching of crop residues
was mainly practiced to fight wind erosion but was restricted to 36% of 307
individual farmers’ fields given the alternative use of straw as livestock feed.
Quantities of stover found on fields in the Sahel before millet sowing are less
than 800 kg ha—! and mostly inadequate for effective mulching (Baidu-Forson,
1995).

As it is encountered within farmer fields prior to sowing, crop residue
has benefited from extended research attention. Especially long-term but also
short-term application of crop residue (mulching) increases pearl millet yield,
whereas their omission decreases yield immediately. Yield increase due to
mulching throughout the region is summed up in Table [2.2] For Sahelian cli-
matic conditions, the sandy soils of western Niger and application rates up to
4 tha~!, no depressive effect of crop residue on millet yield has ever been re-
ported. Incorporation of crop residues gave higher yield compared to mulching
or burning (Rebafka ez al.,[1994). The mechanisms responsible for the positive
effect of crop residue on crop are physical and chemical. Physical effects com-
prise: reduced nutrient loss by wind erosion that enhance seedling emergence
and early growth (Michels er al., |1995;; |Buerkert et al., [2000; Bielders et al.,
2000, 2001}, 2002)), reduction in surface crusting, increased formation of sta-
ble aggregates improving soil porosity and water infiltration (Hoogmoed and
Stroosnijder, [1984; Buerkert and Stern, [1995) and a decrease in soil surface
temperature (Buerkert and Lamers, (1999; [Buerkert er al., 2000). Chemical
mulching effects are related to increased exchangeable base content and cation
exchange capacity (CEC), lower Al saturation, increase in plant available phos-
phorus and potassium, and P mobility (Kretzschmar ef al., [1991}; Geiger et al.,
1992; |Bationo et al.|, [1993; Hafner et al.l [1993b; |[Rebatka et al.| [1994). The
rate of crop residue generally tested in research or recommended are far higher
than what is encountered in farmer fields before sowing and even exceed an-
nual stover yield, which raises questions about their relevance.

2.3.3 Mineral fertilizer

The millet-based farming system in the Sahel is characterized by no or low
inputs of fertilizer. Farmers usually mix small quantities of fertilizer with seed
at sowing.

Because of the low availability of crop residue and manure in the Sahel,
more attention was given by research to mineral fertilizer use in order to al-
leviate soil fertility constraints. Although some authors have reported large
responses to K fertilizer (Rebafka et al.| [1994)), mineral fertilizer strategies
have generally focused on satisfying plant N and P requirements, the two most
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limiting nutrients (Bationo ef al.,2003). There is no positive response to N un-
less adequate P is supplied (Buerkert and Stern, (1995} [Buerkert et al.| [2001)).
There were many research works done to prove the beneficial effect of N and
mainly P fertilizer in the area and some are summarized in Table (Chris-
tianson et al., [1990; Bationo et al.l, [1992; [Bationo and Ntarel [2000; [Subbarao
et al., 2000; Buerkert et al., |2001; [Yamoah et al.l 2002). Single superphos-
phate (SSP) applied annually at 13 kg P ha~! effectively removed P deficiency
on most cases. Rockphosphate (RP) from various regional sources (RP com-
pacted with soluble fertilizer and partially acidulated phosphate rock (PAPR)
have also been tested and shown to vary widely in their efficiency (Bationo
et al. |1990a; | Bationo and Mokwunyel [1991a). Phosphorus-induced increases
in millet yield have been shown to substantially increase with N application.
Most research examined the immediate millet response of single or repeated
application of soluble N and P and little is known about residual effects on
plant growth over time, although this is crucial to predict adoption by small-
holder farmers (Schlecht et all 2006). Moreover there is evidence that on
weakly buffered Sahelian soils the sole use of mineral fertilizers may lead to
rapid decrease in soil organic matter (SOM) and pH, thereby detrimentally af-
fecting millet production. To be sustainable, any long-term application of min-
eral fertilizers to Sahelian soils will need to be combined with the application
of organic matter.

2.3.4 Combined organic amendment(s) and mineral fertilizer

Although the effectiveness of manure, crop residue or fertilizers for improving
soil fertility and crop yields has been demonstrated repeatedly through on-
station and on-farm trials (e.g. Bationo and Mokwunye, |1991alb; |Brouwer and
Powelll [1998)), all these sources are limited for farmers’ use by either avail-
ability (Palm et al.||1997)), competing uses (Bationo ef al., 1995} |[Lamers et al.,
1998)) and price or financial risk (Shapiro and Sanders| [1998). Hence, an inte-
grated nutrient management (INM) which relies on the use of multiple sources
of nutrients sources (various organic and mineral fertilizer) is a necessity in
order to achieve productive and sustainable agricultural systems (Palm et al.,
1997 [Kimani et al. |2003)).

Additive, but also synergetic (more than proportional) effects have been
reported in the literature as a result of the combined use of organic and inor-
ganic amendments (Table 2.1] Table [2.2)) (Bationo et al, [1993] [Hafner er al.|
1993b; |[Buerkert et al.l |2000; [Kimetu et al., 2004). In Niger, phosphorus use
efficiency for millet (kg grain / kg applied P) was increased from 46 on plots
fertilized with inorganic P to 86 on plots amended with inorganic N and P and
millet crop residue (Bationo ef all 2003). On average over a 9-year exper-



2.3. Farmer soil fertility management practices and research findings

1

3

Table 2.3. Effect of application frequency and amount of mineral fertilizer on millet yield in
Sahelian West-Africa. Most soils are arenosol. [adapted and completed from

(2006)]
Amendment Amount (kg ha=T) Grain yield increase  Application References
above control Frequency
and country
RP(applied 39 (bdc) 34% (measured in Not given [Bationo and
in 1984) 1988) (Niger)
(1991a)
RP 130 (bdc) 76% 3-10 years [Bationo et al.
(Niger) (1990a)
RP 130 (bdc) TDM 38-172% (in 10 years
year 3) (Niger) li
P seed coat- <0.5 mg P seed ! TDM: 30%, grain:  Annually Rebatka er al.
ing (SSP, 45% (Niger) (1993)
AHP etc.)
SSP 13 (bdc) TDM 24% over 4  Annually Buerkert _and Hi-
years (W-Africa) (1998)
SSP 8.7 (dbc) 102% Annually a
(Niger)
SSP 13 (bdc) grain  168%, straw  Annually Bationo
120% (Niger)
(1991a)
SSP 13.2 (bdc) 125% Annually Bationo et __al.
(Niger) (1992)
RP+ NPK 39(bdc)+4PasNPK  TDM 51% over 4  3-early/NPK Buerke a
placed years Range in year 3:  annually
65-259% (W-Africa)
N (urea) + 38 45,90, 135 0or 180 N 51, 104, 138, 103% Annually
P (TSPa) (Niger) (2001b)
SSp + 45N+ 13.2P 81% Annually ivakumar _and
N(CAN) (Niger) (1999)
SSP + urea 13 (P)+30(N) (bdc) 50-> 300% Annually Yamoah et _al.
(Niger) ; %; :( E :
SSP + 30N+13.2P hill  168% / 188% Annually
N(urea  or placed/bdc (Niger) (1992)
CAN)
PAPR +  30N+13.2P bdc 188% Annually
(urea or (Niger) (1992)
CAN)
N(urea), 17P 430N +25K 100- >400% Annually Bationo et all
SSP), (Niger) (1993)
K(KCI)
P(SSP)+ 13P 30N 25K up to 381% Annually [Hafner et __all
N(urea) + 6 years)  (1993b)
K(KCI) (Niger)
N (CAN, 15,300r45N+13.2P 300+ 1.70R+ 10.36N-  Annually
urea, or + 25K (N banded or 0.4IN2+  0.07NxR  (Niger)
USG) +K+P split) (R2adj. = 0.82)
N(urea), 05 hill m™2 1 hil Y = 1085 - Annually
P(SSP), m~2 + 20N 2 hill 8.65N-51.13D- (Niger) )
K(KCI) x m~2 + 40N 4 hill 273R+  0.07INxR
Density m~2 + 60N (all + +0.304DxR

13.6P + 15 K)

SSP single super phosphate, TSP triple super phosphate, AHP ammonium hydrogen phosphate,
RP rock phosphate, PAPRSO0 partially acidulated at 50% phosphate rock,

USG urea super granule, bdc broadcast, TDM = total dry matter, NPK 15-15-15
N, P, K= rate kg ha—! D= density (hill m~2), R= rainfall during critical growth stage (mm)- July-August
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iment, [Yamoah et al.| (2002)) reported that millet grain yield increased from
320 kg ha~! on control plots to 700, 900 and 1510 kg ha=! on plots amended
with residue, N+P fertilizer and residue+N+P fertilizer, respectively. Similar
trends were reported for millet stover yield. Water use efficiency was raised
from 0.78 kg grain ha=! mm~! for the control to 3.61 kg ha—! mm~! for
the residue+fertilizer plots. Fertilizer use efficiency (kg grain kg~! fertilizer)
was 13.5 for the fertilized plots and increased to 27.6 upon the addition of
residue. |Yamoah et al.| (2002) concluded that the residue+tfertilizer treatment
had the highest sustainability yield index. These synergetic effects may result
from the side effects of using organic fertilizers, besides their role as nutrient
providers: P mobility enhancement, decrease in exchangeable Al, enhance-
ment of root growth, decreased surface temperature and soil penetration resis-
tance, and soil protection against wind erosion (Buerkert et al., 2000; Bielders
et al., [2000). A specific effect of INM is also to maximize nutrient use effi-
ciency (Kimani et al.,|2003). In millet-based rainfed systems, this goes along
with a strong increase in water use efficiency, as seasonal cumulative evapo-
transpiration is little affected by fertility management practices (Paynel 2000).
Whereas fertilizers release their nutrients rather rapidly, manure or residue act
as slow release fertilizers. In addition, they are a source of multiple nutrients,
including micronutrients, supply carbon for soil micro-organisms involved in
nutrient cycling, and may improve soil physical and chemical quality (Buerk-
ert et al.,|2000; [Esse et al.l, 2001} Harris, [2002). The use of either crop residue
or manure can buffer soil acidification resulting from fertilizer use, thereby en-
hancing fertilizer use efficiency by preventing P immobilization (e.g. [Hafner
et al.,[1993b)).

2.4 Analysis of traditional and proposed technologies
and need of decision support tools

2.4.1 Sustainability of proposed versus traditional technologies

Subbarao ef al.|(2000) studied the long-term effects of tillage, phosphorus fer-
tilization and crop rotation on pearl millet productivity at Sadoré and found
that the traditional system was more stable although it had the lowest yield. In
another case study combining 13 alternative technologies including sole millet
or intercropping, improved cultivars, P fertilizer application, tillage and rota-
tionSubbarao et al.|(2000) found again the traditional production system to be
more stable. As the degree of intensification increased in the Sahel, the stabil-
ity of the production system declines (Subbarao et al.|[1999). De Rouw| (2004)
found similar results regarding plant densities. They observed that conven-
tional low density planting did not produce high yields as frequently as higher
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densities under favorable conditions. However, there was less crop failure un-
der harsh conditions with low density sowing, although lower average grain
yields were realized.

2.4.2 The Sahel: a complex agricultural research environment

Many authors have emphasized that the interpretation of experimental research
is often difficult because the soils which have developed in coversand materi-
als, although uniformly very sandy, exhibit a great spatial variability within
distances as short as a few meters (Voortman et al.,|2004)). The local soil vari-
ability leads to large variations among replications of experimental treatments.
Moreover annual rainfall variability causes research results not to be consistent
from year to year and there is a poor comparability of results across locations
and climatic conditions (Schlecht et al.l 2006).

2.4.3 Level of adoption of proposed technologies and need for de-
cision support tools

Research efforts have provided the foundation for extension in Sahelian coun-
tries (Reddy, (1988} Klaij ef al., [1994). In Niger, for example, extension has
formulated a set of proposals : (i) higher plant densities were recommended
as a means to achieve higher yields at low cost; however, significant increases
in density should only be made in conjunction with additional nutrient input
(Bationo et al. (1992} [1990b); (ii) modest quantities of N and P should be ap-
plied next to individual hills for their most effective use; (iii) selected short
cycle cultivars should replace the local landraces, especially if the rains are
late. As a consequence, these proposals were tested further in suitable rainfall
zones throughout Niger (INRAN| [1990) and were applied in many develop-
ment projects (Ukkerman and Hama, [1995; De Rouw! 2004).

However, these recommendations have not been widely adopted. Selected
cultivars, mineral fertilizers, and cropping practices such as higher stand den-
sity have been used by only a few farmers within the development projects and
nowhere else (Abdoulaye and Lowenberg-Deboer, [2000). Fertilizer recom-
mendations are often based on nutrient response trials limited to a few years
and locations. Sometimes standard or "blanket” recommendations are applied
for whole agro-ecological regions or even the whole country (Vanlauwe and
Giller, 2006). It is hard, in this sense, for extension services to match research
findings to farmers local site conditions which may not be comparable to on-
station or on-farm conditions found elsewhere. Recommendations need to be
more flexible. In addition, the difference in priorities between researchers, who
aim to improve yields in average years, and Sahelian farmers, who seek to re-
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duce the frequency of crop failure, could explain the non-adoption of most
innovations because the risks of yield losses were not reduced (De Rouw,
2004). Farmers are knowledgeable about, and practise soil fertility improve-
ment technologies of rock phosphate application, crop residue and farm yard
manure, mineral fertilizer and crop rotation to combat soil fertility decline.
Their attitudes to and rationales behind adoption decisions are influenced by
the availability of the technology and land use policies and available labour
resources, food security concerns, perceived profitability, contribution to sus-
tainability and access to information. Some of the factors are beyond farmers’
control and require a broad and integrated effort from research, extension and
government to promote the use of the fertility improvement technologies in the
region (Enyong et al.,[1999).

Given the complexity and heterogeneity of the millet-based cropping sys-
tems in the Sahel, the situation undoubtedly calls for comprehensive, easy and
low cost tools. DSTs such as numerical soil/crop simulation models could play
a major role, helping in saving time and money from long years of field/station
experiments and capitalizing on farmers’ local knowledge and existing re-
search findings.

2.5 State of the art of soil/crop modeling in semi-arid
Africa

Soil/crop models will be shortly described. Experience with the use of such
models in the Sahelian context will be presented, highlighting successes and
shortcomings. Models are presented following chronological order of use in
the crop yield modeling science. Statistical models have been used for yield
prediction for several decades, water-balance models took up the challenge by
tackling water requirement satisfaction in relation to crop production. More
recently efforts were made to take into account processes related to plant nu-
trient interactions. Although potentially important, modeling of biotic stresses
will no be discussed here.

2.5.1 Empirical-statistical models

This approach goes back to the 1930’s and is the oldest form of crop model-
ing. Yield is predicted as a statistical function of observed key environmental
characteristic averaged over part or all of the growing season (e.g. [Thomp-
sonl [1986; Dourado-Neto et al., [1998a.b)). The statistical functions are usually
developed by simple/multiple regression techniques (stepwise linear, ordinary
least squares (OLS) and maximum likelihood estimation (ML)). These envi-
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ronmental characteristics are typically climate (precipitation, solar radiation
and temperature, evapotranspiration averaged over the growing season or over
specific periods) and soil (nutrient status, organic matter content, particle-size
distribution). For example in the millet-based Sahelian system, millet grain
yield has been explained as a function of N rate and annual or mid-season
rainfall (Christianson et al., |1990); N rate, plant density and rainfall during
a particular crop phase (Bationo ef al., [1990b), N, P and /or K rates (Fussell
et al.,|1987); N, P and K rates with other soil, terrain and management variables
(Voortman and Brouwer, [2003). As with any empirical model, these models
can only be applied in their original zone of calibration. Extrapolation to new
conditions is not warranted. Although these models may have a role under
particular circumstances, they have been largely replaced by models that are
more or less dynamic, at least with respect to the soil water balance.

2.5.2 Water-balance (stress index models)

Given soil constraints to efficient water use, and the critical importance of
available water to food security in semi-arid West Africa, considerable re-
gional effort has been devoted to water balance studies and models. Dynamic
water balance models simulate infiltration, runoff, drainage and evaporation
from bare soil. Simple descriptions of crop canopy development permit cal-
culation of transpiration. A stress index such as the time integral of the ratio
of actual (i.e., soil- or root-limited) to potential evapotranspiration can be re-
lated empirically to reduction of growth and yield. The stress index approach
(Doorenbos and Pruitt, (1977) is not fundamentally different from that used in
dynamic process crop models. Taking canopy characteristics as an input rather
than a dynamic state variable greatly simplifies the model but also does not
permit to take into account feedback mechanisms, such as early-season water
stress and later-season demand. Water balance - stress index models have been
applied to a broader range of scales than process models. They are applied
rather routinely in West African countries for agrometeorological and food se-
curity assessments. SARRA-based models (Systeme d’ Analyse Régional des
Risques Agroclimatiques-Habillé) typically and deterministically simulate at-
tainable yields (water-limited under optimal soil fertility condition) at the field
scale, but may also be stochastic and operate at variable temporal and spatial
scales (Samba, |1998; Baron et al., |1999). Extrapolation from plot to region
is routinely done by the Centre Regional de Formation et d’Application en
Agrométéorologie et Hydrologie Opérationnelle (AGRHYMET, Niamey) for
agro-meteorological forecasting using the DHC system ("Diagnostic Hydrique
des Cultures"), which includes SARRA as a component (Samba, [1998)). A spe-
cific sub-model was developed for millet (SARRA-millet or SARRAH-mil)
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and was structured to enable such applications as well, but with greater phys-
iological detail. It is frequently used by agronomists and agro-meteorologists
working in the Sahel. It has been used for zoning and risk analyses (Affholder,
1997; Baron et al.l, (1999 [Sultan et al., |2005b)), to analyze the impact of re-
gional climatic variability on millet yield (Sultan ez al., 2005a)) and to predict
agricultural plot yield based on Global Circulation Model output (Baron et al.,
2005)).

2.5.3 Dynamic process models

Over the past 25 years, many individual modelers and collaborative groups
have attempted to develop models that simulate the growth of crops, along
with associated phenomena that influence crop growth such as water and so-
lute movement in soils. Dynamic process models are then those which sim-
ulate through time (usually on a daily or sub-daily time step) the ecologi-
cal and physiological processes of crop growth and development and its in-
teraction with the environment. Experience has led to a distinction between
mechanistid—f] models that try to capture our understanding of the mechanisms
behind subsets of those processes with the primary objective to advance our
understanding, and functional models that make useful simplifications so that
data requirements and the robustness of predictions are appropriate for a rather
broad range of practical applications (CLIMAG-WA| 2002). A short overview
will be given for the five most promising and widely known ones (irrespective
of age or importance): "School of de Wit" models, DSSAT, APSIM, STICS,
Cropsyst. We will deliberately omit model scientific details because they have
been adequately described in papers and books referenced below. Examples
of applications in semi-arid Africa will be given and complemented with other
applications in Africa in general because of the very few crop modeling works
in the Sahel.

""School of de Wit" models The modeling group from Wageningen Agri-
cultural University, The Netherlands - nicknamed the "School of de Wit" in
honor of their early crop modeling pioneer - has taken a rather different ap-
proach than its successor models (Bouman et al.,|1996). Instead of developing
comprehensive, general purpose models, they have emphasized application-
dependent models, and have developed tools to facilitate rapid development of
relatively simple models. Yet we can identify an evolving family of crop mod-
els that includes SUCROS, MACROS and WOFOST. A model for sorghum,

*Despite being qualified as "mechanistic", such models still have a large empirical compo-
nent in their descriptions of sub-systems
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millet and maize with a tipping-bucket soil water balance model has been de-
veloped for use in the Soudano-Sahelian region (Bazi ef al., [1995).

DSSAT (CERES and CROPGRQO) The decision support system for agrotech-
nology transfer DSSAT (Jones ef al.,2003) has been in use for the last 15 years
by researchers worldwide. DSSAT is a product of the decade-long (1982-1993)
IBSNAT (International Benchmark Sites Network for Agrotechnology Trans-
fer) project. The basis for the new DSSAT cropping system model (CSM)
design is a modular structure in which components separate along scientific
discipline lines and are structured to allow easy replacement or addition of
modules. It has one Soil module, a Crop Template module which can simulate
different crops by defining species input files, an interface to add individual
crop models if they have the same design and interface, a Weather module,
and a module for dealing with competition for light and water among the soil,
plants, and atmosphere. It is also designed for incorporation into various ap-
plication packages, ranging from those that help researchers adapt and test the
CSM to those that operate the DSSAT-CSM to simulate production over time
and space for different purposes.

Within DSSAT, the relevant models are CERES, which includes the dry-
land cereal crops, and CROPGRO for grain legumes (Jones et al., 2003).
CERES and CROPGRO (grain legumes) differ considerably in their level of
detail, degree of modularity and underlying physiological assumptions. Both
CERES and CROPGRO models have undergone some testing and application
in semi-arid West Africa (Table [2.4). Jagtap er al|(1999) describe decision
applications in a more sub-humid environment in Nigeria. Thornton et al.
(1997) developed a prototype GIS-based, real-time yield forecasting system
for Burkina Faso that uses CERES-Millet and satellite-derived precipitation
estimates combined with historic weather data series. CROPGRO-Peanut per-
formed well in recent experiments in northern Benin (Adomou et al., 2005
and Ghana (Naab et al., 2004) when observed disease damage was properly
accounted for. For an experiment at Tara, Niger, CERES-Millet substantially
over predicted LAI, biomass, grain yield and soil water content (Fechter ef al.,
1991). On the other hand, Naab ef al.|(2004) obtained good predictions of soil
water contents and use in groundnut experiments in northern Ghana. Models
included in DSSAT (including their predecessors) have been used in more re-
gions and for a broader range of applications than any other family of crop
models.

APSIM  The Agricultural Production Systems Simulator APSIM (Keating
et al., 2003) is a modular modeling framework that has been developed by
the Agricultural Production Systems Research Unit in Australia. APSIM was
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Table 2.4. List of various types of applications of the DSSAT crop models in Africa and exam-

ple references that describe these applications in detail.

Type of application

Crop (Climatic zone and
country)

References

Crop management

Fertilizer management
Irrigation management

Climate change and vari-
ability

Risk analysis

Food security

Millet (semi-arid Niger),
Maize (semi-arid Kenya),
Maize (Rwanda)

Maize (Dry and wet Nige-
ria), maize (Malawi)
Wheat (Egypt), Wheat
(Zimbabwe)

Maize (Zimbabwe)

Millet (Semi-arid Niger) ;
Maize and pasture (Dry-
land southern Africa)

Millet (Soudano-Sahelian
and Semi-arid Burkina

Fechter et al| (1991);
Fechter| (1993)); [Mbabaliye:
and Wojtkowski| (1994);
Waftulal (1995)

Jagtap et al.| (1999)); Thorn-
ton et al.|(1997)

Kamel et al.| (1995); Mac-
robert and Savage| (1998)
Muchena and  Iglesias
(1995); |Phillips et al
(1998)

Bley et al| (1991); Jones
and Thornton| (2002)

Jagtap et al.|(1999)); [Thorn-
ton et al.| (1997); Dupisani

Faso); Maize (South-
Africa)

(1987)

developed to simulate biophysical process in farming systems, in particular
where there is interest in the economic and ecological outcomes of manage-
ment practices in the face of climatic risk. It is a modular framework. Its
modules include a diverse range of crops, pastures and trees, soil processes
including water balance, N and P transformations, soil pH, erosion and a full
range of management controls (manure, fertilizer, weeding, irrigation, etc).
APSIM has been used in a broad range of applications, including support for
on-farm decision making, farming systems design for production or resource
management objectives, assessment of the value of seasonal climate forecast-
ing, analysis of supply chain issues in agribusiness activities, development of
waste management guidelines, risk assessment for government policy making
and as a guide to research and education activity.

APSIM (Mccown et al.,|1996) implements a high degree of modularity of
the various modules and processes. The initial motivation was to improve flex-
ibility to model cropping systems and a wider range of soil and management
processes. It was developed primarily for Australia’s agricultural industry, but
now supports a variety of applications in many parts of the world. As a result
of a relatively high level of funding and scientific and development staffing,
model development is more active for APSIM than for any of the other fami-
lies of crop models. APSIM includes all of the relevant crops including millet.

In Africa APSIM applications were mainly reported in its eastern and
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Table 2.5. List of various types of applications of the APSIM crop models in Africa and exam-
ple references that describe these applications in detail.

Type of application

Crop, Climatic zone and
country

References

Low input farming sys-
tems

N and P release from or-
ganic source

Spatially explicit soil fer-
tility management

Maize, grain legumes
(Dry and wet Zimbabwe,
Malawi)

Maize (semi-arid and Wet
Kenya)
Sorghum
Ghana)

(Semi-arid

Shamudzarira et al.| (2000);
Shamudzarira_and Robert-
son| (2002); |Chivenge et al.
(2004); |[Robertson et al
(2005)

Kinyangi er al| (2004);
Micheni et al.| (2004)
Kpongor| (2007)

southern parts and many other validation studies are in progress in other re-
gions (Table 2.5). APSIM has been used to measure maize responses to low
rates of N fertilizer application from mineral fertilizer (Chivenge et al., 2004;
Kinyangi et al.| [2004)) or/ and manure (Micheni et all [2004); and to quantify
the risks and returns of alternative technology investment options in allocating
scarce resources (labor, capital and land) to achieve whole-farm production
goals (Shamudzarira et al., 2000; Shamudzarira and Robertson, 2002). Robert-
son et al.| (2005) reported the ability of the APSIM model to simulate maize
response to previous green manure legume (Mucuna pruriens) and N fertil-
izer application in Malawi. The APSIM model was also successfully tested to
reproduce maize response to various P fertilizer in Western Kenya (Kinyangi
et al,2004). APSIM application in West-Africa remains limited (Table [2.3).
Kpongor| (2007) reported that APSIM was responsive to both organic and inor-
ganic fertilizer applications in semi-arid Ghana and a spatially explicit applica-
tion of the model highlighted the essential role of crop residues and inorganic
fertilizer in influencing the temporal variability in sorghum grain production
and hence the impact of farmers’ management practices on food security.

STICS The ’Simulateur mulTIdisciplinaire pour les Cultures Standards’ STICS
(Brisson et al., [2003)) is a model that has been developed at INRA (France)
since 1996. It simulates crop growth as well as soil water and nitrogen bal-
ances driven by daily climatic data. It calculates both agricultural variables
(yield, input consumption) and environmental variables (water and nitrogen
losses). From a conceptual point of view, STICS relies essentially on well-
known relationships or on simplifications of existing models. One of the key
elements of STICS is its adaptability to various crops. This is achieved by
the use of generic parameters relevant for most crops and on options in the
model formalization concerning both physiology and management that have
to be chosen for each crop. All the users of the model form a group that par-
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ticipates in making the model and the software evolve, because STICS is not a
fixed model but rather an interactive modeling platform. [Folliard et al.| (2004)
compared modeling of sorghum response to photoperiod to related function
implemented in STICS. To our knowledge there have been no application of
this model in semi-arid areas.

CropSyst The Cropping Systems Simulation Model CropSyst (Stockle ez al.}
2003} Bechini et al., 2003) implements model modularity through an object-
oriented structure. The result is a relatively user-friendly and flexible simula-
tion environment. CropSyst is one of very few dynamic crop models that in-
corporates pest (aphid) population dynamics and damage. Its potential use for
forecasting spatial distributions of millet yields was demonstrated for Burkina
Faso (Badini et al., [1997), but without experimental validation of predictions.
It has recently been used for grassland productivity analysis and soil carbon in
response to time-controlled rotational grazing in semi-arid Mali (Badini ez al.}
2007)

2.6 Which soil-crop simulation models and how they
may help overcome agricultural constraints in the
Sahel?

The main disadvantages of mechanistic and dynamic models versus simple
empirical models are their complexity, the high demand in data not often avail-
able and the limited use and accessibility to stakeholders. On the other hand
the complex water-nutrient-genotype interaction governing crop growth and
development limits the usefulness of empirical models only to an understand-
ing or determination of the most meaningful variables that may explain yield in
experiments. Predictability of empirical models in the Sahelian environment
is low which makes them unsuitable for long term system analysis. Given
the complexity and heterogeneity of Sahelian production systems, the use of
dynamic modeling tools seems to be a prerequisite. The reason of limited
data availability which leads to opt for simple models, often delays interest
in needed data collection. A good option may be to start with the few cases
with enough data (such as the ICRISAT Sahelian center) to show possibilities
and importance of data use in decision support and to draw research and data
collection institutions to what may be possibly done.

Regarding the mechanistic and dynamic models, APSIM and DSSAT stand
in good place involving most of the constraints and benefiting from a long
history of collaboration with the scientific community in the area (Table [2.6).
But none of them provide a build-in option to explicitly account for soil spatial
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variability. Nevertheless this shortcoming may be accounted for by multiple
point-level simulations and /or GIS combination. Recently the APSIM model
benefited from an extended work on millet module calibration and mainly on
its tillering characteristic (Van Oosterom et al.l |2001alb, [2002)). The specific
tillering capability of APSIM (based on millet cultivars from semi-arid India)
opened the door and guidance for pioneering works of eco-physiological millet
characterization in other semi-arid zones, such as the Sahel, which any other
crop soil model may benefit from in the future.

Neither APSIM nor DSSAT have been properly validated in the Sahel.
Prerequisites to their successful use in the Sahelian environment involve: (1)
an extended characterization of Sahelian millet cultivars, (2) an in-depth eval-
uation of these crop-simulation models with respect to the main agricultural
constraints in the area (water, N and P management, and the high variability in
soil physical and chemical properties). Neither model is currently capable of
dealing with P balance (relatively to millet), an important millet yield limiting
factor in the Sahelian area. Efforts are being made to quickly overcome this
shortcoming.

The use of numerical crop simulation models is complex, and hardware
requirements and computation time are high and generally beyond the capabil-
ity of technology-transfer specialists. The process of perfect decision support
systems should evolve into simpler models such as meta-models that constitute
an alternative to the use of complex numerical models.



Chapter 3

Effect of sowing date on the
development and yield of seven
Sahelian millet genotypes under
non-limiting water and nutrient
supply: experiment and modeling]]

Abstract

The productivity of the Sahelian millet-based systems is still low despite the great
wealth of research trials carried out to alleviate the soil fertility and climate constraints
over the last 30 years. To save time and expense and better capitalize on past research
trials, the use of decision support tools (DSTs) may be undoubtedly essential in the
Sahelian environment, but DSTs suffer from not being veritably established due to the
absence of thorough eco-physiological millet characterization for modeling. For this
goal the effect of photoperiod and temperature were studied for seven Sahelian millet
cultivars sown on four sowing dates from April to July 2005 in Sadoré, Niger, under
non-limiting water and nutrient supply. The APSIM-millet model was tested for its
ability to reproduce the experiment using physiological parameters derived from it.
The study reveals that late sowing had a detrimental effect on most agronomic state
variables (leaf number, LAI, stover and grain yield and components) but the extent of
this effect was cultivar dependent. Photoperiod effect was observed only on one cul-
tivar (the landrace Maewa). Temperature played a major role in the effect of sowing
date on millet development and yield both in terms of amplitude (and independently
of photoperiod) and accumulated degree days. The APSIM model could adequately
reproduce the seven Sahelian millet genotypes’ behavior in terms of phenology, devel-
opment and yield after introducing the experimentally derived physiological parame-
ters. Taking into account the measured difference in leaf dynamics between sowing
dates (due to temperature amplitude) and cultivar was decisive in the successful mod-
eling exercise. Our study succeeded in providing the, so far unavailable, genetic and

>kAdapted from: Akponikpe P.B.I., Gérard B., Fatondji D., Clerget B., Van Oosterom E.,
Bielders C.L. Effect of sowing date on the development and yield of seven Sahelian millet
genotypes under non-limiting water and nutrient supply: experiment and modeling. To be sub-
mitted
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eco-physiological parameters for seven Sahelian millet cultivars. These parameters,
though tested only here within the APSIM model, may also be used within other dy-
namic crop simulation model and open the door for further modeling works in the
area.

Keywords: Temperature, photoperiod, sowing date, model, millet, Sahel, APSIM

3.1 Introduction

Crop-soil simulation models are widely used to better understand and support decision
making in agricultural systems (Gijsman et al.,|2002; Jones et al., 2003} Keating et al.|
2003 Moeller ef al., 2007). The use of such decision support tools (DST) enables to
save time and expense from field and station trials and capitalize upon past research
outcomes. This is particularly true in the Sahelian environment where research trial
results are highly site and year-specific due to high spatial variability in soil prop-
erties and high inter- and intra-annual rainfall variability. Hence, crop-soil models
can help with the interpretation of experimental data and, after careful calibration and
validation, can be used in a prospective way in conjunction with field data to draw
recommendations better adapted to the risk-minimization strategies used by farmers
in these environments.

So far except at the regional scale for yield forecasting purposes, the use of crop
models for decision support in millet-based systems in the Sahel is very limited. This
is because the complexity and heterogeneity of the system call for detailed and dy-
namic simulation models which must be parameterized and tested with respect to
millet [Pennisetum glaucum (L.) R.Br.] water and nutrient responses but first and
foremost with respect to the phenology and determinants of yield of the dominant
cultivars found in the region. Indeed, farmers rely on multiple cultivars with variable
length of growing cycle and sensitivity to photoperiodism as part of their risk man-
agement strategies. In addition, a number of improved cultivars have been introduced
by national and international agricultural research organizations over the last decades,
some of which potentially present an interest in famine mitigation strategies in case of
late rains because of their short growth cycle (Ahmed ez al., [2000). Without cultivar-
specific parameterization, risk management strategies relying on this diversity of crop
responses cannot be properly evaluated using crop-soil simulation models. This is sup-
ported by recent preliminary modeling works using the APSIM model and its specific
millet module (Keating ef al.,[2003)) under Nigerien climatic and fertility management
conditions (Akponikpe et al.| |2006) . These works showed that the model based on
initial parameterization from the Indian cultivars (Van Oosterom et al.| [2001alb;, 2002}
failed to simulate correctly millet ontogeny of a Sahelian genotype (CIVT : Composite
Inter-varietal de Tarna). Therefore, the characterization of Sahelian millet genotypes
is a prerequisite for the successful application of crop-soil models in millet-based sys-
tems.

The first step towards this goal is the characterization of the most important
cultivars under non-limiting water and nutrient conditions. Under such conditions,
photoperiod, temperature and genotypes are the main factors that may influence the
growth and yield. Temperature has long been recognized as the main environmen-
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tal determinant of plant growth rate (Gregory, |1986; [Shaykewich| [1995). Plant re-
sponse to temperature can be summarized in terms of three cardinal temperatures:
base (Tbase), optimum (Topt), and maximum (Tmax) temperatures which are com-
monly reported for many crops including millet (Hammer et al., |1998} |Birch et al.|
1998alb). Plant activity increases slowly with temperature at values just above Tbase
at which activity is zero. It then increases linearly with temperature in an intermedi-
ate range, and eventually continues to increase slowly as the temperature approaches
Topt. At temperatures above Topt, activity is reduced as the temperature increases,
and eventually ceases when Tmax is reached (Ong and Everard, |1979;|Yan and Hunt,
1999)). Specific studies regarding millet response to temperature corroborate the above
described response. The most important contribution was provided through a suite of
controlled environment glasshouse experiments (Monteith ez al., |1983). Temperature
was shown to influence all aspect of millet growth and development, e.g., seedling
emergence, leaf initiation and appearance (Ong}|1983alb;|Van Oosterom et al.,[2001b)),
tillering (Ongl |1984), light interception and dry matter production (Squire et al.,{1984;
Squirel [1989alb).

Regarding crop response to photoperiod, crop genotypes are classified photo-
sensitive (or obligate short-day plants, referred to as short-day plants in the follow-
ing) or non-photosensitive (facultative short-day) (Ong and Everard, |1979; Maiti and
Bidinger, [1981}; Birch ef al.| [1998alb)). Previous works showed that short day (12h)
photoperiods imposed on four short-day hybrid millet cultivars from India, grown in
controlled environments, considerably shortened the time to anthesis and plant height
and the final number of leaves produced (Ong and Everard, [1979). |Carberry and
Campbell| (1985) observed on millet genotype BJ 104 at Hyderabad, India, that ex-
tended photoperiod increased time to panicle initiation and reduced grain yield at low
plant population. Bacci et al.| (1999) also found that the sowing date affected the
emergence-earing duration independently of nitrogen application on the M9D3 millet
cultivar in Mali but without referring to the underlying photoperiod effect. In Sahelian
Niger, except for improved cultivars for which indicative cropping cycle durations are
given, landraces are classified as either early, medium or late cultivars but no informa-
tion is available about their photosensitivity.

In the Sahel, both photoperiod and temperature vary in regard to sowing date, the
range of potential sowing dates being very wide (April to July) because rain onset is
also very variable from one year to another (Sivakumar, [{1990). Early sowing is as-
sociated to long day-lengths (photoperiods) and high air temperatures that may affect
millet growth and production. In fact, photoperiods are long (13h12mn to 13h40mn)
during the reasonable sowing period and decrease significantly only after the end of
July. Temperatures are also high during the sowing period and decrease afterwards as
the rainy season fully establishes itself. This variation of photoperiod and tempera-
ture as a function of sowing date in the Sahel was hypothesized to have a significant
effect on growth and yield of Sahelian millet genotypes. The objectives of this pa-
per were therefore to (1) study the effect of sowing date (associated with decreasing
photoperiod and temperature) on millet phenology, growth and yield for 7 common
millet genotypes in Sahelian Niger under non-limiting water and nutrient supply, (2)
to experimentally derive the important cultivar-specific crop model parameters and (3)
to test the performance of the APSIM-millet model to reproduce the cultivar-specific
response to sowing dates under optimal water and nutrient supply conditions in the
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Sahelian soil and climate environment.

3.2 Materials and methods

3.2.1 Experimental site

The experiment was conducted during the year 2005 at Sadoré, Niger (13°15°N,
2°17°E and 240 m of altitude) on the experimental farm of the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) Sahelian Centre, located 45
km south-east of Niamey the capital city of Niger. The climate is typical of the south-
ern edge of the Sahelian zone, with summer rainfall and high temperature throughout
the year. The annual rainfall in Niamey is 545 mm and the average temperature is
29°C (Sivakumar et al.| [1993).

The soil is classified as sandy, siliceous, isohyperthermic psammentic Paleustalf
with 91% sand, 5% silt and 4% clay in the A horizon, with a bulk density of about
1.65 Mg m-3 (West et al.l,|1984), a pH(water) of 4.9, CEC of 1.3 cmol kgfl, base
saturation of 42%, organic carbon content of 0.2% and available phosphorus (Bray-
P1) of 3 mg kg~! (Hafner et al.,|1993b). Soil water content at field capacity is 0.09 to
0.10 m® m—3 (Klaij and Vachaud, [1992).

3.2.2 Experimental design and crop management

The experiment consisted in a completely randomized block design with two factors
in three replications: (1) seven millet genotypes (Table [3.T)) and (2) four sowing dates
(ST to S4) at one month interval (19 April, 19 May, 18 June and 19 July), covering
the widest and reliable millet sowing period in the Sahel. Photoperiod at sowing were
13.17, 13.52, 13.69 and 13.58 hr for the first to the fourth sowing (Table @]) Pho-
toperiod is civil daylength (daylight plus twilight) computed after (Alagarswamy and
Ritchie, [1991). Individual plot size was 9 x 11 m (Figure [3.1p). A total of 60 kg N
ha=!, 12 kg P ha~! and 9 kg K ha—! were applied combining a basal dressing of Sin-
gle Superphosphate (SSP) before sowing, hill placed NPK (15-15-15) at sowing and
split application of urea approximately at tillering and flowering. Millet was sown at
a density of 10000 hills ha~! and thinned to 3 plants per hill between 15 to 20 days
after emergence. Seven millet cultivars were studied: (1) four landraces (Ankoutes,
Hainikirey, Maewa and Zongo) selected from the most commonly used by farmers
in the three main agro-ecological zones of Niger (Fakara in the South-West, Maradi
in the Southern center, and Zinder in the East) and (2) three representative improved
cultivars (ICMV-1S-89305, CIVT and ZATIB) originating from research at ICRISAT
or the National Agricultural Research Institute (INRA)(Table[3.T).

Supplemental irrigation was provided with a linear moving sprinkler system dur-
ing dry spells in the rainy season (Figure[3.Th). Until the rainy season onset, irrigation
requirements were estimated according to the pan evaporation rate of the previous
week. On average 131 mm (rainfall: 84 mm and irrigation: 47 mm) of water was
provided each month of the experiment.

Pest control was done regularly using Deltamethrin (Decis) and Dichlorvos. Bird
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Table 3.1. Description of the millet genotypes used in the experiment. Name of the improved
cultivars are intentionally written in capital letters.

Millet Geno-  Origin Theoretical Source

type maturity

Maewa Ecotype from Madarounfa, Maradi, late Farmers
Niger 13.18N, 07.09E

Zongo Ecotype from Rwafin wada, Maradi, early Farmers
Niger 13.39N, 06.33E

Ankoutes Ecotype from Miria, Zinder, Niger early Farmers
13.47N, 08.48E

Hainikirey Ecotype from Fakara, Margou, Niger —medium Farmers
13.06N, 02.52E

ICMV-IS Breeding selection from 3-4HK B-78, early ICRISAT-Niger

89305 Souna-3 and CIVT genotypes

ZATIB Breeding selection from Zanfarwa and  early INRAN-Niger
Tchin-Bijini ecotypes

CIVT Breeding selection from P3 Kolo, early INRAN-Niger
HKN, Guerguera and Tamangagi geno-
types

Table 3.2. Photoperiod and average daily temperature shortly (0-20 DAS) after sowing. Values
in brackets are standard deviation (sd).

19 Apr. 19-May 18 Jun. 19 Jul.
Photoperiod (h) Range 13.2-134 13.5-13.7 13.7-13.7 13.4-13.6
Average(sd) 13.3(0.1) 13.6(0.0) 13.7(0.0) 13.5(0.1)
Temperature (°C)  Range 29.1-36.2 265-364  262-333 25.9-31

Average(sd) 33.7(1.7) 32.8(2.9) 29.2(1.6) 28.5(1.4)

guard (human and scarecrow) was also done every day on plots at grain filling or
maturity stages.

3.2.3 Measurements and analysis

The development phases from emergence to maturity were recorded on 2 rows of 10
hills per plot by counting daily the number of main shoots reaching the considered
phase as defined by Maiti and Bidinger|(1981)). To compute the leaf area index (LAI),
leaf dynamics on the main shoots and primary tillers was characterized weekly non
destructively on 5 tagged plants (1 plant per hill) per plot. Each leaf was scored with
a black permanent marking pen following its rank on the main shoot (Figure [3.1p).
Primary tiller number index was added in case of tiller leaves. Each primary tiller was
scored after the number of the leaf on the main shoot on which it appears. Number of
visible, appeared (fully expanded) and senesced leaves from leaf 3 to flag leaf were
recorded. Length (from leaf tip to ligule) and width of the last fully expanded leaf
(on main shoot or primary tiller) were measured with a ruler and served to compute
individual leaf area LA using the relation LA = Shape Factor x Length x Width. Shape
factors were calibrated on 200 to 350 leaves for each millet cultivar (not shown here).
Duration of development phases was expressed as thermal time (TT) calculated on an
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Figure 3.1. (a) Overview of the experiment on 17 June 2005: in the front is the preparation of
the third sowing S3, in the back are plots of the first sowing S1 (high millet plants, 60 DAS),
one plot of the second sowing S2 (short millet plants, 30 DAS) and the linear moving sprinkler
irrigation system (far back); (b) leaf area dynamics monitoring by scoring (black permanent
marking) individual leaves on tagged main shoot and its primary tillers.
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hourly basis, using 10, 33 and 47°C as base, optimal and maximum temperatures, re-
spectively, and assuming linear interpolation between these temperatures (Ong}|1983a;
Van Oosterom et al., |2001a). For this purpose, air temperature at 2 m aboveground
was measured hourly and stored in a datalogger (Campbell CR10). The time for leaf
appearance or fully expanded (TLA) was estimated, from the change in the average
total leaf number (TLN) as a function of thermal time, for each cultivar and sowing
date.

Final harvest was done on 20 m?. Counts were done for number of productive
and unproductive shoots/tillers. Biomass yield was split into straw and grain. 1000
grain weight was determined based on ten 1000-grain samples per genotype and per
plot. Grain yield Y was expressed in terms of its components as: Y (kg ha=!) =D x
NPP x NGH x GW, where D is the planting density (hill ha~—1), NPP the number of
productive panicles per hill (panicle hill=!), NGH the number of grains per panicle
or head (grain panicle ') and GW the individual grain mass (kg grain—1). All results
were submitted to analysis of variance in Genstat 6 (Laws Agricultual Trust, 2002).
Differences between treatments were considered at error probabilities < 0.05.

3.2.4 APSIM model parameterization and simulation

The Agricultural Production Systems Simulator APSIM is a modular modeling frame-
work that has been developed by the Agricultural Production Systems Research Unit
in Australia (Keating et al., [2003). Three modules - a specific crop module (APSIM-
millet 3.6, full description in Appendix), a soil water module (Soilwat2), the soil ni-
trogen module (Soiln2) - were linked within APSIM to simulate the cases described
in this paper. Input data required by the APSIM model are related to the climate, crop
genetic and soil characteristics, and management (sowing, fertilizer application, etc.).

Climate and soil data Climate data (daily rainfall, minimum and maximum tem-
peratures, radiation) were obtained from an automatic meteorological station located
at the experimental site. Irrigation amounts were added to daily rainfall in the mete-
orological data file. Soil chemical and physical parameterization was based on liter-
ature and calibration from previous crop model (CERES, APSIM) validation works
(Fechter et al., {1991} |Akponikpe et al.l 2006, 2007).

Phenology The parameterization of the studied cultivars was based on the com-
puted thermal times derived from this experiment (Table [3.4). Two approaches of
parameterization were implemented:

- approach I was based on identical leaf dynamics across cultivars and sowing
dates as reported for Indian millet cultivars at Patancheru and proposed as de-
fault in the APSIM-model (Van Oosterom ef al., 2001a)). The corresponding
thermal time value for leaf initiation or plastochron (TLI) was 27.2 °C day per
leaf and the thermal time for leaf appearance or phyllochron (TLA) was 36.4
°C day per leaf.

- approach II takes into account the differences in leaf dynamics across cultivars
and sowing dates, as derived from the present experiment. As only TLA was
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measured, we hypothesized that the TLI/TLA ratio was identical for all culti-
vars and equal to that published for Indian genotypes (TLI/TLA = 0.75) (Table

3.4).

Except for TLI and TLA in approach I, all thermal times were computed based on
experimental observations from the starting till the ending day of each phenological
phase and were averaged over the four sowing dates for each cultivar (Table[3.4). Only
the thermal time from emergence to end juvenile (T_EM_EJ) could not be computed
from start-end phenology observations. We estimated it as follows:

T EM_EJ=T PI—-T_EJ_PI 3.1)
T_PI =TLI x (TLN — 4) (3.2)
T_EJ_PI = PPS x (APP — BPP) (3.3)

where T_PI is the time to panicle initiation, T_EJ_PI the time from end juvenile to
panicle initiation, TLN the total leaf number, PPS the photoperiod sensitivity (default
APSIM value of 112 °C days h~!), BPP the base photoperiod = 12.9 h. APP is the
actual photoperiod, which is the average photoperiod calculated over the period from
sowing date to PI, estimated at 20 days. So four values of T_EM_EJ (one per sowing
date) were obtained and the average for each cultivar was input into the model for
simulation.

Leaf area and tiller number In APSIM-millet, individual leaf area of any leaf is
calculated on the basis of its position and the area of the largest leaf yO (Van Oosterom
et al.,|2001b). yO is a linear function of the total leaf number (TLN) on an axis and is
modelled as:

y0 = y0_const + y0_slope x TLN 3.4

where y0_const and y0_slope are genotype-dependent parameters. They were
derived for each cultivar from measurements on 50 to 60 main shoots (Figure
Table 3.3). For any given cultivar, the same relation was used for tillers as for the
main shoot. Tiller numbers were approximated to the closest natural number of the
observed NPP as a function of sowing date (Table [3.3).

Grain yield The maximum number of grains per head (head_grain_no_max) of
each cultivar was considered as the maximum observed over the four sowing dates of
the experiment. Because grain growth rate was not measured, it was adjusted (identi-
cal for all cultivars) to match observations.

Model evaluation Graphical and statistical evaluation criteria were used. The root
mean square error RMSE, the square of the correlation coefficient R?, and the model
efficiency EF were computed afterLoague and Green| (1991)) for individual treatments
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Figure 3.2. Linear regression between the area of the largest leaf (y0) and the total leaf num-
ber (TLN) on an axis for seven millet cultivars under non-limiting water and nutrient supply
conditions and for four sowing dates in 2005 at Sadoré, Niger.
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Table 3.3. Effect of millet cultivar and sowing date on maximum leaf area (LAImax), number of productive panicle per hill (NPP), the number of grains per
head (NGH), 1000-grain weight, straw and grain yield for seven genotypes grown under non-limiting water and nutrient supply conditions in 2005 at Sadoré,

Niger.

LAImax NPP NGH Grain weight Yield (kg ha— 1)
Cultivar (m? m~?) (-) (-) (g/ 103 grains) Straw Grain
Ankoutes 1.6 33 3406 9.4 4273 990
CIVT 0.9 4.8 4293 7.6 5141 1569
Hainikirey 24 3.5 4338 8.5 4490 1265
ICMV-1S89305 1.2 4.7 4138 8.8 4023 1684
Maewa 3.5 4.3 3883 9.4 7985 1581
ZATIB 1.3 4.1 4224 8.7 4115 1541
Zongo 2.0 32 3815 8.4 4504 1071
Prob. <.001 0.005 ns <.001 0.004 0.012
s.e.d 0.3 0.5 357 0.4 1042 223
Sowing 19 apr. 33 4.9 4721 9.0 8426 1901
19 may 2.3 4.6 4533 8.3 6497 1683
18 jun. 1.0 3.1 3909 8.8 2563 1106
19 jul. 0.9 33 2893 8.7 2246 854
Prob. <.001 <.001 <.001 ns <.001 <.001
s.e.d 0.3 0.4 270 0.3 786 169
CV (%) 44.8 30.4 21.8 11.9 51.7 394

ns: not significant
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3.2. Materials and methods
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for LAI throughout the growing period and for all grouped treatments for final biomass
and grain yield.
Root Mean Square Error (RMSE),

_ 1INs o0
RMSE = nZ(SZ 0;) (3.5)

i=1

The square of the linear correlation coefficient (0<R? < 1),

R? =

[izj;(@ -0)(s. - 9) 2

(0; = 0)? 2”:(51‘ - 8)?

=1 i=1

(3.6)

The Modeling Efficiency (EF< 1),

EF=1-2="L (3.7)

where S; and O; are the simulated and the observed values respectively, n the
number of observations, and S and O the mean of the simulated and observed values
respectively. It is expected for a good simulation to have values of RMSE, R? and EF
as close as possible to 0, 1 and 1, respectively.

3.3 Results

3.3.1 Duration from emergence to flowering

The time from emergence to flowering (T_EM_FL) was significantly different be-
tween sowing dates (p = 0.009). The sowing date effect was only observed for Maewa
(sowing x cultivar interaction, p = 0.009) for which late sowing resulted in diminished
T_EM_FL from 3014 (170 days) to 1621 °C day (92 days) from sowing 1 to 4 (s.e.d
=39 °C day or 2 days). Difference between cultivars was also significant (p < 0.001,
Figure[3.3). Excluding Maewa, the average T_EM_FL over all sowing dates was 1380
(78), 1270 (71), 1491 (84), 1184 (66), 1188 (67), 1337 °C day (75 days) for Ankoutes,
CIVT, Hainikirey, ICMV-IS89305, ZATIB and Zongo, respectively (s.e.d = 51°C day
or 3 day).
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3.3.2 Total leaf number (TLN), time for leaf appearance (TLA)
and leaf area index (LAI)

Total leaf number (TLN) on the main shoot was significantly different across cultivar
and sowing date (p < 0.001). On average the landraces showed a higher leaf number
(39, 27, 25 and 25, respectively for Maewa, Hainikirey, Zongo and Ankoutes) than
the improved cultivars (22 leaves, s.e.d = 1.3 leaves). On average over all varieties,
late sowing S4 resulted in 7 leaves less than the early sowing S1 which produced an
average of 30 leaves for all cultivars (s.e.d = 1.0 leaf) (Figure @). However, there
was a significant interaction between sowing date and cultivar (p = 0.005) because the
decrease in the number of leaves from S1 to S4 was more important with landraces
Maewa (20 leaves), Hainikirey, Zongo and Ankoutes (6 to 8) compared to the three
improved cultivars (2 leaves, s.e.d = 2.7 leaves). The time for leaf appearance (TLA),
estimated from the change in the average TLN as a function of thermal time was
steady for each cultivar at any given sowing date. TLA was different across cultivars
and sowing dates. TLA across cultivars ranged from 45 to 71 °C day per leaf for the
first sowing and from 47 to 66 °C day per leaf during S4 (Figure [3.4p). TLA tended
to increase from sowing 1 to 4 for all cultivars except Maewa for which it decreased.

Maximum leaf area (LAImax) was significantly different between cultivars (p <
0.001) and sowing dates (p < 0.001). On average the landraces (Maewa, Hainikirey,
Zongo, Ankoutes) had a higher LAI than the improved cultivars (ZATIB, ICMV-
1589305 and CIVT) (s.e.d = 0.3 m®> m~2, Table . On average LAI decreased from
3.2 for early sowing to 0.9 m? m~2 for late sowing (s.e.d = 0.3 m> m~2, Table [3.3).
Intra-cultivar variability was higher for landraces compared to improved cultivars (not
shown). No interaction was observed.

3.3.3 Straw yield

Straw yield was significantly different between cultivars (p = 0.004). The landrace
Maewa produced the highest straw yield of 7985 kg ha—! followed by the improved
cultivar CIVT (5145 kg ha=!) compared to the remaining cultivars (4200 kg ha=!)
(Table . Late sowing resulted in decreased straw yield from 8426 to 2246 kg ha™*
from sowing 1 to 4 (p < 0.001, Table[3.3). No interaction was observed.

3.3.4 Grain yield and components

Grain yield Cultivar effect was significant for grain yield (p = 0.012). The im-
proved cultivars CIVT, ICMV-IS89305 and ZATIB as well as landrace Maewa pro-
duced higher grain yield than the landraces Ankoutes, Hainikirey and Zongo (Table
[.3). Grain yield significantly decreased from sowing 1 to 4 (p < 0.001, Table [3.3).
No interaction was observed.

Grain yield components Thousand grain weight was only significantly affected
by cultivar (p < 0.001) whereas the number of grains per head (NGH) was only af-
fected by sowing date (p < 0.001). The landraces Ankoutes and Maewa showed the
highest 1000-grain weight (9.4 g, Table [3.3) followed by Hainikirey, ICMV-IS89305,
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Table 3.5. RMSE from observed and simulated leaf area index of seven genotypes sown on
four dates under non-limiting water and nutrient supply conditions in 2005 at Sadoré, Niger.
Values in brackets denote the observed maximum LAI (LAImax).

RMSE (LAImax) [m? m 2]

S1 S2 S3 S4 Average
Ankoutes 0.3 (2.6) 0.2 (2.3) 0.2 (0.5) 0.1 (0.5) 0.2 (1.5)
CIVT 0.8 (1.8) 1.4 (0.9) 0.1 (0.4) 0.3 (0.5) 0.7 (0.9)
Hainikirey 0.7 (4.3) 0.53.4) 0.6 (0.9) 0.4 (0.7) 0.6 (2.3)

ICMV-IS-89305 0.3 (2.1) 1.0 (1.0) 0.1 (0.6) 0.1 (0.4) 0.4 (1.1)

Maewa - - - 0.2 (1.7) 0.2 (1.7)
ZATIB 0.32.2) 0.4 (1.5) 0.2 (0.8) 0.1 (0.5) 0.2(1.2)
Zongo 0.7 (3) 0.512) 0.2 (1.1) 0.5(1.4) 0.5(1.9)

ZATIB and Zongo (around 8.5 g per 1000 grains). The improved cultivar CIVT had
the lowest grain weight (7.6 g per 1000 grains) (s.e.d = 0.4 g per 1000 grains, Table
[.3). The number of grains per head was similar for sowing 1 and 2 (around 4600)
but decreased to 3900 and 2800 for sowing 3 and 4, respectively (s.e.d = 270, Table
[-3). A slight sowing x cultivar interaction was observed for 1000-grain weight and
the number of grains per head (p = 0.040 and 0.044 respectively). The number of
grains per head of Maewa tended to be constant, whereas its grain mass increased
with delayed sowing contrarily to the remaining cultivars (not shown). The number of
productive panicles per hill was significantly affected by both cultivar (p = 0.005) and
sowing date (p < 0.001). The improved cultivars CIVT (4.8), ICMV-IS89305 (4.7)
and ZATIB (4.1) and the landrace Maewa (4.3) had the highest number of productive
panicles per hill (NPP) compared to the other landraces Ankoutes, Hainikirey, and
Zongo (< 3.5) (s.e.d = 0.5, Table[3.3). S1 and S2 had higher NPP (above 4.5) than S3
and S4 (less than 3.3) (s.e.d = 0.4, Table[3.3] Figure[3.4h).

3.3.5 Simulations with APSIM

Phenology The APSIM model was not able, in both approaches I and I, to repro-
duce satisfactorily the high photoperiod sensitivity of the Maewa cultivar. In fact, the
model consistently ended up in exaggeratedly high simulated leaf numbers. The six
remaining cultivars could be simulated properly because they were not photosensitive.
For late sowing (S4), Maewa could also be adequately simulated because this sowing
occurs when the photoperiod decreased under the critical value of 12.9 h. Hence, at
S4, Maewa behaved like a non-photosensitive cultivar. In approach I, for which the pa-
rameters of leaf dynamics are considered the same across cultivars and sowing dates,
the model underestimated the duration from sowing to maturity (DSM) and there was
little difference between cultivars and sowing dates contrary to observation during the
experiment (RMSE for DSM was 15 days, Figure [3.5p). In approach II, accounting
for differences in leaf dynamics reproduced satisfactorily the observed differences be-
tween cultivars. In approach II the RMSE for DSM was 11 days. R? and EF were
0.47 and 0.91, respectively.
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Figure 3.5. Averaged observed and simulated number of days to maturity in approach I (a)
and II (b) of seven Sahelian millet genotypes sown in four dates under non-limiting water and
nutrient supply conditions in 2005 at Sadoré, Niger. As no trend was observed with respect
to the four sowing dates (Maewa was simulated only for the last date), average values over all
sowing dates are reported. Error bars denote standard deviation.

Leaf number and leaf area index (LAI) As for DSM, there was little differ-
ence in TLN across cultivars in approach I (RMSE = 2.5 leaves, R?= 0.26 and EF =
0.87, Figure [3.6p). There was also hardly any effect of sowing date. In approach II,
simulated TLN covered a wider range and better reproduced the observed difference
between cultivars and sowing dates (RMSE = 1.9 leaves, R? = 0.55 and EF = 0.92,
Figure [3.6p). The observed decrease in TLN for later sowing was also well simu-
lated (not shown). Because of poor phenology simulation, the model evolution of the
leaf area index (LAI) during the growing season is not presented for approach I. For
approach II, the performance of the APSIM model in reproducing the observed LAI
varied according to the cultivar and sowing date. LAI in S1 and S2 were well simu-
lated for Ankoutes, ICMV-IS 89305 and ZATIB, those of Hainikirey and Zongo were
under-estimated whereas those of CIVT were over-estimated close to the maximum
(Figure 3.7} Figure[3.8] Table3.5). LAI simulations of S3 and S4 in approach II were
satisfactory for all cultivars. Combining all cultivars, sowing dates and measurements
the RMSE of the LAI was 0.52 m® m~2 (with an overall average of 0.79 m® m—3), R?
and EF were 0.64 and 0.59 respectively (Figure[3.9). For every cultivar the observed
decreasing trend of LAI with respect to sowing dates was also well simulated.

Biomass and grain yield Biomass yield: RMSE was 2231 kg ha=! (35% of
global average across all cultivars and sowing dates). R2 and EF was 0.75 and EF
was 0.65, respectively. The model reproduced satisfactorily the observed differences
between cultivars (Figure[3.10h). The observed decreasing trend of yield with respect
to sowing dates was in general also well simulated (Figure[3.10p), except for S1 which
tended to be underestimated.

Grain yield: The model performed better in terms of grain yield than for total

biomass. RMSE was 302 kg ha=! (22% of global average across all cultivars and
sowing dates). R? was 0.88 and EF was 0.75. The model reproduced well the observed
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Figure 3.6. Observed and simulated total leaf number TLN in approach I (a) and II (b) of
seven Sahelian millet genotypes sown in four dates under non-limiting water and nutrient supply
conditions in 2005 at Sadoré, Niger.
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Figure 3.10. Observed and simulated biomass yield of seven Sahelian millet genotypes (a)
sown on four dates (b) under non-limiting water and nutrient supply conditions in 2005 at
Sadoré, Niger.

differences between cultivars (Figure [3.1Th). The observed decreasing trend of yield
with respect to sowing dates was also well simulated (Figure [3.11p).

3.4 Discussions

The objective of this paper was to characterize the phenology, growth and yield param-
eters of 7 common millet cultivars in Sahelian Niger. The temperature and photoperiod
dependence of these processes was assessed through the effect of sowing date under
non-limiting water and nutrient supply conditions. The ability of the APSIM model to
reproduce the observed growth and yield using parameters directly derived from field
measurements was also evaluated.

3.4.1 Millet development and yield

Only one studied cultivar, Maewa, was very photosensitive contrary to the other
landraces and all the improved cultivars. It is well known that improved cultivars
are generally early maturing and have stable crop duration due to intentionally re-
duced photosensitivity (Dingkuhn ef al.l 2006)). Improved cultivars used in this study
(CIVT, ICMV-IS89305 and ZATIB) were derived from short cycle landraces such as
Hainikirey-Bengou (HKB), Guerguera and Tamangagi, among others. This study con-
firms the absence of photosensitivity of the studied improved cultivars. For landraces,
the degree of photoperiod sensitivity was a priori unknown because of lack of infor-
mation. Our results reveal that the terms ’short” and ’long’ cycle landraces may be
misleading depending on the degree of photosensitivity of the cultivar. For example,
if Maewa is sown late, it will resemble a short cycle landrace. When no informa-
tion regarding photoperiod sensitivity is available, the characterization of phenology,
growth and yield of a cultivar on the basis of a single sowing date may also lead to
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Figure 3.11. Observed and simulated grain yield of seven Sahelian millet genotypes (a) sown
on four dates (b) under non-limiting water and nutrient supply conditions in 2005 at Sadoré,
Niger.

erroneous results in case crop growth modeling is applied for sowing dates different
from those that served for the characterization.

The study showed that landraces produced more leaves (TLN) and higher LAI
and straw yield whereas improved cultivars produced higher grain yield except for
cultivar Maewa. This difference in cultivar could be explained by the greater NPP and
1000-grain weight observed in improved cultivar and Maewa (Table [3.3). Improved
cultivars have a higher harvest index, because priority has generally been given to
grain production as opposed to other harvestable products. Stems or green foliage have
multiple uses in traditional systems (Dingkuhn ef al. 2006) which explain farmer’s
attachment to landraces.

Late sowing resulted in decreased TLN, LAI, straw and grain yield and the num-
ber of grains per head was similar for sowing 1 and 2 but decreased significantly for
sowing 3 and 4. Reddy and Visser (1993)) studied the photosensitive landrace Somno
and the non-photosensitive HKB in Bengou, Niger over 6 sowing dates during the
1986 and 1987 rainy seasons (no irrigation) following the application of 45 N ha~!
+9 kg P ha~! and obtained similar results of adverse impact of late sowing on straw
and grain yields, although Somno grain yield was more stable. Three hypotheses may
explain the detrimental effect of late sowing date on the above millet growth variables:
(1) a better N nutrition for early sowing due to the contribution of the nitrogen flush,
(2) temperature and (3) temperature x photoperiod effects. The nitrogen flush, though
never scientifically proved in the area, is supposed to result from the rapid mineral-
ization of organic matter upon first soil wetting after a long dry season. As irrigation
started on the same date (April 19) on all treatments irrespective of sowing date, the
nitrogen flush may have benefited early sown millet whereas for the later sown millet,
leaching of N may have kept it out of reach of the growing roots. |Coaldrake, (1985)
showed for pearl millet cultivar MX001 that the nitrogen supply affected the total leaf
area of the main stem by affecting individual leaf size but not the number of leaves
produced (Coaldrake} [1985) or initiated (Coaldrake and Pearson, [1985). Although
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reduced N nutrition in case of late sowing could indeed explain poorer biomass and
yields, we expect that in our experiment, the application of the 60 kg N ha~! to each
sowing date treatment may be considered enough to mask the effect of the N flush.
Past field trials have shown that maximum yields are generally obtained in the range
of 30 to 60 kg N ha—! (Akponikpe et al.| |2008; (Christianson et al.l [1990; Bationo
et al.|,|1990b; |Gérard and Buerkert, [2001), so any additional N would not be expected
to have an effect.

Temperature amplitude and its interaction with photoperiod may have been the
cause of the detrimental effect of sowing date. According to |Coaldrake| (1985),
daylength controlled the time to panicle initiation by determining the number of leaves
which had to be initiated before PI. But |(Coaldrake and Pearson| (1986) showed that
high temperature prior to PI increased the number of leaves initiated on the main stem
and the size of the apical dome at the start of PI. This agrees with our results and
may also increase the NPP, which depends on the apical dome size and is a main de-
terminant of grain yield. The positive effect of temperature prior to PI on the size of
apical dome could also explain in part the observed differences in grain number across
sowing dates, which were similar in S1 and S2 and decreased for S3 and S4 (Table
3). The average temperature after sowing was 33.7+1.7 and 32.8+2.9 for S1 and S2
compared to 29.2£1.6 and 29.5£1.4 for S3 and S4 (mean+SD) over a twenty day
period after sowing during which PI probably occurred (Table[3.2] Figure[3.4p). Tem-
peratures (daily maximum, minimum and average) were close for S1 and S2 but were
5to 10 °C lower for S3 and S4 (also close)(Figure ,b,c). Moreover there is a dif-
ference between air and soil temperature, the meristem temperature before initiation
being closer to the soil one (Ong, |1983a).

3.4.2 Model performance

Although the APSIM-millet model performed well in the Indian environment where
it had been thoroughly parameterized and tested, it could not adequately reproduce
the behavior of Sahelian millet genotypes unless a substantial cultivar-specific pa-
rameterization was carried out. With Indian cultivars, Van Oosterom et al.| (2001a)
found TLI and TLA to be independent of cultivar and sowing date (or environment).
This approach was not satisfactory for the Sahelian genotypes. The reason why the
TLI and TLA parameterization according to cultivar and sowing date substantially
improved the model performance was that these are very sensitive parameters and
therefore small errors on them lead to large errors in the estimation of TLN that is
a core variable which determines LAI, light interception, assimilation processes and
yield. Moreover most crop growth models, including APSIM, still lack physiolog-
ical functionality to adequately match genotype x environment (G x E) interactions.
These models emphasize the interaction between temperature and photoperiod, but in-
fer no physiological-genetic basis for the interaction (Ong and Everard,|1979;Yan and
Wallace, [1998). Yan and Wallace (1998) proposed a genotype x temperature x pho-
toperiod interaction GPT-model of phenology. But APSIM is up to now implementing
a temperature x photoperiod phenology response model.

The model could not handle the phenology of the photosensitive cultivar Maewa.
Phenology during the vegetative stage (from emergence to panicle initiation) involves
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two phases: a juvenile phase, during which panicle initiation is not possible, regardless
of daylength (Caddel and Weibel, [1972) and a photo-sensitive phase which ends at
panicle initiation. For short day plants, models (CERES, APSIM) generally consider
that the duration of the vegetative phase increases linearly with increasing daylength
(juvenile phase). Such a linear function was shown to be inappropriate to simulate
very photosensitive sorghum cultivars in Mali (Folliard et al.| 2004). These authors
proposed hyperbolic and threshold hyperbolic functions, with the last one performing
better, but no millet growth model does as yet take this into account (Craufurd et al.|
1999). Implementing such an approach would require changes in the source code of
APSIM, which was beyond the scope of this work.

LAI was not well simulated for all combinations of cultivars and sowing dates.
The quality of the function governing individual leaf area determination in the AP-
SIM millet model is cultivar specific (Figure [3.2). The initial APSIM millet module
parameterization with Indian cultivars [Van Oosterom et al.| (2001b) also found such
a cultivar-specific quality of this relation. In this study the relation between the area
of the largest leaf (y0) and the total leaf number (TLN) for an axis was significant for
Ankoutes, Hainikirey, ICMV and Maewa. But poor relation was observed between y0
and TLN for CIVT, Zatib and Zongo, but such a relation was forced for the APSIM
model parameterization. More consistent individual leaf area determination function
should be tested and implemented in the APSIM millet module to improve LAI simu-
lation. Moreover in the Sahel, the recommended density of 10.000 hill ha™ ! thinned to
3 plants hill~! leads to clumped and sparse canopy (Paynel2000). In APSIM biomass
accumulation is a function of intercepted radiation and radiation use efficiency RUE.
Intercepted radiation is dependent on LAI, essentially assuming an even distribution
of it, which is not the case in our system. These could be a potential source of error in
LAI simulations.

Biomass yields were underestimated for S1 but grain yields were better simulated
for all sowing dates and cultivars. Biomass yield and temporal LAI are dependent
on the total number of tillers and leaf production. The tiller number provided in the
model corresponds to productive tillers only (NPP) which explains why grain yield
is better estimated than total biomass and LAI The latter tends to be underestimated
because of the existence of non-productive tillers and also senesced tillers which may
contribute to LAI development but are not taken into account.

3.5 Conclusions

This study shows that late sowing had a cultivar-specific detrimental effect on most
agronomic variables (TLN, LAI, stover and grain yield and components). Photope-
riod effect was observed only for one cultivar (the landrace Maewa) which matured
at the end of the rainy season independently of sowing date. Temperature played a
major role in the effect of sowing date on millet development and yield as both a con-
sequence of amplitude (and independently of photoperiod) and accumulation. Our
findings demonstrate the benefit of early sowing giving better growth and yield for
most cultivars and support Sahelian farmers’ behavior not only for landraces but also
for improved cultivars.
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The APSIM model could adequately reproduce the Sahelian millet genotype be-
havior in terms of phenology, development and yield when appropriate and substantial
re-parameterization was done. Taking account of the difference in leaf dynamics (TLI
and TLA) between sowing dates (due to temperature amplitude) and cultivar was de-
cisive in the successful modeling exercise. To improve the APSIM-millet model, leaf
dynamics should take account of genotype x temperature x photoperiod interaction
and should not be constant across genotypes and environments. Our study succeeds in
providing the, as yet unavailable, genetic and eco-physiological parameters for seven
Sahelian millet cultivars. These parameters, though tested here only within the AP-
SIM model, may also be used within any other dynamic crop simulation model and
open the door for further modeling works in the area.



Chapter 4

Integrated nutrient management of
pearl millet in the Sahel combining
application of cattle manure, crop
residue and mineral fertilizer.]

Abstract

In the Sahelian zone of Niger, integrated nutrient management relies on manure, millet
stover and inorganic fertilizers as the main sources of nutrients to maintain or increase
soil fertility, but each type of amendment presents its own limitations in terms of ef-
fectiveness, availability or side effects. There is therefore a need to develop guidelines
regarding appropriate combinations of these 3 types of amendments. A fully facto-
rial on-station experiment was conducted during the 1994 and 1995 rainy seasons at
Sadoré, Niger. There were 3 factors with 3 levels each: (1) broadcast residue applica-
tion (300, 900 and 2700 kg ha~1) (2) broadcast cattle manure application (300, 900
and 2700 kg ha~1), and (3) mineral fertilizer (unfertilized control, 15 kg N ha='+ 4.4
kg Pha=!and 45kgNha~! +13.1 kg P ha—!). Manure and fertilizer increased millet
yield in both years whereas residue was effective in 1995 only. The effects of manure
and residue were additive compared to fertilizer with 300 kg ha~! residue. The same
conclusion applies to manure and fertilizer but only up to 50 kg N ha—!. Synergetic
effect was observed between residue and fertilizer in 1995 for stover and grain yield
and was reflected in the partial factor productivity of N and P in both years. Two treat-
ments stand out as particularly relevant in practice based on yield, water use efficiency,
partial factor productivity and nutrient balance criteria: (1) a low input combination of
300 kg residue and 2700 kg manure ha~! without fertilizer which leads to a 95% yield
increase compared to the control (unfertilized +300 kg manure ha=! +300 kg residue
ha=1); (2) a combination of 900 kg residue ha—!, 2700 kg manure ha—' and 15 kg
N + 4 kg P ha™! resulting in an average increase in grain yield of 132% compared to
the control. There is a need for similar, long term experiments to confirm the present
results.

Keywords: Pearl millet, manure, residue, fertilizer, water use efficiency, Sahel,

*Part of this chapter is being published as: Akponikpe P.B.I, Michels, K., Bielders, C.L
(2008) Integrated nutrient management of pearl millet in the Sahel using combined application
of cattle manure, crop residues and mineral fertilizer. Experimental Agriculture, in press
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integrated nutrient management, partial factor productivity

4.1 Introduction

Pearl millet [Pennisetum glaucum (L.) R.Br.] is the major staple crop grown in the
Sahelian region of Niger. In order to meet the nutritional requirements of the rapidly
expanding population, millet production must be increased. This must be achieved
by raising productivity rather than an expansion of cropland which is reaching a limit
in many areas. Current productivity of millet-based cropping systems is very low,
average millet grain yields seldom exceeds 500 kg ha—! (De Rouw, 2004). Limited
rainfall (300-600 mm) associated with frequent drought spells and high inter-annual
rainfall variability, as well as unfavorable native soil fertility are the main reasons for
the low productivity.

The nutrient balances of conventional cropping systems are, on average, negative
indicating nutrient mining. (Smaling ef al.l |1993) estimated that the annual average
nutrient loss for sub-Saharan Africa would be of the order of 26 kg N, 3 kg P, and 19 kg
K ha=! in 2000. Although some authors have reported large responses to K fertilizer
in the absence of crop residue restitution (Rebatka et al.||{1994), nutrient management
strategies have generally focused on satisfying plant N and P requirements, the two
most limiting nutrients (Bationo et al., 2003). Although other management strategies
such as long term vegetated fallowing and biological N fixation may also contribute
positively to the N and P balance, manure, crop residue (residue) and inorganic fertil-
izers constitute the main potential sources of nutrients in the Sahel to prevent nutrient
depletion, preserve the long term productivity of soils, and maximize nutrient use ef-
ficiency.

It has long been recognized that an integrated approach to nutrient management
must be developed rather than rely on a single source of nutrients (Kimani et al.}2003)).
Indeed, although the effectiveness of manure, crop residue or fertilizers for improving
soil fertility and crop yields has been demonstrated repeatedly through on-station and
on-farm trials (e.g.Bationo and Mokwunyel |1991albj Brouwer and Powell, |1998)), all
these sources are limited for farmers’ use by either availability (Palm ef al.| [1997),
competing uses (Bationo ef al.| 1995} |Lamers ef al.| |1998) and price or financial risk
(Shapiro and Sanders|, [1998)). Hence, considering multiple sources of nutrients is a
necessity. In addition, given that, on average, insufficient cattle manure (0.7 Mg ha=—!
yr~!; Palm et al., 1997) is available to satisfy crop requirements and that crop residue
application corresponds to nothing but a recycling of nutrients within cropland, one
must in part rely on the use of inorganic fertilizers to close the nutrient balance gap.

Integrated nutrient management (INM) relies on the use of various organic and
inorganic sources of nutrients in order to achieve productive and sustainable agricul-
tural systems (Palm ef al.,|1997). A specific objective of INM is to maximize nutrient
use efficiency (Kimani ef al.| 2003)). In millet-based rainfed systems, this goes along
with a strong increase in water use efficiency, as seasonal cumulative evapotranspi-
ration is little affected by fertility management practices (Payne, 2000). Besides the
socio-economic reasons mentioned above (cost, availability, etc.), there are other very
good reasons for combining different sources of nutrients. For instance, the use of
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inorganic N and P fertilizers alone is not advisable as in the long run it may lead to a
decrease in soil organic content (SOC), soil acidification, decreasing base saturation,
and a large increase in exchangeable Al (Kretzschmar ez al.l|[1991;|Wendt et al., 1993
Bationo et al.l [1995) or even reduce P availability to crops despite the addition of P
fertilizer (Michels and Bielders}, |2006). The sole application of fertilizer P, the most
limiting nutrient for millet growth in the region (Geiger ef al., [1992)) exacerbates the
negative N and K balances (Buerkert ez al.| [2000). Whereas fertilizers release their
nutrients rather rapidly, manure or residue act as slow release fertilizers. In addition,
they are a source of multiple nutrients, including micronutrients, supply carbon for
soil micro-organisms involved in nutrient cycling, and may improve soil physical and
chemical quality (Esse er al.l 2001} Buerkert et al.| 20005 Harris| [2002).

The use of either crop residue or manure can buffer soil acidification resulting
from fertilizer use, thereby enhancing fertilizer use efficiency by preventing P immo-
bilization (e.g. Hafner et al.| [1993b)). Manure often has a residual effect which may
last for two or more further growing seasons depending on the amount of manure
applied (Esse et al.l 20015 Schlecht ez all 2004; De Rouw and Rajot, 2004a)). Pre-
vious works showed that short-term (1-2 years) and particularly long-term (5 years)
application of residue significantly increased millet dry matter or grain yields whereas
their omission resulted in an immediate yield decrease (Rebafka et al.,[1994; Buerkert
and Lamers, |1999; Bielders et al.|[2002). Although no adverse effect was reported on
millet production in the Sahelian zone of Niger for residue application rates up to 4 t
ha—! (Bationo et al.|,|[1993), the addition of millet stover may lead to a temporary im-
mobilization of N as a result of its high C/N ratio. This may also apply to low quality
manure, which is often the case of manure transported from village enclosures to the
fields. This temporary immobilization may reduce the risk of N leaching or volatiliza-
tion and thereby improve the overall nutrient use efficiency for combined application
of residue or low quality manure with sources of readily available N such as mineral
N fertilizer.

Additive, but also synergetic (more than proportional) effects have been reported
in the literature as a result of the combined use of organic and inorganic amendments
(Bationo et al.,|1993; |[Hatner et al.l,|1993b; Buerkert et al.l, 2000; Kimetu et al.,[2004).
In Niger, phosphorus use efficiency for millet (kg grain / kg applied P) was increased
from 46 on plots fertilized with inorganic P to 86 on plots amended with inorganic
N and P and millet crop residue (Bationo et al. 2003). In normal rainfall years, the
application of millet residue doubled the P use efficiency of millet despite the very
small contribution of residue to the total P supply (Bationo and Buerkert, 2001)). On
average over a 9-year experiment, | Yamoah ef al.|(2002) reported that millet grain yield
increased from 320 kg ha~! on control plots to 700, 900 and 1510 kg ha~! on plots
amended with residue, N P fertilizer and residue+N P fertilizer, respectively. Similar
trends were reported for millet stover yield. Water use efficiency was raised from 0.78
kg grain ha=! mm™! for the control to 3.61 kg ha—! mm™! for the residue+fertilizer
plots. Fertilizer use efficiency (kg grain kg~ fertilizer) was 13.5 for the fertilized plots
and increased to 27.6 upon the addition of residue. [Yamoah ez al.| (2002)) concluded
that the residue+fertilizer treatment had the highest sustainability yield index. These
synergetic effects may result from the side effects of using organic fertilizers, besides
their role as nutrient providers: P mobility enhancement, decrease in exchangeable
Al, enhancement of root growth, decreased surface temperature and soil penetration
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resistance, and soil protection against wind erosion (Buerkert et al.| [2000; Bielders
et al., 2000)).

Although several studies have evaluated the benefits of combining two sources of
nutrients, none have evaluated the possible interactions resulting from the combined
application of manure, crop residue and fertilizer. The objective of this paper was
therefore to evaluate the effect of the combined application of those three types of
amendments on millet production, water use efficiency, partial factor productivity and
nutrient balances in a millet crop in order to derive practical recommendations for
INM.

4.2 Materials and methods

4.2.1 Experimental site

The experiment was conducted at Sadoré, Niger (13°15°N, 2°17’E and 240 m of alti-
tude) on the experimental station of the International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT), located 45 km south-west of Niamey, the capital city
of Niger. The climate is typical of the Sahelian zone, with summer rainfall and high
temperature throughout the year. The annual rainfall in Niamey is 545 mm and the
average temperature is 29°C. The soil is classified as sandy, siliceous, isohyperther-
mic psammentic Paleustalf with 91% sand, 5% silt and 4% clay in the A horizon and
a bulk density of about 1.65 Mg m—3 (West ef al.| [1984). Soil water content at field
capacity is 0.09 to 0.10 m® m—3 (Klaij and Vachaud, [1992).

4.2.2 Experimental design and crop management

The experiment was run in the 1994 and 1995 rainy seasons (with no irrigation) as
a randomized complete block design with 3 replications. The experimental field had
been cultivated in 1993 for a homogeneity trial without any inputs or tillage. Prior
to this, it had been left fallow for more than 10 years and never used previously for
experiments. Individual plot size was 10 x 20 m. There were 3 factors with 3 levels
each: (1) broadcast millet stover application (stems with leaves) at a rate of 300, 900
and 2700 kg ha~1!, hereafter referred to as 300R, 900R and 2700R, respectively; (2)
uniform cattle manure application at rates of 300, 900 and 2700 kg ha~!, referred
to as 300M, 900M and 2700M, respectively; and (3) mineral fertilizer application :
no fertilizer, 15 kg N ha=! + 44 kg P ha~! and 45 kg N ha=! + 13.1 kg P ha™!
referred to as ONOP, 15N4P and 45N13P, respectively. In 1994, manure and residue
application were delayed until 2 and 5 weeks after millet sowing, respectively, due to
logistic constraints. The implications of this late application are discussed later. In
1995 residue was applied in January and manure approx. 4 weeks before sowing. N
was applied as Calcium Ammonium Nitrate (CAN, 26% N) placed 0.1 m from pockets
and incorporated with a hoe. In the case of 45N13P, the application of N was split in
2 (Table i.T). P was broadcast prior to sowing as Single Super Phosphate (SSP, 18%
P205) and incorporated with a light cattle-drawn implement. Additional management
operations are reported in Table Manure nutrient content was 1 0.05% N, 0.2
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Table 4.1. Crop management in 1994 and 1995

1994 1995
Sowing date 6 June 20 June
Residue application 14 July 15 January
Manure application 20-21 June 17-18 May

Fertilizer application N: 7 July (15 kg N ha™'), 25 N: 12 July (15kg N ha™'), 11
july 30 kg Nha=')P: 20 June  August (30 kg N ha=') P: 11
May
Weeding (manually 21 June 25 July 9-10 August 3-7 July 7-11 August
with hilaire)
Pest and bird manage- Weekly Deltamethrine spray Weekly Deltamethrine spray

ment (after 11 august) and Bird guard  (after 14 August) and Bird
guard
Final harvest 20-23 September 26-27 September

Table 4.2. Amounts of nitrogen, phosphorus, and potassium in manure and millet residue ap-
plied to field plots at the onset of the experiment. Values in bracket denote standard deviations,
(n =15). Values for residue were computed using the weighted average nutrient content of stems
and leaves in 1994 and 1995.

Amount Total N Total P Total K
(kgha™h) (kgha™h) (kgha™h) (kgha™1)
Manure 300 3.01 (0.14) 0.6 (0.02) 4.81 (0.26)
900 9.04 (0.43) 1.81 (0.05) 14.42 (0.79)
2700 27.11 (1.28) 5.42(0.15) 43.26 (2.36)
Residue 300 232(-) 0.15(-) 7.27(-)
900 6.97 (-) 044 (-) 21.8(-)
2700 229(-) 1.32(-) 65.46 (-)

0.01% P and 1.6 0.09% K (mean SD;n =15). The manure and residue nutrient supply
corresponding to the different application rates are given in table 2.

The millet cultivar CIVT (Composite Inter-varietal de Tarna, early maturing, 95
days) was sown in pockets on untilled soil after the first rainfall event exceeding 20
mm, at a density of 12500 pockets ha~! and 2 plants pocket™! in 1994, and at a
density of 10000 pockets ha~! and 3 plants pocket™' in 1995.

4.2.3 Data collection and analysis

Daily rainfall data was recorded by means of an automatic rainfall gauge located at the
experimental station. Soil moisture measurements were made in all the plots with an
on-site calibrated neutron probe (Didcot) at approximately 10-day intervals through-
out the growing season from 0.15 to 2.1 m depth at 0.15 m intervals. A separate
calibration was used for 0.15 m and all depths > 0.15 m. Details of the method used
to compute the water balance (change in soil water stock, drainage at maximum root-
ing depth (1.5 m) and evapotranspiration) from water content data were given by Klaij
and Vachaud| (1992). The following function, derived from the field moisture pro-
files, was used to relate average volumetric moisture content at drainage depth (#; [m3
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m~2]) and drainage flux (.J; [mm day '] :
J =4.829-107° . g*19 (4.1)

Water use efficiency (WUE) was computed as the ratio of grain yield to total evapo-
transpiration during the course of the cropping cycle. Readily available soil water for
plants (PAW; mm) was estimated between the soil surface and the rooting depth using
the following equation :

PAWJ = Z(ei’j — GCZ‘J) . Azi (42)

i=1

for all ¢ such that 6; > 6c;, where the subscripts ¢ and j represent soil layers and time,
respectively; 6; is the average measured VWC [m? m~3] of layer i; fc; is the critical
volumetric water content (CWC) of layer i; and Az; [mm] represents the thickness
of each layer. CWC is defined as the volumetric water content below which millet
starts to experience water stress as described in Bielders and Michels| (2002). Rooting
depth was calculated on the basis of a constant root growth rate of 0.02 m per day,
irrespective of the treatment, up to a maximum rooting depth of 1.5 m (Bielders and
Michels|, [2002)).

Soil samples were taken in 1994 prior to sowing in each plot at depths of 0.0-
0.2 and 0.2-0.4 m. Each sample was analysed for pH(H20) (NH4AcO at pH 7;
soil/water ratio of 1:2.5), organic carbon (Walkley and Black), total N (Kjeldhal),
available phosphorus (Brayl) and exchangeable aluminum (KCI extraction). Sam-
ples of millet leaves, stems and grain were analyzed for total N, P, and K content in
each plot in 1994 and 1995 at harvest. Partial factor productivity refers to the ratio
of grain yield to the total nutrient application rate (Pandey et al., |2001a). A simpli-
fied nutrient balance was calculated by subtracting the amount of N, P, or K exported
with the harvest (grain, stems and leaves) from the total amount of N, P, or K added
through manure, residue and fertilizer. All results were submitted to analysis of vari-
ance in GenStat 6 (Laws Agricultual Trust, |2002) using a randomized complete block
structure with 3 treatments and 3 replications in which the 2 years were considered
as split-plot levels. When year by treatment interaction was significant, the analysis
was done for each year. A log transformation was applied to the partial productivity
data of all 3 nutrients because of non normality. Differences between treatments were
considered at error probabilities < 0.05, 0.01 or 0.001.

4.3 Results

4.3.1 Rainfall characteristics

The rainfall during the cropping period was 721 mm in 1994 and 431 mm in 1995,
whereas for the whole year it was 794 mm in 1994 and 486 mm in 1995 (Figure [4.1).
The latter corresponds respectively to 146 and 89% of the long term annual average.
Rainfall was more evenly distributed in 1995 than in 1994 despite the higher rainfall
amount during the 1994 cropping cycle.



4.3. Results 61

70 r 800
Hl Rainfall
60 — Cumulative rainfall —/ T 700
50 f/_/ [ o0
=
~ £
‘_5‘ F 500 =
3
£40 7 1994 *5
= 400 g
€30 J_J £
3 7300g
200
100
0
70 1 - 800
60 - 700
F 600 E
50 1 é
& - 500E
5407 8
£ 1995 L 400 @
) / %
Bt -
,:30 E
3 73006,
20
/_/_/_/__/ F 200
10 7 - 100
L/ |
0 Attt e e e e e O
0 10 20 30 40 50 60 70 80 90

Day after sowing (DAS)

Figure 4.1. Daily and cumulative rainfall in 1994 and 1995 at ICRISAT Sahelian center, Sadoré,
Niger

In 1994 there were 37 rainfall events during the cropping cycle, 6 of which ex-
ceeded 40 mm whereas in 1995 two events out of 29 exceeded this threshold. A dry
spell of 16 days occurred from 13 to 28 days after sowing (DAS; juvenile stage) in
1994. In 1995 two dry spells were observed, from 22 till 50 DAS and from 72 to 85
DAS (maturing stage). However, since PAW did not reach critically low levels during
those dry spells (Figure[d.2)), no severe drought stress is expected in either year.

4.3.2 Initial soil chemical properties prior to the experiment

Differences were highly significant (p < 0.001) between depths for all parameters
(Table 121;3'[) The pHz720) was acidic for all plots and depths. The soil was very poor
in organic carbon, total N, and available P, decreasing with depth. Exchangeable Al
content was fairly high and increased with depth as a result of the decreasing pH. All
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Figure 4.2. Change in plant available water (PAW) during the growing seasons of 1994 and
1995 as affected by fertilizer application. Error bars indicate the standard error of the difference

(P =0.05).



4.3. Results 63

Table 4.3. Initial soil chemical characteristics of plots at two depths before the onset of the ex-
periment in 1994 at ICRISAT Sahelian center, Sadoré, Niger. Values in bracket denote standard
deviations (n = 87).

Depth Total N Available P Organic car-  pH(z20) Exchangeable
bon Al

(m) (mgkg™")  (mgkg™) (%) “) (cmol kg ")

0. 00-0.20 163 (30) 2.1(0.5) 0.18 (0.04) 5.4(0.1) 0.11 (0.06)

0.20-0.40 132 (22) 1.5 (0.4) 0.14 (0.03) 5.3(0.1) 0.25(0.1)

properties are typical of the sandy soils of the region. The low P-Bray values clearly
indicate the absence of prior P fertilization.

4.3.3 Millet stover

Overall millet stover yield was significantly higher in 1994 (1658 kg ha~!) than in
1995 (1337 kg ha~—1) (p < 0.001). A year by treatment interaction was observed only
in the case of residue application (p = 0.001). The addition of residue had no effect
in 1994 but significantly increased millet stover yield in 1995 (p = 0.002, Table {.4)
when millet stover yield was increased by 14% and 23% for 900R (1360 kg ha—!)
and 2700R (1461 kg ha—!), respectively, compared to 300R (1189 kg ha=—!; s.e.d.
=73 kg ha—'). Significant effects of both fertilizer (p < 0.001) and manure (p <
0.05) application in 1994 and 1995 were observed (Table [4.4). On average over the
2 years, fertilizer improved stover yield by 40% and 67% for 15N4P (1537 kg ha—!)
and 45N13P (1841 kg ha~1), respectively, compared to the no-fertilizer treatments
ONOP (1099 kg ha=!; s.e.d. = 109 kg ha~!). On average over the 2 years, manure
application increased stover yield by 23% and 27% for 900M (1575 kg ha—') and
2700M (1625 kg ha™'), respectively, compared to the 300M (1277 kg ha~!; s.e.d. =
109 kg ha™1).

There was no interaction between any of the treatments regarding stover yield
in 1994 (Table #.4). However, significant Res x Fert (p = 0.003) and Fert x Man
interactions (p = 0.006) were observed in 1995 (Table [4.4). Whereas the addition of
45N13P more than doubled stover yields compared to the ONOP in the presence of
900R and 2700R, for 300R the increase in stover yield was only 48% after adding
45N13P (Figure 4.3h). With respect to the Fert x Man interaction, one observes that
the response to fertilization is similar in the presence of 300M and 900M, but there
was no response to the highest rate of fertilization (45N13P) in the presence of 2700M
compared to the 15N4P treatment (Figure [4.3p).

4.3.4 Millet grain yield

Contrary to stover yield, average millet grain yield was better in 1995 (785 kg ha—!)
than in 1994 (642 kg ha=!). There was a strong year effect (p < 0.001), and a year
by treatment interaction was observed in the case of residue application (p < 0.001).
The addition of residue significantly increased millet grain yield in 1995 (p = 0.001)
but had no effect in 1994 (Table Figure[d.4p). In 1995, grain yield was improved
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Figure 4.3. Millet stover yield as affected by combined application of cattle manure, millet
residue and mineral fertilizer (N, P) in 1994 and 1995 at ICRISAT Sahelian center, Sadoré,
Niger. Error bars denote s.e.d. Values are interaction means; (a) residue x fertilizer, (b) manure
x fertilizer.



4.3. Results 65

Table 4.4. Analysis of variance of millet stover and grain yield as affected by combined ap-
plication of cattle manure (Man), millet residue (Res) and mineral fertilizer (Fert) in 1994 and
1995 at ICRISAT Sahelian center, Sadoré, Niger
Stover Grain
1994 1995 1994 1995
df  wvr Fpr. wvr Fpr. wvr Fpr. wvr F pr.

Res 2 1.28 n.s. 7.12 k% 0.97 n.s. 8.92
Fert 2 8.90  Hkx 62.83 kk* 13.09 ** 63.87 kEx
Man 2 416 * 593  x*k 438  ** 7.06  **
Res x Fert 4 0.9 n.s. 466  ** 1.36 n.s. 3.86  **
Res x Man 4 0.52 ns. 0.30 ns. 090 ns. 0.19 ns.
Fert x Man 4 1.51 ns. 406  ** 0.76  n.s. 232  ns.
Res x Fert x Man 8 0.75 ns. 149 ns. 1.20 n.s. 0.44 ns.
Residuals 52

CV(%) 36.5 20.2 37.8 22.1

df = degree of freedom; v.r.= variance ratio; n.s. = not significant;
* kx k%% probability significant at 0.05, 0.01, 0.001 respectively.

by 18% and 29%, respectively for 900R and 2700R compared to 300R.

In both years, increased application rates of fertilizer (p < 0.001) and manure
(p < 0.05) significantly increased grain yields (Table .4). On average over the two
years, manure increased grain yield by 19% and 29% for 900M (733 kg ha—!) and
2700M (789 kg ha~1), respectively, compared to the 300M (613 kg ha™!; s.e.d. = 47
kg ha=1). Overall, fertilizer improved grain yield by 40% and 86% for 15N4P (699 kg
ha=!) and 45N13P (933 kg ha™1), respectively, compared to the no fertilizer (503 kg
ha=!;s.e.d. =47 kg ha~!) treatments. However, fertilizer response was significantly
higher in 1995 than in 1994 (p = 0.009; Figure d.4p).

A significant Res x Fert interaction for millet grain yield was observed in 1995
(p = 0.008), similar to that of millet stover yield. Whereas the addition of 45N13P
increased grain yields by 129% and 113% in the presence of 900R and 2700R, re-
spectively, compared to the ONOP, for 300R the increase was only 49% following the
application of 45N13P (Figure .4f).

4.3.5 Water balance, PAW and water use efficiency

There was no significant difference between seasonal cumulative millet evapotran-
spiration and drainage with regard to any of the treatments in 1994 and 1995. Av-
erage seasonal millet evapotranspiration was 459 mm in 1994 and 286 mm in 1995.
Drainage was estimated at 158 and 44 mm in 1994 and 1995, respectively. There
was no significant correlation between ET and either grain or stover yield in 1994 and
1995.

There is a significant fertilizer effect on all dates in 1994 except 37 and 66 DAS,
and on 20, 40, 47, 83 and 90 DAS in 1995 (Figure @]) In both years, increased fertil-
izer application resulted in lower PAW, especially toward the end of the growing sea-
son. This is likely the result of additional water uptake following greater aboveground
biomass (leaf area) development in fertilized treatments. However, the absolute dif-
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Error bars denote s.e.d. Values are interaction means; (a) year x residue, (b) year x fertilizer, (c)
residue x fertilizer



4.3. Results 67

ference in PAW between ONOP and 45N13P remained small and reached at most 9
mm. In 1995, there was a significant Fert x Man interaction regarding PAW between
83 and 97 DAS.

PAW decreased as fertilization rate increased for 300M and 900M, but for 2700M,
the effect of fertilization on PAW was negligible (not shown). This may largely re-
sult from the fact, in the presence of 2700M, stover yield at high rates of fertilizer
(45N13P) were not different from yields achieved with 15N4P (Figure. Water use
efficiency (WUE) on a grain basis was significantly different among both years (p <
0.001). In 1995, WUE was on average twice as high (2.76 kg ha=* mm~1!) as in 1994
(1.40 kg ha—! mm™!) as a result of the higher grain yields and lower seasonal ET in
1995. In 1994, WUE showed significant differences for fertilizer (p < 0.001) and ma-
nure application (p < 0.05) (Table[4.5). Overall the WUE was increased by 40% and
76% for the 15N4P and 45N13P, respectively, compared to the control (ONOP; 1.00
kg ha=! mm~1!). Increasing manure application from 300 to 900 kg ha~! resulted in
a 29% increase in WUE from 1.16 to 1.50 kg ha—* mm™?. The application of 2700
kg ha~! manure only resulted in a small additional increase in WUE compared to the
900M (1.54 kgha=! mm~';s.e.d. =0.14 kgha™! mm™1!).

Residue (p < 0.001), fertilizer (p < 0.001) and manure (p < 0.01) application all
had a significant effect on WUE in 1995 (Table[d.6). WUE was 2.34, 2.80 and 3.14 kg
ha=! mm~! for the 300R, 900R and 2700R treatments respectively (s.e.d. = 0.18 kg
ha=! mm™"'). Overall the WUE was increased by 29% and 98% for the 15N4P and
45N13P, respectively, compared to the control (ONOP; 1.94 kg ha=! mm™!). However,
there was a significant Res x Fert interaction (p = 0.05): the improvement in WUE fol-
lowing fertilizer addition was much stronger at 900R and 2700R than at 300R (Figure
B3).

There is a high positive correlation between WUE and grain yield (Figure [4.6).
On average, a yield increase of 100 kg grain ha~! resulted in a gain of 0.21 and 0.34
kg ha=! mm~! in WUE in 1994 and 1995, respectively.

4.3.6 Partial factor productivity (PFP) of N, P and K

As a result of the higher grain yields in 1995 compared to 1994, partial factor produc-
tivity (on a grain basis) of N (23.6 kg grain kg—! N), P (141.7 kg grain kg ! P), and K
(21.1 kg grain kg—! N) in 1995 was higher than in 1994 (20.3 kg grainkg~! N, 121.4
kg grain kg~! P, 18.4 kg grain kg~ ! K).

In 1994, all three types of amendments had a significant effect on the PFP of N, P
and K on a grain yield basis (Tabled.5). For N and P, PFP decreased with increasing
application rates of residue, manure or fertilizer (not shown). This is an immediate
consequence of the fact that substantial yields are being achieved for the 300R, 300M
or ONOP treatments and that yield increases in response to residue, manure and fertil-
izer are fairly modest. For K, the PFP also decreased with increasing rates of manure
and residue, for similar reasons. Following fertilizer additions, however, the PFP of
K increased with increasing fertilization because adding fertilizer increased yields yet
neither CAN nor SSP provide any K.

There was a significant Res x Fert interaction in 1994 (Table for N (Figure



68 Chapter 4. Integrated nutrient management of pearl millet in the Sahel

Table 4.5. Analysis of variance of water use efficiency (WUE), as well as partial factor produc-
tivity of N (PNP), phosphorus (PPP) and potassium (PKP) as affected by combined application
of cattle manure (Man), millet residue (Res) and mineral fertilizer (Fert) in 1994 at ICRISAT
Sahelian center, Sadoré, Niger

WUE PNP PPP PKP
df V.I. F. V.I. F. V.I. F. V.I. F.
pr. pr. pr. pr.

Res 2 0.88 n.s. 22.49 ckEkx 8.05 ¥k 73.18  F**
Fert 2 14.88  *** 12.59 k** 4575 wE* 13.68 ***
Man 2 435 * 10.62  *** 14.27 *** 17.56 ***
Res x Fert 4 122  ns. 7.09  ckEx 5.51  ck®k 2.65 *
Res x Man 4 1.26 n.s. 0.61 n.s. 0.82 nus. 1.26 ns.
Fert x Man 4 091 ns. 373  * 7.65  Fk* 098 ns.
Res x Fert x Man 8 0.85 ns. 0.85 n.s. 098 ns. 1.27 ns.
Residuals 52
CV (%) 37.0 16.8 10.5 18.1

df = degree of freedom; v.r.= variance ratio; n.s. = not significant;
* ¥k REE probability significant at 0.05, 0.01, 0.001 respectively.
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Figure 4.5. Effect of crop residue (R) and fertilizer application (N, P) on millet water use
efficiency in 1995 at ICRISAT Sahelian center, Sadoré, Niger. Error bars denote s.e.d. Values
are interaction means
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Figure 4.6. Water use efficiency as a function of millet grain yield in 1994 and 1995 at ICRISAT
Sahelian center, Sadoré, Niger.

) and P (not shown). The PFP of N (or P) decreased rapidly with increasing rate
of fertilizer application at low levels of residue (300R), yet at higher rates of crop
residue, the PFP of N (or P) decreased much less or even remained rather stable for
the various fertilizer application rates. This is an immediate consequence of the poor
yield response to fertilizer at low levels of crop residue. At higher levels of crop
residue, millet is better able to take up the nutrients added through fertilizer, which
leads to a fairly constant partial N productivity of about 10 kg grain kg~! N at the
highest rate of fertilization in the presence of 2700R. There was also a significant Res
x Fert interaction in 1994 for the partial K productivity (Table .5} Figure d.7b). The
increase in the partial K productivity following fertilization was significant only for
the two highest residue application rates in the presence of 2700R.

A significant Fert x Man interaction was observed for the PFP of N and P in
1994 (Table @ At the highest rate of fertilization, there was little effect of manure
application on the partial N productivity, whereas for ONOP and 15N4P the partial N
productivity decreased with increasing manure application, and this decrease in PFP
was strongest at the lowest fertilizer rate (not shown). A similar response was observed
for P (not shown). As in 1994, the application of residue, fertilizer and manure had
a significant effect on the PFP of N and K in 1995 (Table {.6). Although fertilizer
and manure had a significant effect on the PFP of P, residue application did not (Table
[.6). There were significant Res x Fert (N, P), Res x Man (N, K) and Fert x Man (N,
P) interactions as well as a Res x Fert x Man (N) interaction (not shown). The Res
x Fert and Fert x Man interactions for N and P were similar to 1994. At the highest
rate of fertilization, there was little effect of residue (or manure) application on the
partial factor productivity of N and P, whereas for ONOP and 15N4P the partial factor
productivity of N and P decreased with increasing residue (or manure) application, and
this decrease in PFP was strongest at the lowest fertilizer rate (not shown). Regarding
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Table 4.6. Analysis of variance of water use efficiency (WUE), as well as partial factor produc-
tivity of N (PNP), phosphorus (PPP) and potassium (PKP) as affected by combined application
of cattle manure (Man), millet residue (Res) and mineral fertilizer (Fert) in 1995 at ICRISAT
Sahelian center, Sadoré, Niger

WUE PNP PPP PKP
df V.I. F. V.I. F. V.I. F. V.I. F.
pr. pr. pr. pr.
Res 2 9.93  kEx 16.72  *#** 0.84 ns. 129.3  kkx
Fert 2 59.05 k** 37.69 k¥* 166.2  *** 56.19 ***
Man 2 543  ** 28.60 F** 4445 w** 53.36  ¥**
Res x Fert 4 255  * 12.88  H#*:* 8.11 ¥k 2.54 ns.
Res x Man 4 041 ns. 3.54 * 1.97 ns. 11.99 ***
Fert x Man 4 1.67 ns. 484  ** 15.70 **%* 233  ns.
Res x Fert x Man 8 045 ns. 227 * 2.06 n.s. 0.7 n.s.
Residuals 52
CV (%) 23.7 7.9 5.1 8.5

df = degree of freedom; v.r.= variance ratio; n.s. = not significant;
* ¥k REE probability significant at 0.05, 0.01, 0.001 respectively.

the Res x Man interaction for N and K, the decrease in PFP as residue application rate
increased was strongest at the lowest manure application rate (300M). At high rates of
manure (2700M), increasing residue had little effect on the PFP of N (Figure and
K (not shown).

4.3.7 Nutrient balances

Average nutrient balances were positive in 1994 (13.5 kg N, 5.3 kg P and 6.1 kg K
ha=')andin 1995 (19.3kg N, 6.2 kg P and 11 kg K ha—!). However, large differences
were observed between treatments, ranging from -17.7 to 53.7 kg ha—! for N, -2 to
15.7 kg ha=! for P and -39.7 to 87.3 kg ha=! for K. In 1994, there were significant
residue (p < 0.001), fertilizer (p < 0.001) and manure (p < 0.001) effects on the N,
P and K balances, but no significant interactions (Table . In general, the nutrient
balances increased as the application rate of amendments increased, except for the K
balance which decreased as the application rate of fertilizer increased. In 1995, there
were also significant residue (p < 0.001 for N and K, p < 0.05 for P), fertilizer (p <
0.001) and manure (p < 0.001) effects on the N, P and K balances, with similar trends
as in 1994 (Table . In addition, there was a significant Res x Fert interaction for N
(p =0.025) and P (p = 0.002). As the rate of fertilizer application increased, the posi-
tive impact of increasing residue application rates on the N and P balances became less
and less marked (not shown). Table 4.8 highlights which treatments presented neutral
or positive balances for all 3 elements and in what year. At residue application rates
of 2700 kg ha~*, all combinations of manure and fertilizer were positive. At interme-
diate residue application rates (900R), all treatments involving 2700 kg manure ha~!
presented positive balances in both years. At 300R, positive balances were observed
in both years only for the highest and lowest fertilization treatments in combination
with 2700 kg ha=! manure.
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Figure 4.7. Effect of crop residue and fertilizer on the partial factor productivity of N (a) and K
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Table 4.7. Average effect of the application of millet residue (kg ha™!), fertilizer and manure
(kg ha™!) on nutrient (N, P, K) balances in 1994 and 1995.

1994 1995
N P K N P K
— kgha '—— — kgha '——
Residue 300 3.9 4.6 -18.7 14.5 6.2 -5.7
900 10.0 5.1 -4.0 16.3 6.0 3.8
2700 26.5 6.1 41.0 26.9 6.52 35
F pr. sk ke sk sk oo kg
Fertilizer ONOP 1.5 0.5 16.9 7.7 1.5 23.1
15N4P 7.2 3.7 39 15.8 5.0 10.0
45N13P 31.6 11.6 -2.5 34.2 12.2 0.1
F pr. sksksk skskesk sksksk * skskosk skskosk
Manure 300 8.4 3.7 -1.1 11.3 4.7 -0.8
900 6.7 4.3 -4.7 15.4 5.4 5.4
2700 25.3 7.81 24.1 31.1 8.6 28.6
F pr_ skeksk skeksk skskok skekesk skkesk skeksk
s.e.d. 2.93 0.4 4.6 1.6 0.21 2.9
CV (%) 31.5 13.5 118 12.4 1.6 44.7

* k% k%% probability significant at 0.05, 0.01, 0.001 respectively.
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Table 4.8. Classification of the 27 residue x fertilizer x manure treatment combinations accord-
ing to their N, P, and K balances in 1994 and 1995. The number in each cell represents the year
in which the balances were positive or neutral.

el
Manure

Residue Fert 300 900 2700

300 ONOP - 1995 1994-95
15N4P - 1995 1995
45N13P - - 1994-95

900 ONOP 1995 1995 1994-95
15N4P 1994 1995 1994-95
45N13P - - 1994-95

2700 ONOP 1994-95 1994-95 1994-95
15N4P 1994-95 1994-95 1994-95
45N13P 1994-95 1994-95 1994-95

“neutral balance refers to balances within 20% of the average nutrient exported by the ex-
periment : -2.5 <N <25kgha™*;-03 <P <03kgha';-5<K<5kgha™*

4.4 Discussion

For this research to be relevant in the context of Sahelian INM, reasonable rates of
organic inputs were used: 300 to 2700 kg ha~! of residue or manure. Regarding ma-
nure, recommendation was made not to exceed 2500 kg manure ha=! yr=! (Brouwer,
and Powell, |1998} |Gandah et al. [2003a) to minimize leaching of nutrients. Average
millet stover production in the Sahel is of the order of 1300 kg ha—! but for high
input systems stover yields in excess of 6000 kg ha—! have been reported (Yamoah
et al.,[2002)). In the present experiment, stover yields reached at most 2700 kg ha='.
However, average stover yield for all the treatment combinations involving 2700 kg
residue ha—! was 1490 kg ha—!. Hence, these treatment combinations could not be
sustained without external input of residue. On the contrary, treatments involving
300R and 900R produced 1178 and 625 kg stover ha~!, respectively, in excess of
their mulching requirement. Treatment combinations involving 300R and 900R can
therefore easily be sustained.

Traditionally, the results of fertility management trials have been compared to
zero-input control plots. Such plots invariably suffer from rapid acidification and se-
vere nutrient deficiency (e.g. Buerkert and Lamers| |1999; [Bielders et al.|, [2002)) which
is not representative of traditional farmers fields. In the present study, the lowest input
treatment consists of a low application rate of both manure (300 kg ha—') and crop
residue (300 kg ha~!). Such rates are representative of the amount of residue present
in farmer fields at the start of the rainy season. De Rouw and Rajot| (2004a) estimated
that passing herds leave behind about 100 kg ha=! of dung. The manure application
rates used here for the control are therefore only slightly larger than what would be
expected to be deposited by grazing animals.
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4.4.1 Millet response to INM

Grain yields were higher in 1995 than 1994 despite lower rainfall and generally lower
values of PAW in 1995. |Wang et al.|(2007) combining N and P fertilizer, maize stover
and cattle manure in a long term experiment, also found a year effect on maize grain
yield in northern China that was ascribed to the effect of the amount of rain during the
growing season and the soil water content at sowing. The year effect often observed in
agricultural experiments in the Sahel is to a large extent induced by the rainfall pattern
(Christianson et al., [1990; |[Sivakumar and Salaam, [1999; |(Gandah er al.l 2003a). The
high drainage observed in 1994 could be attributed to the high total seasonal rainfall
and numerous heavy rainfall events (6 exceeding 40 mm registered during the crop-
ping cycle), which may have resulted in important N leaching during that year and
N deficiency towards the end of the growing season, even for highly fertilized treat-
ments. In 1995, lower PAW during the early growing season may have constrained
biomass production compared to 1994, yet appears to have had little impact on grain
production.

Although 1994 was fairly wet and 1995 fairly dry, the two years of experimen-
tation were by no means extreme in terms of climatic conditions. The experimental
results clearly confirm, however, that total rainfall by itself cannot be used as an indi-
cator of yield, especially grain yield. Besides, drier years may result in greater WUE
and partial factor productivity of N, P and K.

In both years of the experiment, millet responded positively to even modest
amounts of manure and fertilizer applications (in the range of 0-50 kg N ha~! and
0-13 kg P ha—!), despite the contrasted rainfall conditions. This is in agreement with
previous results and reflects the low native fertility of the soils. According to|/Bationo
and Buerkert| (2001), modest quantities of manure and fertilizers frequently double or
even triple grain yields in most years. For example, Rockstrom and De Rouw|(1997)
found that small quantities, 25 or 50 kg ha~! of N and 10 kg ha=! of P buried next
to individual pockets, were sufficient to double or triple the grain yields in normal
rainfall years. The lack of impact of residue application on millet yields in 1994 may
result from the late application of the residue (Table[d.T)). Early application of residue
during the dry season may lead to partial decomposition (e.g., through termites) and
a faster release of nutrients and organic compounds during the rainy season, with a
stronger positive effect on soil pH and P availability (Hafner et al., [1993b; Rebafkal
et al., [1994). In addition, Buerkert and Stern| (1995) reported that millet responded
positively to residue application on low productivity plots whereas little response was
observed on high productivity plots. Given that the experimental field had only been
cultivated for one year prior to the experiment following a long term fallow period,
the overall level of productivity of the field was probably higher in 1994 than in 1995.
Hence a proportionally stronger response to residue application may be expected in
1995 than in 1994.

There was no interaction between any of the treatments in 1994 regarding stover
and grain yields. In 1995, a significant interaction was observed between residue and
fertilizer with respect to grain and stover yields, but also with respect to WUE and
partial factor productivity of N and P. At medium (900R) and high (2700R) levels of
CR, the response to fertilization was strong, with yields and WUE more than doubling
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following the application of 45N15P compared to the control (ONOP). At low levels
of crop residue (300R), the response to fertilizer was about half of the response at the
two highest rates of CR application. In addition, the decrease in the PFP of N and
P in response to fertilization was strongest at the lowest level of crop residue (300R)
whereas it tended to remain constant at the highest rate of residue (2700R), indicating
that for 2700R, the yield increase resulting from the application of 45N13P was ap-
prox. proportional to the amount of N and P added, which was not the case at lower
levels of residue (Figure . Albeit not significant, a similar residue x fertilizer in-
teraction was observed in 1994 (not shown). Few experiments have reported on the
response of millet to low levels of CR. However, the rapid acidification of the soil
in the absence of residue restitution is well documented (e.g. [Bielders et al., [2002;
Buerkert and Lamers| [1999). In the present case, it may be that fertilizer application
resulted in some acidification of the soil for the 300R treatment, with, among others,
negative consequences on P availability. It is unlikely that K became limiting at high
combined rates of manure and fertilizer. Indeed, neglecting K losses through leaching
and wind erosion and K additions through dust deposition, the nutrient balance for the
300R-2700M-45N13P treatment was positive in both years (Table d.9). This is be-
cause the manure supplied large quantities of K (Table[d.2). At high rates of fertilizers
(45N13P) but low rates of residue and manure, K balances were negative in both years,
such that K deficiency may develop (Table .9). [Rebafka er al| (1994) have reported
large responses to K fertilizer in the absence of crop residue restitution. [Voortman and
Brouwer] (2003) also highlighted the importance of K in explaining spatial variability
of crop growth.

The response to N (Figure and P (not shown) supplied by manure and fertil-
izer appear fairly consistent and additive (Table 4.4, but only up to a certain applica-
tion rate of N and P. Indeed, in 1995, there was a significant Fert x Man interaction.
Combining the highest rates of manure and fertilizer resulted in no further increase or
even a decrease in millet yields (Figure #.3). Although not statistically significant, a
similar Fert x Man interaction was observed in 1994 (not shown). This may reflect
the fact that yields were limited by factors other than N or P fertilization under the
soil and climatic conditions of the experiment. Figure [4.9) shows the average (over
all residue application rates) response of millet stover (Figure f.9n) and grain (Fig-
ure 4.9b) to N application from manure and fertilizer in 1994 and 1995. Although
stover yields are lower on average in 1995, the graph indicates that maximum stover
yields could have been expected in both years at combined application rates of the
order of 40-60 kg N, realizing that P and K were also applied in all treatments. A
similar graph can be drawn with respect to P (not shown). (Christianson et al.| (1990)
reported nitrogen response curves averaged over different sources of inorganic N and
for different mid-season (16 July - 31 August) rainfall amounts. Mid-season rainfall
for 1994 and 1995 was 411 and 230 mm, respectively. The response curves proposed
by these authors are drawn in Figure[4.9] Regarding stover yield, the shape of the N
response curve for 1994 is consistent with the present study, albeit translated to higher
yields. For 1995, the maximum stover yield is achieved at lower N rates than observed
in the present study. Regarding grain yield, observed and predicted curves are rather
different. Maximum predicted yields occur at lower N rates than found in the present
study. In addition, the regression model of |Christianson et al.|(1990) predicts higher
grain yields in 1994 rather than 1995, contrary to the observed response. One must
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Table 4.9. Millet yield, water use efficiency (WUE), partial factor productivity (PFP) of N, P and K, and N, P, K balances for three selected treatments suitable
for recommendation based on the experiment conducted at ICRISAT Sahelian center, 1994-1995.
300R-2700M-ONOP  900R-2700M-ONOP  900R-2700M-15N4P

Factor Units 1994 1995 1994 1995 1994 1995
Grain yield kgha T 722 613 493 658 813 891
Straw yield kgha™? 1754 1077 1315 1056 2207 1458
WUE kgha=! mm™* 1.56 2.14 1.05 2.28 1.77 3.34
PFP N kg grainkg ' N 25 21 14 20 17 18
PFP P kg grainkg ™! P 130 110 84 112 79 87
PFP K kg grainkg ™' K 14 12 8 10 12 14
N bal kgha™! 2.0 12.0 12.3 17.0 10.7 25.3
P bal kgha™? 1.3 3.3 3.3 3.3 5.0 7

K bal kg ha™! 0.3 20.7 26.0 30.0 7.0 20.7

* Rk FE¥ probability significant at 0.05, 0.01, 0.001 respectively.
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not forget, however, that the mid-season rainfall of 1994 falls outside the validation
range of the (Christianson ez al.| (1990) study. It is therefore likely that the probably
high leaching losses of N in 1994 are not properly taken into account by |Christianson
et al.|(1990)’s study. In addition, these authors did not include organic sources of N.

The low observed impact of increased millet productivity on ET is due to the fact
that even at high fertility levels and densities around 10000 pockets ha—!, vegetation
remains sparse for most of the season in the Sahel and LAI seldom exceeds 1 to 1.5
m? m~2 (Azam-Ali et al.}|1984). Although greater above ground biomass will result
in greater LAI and larger transpiration losses, these losses are largely compensated
for by a reduction in soil evaporation. [Payne| (1997) also found that higher biomass
yields resulting from high rates of fertilization hardly increased ET in the Sahel and,
consequently, WUE is mostly influenced by changes in crop yield in response to the
soil nutrient status or fertility management strategies (Hatfield et al., 2001} Bielders
and Michels| 2002). This highlights once more the need to improve soil fertility in
order to achieve greater WUE in millet-based rainfed systems.

4.4.2 Recommendations

No third level (residue x manure x fertilizer) interaction was generally observed. Wang
et al.{(2007) also found no such interaction in a similar INM and long term experiment
on maize grain yield, N, P and K uptakes under reduced tillage in northern China. But
they pointed out that added manure and stover were more important especially for dry
years and NP fertilizer for wet years because the annual rainfall and soil water condi-
tion at sowing played a major role contrary to the Sahelian environment. Hence our
experiment did not reveal any treatment combinations that could be viewed as particu-
larly favorable or unfavorable. However, a number of recommendations can be drawn
from the experiment. Although high rates of residue had no adverse effects and a posi-
tive response to residue was observed in 1995, for technical reasons the highest rate of
residue (2700R) cannot be recommended in practice as the production of the mulching
material cannot be sustained. Hence only treatment combinations involving 300R or
900R should be considered for practical applications. Maintaining a positive nutrient
balance is an essential requirement of INM. At residue rates of 300 kg ha—!, positive
balances were obtained in both years only for the highest rate of manure (2700M;
Table 4.9). This is required in particular to sustain the K balance, in the absence of
K fertilization, as the manure supplied large quantities of K. A viable option would
therefore be to combine low levels of residue (300R) as observed at the end of the dry
season in most fields, with 2700 kg ha=! of manure. With a supply of 27 kg N ha™!,
this treatment combination results in a 95% increase in yields on average over the
two years (Figure .9). Given the poor response of millet to fertilizer at low rates of
residue (300R; res x fert interaction, Table @, these treatment combinations cannot
be recommended. All treatment combinations involving 900R and 2700M presented a
positive nutrient balance in both years (Table[d.9) and may therefore be considered in
practice. The combination of high rates of manure (2700M) and fertilizer (45N13P)
should not be recommended, however, given the Man x Fert interaction observed in
1995 (Table [4.6)) and the shape of the yield response curves (Figure [4.9). Hence, be-
sides the 300R-2700M-0ONOP, the ONOP or 15N4P fertilization in combination with
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Figure 4.9. Millet stover (a) and grain (b) yield response to N input from combined application
of cattle manure and mineral fertilizer in 1994 and 1995 at ICRISAT Sahelian center, Sadoré,
Niger. Measured yields (dots and trendlines) are averaged over all residue application rates and
are compared to data from Christianson et al. (1990).
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2700M and 900 R could be retained in practice. Table [£.9] provides an overview of
the various agronomic criteria for the three selected treatments. On that basis, it ap-
pears that the 900R-2700M-0NOP offers no advantages over the 300R-2700M-ONOP.
On the basis of the agronomic criteria used here and depending on socio-economic
factors (access to manure and fertilizer, cost of fertilizer or manure, opportunity cost
for crop residue, etc.), one would therefore recommend the 300R-2700M-ONOP or
900R-2700M-15N4P treatments. These results would need to be confirmed through
longer term experiments and may have to be refined on the basis of complete nutrient
balances. Indeed, the present balances, though easy to perform, neglect a number of
inputs and outputs (leaching, atmospheric deposition, N fixation, volatilization, etc..).
For CAN for instance, |Christianson ef al.|(1990) reported losses of the order of 25 to
37%. The recommendations derived here should not be considered as mutually exclu-
sive but may be implemented differentially depending on site specific differences in
productivity (Voortman and Brouwer, 2003).

4.5 Conclusions

The beneficial effects of combined organic and inorganic nutrients sources on soil
fertility have been repeatedly claimed, yet no previous experiments have dealt with
the combined management of residues, manure and inorganic fertilizers and hence
no guidelines are available for their combined management (Palm ef al.,|1997). This
study revealed some additive effects of the three tested amendments and some positive
synergetic effects. The main additive effect concerns manure and crop residue applica-
tion in both years (i.e., no residue x manure interaction). A synergetic effect between
residue and fertilizer was revealed in 1995 for stover and grain yields and for PFP of
N and P and for PFP of N, P and K in 1994. It appeared that high rates of fertilizer
should not be combined with low rates of crop residue. This may have to do with soil
acidification and poor P mobilization in the absence of soluble organic compounds
derived from residue decomposition. The highest rates of manure (2700 kg ha—!) and
fertilizer (45N13P) should also not be combined as this leads to no additional yield
increase or even to a yield decrease. At lower rates (up to 50 kg N ha=1), the effects
of manure and fertilizer seemed to be largely equivalent, leading to a consistent yield
response, yet one should not forget that manure constitutes a major supply of K (and
other micronutrients) as well. There was no third order interaction between residue,
manure and fertilizers except for PFP of N in 1995.

Two treatments stand out as particularly relevant in practice based on yield, WUE,
partial factor productivity and nutrient balance criteria. A combination of 300 kg ha~*
of millet residue and 2700 kg ha~! of manure without fertilizer would be appropriate
in case of poor access to fertilizer (for availability or cost reasons) and results in a
95% yield increase. A higher input combination of 900 kg ha—! millet residue, 2700
kg ha=! manure and 15 kg N + 4 kg P ha~! as fertilizer would lead to an average
increase in grain yield of 132%. In this treatment, the higher rate of residue appli-
cation seems essential to counteract any acidification that may result from the use of
inorganic fertilizers, as well as to provide K and enhance P mobilization. These re-
sults would need to be confirmed through longer term experiments and may have to
be refined on the basis of comprehensive nutrient balances.






Chapter 5

Use of the APSIM model in long term
simulation to support decision making
regarding nitrogen management for
pearl millet in the Sahel

Abstract

Soil fertility and climate risks are hampering crop production in the Sahelian region.
Because field experiments with only a few fertility management options on a limited
number of sites and years cannot fully capture the complex and highly non linear
soil-climate-crop relations, crop growth simulation models could suitably comple-
ment experimental research to support decision making regarding soil fertility and
water management. This paper reports on the long term (23 years) simulation of mil-
let response to N in a factorial numerical experiment in support of a better adapted
recommendations to subsistence small-holder millet farming in the Sahel. Prior to
this, the Agricultural Production Systems Simulator (APSIM) model was tested on a
rainfed randomized complete block experiment. The experiment combined at three
levels each, application of cattle manure (300, 900 and 2700 kg ha—'), millet residue

*Parts of this chapter have been published as:

- Akponikpe P.B.I, Gérard, B., Michels, K., Bielders, C.L Use of the APSIM model in
long term simulation to support decision making regarding nitrogen management for
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response to combined application of cattle manure, millet residue and chemical fertilizer
in the Sahel using APSIM. Agricultural Research Western Australia (Eds). "Ground-
breaking Stuff". Proceedings of the 13th Australian Society of Agronomy Conference.
Perth, Australia, ASA.

- Akponikpe, P.B.1., Bielders, C.L., Gérard, B., Michels, K., 2007. Modelling integrated
fertility management strategies for pearl millet in the Sahel. De Neve, S., Salomez, J,
Van Bossche, A., Haneklaus, S., Van Cleemput, O., Hofman, G., and Schnug, E. Eds.
"Mineral versus organic fertilization: conflict or synergism ?" Proceedings of the 16th
international symposium of the International Scientific Centre for Fertilizers (CIEC).
2007. Gent, Belgium, CIEC
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(300, 900 and 2700 kg ha~!) and mineral fertilizer (unfertilized control, 15 kg N
ha=' + 4.4 kg P ha~! and 45 kg N ha=! + 13.1 kg P ha—!) at ICRISAT Sahelian
Center, Niger during the 1994 and 1995 cropping seasons having contrasted rainfall
conditions. The model suitably predicted plant available water PAW and the simulated
water and nitrogen stress were in agreement with measurement (water) and expecta-
tion (N) regarding the fertilizer and rainfall conditions of the testing experiment. AP-
SIM simulations were in satisfactory agreement with the observed crop growth (LAI,
biomass) except for the highest crop residue application rates. For biomass and grain
yield, the model performance was relatively good in 1994 but biomass yields were
slightly overpredicted in 1995. The model was able to adequately reproduce the aver-
age trend of millet grain yield response to N inputs from manure and fertilizer and to
predict the overall observed higher grain yield in 1995 compared to 1994, despite the
better rainfall in 1994. The 23-year, long term factorial numerical experiment showed
that moderate N application (15 kg N ha=!) improves both the long term average and
the minimum guaranteed yield without increasing inter-annual variability compared
to no N input. Although it does imply a lower average yield than at 30 kg N ha™!,
the application of 15 kg N ha~! appears more appropriate for smallholder, subsistence
farmers than the usual 30 kg N ha—! recommendation in as far as it guarantees higher
minimum yield in extreme dry years, thereby reducing their vulnerability. Our finds
should be considered in conditions where P is added proportionally to N (P/N in the
range of 20 to 30%).

Keywords: APSIM, fertilizer, manure, modeling, pearl millet, residue, Sahel.

5.1 Introduction

In the 500-600 mm rainfall area of the Sahelian zone, it has been recognized that
rainfed crop productivity is more strongly dependent on, and constrained by the low
native soil fertility than by rainfall (Fussell ez al., [1987; Manu et al., |1991} Bationo
and Mokwunye}|1991a)). Consequently, much research has been undertaken during the
last 30 years in the Sahel in view of improving crop productivity by focusing on the
three main fertility management strategies in the Sahel: cattle manure, millet residue
and mineral fertilizer (Bationo and Mokwunye} |1991alb; (Geiger et al., 1992} [Hafner|
et al.,|[1993b; [Bationo et al., 1995 Buerkert and Hiernauxl, [1998)).

As far as nitrogen management is concerned, the present-day optimal N appli-
cation recommendation for rainfed millet cropping in the Nigerien Sahel has been
reported as being around 30 kg N ha—! (Christianson er al| [1990; Bationo et al.l
1992). This recommendation is based solely on the results of field experiments over a
limited number of years (Bationo et al., [1992). However, it is well known that millet
response to N is strongly dependent on climatic conditions, mostly the amount and
temporal distribution of rainfall and the availability of other nutrients such as P (Gan-
dah ef al.| [2003a). Hence, single-value N application recommendations are not well
adapted to Sahelian conditions where temporal rainfall variability is very high. |Chris-
tianson et al.|(1990) reported empirical millet grain and stover yield response curves to
mineral N as determined by mid-season rainfall amount. Although they provide some
explanatory value, these relationships have little practical value as mid-season rainfall
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cannot be predicted beforehand. In addition,|Akponikpe ef al.|(2008, Chapter E])) have
shown that these relationships do not necessarily hold for other years, experimental
conditions and organic sources of N. Substantial literature also exists regarding the
fact that the 30 kg N ha~—! recommendation presents a high economic risk for small-
holder farmers because of the climatic constraints, besides the fact that farmers can
often not afford to buy such amounts (Shapiro and Sanders| 1998} |Abdoulaye and
Lowenberg-Deboer, [2000; |Abdoulaye and Sanders, 2005). In addition, rather than
seeking to maximize yields, subsistence millet farming generally aims at minimizing
inter-annual yield variability while trying to guarantee some minimal yield needed
to cover the food requirements. Current N recommendations have clearly not been
derived from such considerations. Various approaches can be investigated to arrive
at more appropriate recommendations: testing different sources of N to enhance N
use efficiency (Christianson et al.| [1990; Bationo and Mokwunye, [1991alb; Bationo
et al.,|1992), testing N management strategies, among which hill-placed fertilizer ap-
plication (Fatondji et al.|, 2006; [Tabo et al., 2007), site-specific fertility management
(Brouwer and Powell, |1998; |Gandah et al.| [2003alb), intercropping and rotation with
legumes (Klaij and Ntarel |1995} Bagayoko et al.l 2000; Bationo and Ntare|, [2000) but
also long term fertilizer response experiments (Hafner ez al., [1993a; Rebafka et al.l
1994). This latter approach is, however, extremely costly and such experiments are
extremely rare in the Sahelian region. To lift this limitation, shorter term experiments
can usefully be complemented with properly validated mathematical dynamic crop
models which simulate the most important biophysical processes (soil water and N
dynamics and crop growth).

So far studies involving dynamic models applicable for low input millet-based
systems in the Sahel are scarce and published results mostly emphasize only the mil-
let water balance. Bley ef al.| (1991) used the SWATRER model to establish a risk-
probability map for rainfall-limited millet production in southwest Niger. Later on,
Fechter et al.| (1991)) and [Fechter| (1993) evaluated the SWATRER and CERES-millet
models for predicting water balance and yield. They found that these models were
more appropriate to predict the influence of drought under decreasing rainfall condi-
tions than existing empirical models. SARRAH, a crop model simulating attainable
yield under optimal soil fertility condition was used to analyze the impact of regional
climatic variability on millet yield (Sultan et al., [2005a) and to predict agricultural
plot yield based on Global Circulation Model output (Baron et al., 2005)).

The Agricultural Production Systems Simulator APSIM (Keating et al.| 2003)) is
one of the few available dynamic crop growth models capable of dealing with wa-
ter and N dynamics and simulate various fertility management options (mineral and
organic amendments). In addition APSIM has recently been complemented with a
specific millet tillering module that recognizes tillers as functional entities in millet
cropping systems (Van Oosterom et al., 2001alb, 2002). The APSIM millet growth
module was originally parameterized based on data from on-station experiments in
India (ICRISAT Patancheru), under optimum growing conditions, covering a range
of plant densities, photoperiods and Indian genotypes (Van Oosterom et al., [2001al
2002). The model could adequately predict biomass, grain yield, and LAI. For all
the above mentioned reasons, APSIM appears highly suitable for modeling millet re-
sponse to climate and soil fertility management in the Sahelian environment. How-
ever, a necessary prerequisite is to confirm the suitability of the model through a proper
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calibration and validation for Sahelian millet cultivar(s) and agro-climatic conditions.
Parameterisation of the APSIM model for common millet landraces and improved
cultivars of Niger was described in chapter |3} The main objective of this paper is
therefore to calibrate and validate the performance of the APSIM model in terms of
millet response to climatic conditions under 3 main fertility management practices:
manure, crop residue and fertilizer. The model is subsequently used to simulate millet
response to N over the long term (23 years) in a factorial numerical experiment in
order to arrive at recommendations better adapted to subsistence small-holder millet
farming in the Sahel.

5.2 Materials and methods

5.2.1 Experimental data

This research capitalizes on past on station data (experiment I and III) and a recent
experiment (experiment II). All the experiments took place during the normal millet
cropping season at Sadoré, Niger (13°15°N, 2°17’E and 240 m of altitude) on the
experimental farm of the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) Sahelian Centre, located 45 km south-east of Niamey, the capital
city of Niger.

Experiment I was a bare plot experiment (no millet or other crop and regularly
weeded) to study water balance in the absence of any crop. It took place during the
rainy season between 28 May and 25 October 1996. Neutron probe measurements
were recorded every two weeks on 30 access tubes spaced 20 m apart on a square grid
within a 80 x 100 m field. Measurements were taken every 0.15 m between 0.15 and
2.4 m depth. Plant available water was calculated as the difference between volumetric
water content and water content at soil lower limit (-15 bar pressure potential) between
0 and 1.50 m depth.

Experiment II. Because default parameterization of the APSIM millet module us-
ing Indian cultivars lead to completely unsatisfactory results, an experiment was con-
ducted to characterize the Nigerien millet cultivar CIVT (Composite Inter-Varietal de
Tarna, early maturing, 95 days approximately). It took place in 2005 under optimum
water (irrigation during dry spells) and nutrient conditions considering four sowing
dates at one month interval (19 April, 19 May, 18 June and 19 July), corresponding to
the maximum and reliable millet sowing period in the Sahel. Detailed crop phenology
and growth were recorded and served to compute the thermal time durations between
crop phases from germination to maturity. This experiment is thoroughly presented in
chapter 3]

Experiment III was conducted during the 1994 and 1995 rainy seasons at Sadoré.
The objective was to evaluate the effect of combined application of cattle manure,
millet residues and mineral fertilizer on pearl millet production in the Sahel. Details
of this experiment are reported elsewhere (Akponikpe er al| 2008, Chapter [d). The
experimental design consisted in a fully factorial randomized block experiment with
3 factors at 3 levels each: (1) uniformly broadcast millet residue application (300,
900 and 2700 kg ha—!, noted as R1, R2 and R3 respectively), (2) uniformly broad-
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cast cattle manure application (300, 900 and 2700 kg ha—!, noted as M1, M2 and
M3 respectively), and (3) hill placed nitrogen (as Calcium Ammonium Nitrate) and
broadcast phosphorus (as Single Super Phosphate) mineral fertilizer application ( un-
fertilized control, 15 kg ha™! N + 4.4 kg ha=! P and 45 kg ha=! N + 13.1 kg ha™!
P, noted as F1, F2 and F3 respectively). The millet cultivar CIVT was sown in hills
without prior tillage after the first sufficient rainfall event ( >20 mm) in each year, at
a density of 12500 and 10000 hills ha~" thinned to 2 and 3 plants hill !, respectively
in 1994 and 1995. Millet was sown on 6 June 1994 and 20 June 1995 and harvested
on 20-23 September 1994 and 26-27 September 1995. Above ground biomass and
LAI were measured by destructive sampling several times during the season in 1994
but not in 1995. Plant available water (PAW) was computed from neutron probe water
content profile measurements made every two weeks in all plots. Final biomass and
grain yield were measured both years.

5.2.2 Model description, inputs and parameterization

APSIM model overview The Agricultural Production Systems Simulator AP-
SIM is a modular modeling framework that has been developed by the Agricultural
Production Systems Research Unit in Australia (Keating et al., 2003). Five modules,
a specific crop module (APSIM-millet 3.6), a soil water module (Soilwat2), the soil
nitrogen module (Soiln2), the residue module (Residue2), and the manure module
(Manure) were linked within APSIM to simulate the cases described in this paper. In-
put data required by the APSIM model are related to the climate (daily minimum and
maximum temperatures, radiation and rainfall) crop genetic and soil characteristics
and management (planting, organic matter or fertilizer application). Model parame-
terization is described hereunder. Additional parameters are provided in Table[5.1]

Soil water module (Soilwat2) The Soil water module is a cascading water bal-
ance model (Probert ef al.,[1998; [Keating ef al.2003). Water movement is described
using separate algorithms for saturated or unsaturated flow

Drained upper limit water content at field capacity (dul), drainage rate between
soil layers at water content > dul (swcon, considered equal for all depths), the first and
second stage soil evaporation coefficients u and cona were calibrated against data from
experiment I. Calibration was based on PAW measurement of experiment I and was
performed by optimization using the nonlinear parameter estimation package PEST®
(Doherty| [2004) between appropriate intervals of swcon (0.01 - 1), u (0.01 - 40 mm),
cona (0.01 - 10) and dul (0 - 0.4). The bare soil runoff curve number (cn2_bare) was
set to 50 to account for the fact that runoff was very low because of the flat topography
and high infiltration rates due to the sandy soil characteristic of the experimental site.
Parameterization of lower limit water content at 15 bar matric pressure (//15), bulk
density (bd), organic carbon content (OC), initial NH4-H and NO3-N and pH was
done using published data or measurements during experiment IIT (Table[5.2).

Manure, residue and fertilizer modules The Manure, Residue and Fertilizer
modules have similar structure in APSIM. Manure, residues and fertilizer on the sur-
face can be removed or added, incorporated into the soil during tillage operations,
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Table 5.1. Input data required for APSIM standard simulation model

Parameter or variables Acronym Value Units
Phenology
Sowing - Germination - PAW > 0. mm
mm~?!
Germination - Emergence - 10.7+1.17 x SW °C days
Emergence - end juvenile tt_emerg_to_endjuv 483 °C days
End-juvenile - Floral initiation - 112x(photoperiod- °C days
134) 46 x leaf
number
Emergence - Flag leaf - 46 x leaf number °C days
Flag leaf - Flowering tt_flag_to_flower 115 °C days
Flowering - Start grain filling tt_flower_to_start_grain 112 °C days
Flowering - Maturity tt_flower_to_maturity 380 °C days
Maturity - Harvest-ripe tt_maturity_to_ripe 1 °C days
Genetic
Cultivar name name CIVT
Potential grain number per head head_grain_no_max 5250 grains
head !
Potential grain growth rate grain_gth_rate 0.42 mg
grain—1!
day—!
Radiation and water use
Radiation use efficiency rue 1. gMJ—T
Transpiration use efficiency coeffi-  transp_eff_cf 0.009 kPa
cient
Millet water lower limit 1l 0.044 m® m—3
Rate of soil water extraction kl 0.080 -
Soil
Surface
Soil albedo salb 0.13 -
Stage-1 soil evaporation coefficient  u 8.65 mm
Stage-2 soil evaporation coefficient ~ cona 0.01 -
Bare soil runoff curve number cn2_bare 50 -
Reduction in cn2_bare due to cover  cn_red 28 -
Each layelﬂ
Layer drainage rate coefficient swcon 0.41 -
Inert fraction of organic carbon finert 0.44 -
Non-inert fraction of carbon in mi-  fbiom 0.03 -
crobial products
Soil C/N ratio soil_cn 14.5 -
Time constant for N millet uptake  no3_diff_const 2 day
by diffusion
Other managements
Residue /Manure/Mineral Fertilizer  type, amount, date
application
Millet residue potential decomposi-  pot_decomp_rate 0.05 day—?!
tion rate
Cattle manure potential decomposi-  manure_pot_decomp_rate  0.05 day—?!

tion rate

“PAW in seedling zone (0-0.03 m soil depth)

bsowing depth

1.2 before anthesis and 0.8 thereafter
provided in next Table when variable
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Table 5.2. Soil physical and chemical model inputs for the experimental field at ICRISAT Sa-
helian center, Sadoré. 11 = lower limit (water content at -15 bar pressure potential), dul=drained
upper limit, sat= saturated volumetric water content, bd=bulk density, OC= organic carbon.

Layer W] dul|  saf]  bd®  NO3-NT NH4-NT  O(| pHpa?
%

[m] [m® m~7] [Mg —JImgm™’]— [-]
m’3]

0-0.05 0.02 0.07 0.33 1.65 6.00 0.50 0.19 5.40
0.05-0.1 0.03 0.07 0.37 1.55 6.00 0.50 0.19 5.60
0.1-0.2 0.03 0.07 0.37 1.54 6.00 0.50 0.19 5.60
0.2-0.3 0.03 0.07 0.39 1.48 6.00 0.50 0.13 5.70
0.3-04 0.04 0.07 0.35 1.59 0.10 0.10 0.13 5.30
0.4-0.5 0.04 0.07 0.35 1.59 0.10 0.10 0.10 5.00
0.5-0.7 0.04 0.07 0.35 1.58 0.10 0.10 0.09 5.20
0.7-1.0 0.04 0.07 0.34 1.62 0.10 0.10 0.08 5.20
1.0-2.0 0.04 0.07 0.34 1.61 0.10 0.10 0.08 5.20

“from Fechter (1993)
bCalibrated with PEST® (Doherty| [2004)
“Calculated as sat = 1 - (bd / 2.65) - 0.05
from experiment ITI

or decompose on the surface. Manure, residue and fertilizer are defined in terms of
their nature, mass, their inorganic and organic nitrogen contents and carbon content.
Decomposition of surface residue or manure is calculated using a simple exponential
decay function (Probert ef al.l 1998} Keating et al.l|2003). A constant potential rate is
specified as an input parameter, and adjusted for moisture, temperature and the C:N ra-
tio of the manure or residue. Decomposition of residues with a high C:N ratio creates
N immobilization demand, which is satisfied from mineral-N in the uppermost soil
layers; in extreme situations, insufficient mineral-N in soil restricts decomposition of
residues. Millet residue and manure chemical composition needed in the model were
measured and taken from experiment III. Potential decomposition rates were obtained
from the literature (Table (Esse et al.,[2001} [Fatondji, [2002).

Millet module The millet module is specifically designed to deal with the tillering
nature of the millet crop (Van Oosterom et al., [2001alb, [2002). The module simu-
lates, on a daily time step, the biomass (above and below ground), grain yield, leaf
area development and yield components for individual tillers (see Appendix for a full
description). Pearl millet growth responds to climate (temperature, rainfall, radiation,
photoperiod), soil water supply (from soilwat2 module), and soil nitrogen (from soiln2
module) and returns information on soil water and soil nitrogen. There are 11 crop
stages and ten phases (time between stages) in the millet module. Commencement
of each stage is determined by accumulation of thermal time, except for the sowing
to germination period which is driven by soil moisture (Table [5.1I). Thermal time is
calculated using 10°C, 33°C and 47°C as the base, optimum and maximum tempera-
ture, with linear interpolations between these points (Ong}|1983a;|Van Oosterom et al.}
2001a). Between the stage of emergence and flag leaf appearance, the calculated daily
thermal time is reduced by water or nitrogen stresses, resulting in delayed phenol-
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ogy when the plant is under stress. The duration and timing of most crop phases are
determined by genotype- and axis-specific, fixed thermal time input values.

The parameterization of the targeted millet cultivar CIVT was based on experi-
ment II. Detailed crop phenology recorded during this experiment served to compute
the thermal time durations between crop phases from germination to maturity (Table
[.I). Required leaf area parameters (regression coefficients of the area of the largest
leaf on total leaf number) were also derived from this experiment (Table chapter
3).

Crop N nutrition, the crop water uptake parameters (millet lower limit // and rate
of water extraction k/), and radiation use efficiency (rue) were the default values of
the model. Parameter optimization with PEST® of 1l ki, rue, transpiration efficiency
coefficient (transp_eff _cf), grain growth rate (grain_gth_rate), maximum head grain
number (head_grain_no_max) using grain yield observations for some selected treat-
ments of experiment III did not result in significantly better simulation results than
those obtained using default parameter values. Default parameters were therefore re-
tained.

5.2.3 Model evaluation and sensitivity analysis

Model evaluation The evaluation (examining and comparing measured and sim-
ulated values) was performed on the 27 treatments and the two-year data of experi-
ment III with respect to PAW (1994-1995), above ground biomass (1994) and final
biomass and grain yield (1994-1995). Given that none of the model parameters had
been adjusted on the basis of experiment III, the model performance evaluation can be
considered as a true validation. Simulation outputs were analyzed by both statistical
criteria and graphical representations (Loague and Green, [1991). The statistical crite-
ria are based on the analysis of residual errors, i.e. the difference between observed
and simulated values. We computed the root mean square error RMSE, the square of
the correlation coefficient R?, and the model efficiency EF (details in chapter . One
would expect to have values of RMSE, R? and EF as close as possible to 0, 1 and
1, respectively. RMSE, R? and EF were computed for individual treatments for the
biomass and PAW throughout the growing period whereas they were calculated for
the combined treatments for final biomass and grain yield.

Sensitivity analysis A sensitivity analysis of grain yield was carried out for 1994
and 1995 by considering changes (-75, -50, -25, -10, 0, +10, +25, +50 and +75%) of
selected parameters. This was done for the two extreme treatments of experiment I11:
the lowest (R1F1M1) and highest (R3F3M3) fertilized treatments. Parameters consid-
ered were: i) soil water balance related parameters (swcon, cn2_bare, cn_red, cona, u,
kl and millet /]), ii) soil chemical parameters (OC, pH, initial ammonium-N (nh4ppm),
initial nitrate-N (no3ppm), initial inert fraction of organic carbon (finert), initial non-
inert fraction of carbon in microbial biomass (fbiom), soil C/N ratio (soil_cn), time
constant for millet N uptake by diffusion (no3_diff_const) and iii) growth related pa-
rameters (rue, transp_eff_cf, head_grain_no_max and grain_gth_rate). Only one pa-
rameter was varied at a time and interaction between parameters was not evaluated.
Chemical parameters were not reinitialized for the 1995 simulation to account for the
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residual effects of the 1994 amendment applications. The changes in the selected pa-
rameters were programmed in a compter code with the Python language (van Rossum),
2006) which calls the APSIM model to run each case of the sensitivity analysis.

5.2.4 Long-term factorial experiment simulation

The calibrated and validated APSIM model was used to simulate a 6 x 6 x 2 factorial
numerical experiment combining manure at 6 levels (0 to 2500 kg ha—! with 500 kg
ha—! increment), N fertilizer as CAN at 6 levels (0 to 50 kg N ha—! with 10 kg N
ha~! increment) and millet residue at 2 levels (0 and 500 kg ha~"') over a period of 23
years (1983 to 2005) using daily agro-climatic data (rainfall, minimum and maximum
temperature, solar radiation, relative humidity) from the ICRISAT research station
at Sadoré. Initial soil chemical parameters were reset at each year simulation. Crop
residue application rates > 500 kg ha~! were not simulated as model response to such
levels of residue proved not to be suitable. Rainfall characteristics of the simulation
period are presented in Figure[5.13] During each simulation year millet sowing was al-
lowed when a total rainfall over 15 mm occurred over three consecutive days between
May Ist and June 30. Only 10 mm was required to initiate sowing between 1 and 30
July if no sowing was possible previously or if the crop sown previously failed due to
severe drought. Crop permanent wilting, possibly leading to resowing, was reached
when the simulated crop water deficit factor dropped under 0.5 for 15 consecutive
days. Resowing of millet in case of crop failure is frequently practiced by farmers in
the area. However, no sowing or resowing was allowed after July 30 because after this
date the remaining growing season would inevitably be too short. Plant density was
set to 30.000 plants ha~*. Total amount (depending of simulation level) of manure or
residue was applied on May 1st every year. For N fertilizer, application rate was split
into 2: the first (0 to 30 kg N ha—!) on the 1st day after sowing (DAS) and the remain-
ing at 50 DAS. We programmed the factorial numerical experiment in a compter code
with the Python language (van Rossum, 2006) which calls the APSIM model to run
each treatment (72) for a given year (23).

5.3 Results

5.3.1 Rainfall, temperature and solar radiation during experi-
ment 111

Rainfall during the cropping period was 721 mm in 1994 and 431 mm in 1995,
whereas for the whole year it was 794 mm in 1994 and 486 mm in 1995 (Figure
[5.1). The latter correspond respectively to 146 and 89% of the long term annual av-
erage rainfall in Sadoré. Minimum daily temperature ranged between 20 and 28 °C
with an average of 23 °C, and maximum daily temperature ranged between 26 and
39 °C with an average of 34 °C during the two years. Average daily solar radiation
was 22 MJ m~2 and was comprised between 6 and 27 MJ m~2. Although tempera-
ture and radiation were similar during the two years, the contrasted rainfall conditions
make these two years very relevant for testing the model in terms of millet response
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to fertility management options in the Sahel.

5.3.2 Calibration of soil water related parameters (Exp. I)

The best calibration was obtained with the following set of parameters: swcon (0.41),
cona (0.01), dul (0.07 m3® m—3) and u (8.65 mm). RMSE and R? were 9 mm and 0.88,
respectively, for PAW (Figure [5.2). Simulated PAW matched well with observations
during the entire calibration experiment.

5.3.3 Evaluation of PAW (Exp. III)

The range of PAW RMSE values was 19-27 mm in 1994 and 12-27 mm in 1995 across
the 27 treatments, which corresponds to a mean error in volumetric water content
of 0.8 to 1.8% over the entire rooting depth (0-1.50 m). Model performance was
satisfactory in simulating PAW (Figure[5.3]a to f). Model efficiency EF, calculated for
each individual treatment, ranged from -0.3 to 0.6 in 1994 and -1.5 to 0.6 in 1995 with
more than 70% of treatments having EF > 0 in both years (Figure [5.4).

5.3.4 Millet growth and yield evaluation

Simulated soil water and nitrogen stress for photosynthesis Simulations
showed that no treatment suffered from water deficit in 1994 whereas two short water
stress periods were simulated around 50 and 90 DAS for high fertilized treatments in
1995 (Figure[5.5). The lowest fertilized treatment RIFIM1 faced, according to simu-
lation, a long severe nitrogen stress between 50 and 100 DAS each year. The highest
fertilized treatment was not affected by nitrogen stress in 1995 but two moderate N
stress periods were simulated around 20 and 80 DAS in 1994.

Evolution of total biomass above ground The evolution of total above ground
biomass during the 1994 growing season was used to assess millet growth. RMSE
ranged from 144 to 1568 kg ha=! for the 27 treatments. 80% of RMSE values are
below 600 kg ha~—! (Figure . Model efficiency ranged from 0.5 to 1.0 with 80%
of the treatments having EF > 0.75. APSIM simulations were in satisfactory agree-
ment with the observed biomass over time (Figure [5.6). Nevertheless high observed
biomass values tended to be underestimated by the model (Figure [5.6p, b). It was
found that these values pertained to treatments involving 2700 kg ha=! crop residue
(R3). Removing data of all treatments involving R3 substantially improved the model
performance (Figure [5.6p).

Evolution of leaf area index (LAI) RMSE of LAI ranged from 0.07 to 0.43
m? m~2 over the 27 treatments in 1994. 90% of RMSE values were below 0.25
m? m~? (Figure [5.4). Model efficiency EF ranged from -1.1 to 1.0 with 70% of
treatment EF values over 0.5 m? m~2. Despite an overall satisfactory response of the
APSIM simulation model with regard to LAI, high observed LAI values from the R3
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Figure 5.1. Daily rainfall, minimum (Tmin) and maximum (Tmax) temperatures and solar
radiation at Sadoré, Niger during experiment III in 1994 and 1995.
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Figure 5.2. Simulated versus observed plant available water PAW in 0-150 cm depth following
soil water parameter calibration with PEST® (Experiment I, 1996). Error bars denote standard
deviation of measurements, n=30.

Table 5.3. Root mean square error (RMSE), linear correlation coefficient (R?) and modeling
efficiency (EF) of modeled vs. measured millet biomass and grain yield as affected by combined
application of cattle manure, crop residue and mineral fertilizer in 1994 and 1995 at ICRISAT
Sahelian center, Sadoré, Niger (27 treatments). Values in brackets are calculated after discarding
all treatments involving 2700 kg residue ha™* (R3).

Biomass yield Grain yield

1994 1995 1994 1995
RMSE (kg ha™ ") 615 (600) 1294 (1435) 206 (190) 206 (168)
R? 0.56 (0.59)  0.51(0.53) 0.55(0.63)  0.53(0.55)
EF 0.39 (0.35)  -1.50(-2.49) 0.01 (0.03)  0.39(0.52)

treatments tended to be underestimated by the model (Figure[5.7d). Removing data of
these treatments improved the model performance (Figure[5.7b).

Biomass and grain yields and crop response to N Model performance dif-
fered between the two years of experiment III. For total above ground biomass at
harvest, the RMSE was 615 and 1294 kg ha=! in 1994 and 1995, respectively. R>
was 0.56 and 0.51 for these two years, respectively (Table [5.3). APSIM model per-
formance was relatively good in 1994 but biomass yield was slightly overpredicted in
1995 (Figure[5.8p)

The APSIM model performed also well in terms of grain yield response to fertil-
izer, manure and crop residue application (Figure ). The RMSE was 206 kg ha—!
in 1994 and 1995. R? was 0.55 and 0.53 for the same two years, respectively. Model
efficiency was 0.01, and 0.39 in 1994 and 1995, respectively (Table 5 3). Experi-
mental, within-treatment standard deviations for both total biomass and grain yield
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Figure 5.3. Comparison between (a, b) observed and APSIM simulated plant available water
PAW (0-150 cm) for all 27 treatments (11 dates per treatment in experiment III) and (c, d,
e, f) details for selected treatments of combined application of cattle manure, crop residue
and mineral fertilizer in 1994 and 1995 at ICRISAT Sahelian center, Sadoré, Niger. Dots and
lines are respectively observed and simulated values in (c, d, e, f). Error bars denote standard
deviation of measurements, n=3.
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were large, which is a well known characteristic of the Sahelian environment, even for
on-station experiments. Model performance could be considered satisfactory because
most of the simulation results are within one standard deviation of the observed values
(Figure[5.8). In the same way the R3 treatments were found to depreciate the model
performance of the model in simulating the time course of biomass, the performance
in terms of total biomass and grain yield was generally improved by removing these
treatments (Table [5.3).

The model reproduced well the average trend of millet grain yield response to N
inputs (Figure [5.9). It was able to adequately reproduce the overall higher observed
grain yield in 1995 compared to 1994, despite the better rainfall in 1994.

5.3.5 Sensitivity analysis

Water balance parameters Variation of cn_red and cona resulted in limited
change of grain yield (Figure [5.10). Grain yield was the most sensitive to variation
in swcon and to a lesser extent to cn2_bare, u, kl and Il. However, the sensitivity
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Figure 5.9. Observed and simulated millet grain yield response to N inputs from combined
application of cattle manure and mineral fertilizer in 1994 and 1995 at ICRISAT Sahelian center,
Sadoré, Niger. Measured yields are averaged over all residue application rates. Trendlines are
second order polynomials.

depends on year and treatment. Cn2_bare determines the rainfall partitioning into in-
filtration and runoff whereas swcon determines the rate of drainage of layers having
water content greater than dul. Increasing cn2_bare increased substantially grain yield
in 1994 for the lowest fertilized treatment R1F1IM1 contrary to the highest fertilized
R3F3M3. This is a consequence of a diminished nitrate leaching produced by reduced
infiltration during the heavy and frequent rainfalls of this year. Grain yield decreased
almost linearly with increased swcon in the RIFIM1 treatment in 1994. Increasing
swcon results in increased N leaching that affects more strongly the N-poor treatment
mainly during wet year of 1994 (Figure [5.3pb). In 1995 only, grain yield was sensi-
tive to &/ in the case of treatment R3F3M3 whereas the sensitivity to /[ was observed
for both treatments (R1IFIM1 and R3F3M3). Diminishing k! or increasing /I results
in decreased grain yield because these changes reduce water availability which was
limiting mainly in the drier year (1995) and more strongly in the case of the higher
fertilized treatments (Figure @).

Soil chemical parameters Grain yield was not sensitive to any of the soil chem-
ical parameters for the highest fertilized treatment R3F3M3 either in 1994 or in 1995
(Figure [5.T1)). The heavy fertilizer application in treatment R3F3M3 was enough to
mask the effect of the initial soil properties. In contrast grain yield of the lowest
fertilized treatment RIF1IMI1 was very sensitive to changes of finert, soil_cn, OC pa-
rameters with a greater effect in 1995. Increasing finert or soil_cn results in decreasing
grain yield for RIFIMI for both years. Increasing finert for RIF1M1 leads to a direct
reduction of the decomposable carbon pool and therefore reduces nutrient release and
increasing soil_cn slows the decomposition process itself. Reduced N leaching losses
in 1995 explain the greater sensitivity of grain yield to OC content in 1995 compared
to 1994. Grain yield of RIFIM1 was also sensitive to initial NO3_ppm content but
only in 1994. This is ascribed to nitrate leaching from the heavy rainfalls of that year
and thereby low residual nitrate content at the start of 1995.
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Figure 5.10. APSIM sensitivity analysis of millet grain yield to water balance related pa-
rameters in experiment III for the lowest (R1F1M1) and the highest (R3F3M3) amendment
application rates in 1994 and 1995 at ICRISAT Sahelian center, Sadoré, Niger.
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Figure 5.11. APSIM sensitivity analysis of millet grain yield to soil chemical related parameters
in experiment III for the lowest (R1F1M1) and the highest (R3F3M3) amendment application
rates in 1994 and 1995 at ICRISAT Sahelian center, Sadoré, Niger
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Figure 5.12. APSIM sensitivity analysis of millet grain yield to growth related parameters
in experiment III for the lowest (RIF1M1) and the highest (R3F3M3) amendment application
rates in 1994 and 1995 at ICRISAT Sahelian center, Sadoré, Niger.

Plant growth parameters Grain yield reacted strongly to changes in
grain_gth_rate, head_grain_no_max, and rue with a virtually identical response in
the case of head_grain_no_max and grain_gth_rate (Figure[5.12). Grain yield in the
APSIM model is determined as the product of grain number and grain size. Grain
number is dependent on the biomass at flowering and the potential or maximal value
(head_grain_no_max) and grain size is determined by current biomass increment,
stored biomass reserves, maximum grain growth rate and grain number. Grain yield
was very sensitive to transp_eff_cf only in case of treatment R3F3M3 in 1995 as a
result of the higher water stress in this treatment.

5.3.6 Long term term and factorial numerical simulation

Based on the long term and factorial numerical simulation, stover and grain yields
have a similar response to N supplied as fertilizer and/or manure. Maximum and long
term average grain yields increase parabolically in response to N input rates (Figure
. Low N inputs (0 to 15 kg ha~! N from manure and fertilizer) result in the
lowest inter-annual variation in grain yield. At 15 kg ha=' N, the long term average
grain yield is 605 kg ha=! (+ 38% compared to 0 N) and the minimum grain yield is
improved from 234 to 402 kg ha~! compared to no N input. 15 kg ha—! N guarantees
at least 402 kg ha~! every year while maximum grain yield reaches 742 kg ha=!.
Between 15 and 55 kg ha=! N from manure and fertilizer the long term average grain
yield continues to rise (up to 780 kg ha™!) but this goes together with a higher inter-
annual yield variability and a slight decrease in minimum grain yield which is rather
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Figure 5.13. Annual rainfall, number of rainfall events (top labels) with number of heavy rains
exceeding 30 mm, in brackets) at ICRISAT Sahelian center, Sadoré, Niger from 1983 to 2005.
LI, MHI, VHI respectively denote low, medium to high and very high soil fertility intensification
under which a year was identified as worst or best.

constant around 333 kg ha='. At very high N input rates (> 55 kg ha=! N from
manure and fertilizer), the increase in the long term average grain yield is rather low
while the minimum yield decreases rapidly from 333 to 167 kg ha=! and the inter-
annual variability becomes very high.

Worst years (giving the lowest long term grain yield) were identified as 1984 and
2000 under medium to high and very high N input, respectively, and 1988 and 1994 for
low N input (Figure [5.13). 1984 and 2000 were characterized by low harvest indices
(grain / total biomass ratio between 0.08 and 0.15). Best years (giving the highest long
term grain yield) were identified as 1990 and 1992 for medium to high N input, 2002
for very high N input and 2003 for low N input (Figure[5.13).

5.4 Discussion

5.4.1 Performance of the model

In the context of model performance evaluation, it is essential to have a suitable con-
trol treatment, allowing to simulate soil water and N dynamics and subsequently the
response to residue, manure and fertilizer applications. Traditionally, such a control
treatment is viewed as being a zero-nutrient input treatment. In the experiment III
dataset no such zero-input control exists as all treatments are combinations of residue,
manure and fertilizer. This may appear at first as a limitation of the dataset. However,
experimental results from zero-input treatments on sandy Sahelian soils invariably
highlight rapid acidification and severe nutrient deficiency (e.g.|Buerkert and Lamers|,
1999} Bielders et al., 2002) leading to millet grain yields < 100 kg ha=! after just
one year of cultivation, a rate of degradation which is never observed in traditional
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Figure 5.14. Statistical parameters of 23 year (1983 to 2005) simulated millet grain yield
in response to N inputs from combined application of cattle manure and mineral fertilizer at
ICRISAT Sahelian center, Sadoré, Niger. No residue was applied. Error bars denote standard
deviation.

farmers fields. The chemical processes involved in this degradation process - acidi-
fication and P immobilization - are not taken into account by APSIM. Hence, such
"control’ treatments, besides not being representative of low input farmer field con-
ditions, cannot be used for model performance evaluation. In practice, it is therefore
better to select a control treatment with organic amendment inputs that are as low as
possible yet sufficient to prevent rapid soil chemical degradation and representative of
unfertilized farmer fields. In experiment III, the lowest input treatment consists of a
low application rate of both manure (300 kg ha~') and crop residue (300 kg ha=!).
Such rates are fairly close to the amount of residue (Baidu-Forson, |1995) and manure
present in farmer fields at the start of the rainy season. |[De Rouw and Rajot| (2004a))
estimated that passing herds leave behind about 100 kg ha~! of dung. The lowest in-
put treatment of experiment III may therefore be considered as an appropriate control
treatment.

In addition to an excellent soil water calibration from experiment I, PAW valida-
tion results on experiment III were satisfactory (Figure[5.3). One may consider that the
model reasonably predicted the temporal variations of PAW across 27 combinations of
manure, residue and mineral fertilizer, because the average error in volumetric water
content was only 0.8 to 1.8% over the entire rooting depth. As PAW is the main water
related factor affecting growth, this result is an essential step toward the use of the AP-
SIM model in climate and fertility scenario analysis for decision support in Sahelian
environments. Water and N stress as simulated by the model were in agreement with
expectations. In fact 1994 was a very wet year (146% of long term annual average)
and, no doubt, did not result in water stress for any treatment. Several heavy rainfall
events that occurred in the same year resulted in substantial drainage and nitrogen
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leaching that affected even the high fertilized treatment. In 1995 near average rainfall
(89% of annual long term average) probably caused some water shortage and simula-
tion results showed it for the high fertilized treatments that developed more biomass
and needed more water as opposed to the low fertilized ones. Despite much drier con-
ditions in 1995 and even a little bit of water stress for the high fertilized treatment,
measured grain yield was higher in 1995 than in 1994 (Figure[5.8p). This can be ex-
plained by the simulated N stress for all treatments in 1994, thereby reducing yields.
In 1995, there was no N stress for the high fertilized treatment and only limited water
stress, which led to higher yields. Although measured total biomass was not greater in
1995 than in 1994, the model slightly underestimated the negative effect of N and/or
water stress in 1995 on leave, stem and panicle biomass (Figure [5.6b) but correctly
reproduced the effect on grain yield. Water balance-based models cannot capture and
explain these types of effects.

Model performance in predicting biomass throughout the growing season was
fairly good and final biomass and grain yield predictions were realistic. Yet a close
examination of the model performance showed that poor EF and RMSE values for
biomass were observed mainly in case of treatments with high residue application
R3 (2700 kg ha~1), the worst being R3F3M3. Errors in model simulation may arise
from model error and inputs/parameter errors (Loague and Green, |1991). On the other
hand, measurement errors may lead to erroneous conclusions regarding model accu-
racy. In the present case it is assumed that measurement errors are small. However,
it must be noted that the CV of measured grain and stover yields ranged between 22
and 38%, which is high but typical of the Sahelian environment, even for experiments
on research stations (Brouwer et al.,|1993). Poor APSIM response with respect to R3
treatments in general could be explained by the fact that the model accounts only for
the residue cover effect and the negative N immobilization effect (very low N content
and high C/N ratio of millet stover). But the generally positive effect of residue on
millet growth in the Sahel has been attributed to P mobility enhancement, decrease
in exchangeable Al and soil protection against wind erosion (Buerkert et al.| |2000).
These effects, and particularly the effect on P, are not taken into account by the AP-
SIM model and hence the model cannot be used to simulate the response of millet to
residue application in the Sahelian environment. Simulated biomass and grain yield
performance was about 20 to 30% (RMSE /Average yield). This is of the same order
of magnitude as commonly reported coefficients of variation of yields within farmer
fields in the Sahelian Niger (Brouwer ez al.,|1993).

5.4.2 Limitations of the model evaluation

Given the complexity of experiment III involving 27 combinations of millet residue,
cattle manure and mineral fertilizer during two years with contrasted rainfall, we
can consider that the APSIM-model performance was satisfactory in terms of mil-
let response to N applied through manure and fertilizer at low levels of crop residue
(Figure [5.9). However, two possible shortcomings of this model evaluation can be
highlighted. First, nitrogen and water effects on yield were taken into account in the
model but no measurements regarding the dynamics of nitrogen in soil were available.
The availability of N measurements could have helped improve the model calibra-
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tion/evaluation against this important factor. Secondly, many published works have
shown that millet does not respond to N unless a minimal amount of P is provided,
because P is the most limiting soil factor for millet production in the Sahelian region
(Buerkert and Stern| |1995} [Buerkert et al., 2001). But at present the APSIM-millet
module is not P sensitive and so adding P response in APSIM for millet crop could
help improve the results. Nevertheless, some P was added in all treatments, mostly
through fertilizer and / or manure, and this addition of P was approximately propor-
tional to the amount of N added. The P/N ratio was 20% for manure and 29% for
fertilizer. One may therefore expect that the added P was sufficient in most treat-
ments so as not to limit millet yield, except for the treatments involving high levels of
residue, low manure and no fertilizer. The latter treatments are anyway not well sim-
ulated since the main mechanisms of fertility enhancement through residues are not
incorporated in the model. One may therefore assume that for most treatments, P was
not limiting and hence the use of a water and N-based crop growth simulation model
remains acceptable although including P sensitivity would appear as an essential step
towards improving model performance. At present, the model should be considered
as validated with respect to N response under the condition that some P is added at
the same time as N, which is anyway a prerequisite for N fertilization in the Nigerien
Sahel (Buerkert et al.,[2001).

5.4.3 Long term factorial simulation and recommendations

Based on the two-year dataset of experiment III, grain yield can be expressed as a
monotonously increasing function of N application rate, whether N is applied through
manure or fertilizer (Figure [5.9). The response is, however, year-specific. Hence,
in order to draw more general recommendations regarding N management, it was
necessary to evaluate millet response to N over a wider range of climatic conditions.
This was achieved by running the validated model over the 1983-2005 period, which
covers a wide range of annual rainfall, including an extreme dry year (1984) and a
very wet year (1994).

The worst years, giving the minimum long term grain yield, were 1984 and 2000
for treatments where the N application rate exceeded 15 kg ha=! N. This can be ex-
plained by the fact that 1984 and 2000 were the driest years on record with 260 an 393
mm of annual rainfall, respectively. In these extreme dry years, low input treatments
appear to perform slightly better than high input treatments given that water stress
is more severe in the latter and N is not a strongly limiting factor. For low N input,
1988 and 1994 lead to the lowest yields (Figure[5.13). 1988 and 1994 yields were the
wettest years on record (with 700 and 794 mm annual rainfall, respectively). Wetter
years often differ from normal years by the occurrence of many large rainfall events
exceeding 30 mm per day (8 and 9 for 1988 and 1994, respectively; Figure ).
Due to the sandy texture of the soils, these heavy storms lead to N leaching. Hence, N
deficiency strongly limits yields on low N input treatments in wet years. These con-
trasted observations between the high and low N input treatments highlight the fact
that water and N stress alternate between years and treatments in limiting yield. Best
years (giving the highest long term grain yield) were identified as 1990 and 1992 for
medium to high N input and 2002 for very high N input and 2003 for low N input
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(Figure[5.T3). The reason for this was not clear. The annual rainfall of these years was
close to long term average (550 mm), and the number of rainfall events was high (>
29) with a limited number of heavy ones (< 6). The fact that best yields are achieved
during these years independently of the intensification level seems to indicate that the
good performance of these years had mostly to do with rainfall distribution, providing
adequate water supply without inducing excessive N losses.

In subsistence millet farming systems, fertilization recommendations should be
geared towards yield stability and achievement of a minimum ’guaranteed’ grain yield
each year, thereby reducing risk for small-holder farmers. Based on the simulation re-
sults, inter-annual yield variability steadily increases at N application rates > 25 kg
N ha~! (Figure . This is consistent with the literature (Subbarao et al., [1999).
Equally important, one observes an optimum in the minimum ’guaranteed’ yield for
a N application rate of 15 kg ha=!. At that rate, yield is guaranteed to be at least
402 kg ha=! every year, with a long term average grain yield of 605 kg ha~!. Both
the minimum and average yields are substantially higher (72 and 38%) than the ON
treatment, without additional inter-annual variability. At rates > 15 kg N ha~!, in-
tensification becomes relatively riskier given the higher inter-annual variability and
lower minimum guaranteed yield. This becomes very marked at rates > 55 kg ha—!
N. At those high N rates, the N use efficiency (grain produced per unit N added) of any
additional added N becomes marginal. Hence, it may be concluded from these sim-
ulations that, although the previous N fertilization recommendation of 30 kg N ha~!
allows to substantially increase both minimum and long term yields without exagger-
atedly increasing interannual variability compared to no N input, it is not the most
appropriate. The application of 15 kg N ha~! seems more appropriate as it guaran-
tees a higher minimum yield in extreme dry years and a lower interannual variability,
thereby reducing the vulnerability of small-holder farmers. Based on yield, water use
efficiency, partial factor productivity and nutrient balance criteria in a 2-year experi-
ment, |Akponikpe ez al.| (2008], ChapterE]) recommended (1) a low input combination
of 300 kg residue and 2700 kg manure ha—! without fertilizer (300R-2700M-ONOP)
and (2) a combination of 900 kg residue ha=!, 2700 kg manure ha=! and 15 kg N +
4 kg P ha=! (900R-2700M-15N4P). These two combinations supply 29.4 kg N ha~?
+5.5 kg P ha=! (300R-2700M-ONOP) and 49.1 kg N ha=! + 9.9 kg P ha—! (900R-
2700M-15N4P), respectively, which are over the 15 kg N ha—! recommendation of
this long term numerical simulation. This situation shows all the benefit of the use of
crop simulation models to complement experimental results. Firstly the experiment
took place in 1994 (classified as a bad year due to high N leaching risk, Figure [5.13)
and 1995 (an average year). The long term simulation showed that N application over
15 kg N ha~! results in considerably reduced (minimum) millet yield in very dry years
(such as 1984 and 2000, Figure[5.13). Secondly factorial experiments only consider
discrete rates of application and the suitability of intermediate rates are difficult to
access. Taking into account these additional information provided by the long-term
simulation, one should prefer the 300R-2700M-ONOP combination to the second one
900R-2700M-15N4P keeping in mind that it remains very risky in very dry years. A
good option would be to reduce the amount of manure in the combination to a rate
around 1500 kg ha—! (300R-1500M-0NOP). However one must verify that the nutri-
ent balance of the latter combination remains positive for the main nutrient N, P and
K.
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5.5 Conclusions

Following the calibration with independent datasets, the APSIM model performance
was fairly good in predicting millet response to combined fertility management prac-
tices for a Sahelian millet genotype under Sahelian environmental conditions. It may
be used for decision support purposes regarding fertilizer and manure management for
limited crop residue application rates (< 900 kg ha—!) and when P is supplied propor-
tionately to the N. The model reproduced well the measured average millet grain yield
response trend to N inputs and was able to adequately reproduce the overall higher
observed grain yield in 1995 compared to 1994, despite the better rainfall in 1994.
This highlights the importance of considering water-nutrient interactions, even for en-
vironments for which water is (often wrongly) considered as the main constraint for
crop production. In addition, although crop simulation models based on water balance
alone may provide first order estimates of crop yields at a regional scale, such models
are clearly inadequate for developing management strategies at the local scale where
differences in soil fertility and amendment types and rates of application will strongly
interact with water supply. A 23-year, long term simulation with the validated model
showed that moderate N application (15 kg N ha—!) improves both the long term av-
erage and the minimum guaranteed yield without increasing inter-annual variability
compared to no N input. Although it does imply a lower average yield than at 30 kg N
ha~!, the application of 15 kg N ha~! appears more appropriate for smallholder, sub-
sistence farmers than the usual 30 kg N ha~! recommendation in as far as it guarantees
higher minimum yield in extreme dry years and lower interannual variability, thereby
reducing their vulnerability. Our results should be considered in conditions where P
is added proportionally to N (P/N in the range of 20 to 30%). When N application
originates from manure, no additional P will be requiered but mineral N application
should be combined with proportionnal P.






Chapter 6

Effect of the spatial dispersion of
farmer fields on the agro-climatic risk
at household level in pearl
millet-based systems in south-western

Niger{]

Abstract

The rainfall pattern in the Sahel is very erratic and unpredictable from year to year.
We tested the hypothesis, often reported in research literature, that farmer disperse
their field throughout the village territory to mitigate agro-climatic risk and by guar-
anteeing a stable yield. We found that the more dispersed farm fields of a household
are, the less its yield is different from the average of other households in the village
territory over years, in conditions of soil fertility gradient around village homestead or
not. The field dispersion increases the inter-annual yield stability in a household (12-
year simulation) but this relation depended on the rainfall data base used (6 years) and
should be confirmed by further research on longer-term rainfall spatial data. We have
demonstrated a method by which plot (or point)-level crop-soil dynamic models can
be run over large land areas and the results can be aggregated to provide information at
field, household and sub-regional (territory) levels. We have shown how GIS informa-
tion, weather data, fertility management information and process-level plant-growth
models can be integrated to evaluate farmers’ or proposed strategies for agro-climatic
risk management.

Keywords: rainfall, variability, risk, field dispersion, millet, GIS, soil fertility

6.1 Introduction

Sahelian rainfed cropping systems are characterized by a high climatic risk due to
limited rainfall and high intra-seasonal drought risk, both factors being highly variable

>IFAdapted from: Akponikpe P.B.I., Minet J., Gérard B., Defourny P. Bielders C.L. Does
spatial dispersion of farmer fields affect the agro-climatic risk at household level in pearl millet-
based systems in south-western Niger ? To be submitted
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in space over short distances. Together with the low inherent soil fertility, this is the
main biophysical factor limiting the development of Sahelian agriculture, on which the
major part of the population depends. Pearl millet [Pennisetum glaucum (L.) R.Br],
the main staple crop, is grown during the short rainy season from May to September,
during which the rainfall pattern and the date of onset are of primary importance for
a good harvest (Sivakumar, [1992). For example in Niamey, the length of the growing
season is positively correlated with the earliness of the onset of rains, the date of
onset being much more variable from one year to another than the date of ending
of the raining season (Sivakumar, |1990). Occurrence of dry spells, a consequence
of irregular temporal rainfall distribution during the season, is also critical especially
when they strike at crop growth stages such as emergence, or grain filling (Winkel
et al.,|1997).

Temporal rainfall variability has been reported at different time scales (year,
month, day and hour). The rainfall coefficient of variation (CV) for inter-annual fluc-
tuation for different locations in SW-Niger varies between 17% and 32% (Sivakumar),
1989), for a mean long term annual rainfall ranging between 300 and 600 mm in the
rainfed Sahelian zone (Le Barbé and Lebel, |1997). More essential to agriculture is the
daily rainfall variability expressed as the amount of rain per rainy day and the interval
between rainy days. At the ICRISAT Sahelian Centre (ISC), the average amount of
rain per day increases from 9.7 mm to 14.4 mm during the course of the rainy season
(May - August). However, the standard deviation (SD) at the same time increases
from 7.6 mm to 11.1 mm. The mean interval between the rains decreases during the
course of the rainy season from 6 to 2 days (Graef], |2000).

Spatially, rainfall can vary considerably even within a few kilometers distance
depending on the time scale considered. The regional rainfall data for SW-Niger
showed a higher variability in a latitudinal (N-S) than in a longitudinal (W-E) di-
rection (Sivakumar et all [1993). This is associated with a systematic North-South
long term mean annual rainfall gradient of approximately 1 mm rainfall km~—!. An-
nual differences of 200-300 mm may occur in any directions within a radius of only
100 km. A maximum annual rainfall gradient of 42 mm km~! and 64 mm km~! was
found across the 500 ha ISC research station in 1995 and 1996, respectively (Graef],
2000). Differences in daily rainfall may exceed 20 mm over a distance of only 3.2 km
distance (Graef, [2000), which may have a major impact on crop growth.

This spatio-temporal variability of rainfall induces an important space-time vari-
ability of millet growth and yield, which implies that crop yields are very unpre-
dictable (Graef and Haigis| [2001)). The spatial variability of millet yield has been
reported at the regional, field and plant level. The micro- and meso-variability of yield
was mainly attributed to soil physical and chemical characteristics (Voortman et al.|
2004), and to shrubs distribution (Brouwer et al., [1993}; |Gérard and Buerkert, [1999).
However, the field scale and regional scale yield variability have a strong connec-
tion with rainfall distribution, and for similar soils and fertility management practices,
it is not rare to have drastically different yields between fields separated by a few
kilometres only (Graef and Haigis} [2001)). |Graef and Haigis| (2001) conducted socio-
economic surveys at two villages and reported that smallholder farmers have adopted
a range of management strategies to reduce agro-climatic risk and to ensure at least a
minimum yield. In order to reduce the climatic risk, the dispersion of fields cultivated
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by a single household throughout the village territory has been reported as one miti-
gation strategy to stabilize yield over years. Other spatial factors, such as the distance
from the field to the village homesteads, were also mentioned as playing a crucial role
in the reduction of the climatic risk because of the water x fertility interaction. Under
good rainfall conditions, high fertility fields are expected to lead to better yields than
low fertility fields, whereas these same high fertility fields may suffer more severely
from drought than low fertility fields under poor rainfall conditions (Dandois Dutor-
doir, 2006). According to |Graef] (2000), most farmers fields are dispersed within 1-5
km distance. Although regarded as a common wisdom, the real contribution of field
dispersal to the mitigation of climatic risk has never been tested. It is particularly
difficult to test under field conditions because of the multiplicity of spatially highly
variable factors affecting yields: soil chemical fertility (see, e.g. Brouwer et al., 1993}
Voortman et al., 2004), soil hydrodynamic properties and crusting (Hoogmoed and
Stroosnijder, [1984; |Valentin, [1991} |D’Herbes and Valentin, |1997)), rainfall distribu-
tion (Lebel ef all [1997; |Le Barbé and Lebel, |{1997; Hunt, [2000), pests and diseases,
and genetic variability of local millet cultivars.

Crop simulation models are appropriate tools for assessing the climate and fertility
related production variability associated with particular management strategies in agri-
cultural systems (Thorburn ef al.}|2001;|Gijsman et al.,|2002; Jones et al., 2003} Kpon-
gor}, 2007; [Moeller ef al., 2007). [Thornton et al.| (1997) developed a prototype GIS-
based, real-time yield forecasting system for Burkina Faso that uses CERES-Millet
and satellite-derived precipitation estimates combined with historic weather data se-
ries. The integration in a GIS of spatially-distributed weather data and soil fertility
information with crop simulation models appears as the most suitable means for eval-
uating the pertinence of farmers’ climatic risk management strategies, and in particular
for evaluating the extent to which field dispersion may help mitigate this risk.

The objective of this work is therefore to evaluate the impact of the spatial disper-
sion of farmer’s fields on inter-annual millet yield stability at the household level by
combining GIS land tenure information, soil fertility strata, spatial rainfall information
and the APSIM crop growth simulation model.

6.2 Materials and methods

6.2.1 Study area

The study site covers an area of approximately 500 km? in the Fakara canton located
75 km to the east of the Niger state capital, Niamey (Figure [6.1). In this area, the
study was centred on a 15 x 15 km zone around the village of Banizoumbou (13°58°N,
2°49’E) for which land tenure was combined with high resolution spatial rainfall data
over a 6 year period and coarse resolution soil fertility data.

The climate of the Fakara is a typical inland semi-arid tropical climate. Being
close to Niamey and approximately at the same latitude, the long term climatic char-
acteristics can be considered similar to those of Niamey, with an average annual rain-
fall of 560 mm for the period 1905-1989 and of 495 mm only from 1968 to 1989
(Lebel et al.l[1997). Rains fall in summer when days are long, ambient temperatures
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are elevated, and potential evapo-transpiration is high. Rainfall distribution is strictly
monomodal, centred in August, with rainy seasons lasting 4 to 5 months. The average
date (and standard deviation) of onset of the rainy season is 12 June (18 days) and the
average date of ending of rains is 27 September (12 days)(Sivakumar, [1988)).

Soils differ across landscape but all tend to have low organic carbon content (<
0.3%) and a weakly developed structure (West ef al.||1984). Cropped soils are mainly
sandy (>85% sand) and belong to the arenic Gleysols, gleyic Arenosol, leptic Lixisol,
arenic Lixisols, and arenic Cambisol types (Hiernaux and Ayantunde| 2004). Top-
soils are acidic and poor in total nitrogen and available phosphorus with a generally
very low cation exchange capacity (1-2 cmol kg™ 1).

The cropping system is largely subsistence-oriented, based on millet sometimes
associated with a range of secondary crops, either dual-purpose legumes (cowpea,
Bambara nut, groundnut) or cash crops (sesame, sorrel). Because of the sandy texture,
zero tillage is practiced and the bottleneck of cropping is often the labour required for
weeding. Average land cropped per household is about 2.3 ha and 13.2 ha per adult
equivalent, this reflecting the low yields and low population density (Hiernaux and
Ayantunde, [2004)).

6.2.2 GIS household-level land tenure data

Household-level land tenure (household field ownership) refers to the set of geo-
referenced, individual fields cropped by a given household. The land tenure map of
the Banizoumbou land territory was established by a research team of the International
Livestock Research Institute (ILRI) in 1996 by combining aerial and satellite imagery
and an exhaustive socio-economic survey of the households in the area between 1994
and 1996 (Figure (Hiernaux and Ayantunde, 2004). All fields cultivated by 107
households are included in this map. We considered all fields in the land tenure as
cropped every year although a few of them may not be in reality (fallow). The vector
information of the observed land tenure of Banizoumbou (15 x 15 km) was converted
into raster with a pixel resolution of 100 m. The pixel size was imposed by the smallest
field size.

6.2.3 Spatial rainfall estimation

Data from two networks were used. The first network, monitored by the Institut de
Recherche pour le Développement (IRD-Niamey), was a finely distributed one with
66 rainfall gauges regularly spaced on a 170 x 90 m grid covering an area of 76.5
ha and monitored during the 2006 rainy season. The second network monitored by
ICRISAT comprised between 50 and 70 rainfall gauges (depending on the year) dis-
tributed randomly across the whole canton of the Fakara. It has been monitored from
2000 to 2005 for daily rainfall during the rainy seasons (Figure [6.I). Rainfall gauges
were spaced between 1 and 5 km from each other. The 15 x 15 km Banizoumbou
village territory was covered by 20 rainfall gauges.

Data from the two rain gauge networks were first verified for consistency and
abnormal values (Van Vyvel 20065 Minet, 2007). Twenty three rainfall events from the
IRD network were selected and used to derive a variogram model of the daily rainfall
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Figure 6.1. The Fakara study site, Banizoumbou land tenure and ICRISAT climatic network.
Coordinates are in WGS 1984 UTM 31N.
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(Minet, 2007). A nested gaussian-spherical model was fitted to the variogram having
the following characteristics: 12 mm? sill, a range of 4 km with no nugget effect. The
BMELIB2.0b Matlab® geostatistical library was used to derive the variogram and the
fitted model parameters (Christakos et al.,[2002). The derived variogram model from
the first network was used with the measured data of the ICRISAT network to estimate
daily rainfall for each pixel (2500 of 300 x 300 m) of the 15 x 15 km Banizoumbou
area over a 6-year period (2000 to 2005) using the Cholesky conditional interpolation
function simucholcond.m of BMELIB2.0b. Estimated daily rainfall less than zero
were considered as nil. In order to increase the range of rainfall conditions beyond the
six years of observed data at Banizoumbou, the spatial rainfall data from the nearby
village of Kodey (13°22°N, 2°51’E, 26 km from Banizoumbou) also covering a 15 x
15 km area, was superimposed on the Banizoumbou land map. This area was covered
by a network of 17 rainfall gauges and observed values were interpolated using the
same procedure as for Banizoumbou. Rainfall data from Banizoumbou and Kodey are
considered spatially independent, given that the range of the daily rainfall variogram
is of the order of a few kilometres whereas the villages are separated by 26 km from
each other.

6.2.4 Millet biomass and grain yield simulations

The Agricultural Production Systems Simulator APSIM was used to simulate millet
grain and total aboveground biomass yield. APSIM is a modular modelling frame-
work that has been developed by the Agricultural Production Systems Research Unit
in Australia (Keating et al| |2003). Five modules - a specific millet crop module
(APSIM-millet 3.6), a soil water module (Soilwat2), the soil nitrogen (Soiln2), the
residue (Residu2) and the manure (manure) module - were linked within APSIM to
simulate the cases described in this paper. Input data required by the APSIM model
are related to the soil chemical and physical properties, crop genetic characteristics,
crop management (sowing, soil amendments, etc.) and climate data.

The cultivar used in the simulations was the most commonly used landrace
(Hainikirey) in the region. APSIM was parameterized for this cultivar based on in-
dependent data collected at ICRISAT Sadoré in 2005 (see chapter [3). Sowing was
allowed when a total rainfall over 15 mm occurred over three consecutive days be-
tween May 1st and June 30 each year. Only 10 mm was required to initiate sowing
between 1 and 30 July if no sowing was possible previously or if the crop sown pre-
viously failed due to severe drought. Crop permanent wilting, possibly leading to
resowing, was reached when the simulated crop water deficit factor dropped under
0.5 for 15 consecutive days. Resowing of millet in case of crop failure is frequently
practiced by farmers in the area. However, no sowing or resowing was allowed after
July 30 because after this date the remaining growing season would inevitably be too
short. Plant density was set to 15000 plants ha—!, which is comparable to the densities
found in farmer fields in the area (Payne} 1997, 2000).

Initial soil chemical and physical parameterization was based on literature and
calibration from previous crop model validation works with CERES (Fechter et al.|
1991;; [Fechter, |1993)) and APSIM (Akponikpe et al.l 2006l 2007). These soil proper-
ties were considered as spatially homogeneous because related APSIM model testing
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showed no significant difference in millet yield response to the chemical (Skal [2005)
and the physical (Weynants, [2005)) spatial variability observed in the Fakara region.
No spatial soil micro-variability was considered, and initial soil chemical parameters
were reset at each simulation year. To reproduce the soil fertility gradient around
villages we used two scenarios: (1) no fertility gradient (-FG); in this case, 300 kg
ha~—! millet stover was applied for every pixel, which is representative of the amount
usually found in most farmer fields before planting (Baidu-Forsonl [1995), (2) fertility
gradient (+FG) from the center of the village : 300 kg ha~! crop residue + 3000, 300
or 0 kg ha=! manure applied when the simulated pixel is located 0-500 m, 500-2000
m or over 2000 m, respectively, from the village centre. Levels of manure applica-
tion were chosen to reproduce the natural soil fertility gradient around villages in the
area. Millet response to combined application of low rates of crop residue and manure
using the APSIM model was previously satisfactorily tested regarding water and N
interactions (Akponikp¢ ez all 2007, Chapter [5).

Climate data (minimum and maximum temperatures, solar radiation) were recorded
daily over the 6 years by means of a Campbell CR10 automatic weather station located
at the Katanga village, approximately 10 km away from Banizoumbou (Figure [6.T).
These climatic characteristics were considered spatially homogeneous. The spatially
homogeneous initial soil fertility, crop genetic properties and temperature and solar
radiation data were combined with the spatially variable rainfall data (2 x 6 years)
and fertility management practices in the APSIM model to simulate millet biomass
and grain yield at each of the 2500, 300 x 300 m size pixels. A computer code was
developed with the Matlab® language (Mathworks}, [2007) that manages and combines
the GIS climate, soil fertility management inputs and calls the APSIM model to run
the simulation at each pixel (2500) and year (12). The simulated millet yield of all
the 9 100 x 100 m? pixels falling within a 300 x 300 m pixel was considered equal.
The biomass and grain yield of a given field was computed as the average value of all
100 x 100 m pixels falling within it. An overview of the simulation approach and its
integration with spatial data in a GIS is presented in Figure

6.2.5 Household fields dispersion and agro-climatic risk indica-
tors

Household field dispersion index The Convex Hull (CH) (Bishop, [2007) was
used as an index of farmer fields’ dispersion and was computed for each household
in ArcGIS 9.1 . It is defined as the area of the smallest bounding polygon which
surrounds all the fields owned by a given household (Figure [6.3). It is a function of
the separation of the fields. For the case of a household with only one field, the CH is
equal to the field area.

Agro-climatic risk indicators Two agronomic risk indices were computed:

1. the inter-annual, standard deviation of millet grain (SD_GY_HD) or biomass
(SD_BY_HD) yield, calculated for each household (HD) separately. Let Y,z
be the grain yield (kg ha=!) of field i in household j during year k, s; the area
(ha) of field 7 and m the number of fields cultivated by household j, then the
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Figure 6.2. Diagram of the method using APSIM model to evaluate the relation between house-
hold fields’ spatial dispersion and agro-climatic risks

Figure 6.3. Convex hull (CH) delimitation for a household owning three farm fields
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weighted average grain yield in household j during year & is given by:

m
Z 5:Yijk
Y, = =L 6.1)
J Sj
where .
i=1

is the total area cultivated by household j. The average grain yield of household
j over n cropping years is given by :

1
== Y (6.3)

The SD_GY_HD index for household j is then given by :

n

SD_GY_HD; = % Z(yjk —-Y;)? (6.4)

k=1

SD_BY_HD is calculated in a similar way, replacing millet grain yield by total
aboveground millet biomass (kg ha=!). The lower the value of SD_GY_HD
or SD_BY_HD, the more stable grain and biomass yield are over years for a
given household.

2. the inter-annual, standard deviation over years of grain (SD_GY_TR) or biomass
(SD_BY_TR) yield relative to the average yield across the village territory
(TR). The average yield across the village territory in year k is given by :

h
> SiYie
j=1

Sj
=1

J

where h is the total number of households. SD_GY_Tr for household j is then
given by :

1 n
P o 2
SD_GY TR; = | — > (Yik —Ya) (6.6)
k=1
SD_BY_TR is calculated in a similar way, replacing millet grain yield by
total aboveground millet biomass. The lower the value of SD_GY_TR or
SD_BY_TR, the closer the grain and biomass yield of a given household are to

the average village scale yield each year.

Results were analyzed in terms of the cumulative probability density distribution of
the two indices with or without consideration of a fertility gradient. Simple regression
analysis between CH and the risk indices was also performed.
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6.3 Results

6.3.1 Spatial rainfall, sowing events and millet yields

Rainfall distribution (yearly) The spatially-averaged annual rainfall at village
territory scale ranged from 395 to 505 mm across the 6 years of observations over the
2 sites (Table [6.I). However, the spatial variability of rainfall for a given year and
site was much larger than the temporal variability of the spatially-averaged annual
rainfall. Indeed, the difference between the wettest and driest pixels (300 x 300 m)
ranges between 197-262 mm for Banizoumbou (Figure [6.4) and 187-265 for Kodey
(not shown) depending on the year, which is consistent with observations. In addition,
despite the limited range in the spatially-averaged yearly rainfall values, the spatial
rainfall pattern varied greatly across years (Figure [6.4). At a daily scale, the spatial
heterogeneity was even larger.

The same conclusions apply when considering the average rainfall at household
level in the land tenure map (Figure [6.1). Although the CV (between rainfall of all
households in the territory in a given year) is rather low (4 to 10%; Table [6.1]), impor-
tant variability of annual cumulative rainfall between household was observed with a
difference between wettest and driest houselhold ranging between 100-158 mm (Ban-
izoumbou) and 109-212 mm (Kodey) depending on the year.

Sowing events The date of the first sowing varied very much between pixels (not
shown). The earliest sowing took place on May 05 in 2005 and the latest on July 18
in 2000 and 2002 for the Banizoumbou rainfall dataset. The maximum range between
the earliest and latest sowing date (at pixel level) varied from 21 (2003) to 55 days (in
2002) (not shown). A re-sowing was necessary in 2000 and 2001 in some parts of the
village territory (Figure[6.3)).

Biomass and grain yields At the pixel scale, biomass and grain yields were spa-
tially coherent, i.e., the yield of a pixel was closely related to those of its neighbours
(Figures [6.6] and [6.7). The spatial structure of biomass and grain yields were simi-
lar, the average coefficient of correlation between the two variables was indeed higher
than 0.9. An opposite trend was perceptible when comparing the spatial structure of
sowing dates and yields, i.e., late sowing tended to induce lower yields, and the yield
pattern was sometimes particularly well explained by the sowing date pattern. The re-
lation between annual rainfall and biomass or grain yields was low to moderate. The
correlation coefficient between grain yield and annual rainfall varies between -0.20
and 0.30 depending on the year.

Without fertility gradient, the average, household-level yields varied between 334
and 542 kg ha~! for grain yield and between 1609 and 3031 kg ha~! for biomass, with
slightly higher values in the presence of a fertility gradient around the village (Table
[6.1). The variability of biomass and grain yields across households was higher than
rainfall with a CV ranging from 4 to 26% depending on site and year in the absence of
fertility gradient around the village, with a maximum range from 60 to 466 kg ha~*
for grain yield and 647 to 3200 kg ha=! for biomass yield. Taking into account the
fertility gradient around the main village tended to increase the maximum ranges and
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Figure 6.4. Spatially estimated rainfall [mm] at pixel level (300 x 300 m) from 2000 to 2005 at
Banizoumbou, Niger; coordinates are in WGS 1984 UTM 31N.
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Figure 6.5. Spatially simulated number of sowing events [-] at pixel level (300 x 300 m) from
2000 to 2005 at Banizoumbou, Niger; coordinates are in WGS 1984 UTM 31N.
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CV (Tables[6.1] Figures[6.7).

6.3.2 Agro-climatic risk indicators

The variability of biomass and grain yield was higher between years within the
same household [444 kg ha~! (10%) for SD_BY_HD and 67 kg ha=' (11%) for
SD_GY_HD] than between a household and the average village-wide yield [139 kg
ha=! (19%) for SD_BY_TR and 22 kg ha—! (16%) for SD_GY_TR] (Figure .
SD_BY_HD and SD_GY_HD tended to decrease when taking into account the fertil-
ity gradient around the village, whereas those of SD_BY_TR and SD_GY_TR tended
to slightly increase (Figure[6.8).

6.3.3 Relation between risk indices and spatial dispersion of house-
hold fields

The CH values ranged between 0.03 and 25.37 km? depending on the household.
In general, the indices decreased exponentially with increasing values of the CH, as
illustrated in Figure [6.9h,c, indicating that both the inter-annual yield variability at
household level and the difference between household yield and average village-level
yield tended to decrease with increasing spatial dispersion of fields.

Based on linear regression analysis after logarithmic transformation of the CH, the
linear regressions between Ln(CH) and SD_BY_TR or SD_GY_TR were all highly
significant with negative slopes for the two fertility gradient scenarios around the vil-
lage (Table[6.2)). Taking into account the fertility gradient tended to increase the slope
(in absolute term) i.e. increased field dispersion reduced SD_GY_TR or SD_BY_TR
more strongly when a fertility gradient is present compared to when it is not.

On the other hand the relations for SD_BY_HD and SD_GY_HD were weak
(though often with negative slope) and were dependent on the rainfall dataset (Bani-
zoumbou or Kodey) and fertility gradient (Table[6.2). These relations were significant
(except for SD_GY_HD with +FG) for Banizoumbou (6 years) and the grouped site
rainfall data (12 year) but not for Kodey (6 year).

6.4 Discussion

The objective of this paper is to evaluate the relation between the dispersion of house-
hold farm fields the agro-climatic risk. For this purpose, we geostatistically estimated
daily rainfall at pixel level to simulate over a 12 year period, with the APSIM crop-
model, millet biomass and grain yields that were combined with a land tenure map
in a GIS. No spatial micro-variability factor was taken into account apart from the
rainfall spatial variability; nevertheless a soil fertility gradient around the village was
reproduced by digressive manure application rates.

The maximum range of annual rainfall was high at pixel level (187-265 mm over
15 km or 12-18 mm km~"! and 10% CV) whereas at household level, in the real land
tenure, it was 100-212 mm over 15 km or 7 to 14 mm km~—" and 4 to 10% of CV (Ta-
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Figure 6.6. Spatially simulated grain yield [kg ha™!] without fertility gradient at pixel level
(300 x 300 m) from 2000 to 2005 at Banizoumbou, Niger; coordinates are in WGS 1984 UTM
31IN.
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Figure 6.7. Spatially simulated grain yield [kg ha='] with fertility gradient at pixel level (300
x 300 m) from 2000 to 2005 at Banizoumbou, Niger; coordinates are in WGS 1984 UTM 31N.
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Figure 6.8. Cumulative probability of agro-climatic household-level risk indices for biomass
[SD_BY_HD (a) and SD_BY_TR (b)] or grain yield [SD_GY_HD (c) and SD_GY_TR (d)]
accounting for the fertility gradient (+FG) around the village homesteads or not (-FG). Bani-
rain and Kode-rain denotes respectively simulations (2000 to 2005) with rainfall data from
Banizoumbou or Kodey, respectively.
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land tenure for Banizoumbou and Kodey rain combined (12 years, without fertility gradient
(-FG)).



124 Chapter 6. Effect of the fields spatial dispersion on household-level climatic risk

Table 6.2. Regression analysis between risk indexes (SD_BY_HD, SD_GY_HD, SD_BY_TR and SD_GY_TR) and Ln(CH) in the land tenure of Banizoum-
bou, Niger. -FG and +FG are scenario without and with fertility gradient around the village.

SD_BY_HD SD_GY_HD
-FG +FG -FG +FG
Bani-rain Slope -17.5%%* -12.8% -3.2%%% -1.7 ns
(6 years) intercept 891.5%** 803.8%** 148.1%** 122.3 ns
R? 0.07** 0.04* 0.12%** 0.03 ns
Kode-rain Slope -5.8 ns -29ns -0.5 ns 0.1 ns
(6 years) intercept 574.1 ns 5229 ns 87.1ns 75.3 ns
R’ 0.00 ns 0.00 ns 0.00 ns 0.00 ns
All Slope -13.4%%% -10.5* -2.2% %% -1.1ns
(12 years) intercept 767.2%%* T11.7H%* 123.0%** 103.6 ns
R? 0.10%** 0.05* 0.12%** 0.02 ns
SD_BY_TR SD_GY_TR
-FG +FG -FG +FG
Bani-rain Slope =43 .4xH% -65.7%%%* -6.9%** -10.3%%%*
(6 years) intercept 967.3%** 1328.8*** 153.1%** 207.1%**
R? 0.38%** 0.29%%* 0.43%** 0.32%**
Kode-rain Slope -33. 4%k -57.0%** -4 4% S
(6 years) intercept 777 THEE 1165.7#%*%* 104.6%** 154.0%**
R? 0.29%%* 0.19%** 0.24%** 0.20%**
All Slope -37.6%%* -59.5%*%* -5.6%%* -8.6%**
(12 years) intercept 852.6%** 1210.1%** 126.7%** 175.5%%*
R? 0.48%** 0.27%** 0.48%*%%* 0.30%**

ns = not significant; *, **_ *** probability significant at 0.05, 0.01, 0.001 respectively.
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ble[6.T). There is a smoothing effect of spatial variability when aggregating (average)
from pixel to farm field and household levels. Even higher annual rainfall gradients
(42 mm km~! and 64 mm km~') were reported by Graef| (2000) over the ISC (500
ha) respectively in 1995 and 1996. The spatial variability of cumulative annual rain-
fall was lower than the one at daily level due to a comparable smoothing effect when
aggregating (sum) from daily to annual scale. The relation between the annual rain-
fall and the yields (biomass or grain) at pixel level was low and depended on years
and pixel location (rainfall condition). This is a well-known fact in the Sahelian en-
vironment. [Popov| (1984) found from the analysis of 32 years of climatic data and
crop yields that between 400 and 1200 mm of rainfall, yield could not be adequately
explained by changes in annual rainfall. The same low correlation between annual
rainfall and yield was also reported by De Rouw and Rajot| (2004b). Rainfall distri-
bution, sowing condition and soil fertility management are to be integrated together
to adequately predict crop yield in the Sahel (Akponikpe et al.l 2007). Late sowings
(21 to 55 days difference with first sowing on the territory) often induced lower yields
probably due to millet water stress toward the end of the cropping season (Do et al.l
1996). Whatever the date of onset of rainall in a given year, rainfall ends approxi-
mately at the same date. At Niamey (Niger) for instance, standard deviation (SD) for
the average date of ending of rains (27 September) is only 12 days (Sivakumari |1988)),
as opposed to 18 days for the date of onset (12 June).

At the pixel level simulated grain and biomass yield were comparable to published
values in the area with and without various soil amendments (Bationo and Mokwunyel,
1991a; Bielders and Michels| 2002; |De Rouw and Rajot, 2004a.b)) and were spatially
coherent (or correlated). The spatial variability of annual rainfall induced a higher
spatial variability of millet production. At the household level (in the real land tenure),
the variations of biomass and grain yields were high with a CV from 4 to 28% in
situation of no fertility gradient around the village, with maximum range of 60 to 466
kg ha=! and 647 to 3200 kg ha~?, respectively, for the grains and the biomass. This
could be ascribed to the fact that yield is more dependent on daily rainfall distribution
than on cumulative annual amount (moving from daily to annual scale smoothes in a
significant way the rainfall variability) (Sivakumar, [1992; Winkel et al.,{1997).

Taking into account the fertility gradient around the village tended to increase,
in a significant way, the maximum ranges and CV. Fertility gradient adds to be an
additional source of yield variability. The variability of biomass and grain yield was
higher between years within the same household (SD_BY_HD and SD_GY_HD) than
between a household and other ones in the village territory (on average) (SD_BY_TR
and SD_GY_TR) (Figure[6.8]and[6.6). This is a consequence of the unpredictable and
erratic rainfall condition from year to year in the area (Sivakumar;|1988,/1992; |Sivaku-
mar et al.,|1993). In a given year the rainfall condition experienced by a household
remains correlated to its neighbour’s despite the existing spatial rainfall variability.

The linear regressions between Ln(CH) and SD_BY_TR or SD_GY_TR were
all highly significant with a negative low to high slopes when taking into account or
not the fertility gradient around the village. The more dispersed farm field are in a
household, the less its yield is different from the yields of the other households in the
territory over years. This shows that dispersed fields are better than a single field to
minimize yield differences across households in a given territory and year.



126 Chapter 6. Effect of the fields spatial dispersion on household-level climatic risk

The relations between SD_BY_HD and SD_GY_HD and field dispersion were
weak (though often with negative slope and often significant) and were dependent on
the rainfall dataset (site) and fertility practice (Table[6.2). This was rather unexpected,
as field dispersion is generally seen as a means to dampen inter-annual yield variabil-
ity. Although showing the same tendency, statistical significance was not observed for
Kodey. For SD_GY_TR (and SD_BY_TR), the probability distribution functions are
quite similar for both sites rainfall, and the slopes of the regressions SD_GY_TR (or
SD_BY_TR) vs Ln(CH) are also close (Figure Table[6.2]). But for SD_GY_HD
(or SD_BY_HD), the probability curves are very different, with a much wider distri-
bution of values for Kodey rainfall than for Banizoumbou.

Because the relation was more consistent and significant with longer (12 years)
rainfall spatial data, this relation should be confirmed by further research on longer-
term rainfall spatial data.

6.5 Conclusion

We have demonstrated a method by which plot (or point)-level crop-soil dynamic
models can be run over large land areas and the results can be aggregated to provide
information at field, household and sub-regional (territory) levels. We have shown how
GIS information, weather data, fertility management information and process-level
plant-growth models can be integrated to evaluate farmers’ or proposed strategies for
agro-climatic risk management. The main outcomes of this work are the following:
(1) the spatial variability of cumulative annual rainfall was lower than the one of the
daily rainfall at pixel and household levels; (2) the spatial variability of annual rainfall
induced a higher space variability of millet production both at pixel and household
levels; (3) the fertility gradient around village homestead increases the millet yield
variability between households in a given territory (real land tenure); (4) the more
dispersed farm fields of a household are, the less its yield is different from the average
yield of other households in the territory over years; (5) the field dispersion increases
the inter-annual yield stability in a household (12 year simulation) but this relation
depended on the rainfall data base used (6 years) and should be confirmed by further
research on longer-term rainfall spatial data.



Chapter 7

Conclusions and perspectives

The main objective of this thesis was to provide the biophysical basis for the mod-
eling of crop production in millet-based systems for decision support in the Sahelian
Niger. The achievement of this objective required (1) a deep comprehension of the
millet-based farming system, its assets and its constraints, (2) the choice of a proper
crop-growth model, (3) a specific parameterization of millet cultivars and (4) a good
performance of the model in reproducing the millet response to water X nutrient in-
teraction. We made a thorough analysis of the millet-based system of Sahelian Niger
based on its agronomic assets and constraints (except for biotic), the farmer soil fertil-
ity practices and the ones from research. This analysis of the millet-based agricultural
system put in relation to the capabilities and performance of existing crop modeling
frameworks made it possible to choose the APSIM model, although its counterpart
DSSAT could have been equally adequate (chapter [2).

7.1 Characterization of Sahelian millet genotypes and
APSIM model genetic parameterization

The APSIM-millet model being initially developed and validated for Indian millet cul-
tivars, we had to parameterize and evaluate it for the cultivars, the climatic conditions,
and the soil fertility practices of the Sahelian environment. First of all, we character-
ized the response of seven millet Sahelian cultivars to temperature and photoperiod
under non-limiting water and nutrient supply conditions (chapter [3). In fact, the range
of possible sowing dates in the Sahelian Niger is very wide, which makes the thermal
and photoperiod conditions very variable from one sowing to another. This "sowing
date" factor was then used to apprehend the response of seven cultivars to temperature
and photoperiod at ICRISAT Sahelian center, Sadoré, Niger. The cultivars included
three improved cultivars and four landraces chosen because they were the most fre-
quently used by farmers in the three main agro-ecological zones of Niger (Fakara in
the South-West, Maradi in the Southern center, and Zinder in the East). Our research
showed that only one of the cultivars, Maewa, was very photosensitive contrary to the
six others. The majority of the agronomic variables (leaf number, leaf area, biomass
and grain yield) were negatively affected by late sowing (associated with lower air
temperatures). This experiment, in particular, enabled us to calculate and to make
available for the first time in the Sahel the principal eco-physiological or genetic pa-
rameters (thermal times of development phases, leaf area dynamics) for seven widely
used varieties covering the whole range of possible sowing dates. Indeed obtaining
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these parameters requires expensive and time consuming experimentation, and their
unavailability represented an important constraint for an extended use of dynamic crop
modeling activities in millet-based systems in the Sahel. They were obtained for use
in APSIM but are also applicable in other functionally similar models such as DSSAT.

7.2 Testing the APSIM model in various water and nu-
trient supply conditions under the Sahelian envi-
ronment

To gain confidence for the use of the APSIM model for decision support in the Sahe-
lian environment, we tested its performance (1) under non-limiting water and nutrient
supply conditions and (2) under integrated nutrient management of millet in rainfed
conditions.

The first step was to test the APSIM model on the same experiment that allowed
the direct calculation of its genetic and eco-physiological parameters, i.e. the sow-
ing date experiment under non-limiting water and nutrient supply conditions (chapter
). The model could adequately reproduce the behavior in terms of phenology, de-
velopment (leaf number and area index) and yield for six Sahelian millet genotypes.
Taking into account the difference in leaf dynamics (time for leaf initiation TLI and
appearance TLA) between cultivar and sowing dates due to temperature amplitude
was decisive in the successful modeling exercise. The case of Maewa cultivar could
not be handled by the APSIM model.

In a second step and following the calibration of soil water dynamics with an in-
dependent on-station experimental dataset, the APSIM model performed fairly well in
predicting millet response to combined fertility management practices (millet residue,
cattle manure and mineral fertilizer) for the CIVT Sahelian millet genotype under
Sahelian environmental rainfed conditions (chapter [5). The model reproduced well
the measured average plant available water PAW, the temporal LAI and aboveground
biomass. The model was able to adequately reproduce the millet grain yield response
trend to N inputs along with the water by nutrient interaction caused by the erratic
rainfall conditions over years. We showed that the APSIM model may be used for
decision support purposes in the Sahel regarding fertilizer and manure management
for limited crop residue application rates (< 900 kg ha=') and when P is supplied
proportionately to the N.

7.3 Implications for millet-based systems improvement

We implemented two applications of our modeling experience by (1) supporting deci-
sion making regarding N management and (2) evaluating a commonly reported farmer
agro-climatic risk coping strategy in the Fakara region of south-western Niger.

Combining soil fertility management practices (mineral fertilizer x manure), a 23-
year, long-term factorial simulation with the validated model showed that moderate N
application (15 kg N ha~!) improves both the long term average and the yearly min-
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imum guaranteed millet grain yield without increasing inter-annual variability com-
pared to no N input. Despite the fact that it results in a lower long term average yield
than the often recommended rate of 30 kg N ha—!, we showed that the application
of 15 kg N ha™! is more appropriate for smallholder, subsistence farmers as far as it
guarantees higher minimum yield in extreme dry years and lower inter-annual yield
variability, thereby reducing farmer’s vulnerability.

In the second model application, we integrated GIS information such as land
tenure, weather data, fertility management and the process-based plant-growth AP-
SIM model to test the hypothesis that farmers disperse their fields throughout the vil-
lage territory to reduce the inter-annual yield variability in the Fakara region of Niger.
The spatial and the temporal variability of rainfall would be the underlying reason of
this behavior. We found that: (1) the spatial variability of annual rainfall induced an
even higher spatial variability of millet production both at pixel and household levels;
(2) the existence of a fertility gradient around villages increases the millet yield vari-
ability between households in a given territory; (3) the more dispersed the fields of a
household are, the less its yield is different from the average of other households in the
territory over years; (4) the field dispersion increases the inter-annual yield stability in
a household (12 year simulation) but this relation depended on the rainfall data base
used and should be confirmed by further research on longer-term rainfall spatial data.

7.4 Limitations of our research and perspectives

The limitations of our research are related to: (1) the dependence of leaf dynamics
parameters on sowing date, (2) the APSIM failure to simulate the phenology of the
very photosensitive Maewa landrace, (3) APSIM millet response to P and crop residue
application (4) the evaluation of millet response to N for only the CIVT cultivar and
without direct experimental measurement of N dynamics in the soil.

Leaf area dynamics (phyllochron and plastochron) was parameterized according
to cultivar and sowing date (chapter E]) This was because, so far, most crop growth
models, including APSIM, still lack physiological functionality to adequately match
genotype x environment (G x E) interactions. These models emphasize the interaction
between temperature (T) and photoperiod ( P), but infer no physiological-genetic basis
for the interaction (Ong and Everard,|1979;|Yan and Wallacel |1998). [Yan and Wallace
(1998) proposed a genotype x temperature x photoperiod interaction GPT-model of
phenology which performed better than P x T models. Further research should look at
calibrating GPT-models of leaf dynamics for the Sahelian environment and possibly
integrate them into the APSIM code.

For short day plants, models (CERES, APSIM) generally consider that the du-
ration of the vegetative phase increases linearly with increasing daylength (juvenile
phase). Such a linear function was shown to be inappropriate to simulate very pho-
tosensitive sorghum cultivars in Mali (Folliard et all 2004). And we ascribed this
to be the reason why the APSIM model failed to simulate the photosensivity of the
Maewa cultivar. [Folliard et al.| (2004) proposed a hyperbolic and a threshold hyper-
bolic function, with the last one performing better. Implementing such an approach in
APSIM would help improve its capability in dealing with very photosensitive Sahelian
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landraces such as Maewa.

It is well known that P and N are the main limiting factors of millet production
in the Nigerien Sahel. The INM experiment (chapter 4] and [5)) we used assumed that
enough P was provided proportionally to N supply and so no P deficiency was ex-
pected. Our work did not look at the simulation of millet response to P and this is a
limitation. This resulted in the fact that the APSIM model could not reproduce the
millet response to crop residue application (high amounts > 900 kg ha~!) because the
generally positive effect of residue on millet growth in the Sahel has been attributed
mainly to P mobility enhancement along with decrease in exchangeable Al and soil
protection against wind erosion (Buerkert ef al., |2000). Soil-P module exists in the
APSIM modelling framework and responds satisfactorily, for example, to other crops
such as maize and sorghum (Probert, 2004; Kpongor, 2007) but not yet to millet. Fur-
ther research works should tackle this shortcoming in collaboration with the APSIM
development team.

The evaluation of the APSIM model with the INM experiment was done for a
limited number of years (02) with only the CIVT improved cultivar at Sadoré site.
Moreover we evaluated water x N interaction but no N measurement was done and
the evaluation of N dynamics was considered in regards of expectations. Factorial
and simpler N x P trials (preferably from mineral fertilizer) with the other 6 cultivars
should help overcome this limitation. Such experiments should clearly measure N and
P dynamics and be confronted with APSIM model simulations, and possibly target
other soil types and regions.

Several other interesting and relevant applications of our modeling experience are
possible in the Sahelian environment and we will just indicate a few hereafter.

It is common knowledge that the Sahel is highly vulnerable to climate change
due its geographic location at the southern edge of the Sahara desert and the strong
dependence of its population on rainfed agriculture (Kandji ef al., 2006). Study of the
climate change impact on millet production, the staple crop in the area, is essential to
foresee mitigation actions. Although few such studies have been reported in the Sahel,
they estimate millet grain yield by means of empirical statistical models based only
on climatic predictors (e.g. sea surface temperature anomalies, total rainfall in July,
August, and September, number of rainy days; daily amount of rainfall, dry spells,
maximum air temperature in the hottest month April; minimum air temperature in the
coldest month January, etc) (Ben-Mohamed ef all [2002). Our research showed that
in addition to climate, cultivar and soil fertility management play a major and non
negligible role in millet yield response. So coupling the APSIM model with weather
generators for climate change scenario analysis integrating climate, cultivar and soil
fertility managements would help to increase knowledge about the effective impact of
climate change in the Sahelian environment.

Another possible APSIM application in the Sahelian environment may be in the
framework of the "early warning system" for food crisis assessment and mitigation. So
far, water balance - stress index models such as SARRA-H (Systeme d’Analyse Ré-
gional des Risques Agroclimatiques-Habillé) is extrapolated by AGRHYMET from
plot to region using the DHC system ("Diagnostic Hydrique des Cultures") (Sambal,
1998). The use of models like APSIM will be better for such application by integrat-
ing soil fertility management information and cultivar specificity according to agro-
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ecological region, knowing that these two factors cannot be omitted in the Sahelian
millet-based system. Moreover combining APSIM model and remote sensing will
improve regional yield predictions by accurately integrating for instance (from remote
sensing), the exact area cropped, and differences in sowing dates. Moreover, key agro-
nomic state variables such as biomass and LAI could be derived from remote sensing
and serve to improve APSIM predictions. These methods have already been success-
fully applied elsewhere for instance in the Netherlands (Jongschaap, [2006).

The final step in decision support is to gather biophysical tools with social and
economic ones in a decision support system (DSS) to allow an in depth and inte-
grated analysis of the millet-based agricultural system. DSS should also serve as a
tool for the interactive identification with the stakeholders of the most promising soil
water and fertility management options for instance. For this goal, the use of com-
plex crop growth simulation models as APSIM is not realistic, because such models
are complex, and hardware requirements and computation time are high and gener-
ally beyond the capability of technology-transfer specialists. Metamodels constitute
an alternative to the use of complex numerical models (Brooks et al., 2001} Hus-
sain et al.l 2002; \Garcet et al., 2006). Such models, which are in fact a model of a
model, use statistically significant relationships built from input-output data derived
from complex models, thereby strongly reducing the computation and parameteriza-
tion requirements. Further research should look at ways to simplify the APSIM model
into metamodels for integration into a broader DSS.
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APPENDIX:
APSIM Pearl Millet Module
Description/|

Millet module scope

The millet module simulates the growth and development of a pearl millet crop in a
daily time step. The module is specifically designed to deal with the tillering nature
of the millet crop. Each axis of the crop is considered to be a different crop, and the
competition for resources between the axes is simulated analogous to an intercrop.
Pearl millet growth responds to climate (temperature, rainfall, radiation), soil water
supply (from soilwat2 module), and soil nitrogen (from soiln2 module)and returns
information on soil water and soil nitrogen to the soilwat2 and soiln2 modules on a
daily basis for resets of these systems. Information on crop cover is also provided to
the soilwat2 module to calculate evaporation rates and runoff. Pearl millet stover and
root residues are passed from millet to the residue2 and soiln2 module respectively at
harvest of the millet crop.

A list of the module outputs is provided in the Millet module outputs’ section
towards the end of the document. The module simulates biomass (above and below
ground), grain yield, leaf area development, N-contenets for individual plant parts,
and yield components, all on a daily time step for individual axes.

Millet module history

The module was adapted from CERES-MAIZE, and is currently very similar to the
Crop template in APSIM. The major difference with any other module in APSIM
is that it simulates the growth and development of individual tillers, by considering
the entire crop as an intercrop of the different axes. The module has been parame-
terised based on data from experiments conducted at the ICRISAT research station at
Patancheru, India, under optimum growing conditions, covering a range of plant den-

*Reproduced from: APSIM 3.6 user manual (Working group: Peter Carberry, Erik van
Oosterom, John Hargreaves, Garry O’Leary.)
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sities and genotypes (Van Oosterom et al. 2001alb). The module adequately predicts
biomass, grain yield, and LAI across a range of plant densities, photoperiods, and
genotypes. However, all the validation data sets were obtained from experiments con-
ducted at Patancheru. We are currently (December 2000) in the process of collating
data sets form other parts of the world to extend the range in maximum LAI, biomass
and grain yield in the validation data sets.

Start Crop
On day of planting crop variables
are initialized and parameters read
from input files.

Processes in daily loop ]

v
Transpiration
Soil water uptake (transpiration) is calculated from the minimum
of soil water supply (defined by soil water and the root distribution)
and demand (determined by radiation energy for biomass production)

!

Phenology

Calculates daily thermal time (degree days), based on air temperature
and photoperiod, and accumulates these to determine the current crop stage.

|

Leaf Area Potential
Calculates the potential leaf area for an axis throughout the season from a) initial leaf
area at emergence, b) the total number of leaves on an axis (function of time to PI),
c) leaf appearance rate, and d) area of individual leaves. Individual leaf area is
a function of number of leaves on an axis, the position of largest leaf on the axis, the area
of the largest leaf, and the skewness and width of the leaf area profile curve.
|

|

Biomass Accumulation
Calculates daily biomass increase from the minimum of two potential delta-
biomass values, one determined by the energy supply and the other by soil water
supply (temperature and nitrogen stresses affect the energy supply). This group of
functions also grows grain via a grain number and grain growth rate approach
It also partitions and retranslocates carbon between plant parts.

|

Leaf Area Development
If potential leaf area is limited by carbon supply (biomass accumulation),
then area of expanding leaves is re-adjusted.

|

Tillering
Tiller appearance rate is based upon the accumulation of thermal time or biomass
and is dependent upon the rowspacing. Each tiller is a separate module; the
maximum number of tillers is five. Tiller death is a function of competition
(barrenness).

|
v

Senescence
Simulates the senescence of leaves due to age, light competition, drought and
frost and the resultant impact on leaf area, dry matter and plant nitrogen.

Crop Nitrogen
Simulates demand, uptake (including fixation) and
retranslocation of nitrogen in the pearl millet crop.

Plant Death
Simulates whole plant death due to stress.

l
End Crop

Crop is harvested and residues passed on to other modules.
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Millet module components

Phenology

There are 11 crop stages and ten phases (time between stages) in the millet module.
Commencement of each stage is determined by accumulation of thermal time, except
for sowing to germination which is driven by soil moisture. Each day the phenology
routines calculate today’s thermal time (in degree days) from 3-hourly air tempera-
tures interpolated from the daily maximum and minimum temperatures. Thermal time
is calculated using 10°C, 33°C, and 47°C as the base, optimum, and maximum tem-
perature, with linear interpolations between these points. The eight 3-hourly estimates
are averaged to obtain the daily value of thermal time. These daily values are summed
into a thermal time sum which is used to determine the duration of each phase. Be-
tween the stage of emergence and flag leaf, the calculated daily thermal time is reduced
by water or nitrogen stresses, resulting in delayed phenology when the plant is under
stress.

The duration and timing of most crop phases are determined by genotype- and
axis-specific, fixed thermal time values input in the millet.par file. Sowing to germina-
tion is dependent on soil water levels; the phase germination_to_emergence includes
an effect of sowing depth on the thermal time target; and the phase between end_of_
juvenile and floral initiation is determined by a cultivar’s photoperiod (daylength) sen-
sitivity - note that pearl millet is a short-day plant. The crop phases from germination
to maturity and their thermal time duration for cv. BJ104 (main shoot) are listed be-
low.
tt(germ to emerg) = 10.7 °Cd+ (sowing depth * 1.17) °Cdays (sowing depth in mm)
tt(emerg_end_juvenile) = 239 °Cdays
tt(end_juvenile_floral-intiation) = 112 * active photoperiod °Cdays (base photoperiod
12.9 h)
tt(emergence_to_flag leaf) = leaf number * 36.4 °Cdays
tt(flagleaf_to_flowering) = 66.1 °Cdays
tt(flowering_to_start-grainfill) = 80 °Cdays
tt(flowering_to_maturity)= 457 °Cdays
tt(maturity to harvest-ripe) = 1 °Cdays

The period between flowering and maturity is divided into three phases. The
first phase, which covers the period from flowering to the start of grain filling, is
genotype-specific (see above). The third phase is the period from end of grain filing
until maturity, and is set to 5% of the total period. The actual grain growth phase is
finally calculated as the difference between the duration of the total period and the
other two phases.

The final leaf number on the main shoot is calculated as the sum of the number
of leaves present in the seed (four) and the product of the time from germination
to end juvenile and the leaf initiation rate (27.2 °Cd/leaf). For tillers, however, leaf
number is estimated from the leaf number on the main shoot, as detailed data on time
from initiation to end juvenile are not available for tillers. In general, tiller 1 (which
appears from axil of leaf 3) has 4 leaves less than the main shoot.
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Biomass accumulation (Photosynthesis)

Each day two estimates of the daily biomass production are calculated, one limited
by available water for transpiration (Eqn. 1), and the other limited by radiant energy
(Eqn. 2). The minimum of these two estimates is the actual biomass production for
the day

dlt_dm_transp = sw_supply_sum * millet_transp_eff (Eqn. 1)
In this equation, sw_supply_sum is the total water supply over all soil layers
where roots are present. Transpiration efficiency (TE) is derived from the TE coef-

ficient and the vapour pressure deficit (vpd), which in turn is estimated from daily
temperatures.

dlt_drymatter_potential = rue *radiation_interception (Eqn. 2)
Radiation use efficiency (RUE) is calculated as:
rue = rue(current_phase) * millet_rue_reduction (Eqn. 3)

rue(current_phase) is 1.9 before anthesis and 1.4 thereafter. The rue reduction is
a factor that incorporates temperature and nitrogen stresses. Radiation interception is
a function light interception by the crop and daily radiation.

Biomass partitioning

Daily biomass production is partitioned to different plant parts; the ratios depend on
the crop stage.

Roots are grown daily in a fixed proportion to the tops production. This proportion
(root shoot ratio) is specified for each growth stage and declines from 1.0 beforel
panicle initiation to 0.0 from the start of grain filling onwards:
eme juv PI flag flow
110.330.33 0.087

Between emergence and panicle initiation, 67% of the biomass is allocated to the
leaves, and 33% to the stems, which include the leaf sheath.

Between panicle initiation and flag leaf, stem elongation and flower development
start. Therefore, partitioning to leaves declines linearly from 67% at panicle initiation
to 0% at flag leaf. If the amount of carbon partitioned to leaves is more than is required
for the calculated increase in leaf area (the leaves have a maximum thickness) then the
residual is partitioned to flowers and stems:
dlt_dm_green(flower) = (dlt_dm_axis - dlt_dm_green(leaf)) * frac_stem2flower (Eqn.
4)
where frac_stem2flower is set to 0.19.
dlt_dm_green(stem) = dlt_dm_axis - (dlt_dm_green(leaf) + dlt_dm_green(flower))
(Eqn. 5)

If the carbon partitioned to leaves is insufficient to grow the potential increase in
leaf area, leaf area increase is reduced (see leaf area development section).

Between flag leaf and start of grain filling, only stems and flowers grow. It is
assumed that 19% of the produced dry matter is allocated to flowers and 81% to stems.

Between the start of grain filling and maturity, biomass is partitioned to grains,



APPENDIX: Pearl Millet Module Description 151

whereas stems will continue growing if they can. Grain demand for carbohydrate
(biomass) is driven by grain number and grain growth rate. Grain number is a function
of the rate of dry matter accumulation between the flag leaf stage and the start of grain
filling. Grain growth rate is limited by temperature and drought stress. It is genotype
specific and thus accounts for genotypic differences in grain mass and harvest index.

Biomass retranslocation

If the grain demand for carbohydrate cannot be met through partitioning of daily
biomass production, it is retranslocated from other plant parts to meet (if possible)
this grain demand. The carbohydrate in stem and leaf that is available for transfer, is
calculated from the difference between potential and minimum weight for stem and
leaf. Dry matter is first translocated from the stems; if not all the demand can be met,
the remaining dry matter will be translocated from the leaves.

Leaf development

Potential leaf area Potential crop leaf area is simulated from the area of individual
leaves. Leaf area might be reduced if insufficient dry matter is produced in the sub-
sequent routine on biomass accumulation. First, leaf area is initialised at emergence
and the final leaf number (on an axis) is calculated. Final leaf number is calculated at
panicle initiation, but an approximate number is set at germination to allow other cal-
culations to proceed until the correct number is known. The number of fully expanded
leaves throughout the season is calculated from the appearance rate of fully expanded
leaves, which is set at 36.4 °Cdays. An adjustment in leaf number is made to account
for the area of the expanding leaves. Individual leaf area is calculated from a cubic
function:

Y = YO0 exp(a(X-X0)? + b(X-X0)3) (Eqn. 6)

where Y = mature leaf area of individual leaf, YO = mature area of largest leaf,
X0 = position of largest leaf, a = empirical constant determining the breadth of the
leaf area profile curve, b = empirical constant determining the skewness of the leaf
area profile. The four coefficients (X0, YO, a, b) are functions of final leaf number.
Parameter YO is genotype-, density-, and axis-specific, whereas the other parameters
are mainly axis-specific. Because of sensitivity of cell expansion to water deficits, leaf
area development is reduced under drought stress.

Actual leaf area The actual LAI is less than the potential if there is not sufficient
biomass partitioned to leaves on that day. The maximum specific leaf area (sla_max)
defines the maximum leaf area (m?) that can be expanded per gram of leaf biomass.
The maximum SLA is set to 650 cm?/g if LAI (for an individual axis) < 2, and declines
linearly to 450 cm?/g if LAI (for an individual axis) drops from 2.0 to 5.0.

Leaf senescence The number of senesced leaves on an axis is a linear function
of time, although the slope of the function is higher before flag leaf stage (0.0167
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leaves/°Cd) than after (0.0120 leaves/°Cd). The slopes are independent of genotype
and axis, but the onset of senescence is later in tillers than in the main shoot.

The senesced leaf area (as a function of age) for each axis is calculated from the
senesced leaf number. In addition, senesced leaf area is calculated as a function oflight
competition, water stress, and temperature stress. The maximum of these four is used
as the actual leaf area that has sensesced during that particular day.

Tillering

Tiller appearance Tillering starts at 150 oCd, at a rate of 34 oCd per tiller. Tillers
may appear until flag leaf stage, but the maximum tiller number is set to 5. A switch
gives the option to make tillering a function of thermal units or dry matter. At the
moment, it is driven by thermal units. The rate of tiller appearance is not dependent
on genotype, as genotypic differences in tillering are a result of differences in tiller
survival, rather than tiller appearance.

Tiller death Tillers that capture insufficient resources to produce a panicle are
killed at the start of grain filling. The mechanism employed is barrenness, a con-
dition where the tiller will not set any grain, because the average growth rate between
flag leaf and start grain filling is below a critical value, which is currently set at 0.10
g/plant/day.

Regrowth

There are no regrowth routines in millet.

Water uptake

To determine the amount of water supply to the crop on any day, first the total available
water above the lower limit for all soil layers with roots is summed (Eqn. 7). If roots
are only partially through a layer, available soil water is scaled to that portion that
contains roots. The kl constant (value differs for each soil layer) is then used to limit
the amount of water available on any day (Eqn. 8). The kl factor is empirically
derived, incorporating both plant and soil factors which limit rate of water uptake.
Figure 1 shows how kl limits water uptake as soil water approaches the lower limit.
do layer = 1, deepest_layer (do loop to calculate available water for all layers)
sw_avail = sw(layer) - 11 (layer) (Eqn. 7)

sw_supply(layer) = sw_avail * kl (layer) (Eqn. 8)

Soil water demand is calculated as in the "biomass accumulation’ section above
where potentail biomass production is a function of light interception and rue (Eqn.
3). This potential biomass production is converted to water demand using transpiration
efficiency.

sw_demand = dlt_dm_pot / millet_transp_eff (Eqn. 9)
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Figure 1. Relationship between water availability and rate of water extraction as determined by
the k1 value.
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Figure 2. a. Soil water deficit factor for phenology as a function of the soil water availability
ratio. b) soil water deficit factors for photosynthesis and leaf expansion as a function of soil
water supply/demand ratio.

Water uptake is the minimum of the supply and demand.

Water deficits affecting plant growth

Soil water deficit factors are calculated to simulate the effects of water deficits on
different plant growth processes. Three water deficit factors are calculated which
correspond to three plant processes each having different sensitivity to water stress:
photosynthesis (photo), phenology (pheno), and leaf-expansion (expansion).

The effect of water deficits on phenology is a function of the water availability
ratio, which is calculated by dividing the available soil water (soil water (sw) - lower
limit (11)) by the potential available soil water (drained upper limit (dul) - lower limit
(1)) (Fig 2a). A factor of 0 is complete stress and 1 no stress. For photosynthesis and
leaf expansion, the effect of water deficits is a function of the soil water demand ratio,
which is calculated as the soil water supply divided by the demand (Fig. 2b). The
relationships in Fig. 2b reflect the greater sensitivity of leaf expansion (as compared
to photosynthesis) to drought.
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Nitrogen uptake and retranslocation

In order to calculate nitrogen demand today, first potential biomass production is re-
calculated unlimited by water, nitrogen or temperature i.e. as a function of rue and
radiation-interception (Eqn. 3). This dry matter (biomass) is then partition into plant
parts according to their current relative weights. The millet module has a defined
minimum, critical and maximum N concentration for each plant part. Demand for
nitrogen in each part attempts to maintain nitrogen at the critical (non stressed) level.
Nitrogen demand on any day is the sum of the demands from the pre-existing biomass
of each part required to reach critical N content, plus the N required to maintain critical
N concentrations in today’s potentially assimilated biomass.

A nitrogen uptake maximum is defined as the nitrogen uptake required to bring
all plant part N contents to the maximum allowable concentration.

Nitrogen supply is the sum of nitrogen available via mass flow (Eqn. 10) and by
diffusion (Eqn. 11).
no3_massflow (layer) = no3_conc * delta_sw (layer) (Eqn. 10)
no3_diffusion (layer) = no3_conc * sw_avail_frac (Eqn. 11)

where sw_avail frac is ratio of extractable soil-water over total soil-water. The
layer values are summed to root depth.

If nitrogen demand cannot be satisfied by mass flow then it is supplied by dif-
fusion. Uptake of N above the critical concentration can only occur through mass
flow. Excess N can be stored in plant parts as concentration above the critical N-
concentration but below the maximum concentration.

Nitrogen available for uptake is distributed to plant parts in proportion to their
individual demands.

Nitrogen for grain is retranslocated from other plant parts and is thus not directly
taken up from the soil or atmosphere to meet grain demand. Nitrogen is available
for retranslocation from all parts except grain and roots; all other plant parts will
translocate nitrogen until they reach their defined minimum N concentration. Grain
nitrogen demand is again driven by critical N content but this demand is lowered if
the plant is under N stress. Grain N demand is also affected by temperature and water
stress using Eqns. 12 and 13 below:

N_grain_temp_fac = 0.69 + 0.0125 * aver_temp (Eqn. 12)
N_grain_sw_fac = 1.125 - 0.125 * millet_swdef (expansion) (Eqn. 13)

The greatest of these two factors is multiplied by the previously calculated N
demand i.e. if temperature is high or drought occurs, the N demand will be increased
above the level required to reach the critical N concentration.

N fixation

No N fixation is assumed to occur (N fixation rate = 0.0).
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Nitrogen deficits affecting plant growth

N availability factors (0-1) are calculated for the following processed: 1) grain N
potential, 2) photosynthesis, 3) leaf senescence, grain N concentration, and cell ex-
pansion, 4) grain number. The N-concentration ratio which is calculated for the stover
(stem + leaf) in Eqn 14 is used as a measure of N stress:
N_conc_ratio = (N_conc_stover - N_conc_stover_min) /
(N_conc_stover_crit - N_conc_stover_min) (Eqn. 14)

Different constants are used to convert this ratio to a deficit factor for each of the
processes:

N_def = N_fact_(process) * N_conc_ratio (Eqn. 15)

where N_factor equals 1.25 (photosynthesis), 1.0 (grain concentration), 10.0 (phe-
nology). As lower values of N_deficiency indicate more stress, phenology is least
sensitive to nitrogen deficiency and grain N the most.

Root growth and distribution

Root depth is initialised at 110 mm. Between emergence and grain filling, the increase
in root depth is a daily rate (20 mm/day) multiplied a soil water availability factor.
Root depth is constrained by the soil profile depth.

Growth of root biomass is unrelated to depth and is as described in the *biomass
partitioning’ section above.

Roots are not senesced during the life of the crop, but are incorporated in the
soiln2 module at harvest and distributed as fresh organic matter in the profile according
to an exponential relationship of depth and root biomass.

Temperature stress

There are no generic temperature factors, as for water and nitrogen stress, but as dis-
cussed in sections above temperature does influence grain N content, rate of senes-
cence and radiation use efficiency (rue).

Plant death

All or some of the plants can be killed due to a variety of stresses;

If the crop hasn’t germinated within 40 days of sowing, due to lack of germinating
moisture, all plants are killed.

If the crop does not emerge with 150 oCdays of germination, because it was sown
too deep, then all plants are killed.

If crop is past floral initiation and LAI = 0, then all plants are killed due to total
senescence.

If the cumulative phenological water stress factors exceed 99, all plants are killed
due to water stress prolonging phenology.

In addition, a fraction of the total number of plants can die due to:
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1. high soil surface temperatures immediately following emergence.
2. drought stress, if a critical leaf number (set to 10) has not yet been reached.

3. barrenness at the start of grain filling.

Detachment

The detachment routines in millet are disabled in the current code.

Millet module parameterisation

Crop lower limit and kl values are need for each soil layer

extraction [icrisat_alf1.millet.parameters]

11 =0.146 0.207 0.244 0.236 0.218 0.173 0.173 (mm/mm) ! millet lower limit
k1 =0.120 0.120 0.120 0.100 0.060 0.055 0.030 () ! rate of soil water extraction
extraction [icrisat_alf2.millet.parameters]

11=0.066 0.090 0.117 0.123 0.129 0.137 0.148 (mm/mm) ! lower limit
extraction [jodhpur_aridisol.millet.parameters]

11 =0.040 0.043 0.043 0.043 0.040 0.040 0.040 (mm/mm) ! millet lower limit
kl values here are same as for icrisat_alfl. Needs to be changed for sandy soil texture
of soil at Jodphur.

Phenology parameters needed for each cultivar:

[default.millet.bj104]
tt_emerg_to_endjuv = 239.4 (°Cd) ! TT from emergence to end of juvenile phase
est_days_emerg_to_init = 17 (d) ! estimated days from emergence to floral init.
pp_endjuv_to_init = 112.4 (°Cd/h) ! photoperiod sensitivity
tt_flower_to_maturity = 457.0 (°Cd) ! TT from flowering to maturity
tt_flag_to_flower = 66.1 (°Cd) ! TT from flag leaf to flowering
tt_flower_to_start_grain = 80.0 (°Cd) ! TT from flowering to start grain fill
tt_maturity_to_ripe = 1 (°Cd) ! TT from maturity to harvest ripe

Leaf area parameters needed for each cultivar:
y0_const = -12390.0 () ! intercept with y-axis of regression of the area of the largest
leaf on
total leaf number
y0_slope = 1710.0 () ! slope of regression of the area of the largest leaf on total leaf
number

Grain yield parameters needed for each cultivar:
hi_incr = 0.0 (1/day) ! rate of HI increase (optional)
hi_max_pot = 0.55 () ! maximum harvest index
head_grain_no_max = 3300.0 (grain/head) ! potential grains per head
grain_gth_rate = 0.61 (mg/grain/d) ! potential grain growth rate

All the above parameters are genotype specific, whereas tt_emerg_to_endjuv ,
y0_const, and y0_slope are also axis dependent.
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Module dependencies

The minimum module configuration required to run millet in APSIM is the inclusion
of the report, input, manager, soilwat2, soiln2, canopy, residue2, and millet modules.
Operations are desirable in the case of validation runs to input observed data on crop
management.

Within the manager file, the following syntax is used for the millet crop:
if (day = 171 and year = 1995) then
millet sow plants = 6.7, sowing_depth = 30, cultivar = wrajpop
crop_in=1
endif

if (millet.stage_name = ’initiate’ or millet.stage_name = ’emergence’) then
tillerO_finished = 1
endif
if (milletl.stage_name = ’initiate’ or milletl.stage_name = "emergence’) then
tiller1_finished = 1
endif
if (millet2.stage_name = ’initiate’ or millet2.stage_name = ’emergence’) then
tiller2_finished = 1
endif
if (millet3.stage_name = ’initiate’ or millet3.stage_name = ’emergence’) then
tiller3_finished = 1
endif
if (millet4.stage_name = ’initiate’ or millet4.stage_name = ’emergence’) then
tiller4_finished = 1
endif
if (millet5.stage_name = ’initiate’ or millet5.stage_name = ’emergence’) then
tiller5_finished = 1
endif

if (millet.stage_name = "harvest_ripe’ and millet.plant_status = ’alive’) or
(millet.stage_name = ’end_crop’ and millet.plant_status = dead’) or
(tillerO_finished = 1 and millet.plant_status = ’out’) then

millet harvest
millet kill_crop
millet end_crop
residue? tillage_type = burn
tillerO_finished = 2
endif

[This is repeated for each tiller]
if (tillerO_finished = 2 and tiller]1_finished = 2 and tiller2_finished = 2) and
(tiller3_finished = 2 and tiller4_finished = 2 and tiller5_finished = 2) then
crop_in=0
tillerQ_finished =0
tiller1_finished = 0
tiller2_finished = 0
tiller3_finished = 0
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tiller4_finished =0
tiller5_finished = 0
endif

Module output

Millet module validation

The millet module was developed validated on a limited set of data collated mainly
from on-station experiments at ICRISAT research station at Patancheru, India, and
the CAZRI research station at Jodhpur, India. The validation data sets were largely
independent of the development data set (van Oosterom et al., 2001b).

For most of the recent experiments (1995 onwards), soil chemical and physical
characteristics are available. For most of the older data sets, however, this was not
the case, and experiments were simulated assuming a fixed amount of water or nu-
trients being available in the soil. Since most of these experiments were supposedly
non-limiting in water and nutrients, and since in most experiments received abundant
rainfall and fertilizer, this should not have been a major problem.

In general, the model adequately captured the effects of density (Fig. 3), daylength
(Fig. 4), genotype (Fig. 5) and N-supply (Fig. 6) on biomass accumulation, grain
yield, and LAI The results of Fig. 6 are particularly encouraging; whereas as most
of the model development work was carried out at Patancheru (alfisols), in de absence
of nitrogen and water stress, Fig. 6 shows an adequate simulation of the effects of
N-stress at Jodhpur (sandy soils)

Millet module issues

Biomass partitioning

Panicle initiation is used as the trigger for the onset of stem elongation. In reality,
however, the onset of stem elongation is not related to panicle initiation; the occur-
rence of panicle initiation is more sensitive to variation in daylength than the onset of
stem elongation. Onset of stem elongation can therefore better be expressed relative to
anthesis. Work on this issue is currently (December 2000) ongoing to better pinpoint
the trigger for the onset of stem elongation.

Tiller death

Non-productive tillers cease producing leaves during stem elongation, but the size
of the leaves that are prodcued is very similar to the leaf size of productive tillers.
Hence, the low leaf area of non-productive tillers is a result of a reduction in leaf
number, rather than leaf size. In the module, non-productive tillers die at anthesis due
to barreness. They thus produce the same number of leaves as productive tillers, and
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Table 1. APSIM millet module output

Variable Name Units Description

plant_status status of crop

stage current phenological stage
stage_code

stage_name

crop_type

leaf_no number of fully expanded leaves
leaf_no_dead no of dead leaves

leaf_area (max_leaf = mm?2 leaf area of each leaf

1000)

height mm canopy height

root_depth mm depth of roots

plants plams/m2 plant density

grain_no grains/plant grain number

grain_size g individual grain wt

cover_green 0-1 fraction of radiation reaching the canopy that is intercepted by the green
leaves of the canopy

cover_tot 0-1 total crop cover fraction

lai_sum leaf area index of all leaf material live + dead
tlai tot lai

slai area of leaf that senesces from plant
lai m?/m2 live plant green lai

tlai_dead m2/m2 total lai of dead plants

root_wt g/m2 root biomass

leaf_wt g/m2 leaf biomass

stem_wt g/m2 stem biomass

grain_wt o/m? grain biomass

dm_green (max_part = g/m2 live plant dry weight (biomass)

6)

dm_senesced g/m2 senesced plant dry wt

(max_part = 6)

dm_dead (max_part = g/m2 dry wt of dead plants

6)

yield kg/ha grain yield dry wt

biomass kg/ha total above-ground biomass

dlt_dm g/m2 the daily biomass production
dlt_dm_green o/m? plant biomass growth

(max_part = 6)

n_green (max_part = 6) g/m2 plant nitrogen content

n_senesced (max_part g/m2 plant n content of senesced plant
=6)

n_dead (max_part = 6) g/m2 plant n content of dead plants
dlt_n_green (max_part g/m2 actual n uptake into plant

=6)

dlt_n_retrans o/m? nitrogen retranslocated out from parts to grain
(max_part = 6)

dlt_n_detached g/m2 actual n loss with detached plant
(max_part = 6)

dlt_n_dead_detached g/m2 actual n loss with detached dead plant
(max_part = 6)

swdef_pheno water deficit factor for phenology
swdef_photo water deficit factor fo photosynthesis
swdef_expan water deficit factor for leaf expansion
ep (num_layers) mm water uptake in each layer

cep mm cumulative water uptake
sw_demand mm total crop demand for water
sw_supply mm total supply over profile

esw_layr (num_layers) mm plant extractable soil water
n_conc_stover % sum of tops actual n concentration
n_conc_crit % sum of tops critical n concentration
n_grain_pent % grain n concentration percent
n_uptake_grain kg/ha n uptake by grain

n_uptake kg/ha cumulative total n uptake by plant
n_uptake_stover kg/ha n uptake by stover

no3_tot g/m2 total no3 in the root profile
n_demand g/m2 sum n demand for plant parts
n_supply g/m2 n supply for grain

n_supply_soil g/m2 n supply from soil

nfact_photo
nfact_grain

N deficit factor for photosynthesis
N deficit factor for grain N content

159



160

Figure 3. Simulation of grain yield, biomass, and LAI for BJ 104, grown at Patancheru in 1982
at densities of 4 (left) and 29 (right) plants /m?.
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Figure 4. Simulation of grain yield, biomass, and LAI for BJ 104, grown at Patancheru in 1986
under normal daylength of 14 h (left) and extended daylength of 15.5 h (right).
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Figure 5. Simulation of grain yield, biomass, and LAI for a high-tillering genotype (WRajPop,
left) and a low-tillering genotypes (RCB-IC 911, right), grown at Patancheru in 1995
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Figure 6. Simulation of grain yield, biomass, and LAI for a WRajPop, grown at Jodhpur,
Rajathan, India, with N-fertiliser of 0 kg/ha (lefl) and 40 kg/ha (right) applied.



164 APPENDIX: APSIM Millet Module Description

the low leaf area in the module is thus a result of a reduction in leaf size. Although
the module simulates the low leaf area of non-productive tillers adequately (Fig. ), the
mechanisms behind the simulation are a simplification of reality.

Tiller number

The millet module simulates a maximum of five tillers. Although more tillers are
produced throughout the life cycle of the crop, especially if secondary tillers are con-
sidered, most of these tillers become non-productive even at low plant densities (Crau-
furd and Bidinger, 1988a). Their contribution to total GLAI is expected to be relatively
small and that to biomass even smaller, as these non-productive tillers do not elongate.
They will hence contribute little to photosynthesis, as their leaves are located at the
bottom of the canopy. The number of tillers that can be simulated by APSIM-MILLET
can be increased, but the errors introduced by simulating a maximum of five tillers are
expected to be minor in most circumstances.
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