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RESUME 

L'objectif de cette étude était: (i) d'identifier les facteurs expliquant la réponse du 

maïs au stress hydrique (DI) de l'irrigation; (ii) évaluer le potentiel de l'irrigation par 

déficit en production de maïs; et (iii) évaluer le potentiel d'irrigation l’irrigation 

supplémentaire pour améliorer la production du maïs, au Bénin. Pour atteindre ces 

objectifs, une revue de littérature quantitative a été menée et des expérimentations 

ont été conduites. Trois expériences sur le terrain ont été menées à Parakou ; sous 

régime pluvial en 2018; sous régime pluvial plus irrigation supplémentaire en 2019; 

et sous quatre (04) niveaux de DI (0, 25, 50 et 75% ETc) pendant la saison sèche de 

2019. Pour toutes les expérimentations, un bloc aléatoire avec 3 répétitions a été 

utilisé. La revue quantitative a montré que la perte de rendement augmente avec 

l'augmentation des niveaux de DI à tous les stades de croissance. Mais cette perte est 

minimale au stade végétatif. En outre, la réponse du maïs au stress hydrique dépend 

de nombreux facteurs tels que la zone climatique, les densités de culture, le cycle de 

la variété et les pratiques de gestion de la fertilité. Les résultats expérimentaux ont 

indiqué que l'indice de surface foliaire (LAI) et la hauteur des plantes diminuaient 

dans les traitements sous stress pendant la période d'application du stress. Le 

rendement en grains diminue à mesure que le stress hydrique augmente de 25%, 47% 

et 82% respectivement dans les traitements D25, D50 et D75. Il n'y avait pas de 

différence significative de la biomasse aérienne entre D0 et D25 d'un côté et entre 

D50 et D75 de l'autre côté. L'efficience d'utilisation de l'eau (WUE) et l'efficience 

d'utilisation de l'eau d'irrigation (IWUE) ont diminué à mesure que l'ID augmente, 

respectivement de 19% et 0,26% dans les traitements D25. Ces résultats impliquent 

qu’il existe un niveau d'irrigation déficitaire optimal pour lequel la perte de 

rendement serait réduite. Des perspectives de recherche ont été relevées dont la 

détermination de l’acceptabilité et de la viabilité économique de ces stratégies de 

recherche pour  les producteurs. 
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  ABSTRACT 

Deficit Irrigation (DI) consists to provide the crop with water below its daily need 

(ETc) according to the sensitivity of its growth stages. The objective of this study 

was : (i) to assess the factors  explaining maize response to irrigation water stress; 

(ii) assess the potential of supplemental irrigation and deficit irrigation for 

improving rainfed maize production; and (iii) to evaluate crop water productivity 

under irrigation water deficit in sub-humid climate of Benin. To achieve its 

objectives, the present study first reviewed through quantitative meta-analysis the 

overall response of maize to DI to identify the growth stage that will allow limited 

yield loss, and to understand the factors that explain maize response to water stress. 

Two field experiments were conducted under supplemental irrigation in 2018 and 

2019 using four rates of fertilizers; and one experiment under deficit irrigation in 

2019 using four (04) levels of DI (0, 25, 50, and 75% ETc). Irrigation water stress 

were applied based on daily crop evaporation determined from CropWat FAO 

database. For all experiments, a Randomized Bloc Design with 3 replications was 

used. The review showed that yield loss increases with increasing levels of DI at all 

growth stages, but yield loss was minimized in vegetative stage. In addition, the 

results from the review suggest that maize response to water stress is dependent on 

many factors such as climatic zone, cropping densities, and fertility management 

practices. The experimental results indicated that leaf area index (LAI) and plant 

height decreases in stressed treatments during the period of stress application, but 

the decrease was observed on different periods, suggesting a given sequence, or a 

process through which DI affect crop production. Grain yield decreases as water 

stress increases by 25%, 47%, and 82% respectively in D25, D50, and D75 

treatments. There was no significant difference of stover yield between D0 and D25 

in one side, and between D50 and D75 on the other side. Water Use Efficiency 

(WUE) and Irrigation Water Use Efficiency (IWUE) decreased as DI increases, 

respectively by 19% and 0.26% in D25 treatments, implying there’s an optimum 

deficit irrigation level for which yield loss would be reduced. Since farmers in West 

Africa context are more concerned about a sustained yield over a long period of 

time, that optimum deficit level should be determined, for instance through 

simulation on the long term base on scenario analysis, to make appropriate 

recommendations. 
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CHAPITRE 1 : GENERAL INTRODUCTION 

1.1. Context and rationale 

 

1.1.1. Economic importance of Agriculture in West Africa 

Agriculture is an important economic driver of growth in the world. In West Africa 

(WA), the share of agriculture in Global Domestic Product (GDP) has increased in 

most countries over the past two decades. In Benin for instance, agriculture sector 

accounts for about 40% of the GDP, and occupies about 70% of the active population 

who rely on it for their livelihoods. It is estimated that 208 millions of people in Sub-

Sahara Africa depend on maize as the source of food security and of income. Despite 

its economic importance, agriculture is marked by low productivity with little 

application of science and technology, and unfavorable policies priorities (Chauvin et 

al, 2012). In Benin, the dependence of agriculture in general and more specifically 

cereal production systems (Cairns et al, 2013) limits not only the production of 

maize, but also the economic benefits its provide smallholder farmers.  

1.1.2. Constraints for sustainable agriculture water 

management 
The world is facing a general water crisis affecting every sector and above all, food 

security (Food and Agriculture Organization, 2016; Hanjra and Qureshi, 2010). Out 

of the 3% fresh water available on earth, 69% is extracted worldwide for agricultural 

purpose, mainly in the form of irrigation (Cassardo and Jones, 2011; Rosegrant et al., 

2009). Fifteen to thirty five (15-35%) of the water withdrawn for irrigation in low 

and middle-income countries is used in an inefficient and unsustainable manner 

(Plessis, 2017). Through this process, much water is lost through excessive water use 

for crop, soil erosion, high evaporative demand, and runoff. For example, the Lake 

Tchad, which was once the largest freshwater lake in Africa, has shrunk by 90% in 

40 years, due to irrigation and to some extent, desertification (Amali et al., 2016; 

Magrin, 2016). In addition, recurrent disturbances such as pollution of water bodies 

are afflicted to the hydrologic cycle. In the context of climate variability and climate 

change, reduction in precipitation, coupled with increased CO2 emission, is predicted 

to affect water quantity and quality available in many areas (Pulido-Velazquez et al., 

2015; Stagl et al., 2014). In contrast, food demand is projected to increase by 70% by 

2050 (Plessis, 2017). These considerations have left the agricultural sector with the 
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double challenge of making 70% more food available to the world’s growing 

population with less or decreasing fresh water resources (Ray et al., 2013). One way 

to overcome this challenge is to use irrigation methods and technologies that improve 

water use efficiency (WUE) (Evans and Sadler, 2008; Fereres and Soriano, 2006).  

 

1.1.3. Problem Statement and analysis  

1.1.3.1. Challenges for sustainable maize production 

Maize is the most important staple food crop with 35% of total cereal area and 

43% of total cereal production in Sub-Sahara Africa (SSA) (FAOSTAT, 2017). It 

covers 19% of the total area cultivated for cereals and accounts for one-fifth (1/5th) of 

the calories and protein consumed by humans in West Africa (Smale, 2011). 

Through this way, it contributes largely to food security (Shiferaw et al., 2011).   

In Benin, potential maize grain yield is generally less than 1.5 t ha-1, compared to 5 

to 6 t ha-1 in the top five maize producing countries in the world (PRESAO, 2011). In 

northern regions of Benin where the rainfall is unimodal (Djossou et al., 2017), this 

yield of 1.5 t ha-1 can be considered as the annual production that southern regions 

rely on in times of lack (ONASA, 2016). Many factors contribute to such low 

productivity. Among these factors, accessibility to and mobilization of water in and 

out of season for cereal production is a major concern that triggers smallholder 

farmers. The challenge of accessibility to and mobilization of water is common to 

farmers in all West Africa countries. To overcome that challenge which is more 

observed in dry seasons, some farmers adopt the production of cereals along the bank 

of rivers or streams to benefit from the wet conditions of the soils, and to double their 

annual income from crop production. In Togo for instance, Diwediga et al., (2012) 

reported that 80% of the off-season production of cereals is devoted to marketing to 

strengthen sources of income and compensate for the lack of food products in sub-

humid regions such as Oti. But in Benin, very few farmers adopt this practice and 

rare studies have been interested in its feasibility, and the challenges that arise from 

it. 

Until recently in 2017, annual maize production in Benin suffers from shortage 

and hardly meets the national demand. An evaluation of food production revealed a 

non-satisfaction of the high consumption demand in some southern regions of the 
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country including Mono (87 tons of shortage), Ouémé (120.74 tons of shortage), 

Atlantique (154.95 tons of shortage), and Littoral (64.15 tons of shortage) (ONASA, 

2016). Shortage of maize production in the southern part of the country is 

exarcerbated by bimodal rainfall pattern, yet unstable and unfavorable because it 

does not allow farmers to produce twice a year. Northern region in contrast, with its 

unimodal rainfall pattern (Djossou et al., 2017), allows farmers to produce maize 

twice. However, northern regions suffer most from high rainfall variability and 

drought. Yabi and Afouda, (2012) observed a higher frequency of extreme rainfall 

deficit years (most of them belong to 1970s and 1980s) than in the southern region of 

the country. And similarly, Agbossou et al., (2012) noted a high probability of 

succession of drought spells more pronounced in this region from 1971 to 1990, and 

stated that this may partly explain the decline in maize production during that period.  

In addition to observed change in climate trend, impact of future climate 

projections on maize production will exhibit different spatial distribution. Average 

maize yield decline (loss of 3-20% in the future) is projected in most areas of sub-

Sahara Africa because of reduction in the rain-growing season (Waha et al., 2013). 

An increase of 1°C would cause a reduction of 65% of harvested maize in some 

regions (Lobell et al., 2011). In Benin, climate change is expected to decrease yield 

by 0.9 t ha-1 as a result of temperature increases and erratic rainfall (Jones and 

Thornton, 2003). These abiotic factors are often compounded with biotic stresses 

such as diseases, pests and weeds, and low varietal potential, leading thereby to low 

maize yield (Shiferaw et al., 2011). 

 

 

1.1.3.2. Potentials of improved water management for dry season 

crop production 
 

  In many parts of the world, water management practices such as deficit 

irrigation and supplementary irrigation are adopted to face the lack of water for crop 

production (Ali et al., 2017; Haghverdi et al., 2019). The success of these practices 

implies an available water source nearby the farm either to apply throughout the 

cropping season or in time of drought spells within the cropping season.  

In West African countries in general, there is enough surface water resources for 

crop production. The region has a flow of 7000 m3 of water per second in dry season 
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(Blein et al., 2008). The annual surface water of the region are estimated to 1 011.8 

milliard of m3 (FAO, 2006), out of which less than 2% are mobilized for crop 

production. This can be explain by a lack of science-based technology that would 

improve water use efficiency regarding the context of seasonal water availability 

(UNCTAD, 2011). 

With a vast hydrologic network (Volta, Niger, Ouémé, and Mono/Couffo), yet, 

underexploited, Benin country offers resources to produce in dry seasons.  

Meanwhile, few if not none of the farmers in Benin make use of the existing 

opportunities for irrigation of maize in dry seasons. This study is trying to provide an 

answer to the question: How can food insecurity be reduced using appropriate water 

management such as supplemental irrigation and deficit irrigation for maize 

production in Benin? 

 

1.1.4. State of knowledge 

Regulated deficit irrigation (RDI) has been investigated for its potential to increase 

or maintain crop yield with less water (Molden et al., 2010). It is a practice whereby 

a crop receives an amount of water below the full requirement for its optimal growth 

in order to increase WUE. A variant of RDI is the stage-based deficit irrigation 

through which, a timely application of water to the crop, based on growth stages 

water requirements can substantially increase irrigation efficiency and water 

productivity (Molden et al., 2003; Zwart and Bastiaanssen, 2004). Stage-based 

deficit irrigation relies on the principle that plant response to water stress varies with 

growth stages, and that less water applied to plant at water stress tolerant stages may 

not cause significant reduction of primary productivity (Chai et al., 2016). For this 

reason, a knowledge of the sensitive growth stages, and of water requirements at 

each growth stage is a prerequisite (Fereres and Soriano, 2006). The sensitivity of a 

plant growth stage to water stress can be affected by many factors, including climatic 

conditions, crop species and cultivars, agronomic management practices, among 

others (Chai et al., 2016). Various studies pointed out the reproductive stage as the 

most sensitive to water stress in major food crops (Gheysari et al., 2017; Rudnick et 

al., 2017). 
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One of the obvious benefit that stems from the practice of deficit irrigation is the 

increase of WUE. This observation remains the same for all growth stage, since less 

water is lost through soil evaporation. If WUE always increases, the case is different 

for yield (Chai et al., 2016). Response of crop yield under RDI varies more with the 

stage at which the deficit has occurred (Fereres and Soriano, 2006). Similarly, for 

cereal crops, such as sorghum, wheat, subjected to RDI at the reproductive stage, 

yield is always reduced (García Del Moral, 2003). For example, a short duration of 

water deficit during tasselling stages in maize (Zea mays) reduced biomass 

production by 30 % and grain yield by up to 40 % (Çakir, 2004). The vegetative 

stage however makes an increase of crop yield possible depending on the timing and 

magnitude of water stress (Cui et al., 2009). But especially for maize crop, 

controversial results are reported, according to which grain yield either increases or 

decreases. A mild water deficit of 17.48% in PR31P41 maize cultivar at the 

vegetative stage resulted in 14% reduction of grain yield (Kuşçu and Demir, 2012). 

Around the same magnitude of water stress in Pioneer brand 3377 cultivar, 9% of 

yield was reduced (Çakir, 2004). 80% of water deficit caused up to 90% reduction of 

yield in McCurdy 84AA maize cultivar (Bennett et al., 1989), suggesting that the 

more water stress increases, the more yield reduces. On the other side, Domínguez et 

al., (2012) found out that deficit irrigation applied during the vegetative stage 

increased maize grain yield by 10 to 20 % compared to the stress applied during the 

whole growth cycle. A study conducted by Eck, (1984) showed that 17.2 % of deficit 

at the vegetative stage resulted in 5.3 % increase in maize grain yield (variety 

Pionner 3184) compared to the optimal treatment. More recently, 16.4 % and 21.5% 

of water deficit in vegetative stage in RH-240 maize variety resulted respectively in 

2.9% and 2.3% increase of grain yield (Ayana, 2011). These results reveal a 

variability in grain yield response to water stress which is due to difference in crop 

cultivar (under same magnitude of water stress, and same growth stage), and other 

biotic and abiotic factors non apparent in the given studies. One question that arises 

then is what other factors may influence crop response to water stress? 

Maize response to water stress can be affected by compounding factors, being biotic 

or abiotic, including soil fertility and water management, climate, and crop genetic. 

Three macro-nutrients (N, P, K) are essential to plant. With regards to soil fertility, 

nitrogen (N) is the most limiting fertilizer element as plant require large quantities 

for its production (Ohyama, 2010). N intervenes in the establishment of leaf 
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photosynthesis, and in the reproductive development. Phosphorus (P) is one of the 

vital soil component that promotes root growth (Mollier and Pellerin, 1999). P also 

assists in osmoregulation of cells, helps in opening and closing of stomata, which 

regulates the exchange of water vapour, oxygen and carbon dioxide. As a 

macronutrient, potassium (K) is associated with movement of water, nutrients and 

carbohydrates in plant tissue (Ali et al., 2018). K is involved with enzyme activation, 

which affects the production of adenosine triphosphate (ATP), in regulation of the 

rate of photosynthesis (Aslam et al., 2013; Prajapati and Modi, 2012). K also plays a 

great role in cell expansion and maintains the turgor pressure of plant (Wang et al., 

2013). It has been demonstrated that deficit irrigation improves nutrient use 

efficiency in crop. For example, alternate partial root-zone irrigation in maize 

enhanced the ratio of N uptake to the N supplied by 16 % compared to fully irrigated 

control (Li et al., 2007). Similarly, in a maize–wheat rotation study where full 

irrigation and partial root-zone deficit irrigation were compared in maize, partial 

root-zone irrigation increased N recovery by 17 % compared to full irrigation (Kirda 

et al., 2005). 

Deficit irrigation (DI) technique offers an opportunity to maintain or increase crop 

production under water scarce environments (Molden et al., 2010). Through this 

technique, a timely application of water based on water requirements of growth 

stages can also substantially increase irrigation efficiency and water productivity 

(Molden, 2003; Zwart and Bastiaanssen, 2004) by limiting water supply to the 

sensitive growth stages, and reduce water supplied to drought tolerant growth stages. 

In most cases, DI has been more efficient than rainfed and full irrigation (FI). 

Experimental studies showed that well-planned deficit irrigation increased wheat 

yield by 1.6 t ha-1 (Ali et al., 2007) and doubled water productivity compared to rain-

fed and fully irrigated crops (Kang et al., 2000; Zhang et al., 2004). Quinoa yield has 

been maintained with excellent grain size and water productivity doubled under DI 

(Geerts et al., 2008 a, b). Similar results have been observed for other crops such as 

groundnut (Nautiyal et al., 2002), garlic (Fabeiro et al., 2003), sugar beet (Kirda et 

al., 1999), etc. Unlike the precedent crops, reports on maize responses to DI 

differentiated by phonological stages are unsteady. A study conducted by Kang et al., 

(2000), revealed that water deficit at seedling stage, plus a further mild soil drying 

(55% of field capacity) at stem-elongation stage is an optimum irrigation method for 

maize, as grain yield hasn’t been significantly reduced. Meanwhile, Pandey et al, 
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(2000), observed a reduction of maize grain yield from 11.1 to 52% under deficit 

irrigation during the vegetative period. Nevertheless, that reduction was proportional 

to the duration of deficit irrigation. Furthermore, Çakir (2004) observed that DI in 

maize during tasseling or ear formation stage resulted in 30 to 40% loss in grain 

yield. Farré and Faci (2009) concluded that flowering was the most sensitive stage to 

water deficit, with an average reduction of grain yield of 35.3%, compared to a 

reduction of 13.5% and 30.5% for the vegetative stage and grain filling and maturity 

stages, respectively. The observed difference in yield reduction could be attributed to 

difference in cultivars used, and in fertilizer input. 

Studies that investigated maize response to combined fertilizer and irrigation 

treatments revealed a significant interaction between fertilizer rates and irrigation 

treatments. Results of a study conducted by Di Paolo and Rinaldi (2008), showed 

that nitrogen availability amplified irrigation effect. Under combined application of 

nitrogen fertilizer (100 Kg N ha-1) and deficit irrigation, Mansouri-Far et al., (2010) 

observed that maize grain yield reduction was higher in reproductive stage (25.4%) 

compared to the vegetative (2.06). The same observation was valid under combined 

adequate nitrogen application (200 Kg N ha-1) and water stress, where the yield 

reduction recorded was 1.9% in vegetative stage, but 26.8% in reproductive stage. 

This implies that the more fertilizer is applied, the more sensitive is the plant to water 

stress, requiring adequate water supply for a higher yield. Such interaction between 

fertilizer and water availability could be more pronounced for the reproductive stage. 

Consequently, fertilizer amount influences the sensitivity of a crop to water stress at 

specific growth stage. However, a relevant question that previous studies have not 

investigated is to what extent fertilizer application influence the sensitivity of maize 

growth stages to water stress. In other words, at what levels of fertilizer, growth 

stages will become sensitive to water stress? 

In most dry areas where crop production is rainfed, most of the rainwater is lost 

through evaporation and runoff. In such areas, beside deficit irrigation, supplemental 

irrigation is also an efficient strategy that is used to increase crop production mainly 

for improving livelihoods (Oweis and Hachum, 2004). Supplemental irrigation is a 

strategy whereby water is applied to a rainfed crop in critical stages when rainfall 

fails to provide essential moisture for the crop growth. Supplemental irrigation can 

be applied to avoid moisture stress. 
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This study will attempt to investigate the response of a short cycle of maize 

variety to supplemental irrigation and to different levels of water stress. This can 

provide information to enhance strategic decision-making by farmers and policy 

makers to adapt to unstable rainfall exacerbated by climate change 

1.1.5. OBJECTIVES 
 

1.1.5.1. Overall Objective 

The general objective of this study is to assess the potential of deficit irrigation and 

supplemental irrigation in improving maize production systems in sub-humid climate 

of Benin 

1.1.5.2.  The specific objectives 

(i) Assess the factors explaining the maize response to irrigation water stress  

(ii) Assess the potential of supplemental irrigation in improving maize yield  

productivity 

(iii) Assess the potential of irrigation water deficit in improving maize 

productivity 

 

1.1.6. Research questions 
(i) What are the factors explaining the maize response to irrigation water stress 

(ii) Can deficit irrigation during dry season be an appropriate water 

management strategy for improving maize productivity in Benin? 

(iii) Can supplemental irrigation be an appropriate water management strategy 

for improving maize productivity in Benin? 

 

1.1.7. Research hypothesis  

This thesis is guided by the main hypothesis given as: 

Supplemental irrigation and deficit irrigation can be used as water management 

strategies for improving maize production in Benin. 
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2.1. Study areas 

2.1.1. Presentation of the selected papers for review 

Nineteen (19) peer review papers published mainly in English from 1984 to 2015 

were selected first based on their title (Table 2.1). The title had to indicate that the 

study was conducted on grain corn or maize in water stress or deficit conditions. 

Abstracts were then examined to check the application of irrigation water at a 

specific growth stage (seedling, vegetative, reproductive, maturity). Publications 

included in this review satisfied the following criteria: (1) they are published peer 

review journal articles that reported results from experiments; (2) they indicated the 

fertilizer amount used (at least the N level); (3) Irrigation is applied during at least 

one specific maize growth stage, and irrigation water amount is given; (4) when 

different cultivars are studied, the responses are presented separately for each 

cultivar; (5) when maize is subjected to different levels of nitrogen, studies reported 

the interactive effect of different nitrogen and water stress levels on maize. From the 

studies included in this review, we estimated the cultivar cycle by performing a 

difference between the harvest date and the sowing date in number of days. Results 

from rainfed experiments were excluded at the end given the few number of 

observations recorded (14) which would not allow to draw relevant conclusions.   
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Table 2. 1 : Characteristics of the studies included in the review. 

S/N Authors of 

Studies 

Titles Sites/Countries Growth 

Stages 

Number of 

treatments 

per growth 

stage 

Data collected Experimental 

design 

Cultivar Name; cycle 

(days) 

1 Aguilar et al, 

2007 

 Seville/Spain R 8 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD Short ; 150 

Medium; 150 

Long;150 

2 Bennett et al., 

1989 

 Faisalabad/ Florida V 4 WS, GY, 

Cult_cycle, 

N_rate 

Split plot 

design 

McCurdy 84AA  maize; 

125 

3 Çakir, 2004  Kirklareli/Turkey V 3 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD Pioneer_brand_3377; 

125 R 18 

V&R 10 

4 Di Paolo and 

Rinaldi, 2012 

 Chieti/Italy R 4 WS, GY, 

Cult_cycle, 

N_rate 

Split plot corn hybrid Tevere; 130 

5 Doto. et al., 2015  Kongoussi/Burkina 

Faso 

R 2 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD Barka; 80 

6 Eck, 1984  Bushland/ Texas V 16 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Randomized 

bloc with 

split plot 

Pioneer 3184; 120 

7 Ertek and Kara, 

2013 

 Isparta Province/ 

Turkey 

V&R 2 WS, GY, IWUE,  

Cult_cycle, 

N_rate 

RCBD Lumina F1; Na 

8 Farré and Faci, 

2009 

 Zaragoza/Spain V 2 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Randomized 

bloc 

Prisma; 125 

R 4 

V&R 2 

9 Gouranga and  Dhenkanal/Asia V 3 GY, Cult_cycle, Split plot Lalat; 120 
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Harsh, 2005 R 2 N_rate 

V&R 3 

10 Hammad. et al., 

2012 

 Faisalabad/Asia V&R 4 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Split plot 

with RCBD 

Pioneer 31-R-88; 105 

11 Huang et al., 

2002 

 Loess 

Plateau/China 

V&R 5 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Randomized 

bloc design 

NA; 150 

12 Kirda et al., 2005  Adana/ Turkey V&R 4 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Complete 

randomized 

bloc design 

Sele; 120 

13 Kusçu and 

Osman, 2012 

 Marmara/Turkey V 3 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD PR31P41; 120 

R 5 

V&R 3 

14 Mansouri-Far et 

al., 2010 

 

 

 Kermanshah/Iran V 2 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

 

RCBD 

 

S.C647;120  

T.C647; 120 

 
R 2 

V&R 2 

Tehran/Iran V 2 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

 

 

 

S.C647;120  

T.C647; 120 

 
R 2 

V&R 2 

15 Mekonen A., 

2011 

 Arba Minch State/ 

Ethiopia 

V 3 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD RH-240; 135 

R 2 

V&R 2 

16 NeSmith and 

Ritchie, 1992 

 Kalamazoo/USA R 2 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Complete 

randomized 

bloc design 

Hybrid Great Lakes 599; 

100 

17 Osborne et al., 

2002 

 Shelton/Nebraska V&R 5 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Split plot Pioneer brand hybrid 

3489; 90 
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18 Pandey et al., 

2000 

 Konni/Niger V 3 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

Split plot P3Kollo; 100 

V&R 5 

  

19 Payero, et al., 

2009 

 North Platte/ 

Nebraska 

R 8 WS, GY, IWUE, 

Cult_cycle, 

N_rate 

RCBD Hybrid Kaytar KX-

8615Bt; 112 

V: Vegetative stage, R: reproductive stage: V&R: Vegetative and reproductive stage; WS: Water stress level: GY: grain yield; IWUE: 

irrigation water use efficiency; Cult_cycle: cultivar cycle; N_rate: Nitrogen rate; RCBD: randomized complete bloc design; Na: cycle not 

available.
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The growth stages at which water stress was applied in different studies are presented 

in Table 2.2. 

Table 2. 2 : Maize growth stages under deficit irrigation identified through literature 

review 

 Growth Stages (English) Codes 

Emergence Seedling stage VE  

 Vegetative* Vegetative; early vegetative 

stage 

V 

 1-Leaf to 11-leaf V1 to V11 

 2-Leaf V2 

 3-Leaf V3 

 4-Leaf V4 

 5-Leaf V5 

 6-Leaf V6; start of cob 

initiation 

 7-Leaf V7 

 8-Leaf V8 

 9-Leaf V9 

 10-Leaf V10 

 11-Leaf V11 

 12-Leaf V12 

 14-Leaf V14 

 18-Leaf V18 

Reproductive* Tassel (ling); tassel initiation VT 

 Silking R1 

 Cob (ear) formation C 

 Blister Kernel R2 

 Milking, early grain filling R3, G 

 Dough R4 

 Beginning dent/Full dent R4.7/R5.5 

Physiological 

Maturity 

From milk stage to physiological 

maturity 

 

 Physiological Maturity/Maturity R6 

* Represents individual growth stages (vegetative or reproductive stages) where 

water is depleted. A third case is considered, whereby water is withheld 

simultaneously at both vegetative and reproductive stages. 

The review came across 178 observations grouped into 19 studies and dispersed in 

the five continents. Figure 2.1 shows the locations of the studies included in the 

review, and displays that the majority of the studies were conducted in Europe. 
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Figure 2. 1: Distribution of locations of studies accounted in this review. Map generated with QGIS version 2.18.4 
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2.1.2. Description of Experimental Study Site 

The experiment was conducted on the Agronomy Faculty farm of the University of 

Parakou. Experimental site is located at 9°20’08.8” N latitude, and 2°38’54” E 

Longitude, 347 m a.s.l. Parakou is in the agroecological zone III (Zone vivrière du 

Sud-Borgou) (MEPN, 2008). According to Koppen-geiger classification, Parakou 

has a tropical wet and dry climate (Aw), which is marked by a unique rainy season 

(May-October). The soil is classified as ferruginous tropical soils (Azontonde, 1991). 

Parakou has on average, an annual rainfall of 1180 mm and a maximum temperature 

of 33.5°C (CRA-Nord Parakou Climate Database 1980-2018). Figure 2.2 shows the 

location of the experimental site. 

Maize is the major staple crop produced in Benin on 80% of the total area cultivated 

for cereals. Maize annual production in Benin increased from 221,666 tons in 1968 

to 1.45 million tons in 2017 growing at an average annual rate of 5.08 % 

(FAOSTAT, 2017) 

 

Figure 2. 2 : Location of Study Area 

 

 



20 
 

2.2. Materials and Methods 

2.2.1. Data extraction from reviewed papers 

The observations were extracted from the experiments conducted exclusively in 

irrigated conditions. Results from rainfed experiments were excluded at the end 

given the small number of observations recorded (14) which would not allow to draw 

relevant conclusions.  

Data points were extracted both from tables and figures. When results were presented 

in figures, they were digitized using WebPlot Digitizer version 3.8 in order to easily 

identify points’ values. The total data points before averaging across replicates under 

the same water stress levels and growth stages was 653. After averaging, and 

removing missing data, the number of observations that underwent statistical analysis 

was 150 composed of 37 for the vegetative stage (VS), 59 for the reproductive stage 

(RS) and 54 for the vegetative and reproductive stage (VRS). 

 

2.2.2. Computation of decision variables for review 

 

The studies considered in this review (Table 2.1) revealed that water was withheld 

either in vegetative or reproductive stage, or in both vegetative and reproductive 

stages. The dependent variables studied are the percentage of grain yield reduction 

(equation 1), the percentage of variation of water productivity (equation 2), under 

water stress compared to optimal water levels. For the purpose of this study, a water 

stress index (percentage) has been defined as the ratio of the difference between 

optimal irrigation water and water under stress conditions, over optimal irrigation 

water (Equation 3). Only treatments where plots are irrigated outside rainfall were 

considered. 

                       (1) 

         (2) 

          (3) 
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Where Y, is the yield, N, the nitrogen amount, IWUE, the water use efficiency, I, the 

irrigation water applied. Opt indicates optimal treatment where full irrigation water is 

applied, Str refers to treatments that received deficit irrigation water, and c, the 

control treatment. Only the amount of water applied to the optimal and stressed 

treatments was recorded in order to compute the water stress index.  

In equation (1), a positive result would indicate a reduction of grain yield in the 

given treatment compared to the control. In equation (2), a positive result would 

imply that more grain yield is achieved per unit of irrigation water and that a certain 

amount of water is saved, while a negative value would indicate that less yield is 

achieved per unit water in stressed treatment compared to optimal treatment. 

Afterwards, we used grain yield percentage (GYP), IWUE and WD to refer to 

, , and  respectively.  

 

2.2.3. Experimental Design 

 

Two types of experiment have been conducted. The first type was supplemental 

irrigation, and was conducted twice in 2018 and 2019. The second type of 

experiment was conducted in 2019 under deficit irrigation. Figure 2.3 summarizes 

all the experiments in relation to the dry and rainy seasons. The experiments under 

supplemental irrigation were conducted using a randomized complete block design 

(Figure 2.4), with four (04) fertilizer levels and three (03) replications. All 

treatments were given equal depths of supplemental irrigation within each year. The 

fertilizer levels where adopted from Tovihoundji et al., 2017, and consisted of the 

rates : (F0) no fertilizer ; (F1) 2 g of NPK15-15-15 hill-1at 15 DAS +1 g urea (46%N) 

hill-1 at 45 DAS; (F2) 4 g of NPK15-15-15 hill-1at 15 DAS + 2 g urea (46%N) hill-1 at 45 

DAS; and (F3) 6.4 g of NPK15-15-15 hill-1 + 3.2 g urea hill-1 at 45 DAS. These rates are 

equivalent to 23.8 kg N ha-1, 4.1 kg P ha-1, and 7.8 kg K ha-1 for F1, 38 Kg N ha-1, 6.5 

Kg P ha-1, and 12.5 Kg K ha-1 for F2, and 76Kg N ha-1, 13.1 Kg P ha-1 + 24.9 Kg K 

ha-1 for F3 respectively. Sowing and harvesting were done manually. 
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Figure 2. 3: Summary of all experiments conducted in 2018 and 2019 in relation to 

the dry and rainfall season 

 

 

 

 

 

 

 

Figure 2. 4: Randomized complete bloc experimental design adopted for experiment 

under supplemental irrigation. F0: no fertilizer; (F1) 2 g of NPK15-15-15 hill-1 +1 g 

urea (46%N) hill-1; (F2) 4 g of NPK15-15-15 hill-1 + 2 g urea (46%N) hill-1; and 

(F3) 6.4 g of NPK15-15-15 hill-1 + 3.2 g urea hill-1  

 

Prior to experiment, the land of the experiment site was prepared and disk-plough by 

a tractor at a depth of 0.2m). Maize variety EVDT-97-STR-W (90 days maturity) 

was planted on 25th June in 2018 and on 07th July in 2019 under supplemental 

irrigation. In both years, maize was sown at the same density of 62500 plants ha-1. 

Each plot was designed as 4.6 m x 3 m and had a total area of 13.8. Sowing was done 
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at a spacing was 0.80m x 0.40m, on six rows per plot. Sowing took place manually in 

both years in rainfall seasons, and after the cumulative rainfall amount exceeded 

20mm. Seedling were thinned to 2 plant hill-1 two weeks after sowing. Weeding took 

place 15 and 30 DAS (days after sowing), and plots were ridged immediately after 

urea application at 45DAS. Harvest was done manually on 25th September 2018 and 

on 29th April 2019 respectively for the 2018 and 2019 experiment 

The experiment under deficit irrigation took place from 19 January to 21rst April 

2019. Maize was irrigated manually, using watering cans of 11 litres of capacity 

(Figure 2.5). Since good germination and earlier crop growth are a prerequisite to 

observe water stress effect during subsequent crop life stages, water stress was not 

applied during the emergence stage which lasted for 5 days. Water deficit was 

applied at the vegetative growth stage of the crop (from 31 days to 51 days after 

sowing), which corresponds to the period from the 11-Leaf to the 19-Leaf in the 

optimal treatment. The experimental site had no slope, and we assumed that 

percolation was minimal from one treatment to the other. 

 

Figure 2. 5: Manual irrigation of maize in dry season 

The experimental design was a randomized complete block design (RCBD) with four 

water stress levels as shown in Figure 2.6 : (i) Optimal irrigation with no stress (D0), 

(ii) DI at 25%ETc (D25), (iii) DI at 50%ETc (D50), and (iv) DI at 75%ETc (D75) of 

maize evapotranspiration, replicated three times. Recommended rates of fertilizer 

was given to the crop at 200 kg NPK (15-15-15) ha-1 + 100 kg of urea, which was 

equivalent to 76 kg N ha-1, 13.1 kg P ha-1, and 24.9 kg K ha-1, following the farmers 

practices.  
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Figure 2. 6: Randomized complete bloc design adopted for deficit irrigation 

experiment 

 

2.2.4. Field data collection 

2.2.4.1. Estimation of Irrigation depths 

For the experiment conducted under deficit irrigation, irrigation was optimal from 

sowing to 30 DAS. Water stress was applied from 31 DAS to 51 DAS based on daily 

crop water requirement (ETc). ETc was estimated using Cropwat (V 8.0), which is 

based on Penman Montheit for the computation of the reference evapotranspiration, 

ETo (Allen, 1998). Reference evapotranspiration was therefore estimated with 

Climwat (V 2.0).  

2.2.4.2. Maize growth parameters measured 

 

 Crop height, number of leaves and Leaf Area Index (LAI) 

During all experiments, growth parameters (Leaf Area Index, number of leaves, and 

height) were taken on three plants within each plot, every 3 days during the 

vegetative growth stage. Leaf area index was monitored by computing the ratio of 

the sum of all leaf area of a plant over the surface occupied by that plant (80*40 cm2) 

(Watson, 1952). Leaf length was measured from the leaf collar to the leaf tip, and 

leaf width was taken at the largest width (Figure 2.7),  
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L is the length of the leave, l, the maximum width, and k, a coefficient of conversion, 

chosen as 0.75.                       

   

Figure 2. 7: Measurement of leaf length (left figure) and width (right figure) at 

the vegetative stage for all treatments and experiments 

 

 Temporal dry above ground biomass 

Within individual plot, 2 plants from the same hill were selected every nine days 

for estimating temporal stover yield. The fresh weight of the two plants was taken, 

and they were dried in oven for three (03) days at 65°C. The total dry matter of a 

given day was estimated using the formula: 

  

Where: 

- Stv_yield is stover yield in kg/m2; 

-  FW is the fresh weight of the stover yield harvested in each plot (kg/m2); 

-  DM is the dry matter percent of the sample stover.  

- HA is the harvested area in m2, converted in ha. 

 Stover yield at harvest 

At harvest, three inner rows, for a total of 72 plants, were selected for estimating 

maize grain yield. The total number of plants followed with the number of plants 

bearing at least one ear were counted. All the plants were cut down and the ears 

were despathed to bring out the cobs. The fresh weight of the stover, including the 

leaves, the stalk, the panicles, the spathes and the silks was taken. Then, a sample 

was made out f it, consisting of a proportional combination of each part. The fresh 

weight of the sample was measured, and the sample was taken to an oven under 
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65°C for 3 days. At the end, the dry weight was taken, and the total stover yield 

per hectare was estimated using the formula: 

  

Where: 

- Stv_yield is stover yield in kg/m2; 

-  FW is the fresh weight of the stover yield harvested in each plot (kg/m2); 

-  DM is the dry matter percent of the sample stover.  

- HA is the harvested area in m2, converted in ha. 

 

 Grain yield at harvest 

The total number of cobs harvested was counted, and the fresh weight was taken 

immediately on the field. A sample of the cobs made of 10 cobs of different size 

was assembled. The fresh weigh of the sample of cobs was taken, and then dried 

in an oven for three (3) days under 65°C. at the end, the dry weight of the cob 

sample was measured and the total grain yield per hectare was estimated as 

follow: 

 𝐺𝑟_𝑦𝑖𝑒𝑙𝑑=  

Where: 

- Gr_yield is the grain yield in Kg ha-1 

- FW_gr is the total fresh weigh of the cobs harvested in Kg 

- DM, is the dry matter of the sample of cob 

- N is the ratio of the dry weight of grain obtained after shelling, over the total 

weight of the sample of cob 

- HA is the harvested area, in m2, converted in ha. 

 

 Water use efficiencies 

Water use efficiency (WUE) and Irrigation water use efficiency (IWUE) were 

assessed for all treatments as follow: 

WUE (kg m3) = GY/                         

IWUE = GY/ total irrigation water amount applied   
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 Harvest Index 

Harvest index (HI) was computed using the formula: 

HI = Grain Yield /Total biomass 

 

2.3. Data Analysis 

2.3.1. Review data analysis 

Descriptive statistics was used to present the distribution of studies and 

observation across continents and climatic zones. The classification of studies 

location by climatic zones was based on the United Nation Environment Programme 

(UNEP) aridity index, Table 2.3 (UNEP, 1993). Before the application of inferential 

statistics, the normality of the data was checked and transformation occurred for 

dataset that did not meet that requirement for all defined variables at each growth 

stage (Viechtbauer, 2010).  

Table 2. 3 : Classification of climatic zones based on UNEP Aridity Index, (UNEP, 

1993):  

Climate zones AI = P/ET Number of 

Observations 

Cold >0.65 - 

Humid >0.65 11 

Dry sub-humid 0.50-0.65 32 

Semi-arid 0.20-0.50 99 

Arid 0.05-0.20 35 

Hyper-arid <0.05 - 

AI: Aridity index; P: Precipitation; ET: Evapotranspiration 

We analysed the relationship between water stress levels and climate zones 

using a simple regression analysis. Aridity indices based on UNEP classification 

were used as a proxy of climate zones. Likewise, variation of yield loss percentage 

was assessed using a multiple regression between water stress levels, and aridity 

index. Furthermore, the best regression model was identified, through a backward 

regression analysis using the Akaike information criterion (AIC), where other 

independent variables such as nitrogen rates, and cultivar cycles were added to the 

regression.  
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When using simple linear regressions, the slope of the regression was used to 

assess severity of yield loss percentage or percentage of irrigation water use 

efficiency under water stress at each growth stage. For the multiple linear 

regressions, the multiple R-square, the adjusted R-square, and the P-value of the 

regression model were used to evaluate the performance of the model. The closer the 

multiple R2 and adjusted R2 were to 1, the better the model. The model was 

significant when p-value was less than 0.05. All analyses were conducted in 

RStudio. 1.1.456. 

 

2.3.2. Field data analysis 

 

Temporal data collected during maize growing season were analyzed for every day 

they were taken. One way Anova was run to check significant difference among 

treatments, and for each date, the Least Square Difference was used to describe the 

difference among treatments. For stover and grain yield collected at harvest, a one 

way Anova was used, followed by turkey test to identify the treatment that differs 

from others. All analyses were run in RStudio, version 1.1.456. 
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CHAPTER III : RESULTS 

3.1. Distribution, climatic zones and spatial scale of reviewed 

studies  

Most of the studies were carried out in Europe (Figure 3.1). In Africa, studies 

were reported from Niger, Burkina Faso, Soudan and Ethiopia. 

 

Figure 3. 1: Distribution of studies across continents 

All the studies were experimental but 47% of the experiments were conducted 

on farm (non-controlled environmental conditions) (Figure 3.2). 

 

Figure 3. 2: Spatial scales of Studies 
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3.2. Growth stages and yield parameters in reviewed papers 

The review revealed that water stress was applied at specific individual growth 

stage or at two or more stages simultaneously. Studies where water stress was 

applied at emergence stage or physiological maturity have been excluded due to 

lesser number. Therefore, treatments included in the review occurred either during 

the vegetative stage (VS), or the reproductive stage (RS), or even both the vegetative 

and the reproductive stage (VRS).  

 

The different yield parameters measured by each study are summarized in Figure 

2.4. All studies reported grain yield as crop yield parameters (Figure 3.3). But other 

parameters were reported by 5% of the studies reviewed. The lowest number of 

observations was recorded for kernel fresh weight, ear fresh weight, number of 

kernel per row, tasselling percentage and crop growth rate. 

 

Figure 3. 3: Percentage of studies and observations per yield parameters assessed. 

GY: Grain yield ; Abg_biom: Above-ground biomass ; HI: Harvest Index ; 

KW(1000): 1000 kernel weight ; K_nb/ear: Kernel_number per ear ; LAI: Leaf Area 

Index ;  P_hght: Plant height E_nb/plt: Ear number per plant ; E_nb/m2: Ear number 

per m2 ; L_nb/plt: Leave number per plant ; GY/ear: Grain weight per ear ; Sh_biom: 

Shoot biomass ;  Max_RD: Maximum root depth E_hght: Ear height; E_wght: Ear 

weight ; E_diam: Ear diameter ; Stem_diam: Stem diameter ; K_f_wght: Kernel 
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fresh weight ; E_f_wght: Ear fresh weight ; K_nb/row: Kernel number per row ; 

Plt_DM: Plant dry mass ; G_DM/plt: Grain dry mass per plant ;  C_DM: Cob dry 

mass ;  Stv_DM: Stover dry mass ; Silking (%): Percentage of silking ; Tasseling 

(%): Percentage of tasseling ; CGR : Crop growth rate. 

 

3.3. Relationship between climate zones and water stress levels 

applied 

At all growth stages, the more humid the zone, the higher the level of water stress 

(WD) (Figure 3.4). At vegetative stage (VS), water stress levels did not exceed 30% 

in arid and semi-arid zones, but reached 80% in dry-subhumid zones (DSH). At 

reproductive stage (RS), the highest water stress level zone was around 60%, 75%, 

and 80% in arid, semi-arid and subhumid zones respectively. 

 

Figure 3. 4: Regression of Water deficit levels in relation to regions Aridity Index 
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3.4. Maize grain yield loss percentage in relation to water stress 

levels and climatic zones 

3.4.1. Effect of water stress levels on grain yield loss 
 

The backward selection indicated that only water stress had a significant 

correlation with yield and IWUE variability at all growth stages (Table 3.1). As a 

result, yield loss percentage (GYP) was analyzed mainly as a function of water stress 

levels (WD). Positive relationship was observed between yield loss percentage and 

percentage of water stress at all growth stages (Figure 3.5 A, B & C). However, the 

trends varied with growth stages as indicated by the slope of the linear curves. The 

slope of the regression is high for RS (0.43) and low for VS (0.15) (Figure 3.5 A, B 

& C). Water stress level accounted only for 4% of the variance in grain yield when 

the stress was applied at the VS (Figure 3.5 A). Whereas, 23% and 15% of the 

variance was explained by the percentage of water stress when this occurred at the 

RS and VRS, respectively (Figure 3.5 B and C). 

 

Table 3. 1: Multiple linear regression model of GYP and IWUE for different 

treatments across studies 

Percentage of Grain 

yield reduction 

Percentage of Irrigation water use 

Efficiency reduction 

Vegetative Stage 

Estimates Std. Error Estimates Std error 

Intercept -4.16 3.60 -11.98  4.12 ** 

Water Deficit 

Percentage 

0.86 0.12 *** 1.42 0.21 *** 

Nitrogen Rates 0.0005 0.018 0.006 0.015 

 

Adjusted R2: 0.59; Multiple R2 = 0.62 

 

Adjusted R2: 0.57; Multiple R2 = 

0.60 

F- statistic = 27.27 on 2 and 34 DF; 

p-value: 8.60 e-08 < 0.001 

F-statistic: 22.86  on 2 and 31 DF, 

p-value: 7.95 e-07 < 0.001 

 Reproductive Stage 

Intercept 6.77 5.78 -14.50 9.80 

Water Deficit 

Percentage 

0.45 0.11 *** 0.68 0.18 *** 

Nitrogen Rates 0.02 0.02  -0.02 0.03 

 

Adjusted R2: 0.22; Multiple R2 = 0.54 

 

Adjusted R2: 0.21; Multiple R2 = 

0.24 



33 
 

F-statistic: 8.573 on 2 and 53 DF, 

p-value: 0.00059 < 0.001 

F-statistic: 8.34 on 2 and 53 DF, 

p-value: 0.0007 < 0.001 

 Vegetative and reproductive Stage 

Intercept 12.67 5.89 * -18.81 16.12 

Water Deficit 

Percentage 

0.32 0.11 ** 0.66 0.29 * 

Nitrogen Rates 0.02 0.02 0.11 0.05 * 

Adjusted R2: 0.10; Multiple R2 = 0.13 Adjusted R2: 0.09; Multiple R2 = 

0.12 

F-statistic: 4.45 on 2 and 58  DF, 

p-value: 0.016 < 0.05 

 

F-statistic= 3.88 on  2 and  57 DF, 

p-value: 0.03 < 0.05 

***: p < 0.001; **: p < 0.01; *: p < 0.05. 
 

 

Figure 3.5 shows that in VS, 86% of the observations were recorded for water 

deficit level (WD) below 20%, among which 51% were between 10 and 20% 

(Figure 3.5 A). Under low deficit (20%) in VS, grain yield loss percentage (GYP) 

varied from 0.5 to 17.5% of optimal yield. But above that range of deficit, GYP up to 

70% of optimal yield was reached when WD was around 80%. For RS, 52% and 

76% of the observations were below 20% and 40% of deficit, respectively (Figure 

3.5 B). Under 20% of deficit at RS, GYP was 46%, and could be above 90% when 

WD was around 80%. Whereas, in VRS, 58% of the observations were recorded 

above 40% of WD (Figure 3.5 C). In the same stage, 0.70 to 30% GYP occurred 

below 20% of WD. High GYP of 86% were obtained between 20 and 40% of WD. 
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Figure 3. 5 : Trend of maize yield loss under deficit irrigation set at: A) 

Vegetative stage, B) Reproductive Stage, and C) at vegetative and reproductive 

stages; ***: p < 0.001. 

 

 

 

B 

C 
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Percentage of grain yield loss (GYP) varied with growth stage (p<0.05; Table 

2.5). Nitrogen had no significant effect on GYP at all stages (Table 3.2). At the 

VS, GYP was high above 300 kg ha-1 (slope = 0.12) while there seemed to be no 

reduction of grain yield between 200 and 300 kg ha-1 of nitrogen (slope = -0.004), 

(Appendice 1Erreur ! Source du renvoi introuvable.). At the RS, negative trend 

was observed under 100 kg ha-1 (slope = -0.07), (Appendice 2). Between 200 and 

300 kg ha-1, the slope of the trend was very weak (0.07). The reduction was high 

at the high rates of nitrogen (above 300 kg ha-1) slope of = 0.72). At the VRS, 

similar trends were observed. Yield reduction was high above 300 kg ha-1 (slope = 

0.97; Appendice 3), and very weak when nitrogen rate was between 200 and 300 

kg ha-1 (slope = 0.17; Appendice 3).  

Table 3. 2: Variation of percent of yield loss percent and irrigation water use 

efficiency percent across maize growth stages 

GROWTH STAGES 

 

GYP 

 

IWUE 

Vegetative 5.5a 8.9 ab 

Reproductive 27.0b 4.5a 

Vegetative + Reproductive 21.4 ab 22.5b 

Significance <2e-

16*** 

** 

***: p < 0.001; **: p < 0.01 

 

3.4.2. Simultaneous relation between grain yield loss, water 

stress level, and climate zones 

At VS and RS, the higher the water stress and the more humid the climate, the 

higher yield loss percentage (Figure 3.6 A&B). However at VRS, this observation 

was partially valid. Yield loss percentage (GYP increased as water stress increased, 

but decreased as the climate is humid (Figure 3.6 C). In Arid zones, yield loss 

percentage was higher at VRS, and lower at VS. In semi-arid and in subhumid 

zones, yield loss percentage was lower at VRS. 
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Figure 3. 6: 3D Plot of grain yield loss percentage (GYP) in relation to water deficit levels (WD) and Climatic zones represented by aridity 

indices (AI) at: A) vegetative stage, B) reproductive stage, and C) vegetative and reproductive stage. 
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The multiple linear model analysis shows that 58%, 21%, and 0.17% of the 

variability in yield loss were explained by water stress and nitrogen rates in VS, RS 

and VRS respectively. GYP was negatively correlated with nitrogen rates at the VS, 

and the influence of this latter on GYP is quite low at all growth stages. To improve 

our understanding, we increased the explanatory variables by adding the cultivar 

maturity length, and/or the climate of the locations (categorical variable) to the 

multiple linear model regression of GYP. The results (Table 3.3) showed that for all 

growth stages, the multiple R2 increased from 62% to 90% in VS; and 13 to 33% in 

VRS. The adjusted R2 similarly improved in the same range, from 59 to 89% in VS, 

22 to 39% in RS, and 10 to 18% in VRS. In VS, only the climate and water has a 

significant effect on GYP (P-value < 0.05). In RS and VRS stages, the model that 

performed best is the one considering percentage of water stress, and climate as 

explanatory variables of GYP.  

 

Table 3. 3: Result of best regression model of GYP and IWUE for different 

treatments across studies 

Percentage of Grain 

yield reduction 

Percentage of 

Irrigation water use 

Efficiency reduction 

Estimates Std. Error Estimates Std. error 

Intercept 9.61 2.00 *** -14.63 3.76 *** 

Water Deficit 

Percentage 

  1.21 0.20 *** 

Dry-subhumid -8.82 3.61 * 16.14 5.01 ** 

Humid 59.50 4.01 ***   

Semi-arid -2.83 2.40 7.39 3.07 * 

Adjusted R2 =0.89; Multiple R2 = 0.90 Adjusted R2 =0.68; 

Multiple R2 = 0.71 

F-statistics = 100.5 on 3 and 33 DF; 

p-value: 2.2e-16 < 0.001 

F-statistics = 24.25 

on 3 and 30 DF; 

p-value: 3.65e-08 < 

0.001 

                               Reproductive Stage 

Water Deficit 

Percentage 

0.42       0.11*** 0.32 0.17 . 

Dry-subhumid 6.08 6.52 23.98 10.45 * 

Humid     39.33     9.14*** -45.54 14.66 ** 

Semi-arid 5.56 5.20 -9.66 8.33 

Adjusted R2 =0.39; Multiple R2 = 0.44 Adjusted R2 = 0.46; 

Multiple R2 = 0.50 

F-statistics = 10.01 on 4  and 51 DF; F-statistic: 12.57 on 4 
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p-value: 4.66e-06 < 0.001 and 51 DF, 

p-value: 3.44e-07 < 

0.001 

                                  Vegetative and reproductive Stage 

Intercept 18.76 6.84 ** 91.90 64.83 

Water Deficit 

Percentage 

0.29 0.13 * 0.56 0.42 

Dry-subhumid 0.41 5.36 16.44 23.27 

Humid -17.28 6.75 * 51.05 17.98 ** 

Semi-arid -2.55 5.55 14.35 14.33 

Nitrogen level   0.08 0.05 

Cultivar cycle   -1.06 0.51 * 

Adjusted R2 =0.18; Multiple R2 = 0.23 Adjusted R2 =0.28; 

Multiple R2 = 0.36 

F-statistics = 4.29 on 4  and 56 DF; 

p-value: 0.004 < 0.01 

F-statistics = 4.92 on 

6  and 53 DF; 

p-value: 0.00046 < 

0.001 

***: p < 0.001; **: p < 0.01; *: p < 0.05; ‘.’: 0.1 

 

 

3.4.3. Effect of water stress on irrigation water use efficiency 

(IWUE)  
 

IWUE varied with growth stage (Table 3.2). IWUE increased as water deficit 

levels (WD) increased irrespective of growth stage. Figure 3.7 a, b & c presents 

positive trends of IWUE as WD increased at the VS, RS and VRS respectively. 

Increases of IWUE were achieved at all growth stages, but this was more important 

when WD occurred at both vegetative and reproductive stages (slope = 1.61, Figure 

3.7 a). The positive trend was weak at the RS (slope = 0.04, Figure 3.7 b). 60%, 

23% and 50% of the variability of IWUE was explained by water stress at the VS, 

RS and VRS, respectively.  
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Figure 3. 7: Trend of irrigation water efficiency proportion under deficit irrigation 

set at: a) Vegetative stage, b) Reproductive Stage, and c) at vegetative and 

reproductive stages; ***: p < 0.001. 

Nitrogen rates had no significant effect on IWUE proportion at all stages 

(Table 3.3). At VS and VRS, WUE was high when nitrogen rates was below 100 kg 

ha-1 and low above 300 kg ha-1 (Appendice 4 and 6). At RS, WUE was high when 

nitrogen rate was between 200 and 300 Kg ha-1 (Appendice 5) and low between 100 

and 200 kg ha-1 (Appendice 6). 
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3.5. Maize production under supplemental irrigation 

3.5.1. Soil properties of the experimental field 

The texture of the soil was loamy-sand at all layers. Table 3.4 presents the chemical 

and textural characteristics of the soil at the experiment site. The soil was sowewhat 

alkaline at all depths. Organic carbon, total nitrogen levels, phosphorus were higher 

in the upper layer, but decreased with depth (Table 3.4) 

Table 3. 4: Initial soil conditions of the Parakou experiment site in Benin 

Parameters 0-20cm 20-40 40-100 

Soil chemical properties 

pH (H2O) 7.4 7.6 7.5 

Organic carbon (%) 1.07 0.553 0.276 

Total N (mg kg-1) 595.8 426.4 242.7 

Total P (mg kg-1) 307.8 176.1 138.9 

Total K (%) 0.15 0.15 0.17 

NH4
+ (mg kg-1) 26.8 28.9 21.2 

NO3
- (mg kg-1) 0.17 0.15 0.16 

Bulk density 1.56 1.30 1.48 

Electrical Conductivity 

(cmol+ kg-1) 

5.62 5.64 3.80 

Soil texture 

Sand (%) 77.4 77.8 72.2 

Silt (%) 14.5 12.1 13.1 

Clay (%) 8.1 10.1 14.6 

Texture Loamy sand 

Soil water retention caracterisitcs 

Soil moisture content at 

field capacity, cm3 cm-3 

0.1 0.123 0.14 

 

3.5.2. Rainfall distribution patterns during experiments 

 

Figure 3.8 shows that rainfall during the 2018 growing period was 653 mm from 47 

rainfall events. Rainfall was unevenly distributed in time, as no rainfall event was 

recorded from 40 to 50 DAS, and from 50 to 60 DAS. Whereas, these dry periods 

were important for maize crop flowering. 
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Figure 3. 8: Rainfall, Cumulative rainfall, and irrigation recorded during the 

experiment conducted under supplemental irrigation, 2018 

 

Figure 3.9 shows that during the 2019 maize growing period under supplemental 

irrigation, rainfall was 790 mm from 38 rainfall events. Total water applied through 

irrigation was 71mm.   

 

Figure 3. 9: Rainfall distribution during experiment conducted under supplemental 

irrigation in 2019 
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3.5.3. Evaluation of Maize growth parameters under 

supplemental irrigation conditions 

 

The number of leaves, Leaf Area Index (LAI), height, and the temporal stover yield 

of maize in 2018 are presented in Figure 3.10. The maximum number of leaves was 

observed in F3 treatments (Figure 3.10 A). LAI significantly differed between 

treatments from 27 DAS to 90 DAS and was maximum in F2 treatments from 36 

DAS to the end of growing season (Figure 3.10 B). Maximum LAI was 1 .1 for F0 

treatment whereas it reached 2 for the F3 treatments. There was a significant 

difference in crop height across treatments from 24 DAS to end of vegetative stage 

(Figure 3.10 C). Crop height was maximum in F3 treatments from 33 DAS to 43 

DAS. Stover yield increased with increasing fertilizer rates from 12DAS to 50 DAS, 

but was higher in F2 treatment from 53 DAS to harvest (Figure 3.10 D).  

Figure 3.11 shows grain yield and stover yield of maize grown under supplemental 

irrigation in 2018 across different fertilizer rates. There was a significant difference 

in grain yield between treatments for with the maximum obtained in F3 treatment. 

Grain yield was 55%, 21%, and 7% higher in F3 treatment compared to F0, F1, and 

F2 treatments respectively. Stover yield varied significantly from 2.3 Kg ha-1 for 

unfertilized treatment to 4.4 Kg ha-1 for the recommended treatment. Stover yield 

was 47%, 14%, and 2% higher in F3 compared to F0, F1, and F2, treatments 

respectively. 
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Figure 3. 10: A- Number of leaves; B- Leaf Area Index; C- Height, and D- Temporal stover yield of  maize plant under supplemental 

irrigation, 2018. 
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Figure 3. 11: A- Grain yield; and B- Stover yield of maize plant under supplemental irrigation, 2018. Anova results are presented in 

Appendice 7 
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Figure 3.12 presents the number of leaves, the LAI, height, and time series stover 

yield of maize grown under supplemental irrigation in 2019. The results show that 

generally, the values all the parameters were higher compared to maize growth 

under supplemental irrigation in 2018. This observtion is remarkable for F3 

treatments. LAI significantly differed between treatments from 33 DAS to 90 

DAS and was maximum in F3 treatments. Maximum LAI was 1.1 for F0 

treatment whereas it reached 2 for the F3 treatments (Figure 3.12 B). There was a 

significant difference in crop height which maximum value vas observed in F3 

treatment from 23 DAS. Maize plants reached the same height at the end of the 

vegetative stage (Figure 3.12 C). Time series biomass increased as fertilizer rates 

increases, from 25 DAS to harvest. During the growing period, the maximum 

biomass was observed in F3 treatments (Figure 3.12 D). 

Grain yield and stover yield in 2019 are presented in Figure 3.13. Grain yield and 

stover yield varied significantly across treatments. The values of both parameters 

were higher in F3 treatments. Grain yield increased by 63%, 16%, and 14% in F3 

treatments compared to F0, F1, and F2 respectively. Stover yield increased by 

43%, 12%, and 9.1% in treatments F3, compared to treatments F0, F1, and F2 

respectively. Anova results for grain yield and stover yield are presented in 

Appendice 8. There was no significant interaction effect of treatments and years 

on grain yield and stover yield (Appendice 9) 
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Figure 3. 12 : A- Number of leaves; B- Leaf Area Index; C- Height, and D- Temporal stover yield of  maize plant under supplemental 

irrigation conditions, 2019
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Figure 3. 13: A- Grain yield and B- Stover yield of maize plant under supplemental irrigation, 2019. Anova results are presented in 

Appendice 8 

 

A 
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P= 0.000114*** P = 0.000181*** 
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3.6. Maize production under deficit irrigation 

3.6.1. Rainfall distribution and irrigation application 
 

Five main rainfall events were recorded during the cropping season in 2019 The first 

rainfall (26 mm) event was observed 5 days after sowing (DAS) at emergence of maize 

shoots, which was observed on 26 January 2019. The second major rainfall (30mm) 

was recorded about 48 DAS around maize reproductive stage (first tassel appearance in 

optimal treatments). A cumulative rainfall amount of 38.5mm was recorded during the 

growing season (Figure 3.14). 

From sowing to 30 DAS all treatments were fully irrigated to daily maize water needs 

(ETc). From 31 DAS to 51 DAS, deficit irrigation was applied with respective 

reductions percent: 25% ETc reduction, 50% ETc reduction and 75% ETc reduction in 

D25, D50, and D75 respectively. A total irrigation water of 720.23 mm, 663.51 mm, 

621.60 mm and 590.17 mm was applied to the optimal (D0), D25, D50, and D75 

treatment respectively (Figure 3.14). 

 

Figure 3. 14: Cumulative irrigation and rainfall recorded during 2019 growing season 
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3.6.2. Evaluation of Maize growth parameters under deficit 

irrigation 
 

The rate of appearance of leaves during the development stage of maize was identical 

for all treatments from zero (0) to 36 DAS, and thereafter from 63 to 69 DAS (Figure 

3.15-A). During the stage of reduced water supplies, number of leaves significantly 

reduced for D50 and D75 treatments compared to D0 and D25, where the highest 

number of leaves was recorded (19). Discrimination of leave number between 

treatments started from 36 DAS onwards. The highest number of leaves for Do 

treatments was observed at 51 DAS for D0, 57 DAS for D25, D50, and D75. The 

number of leaves was lowest for D50 from 39 to 69 DAS.  

Leaf area index significantly reduced across treatments due to deficit water from 41 

DAS (Figure 3.15-B). However there was no significant difference between LAI across 

treatment from 12 DAS to 39 DAS. It was observed that from 63 DAS, LAI for D25 

treatment was slightly higher than that of D0 treatment. LAI in D0 treatments reduced 

by 24% compared to D25 treatments at 84DAS while the crop height similarly reduced 

by 30% in D0 treatments compared to D25 treatments  

Maize height was affected by deficit irrigation from 39 to 69 DAS. Highest height 

values were observed in D25 treatment and lowest values were observed in D75 

(Figure 3.15-C). 

Overall temporal biomass increased from 18 DAS to 90DAS for all treatment (Figure 

3.15-D). Temporal biomass was similar for all treatments from 18 to 36DAS. However, 

as a result of water stress, biomass significantly reduced for D75 treatment compared to 

the optimal treatment D0. Between 54 and 63 DAS, there was no significant difference 

between biomass of D50 and D25 treatment. Reducing 25%, 50% and 75% of crop 

water need resulted in 23%, 32% and 50% reduction in biomass respectively at 90DAS. 

The reduction of irrigation water from 31 DAS to 50DAS induced significant reduction 

of yield components as shown in Table 3.5. Grain yield per cob, number of grain per 

cob, and thousand grain yield was lowest for D75 treatment, and highest for D0 

treatment (p<0.001; p<0.05; and <0.001 respectively). Thousand (1000) grains weight 

for D25 and D50 treatments were similar. Similar trend was observed for harvest index, 

with lowest values given by D75 treatment and highest value given by D0 treatment. 
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Figure 3. 15: A: number of leaves; B: Leaf Area Index, C: height, and D: temporal biomass of maize during dry season  growing (2019) across 

treatment. Bars represent least square differences across treatments means. ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1: Significance levels of means 

difference.

C 
D 

A B 
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Table 3. 5: Yield components of maize during the 2019 offseason cropping 

season under different deficit irrigations at Parakou in Benin. Anova results are 

presented in Appendice 10 

Yield Components Treatments 

 D0 D25 D50 D75 LSD p-value 

Harvest Index 0.33a 

 

0.29ab 0.28b 0.15c 0.044 0.000245 

*** 

Thousand grain 

yield (kg) 

0.230a 

 

0.150b 

 

0.130b 

 

0.100c 

 

0.027 9.51e-05 

*** 

Number of grain 

per cob 

249a 

 

219ab 

 

177bc 160c 

 

50.681 0.0182 * 

Grain Weight per 

Cob (g) 

60.83a 

 

39.66b 

 

28.93c 

 

13.44d 

 

9.340 9.62e-05 

*** 

Number of full 

cobs plant-1 

1a 1a 1a 1a 8.87e-16 0.455ns 

Number of empty 

cobs per plants 

0a 1b 1b 1b 0.789 0.00958 

** 

‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1: significance levels of means difference; 

LSD: Least Significant difference of each parameter between treatment 

 

There was a significant treatment effect in maize grain yield and stover yield 

(p<0.001) and (p<0.01) respectively (Figures 3.16 A & B). Water stress level of 

25%, 50%, and 75% of induced 25%, 47%, and 82% of yield reduction in D25, 

D50, and D75 treatments respectively (Figure 3.16 A). Similar trend were 

observed for stover yield as 9%, 31% and 47% of stover reduction were induced 

as a result of 25%, 50% and 75% of water stress applied respectively (Figure 

3.16 B). Overall, highest grain yield and stover yield were achieved for the 

optimal treatment with no water stress. There was no significant difference of 

stover yield between D0 and D25 in one side, and between D50 and D75 on the 

other side. Stover yield was similar between D0 and D25 treatments on one side, 

and between D50 and D75 treatments on the other side.  

Maize WUE and IWUE are significantly different among treatments (p<0.001). 

IWUE is the same for D0 and D25 treatments. IWUE decreased by 28% and 71% 

in D50 and D75 treatments respectively compared to D0 treatments (Figure 3.17 

A). WUE decreased by 19% in D25, 24% in D50, and 66% in D75 (Figure 3.17 

B).
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Figure 3. 16: A: Maize grain yield, and B: stover yield in kg ha-1 of maize grown under deficit irrigation. Bars represent standard 

errors. ‘***’ 0.001 ‘**’ 0.01: significance levels of difference in treatment means.  Anova results are presented in Appendice 11 

            
Figure 3. 17: A: Water productivity, and B: water use efficiency of maize grown under deficit irrigation. Bars represent standard 

errors. ‘***’ 0.001 ‘**’ 0.01: significance levels of difference in treatment means.  Anova results are presented in Appendice 12

A B 

P = 0.000156*** 

 

A A B 
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CHAPTER IV : DISCUSSIONS 

 

4.1. Climatic zone of interest of deficit irrigation studies 

 

This review revealed that few studies have been reported from humid zones 

(Figure 3.4, and Figure 3.6). Authors from the studies applied relatively lower 

water stress levels in arid and semi-arid zones compared to humid zones). The 

application of lower water stress levels in arid zones can be understood as a 

precaution taken to avoid total crop failure under the combination of high deficit 

level and high evaporative demand. Furthermore, the observations confirm that 

much concern is given to deficit irrigation in arid and semi-arid zone in the view 

to optimize the use of limited water resources for crop production.  

 

4.2. Maize response to deficit irrigation varies with growth stages  

The results of this review show that when water stress is applied at vegetative 

stage yield loss is low than other stage (Figure 3.6). This explains why best 

deficit irrigation strategies target the most the vegetative stage in existing 

literature. Many studies identified the reproductive stage, namely the anthesis, and 

the phase immediately following anthesis as the most sensitive to water deficit 

(Andrade et al., 2002; Moser et al., 2006; Wang et al., 2017). This study lie in the 

same conclusions with previous ones in the sense that, under the same water 

deficit level, yield loss is greater in reproductive stage than in the vegetative stage. 

Since post-anthesis photosynthesis greatly determines the most carbohydrates in 

maize grain, any stress during that stage would induce considerable yield loss. 

Moreover, as a C4 plant, maize suffers more from water stress because of reduced 

energy captured from sunlight to synthetize carbohydrate during the 

photosynthesis process. Closed stomata induced by water stress limit the 

absorption of carbon dioxide, light and water for the synthesis of carbohydrates. 

Under the same range of stress set simultaneously at vegetative and 

reproductive stages, yield loss was expected to be higher than that obtained in 

vegetative or reproductive stages. Surprisingly, our result show that overall, in 

that case, yield loss is even lower compared to the loss induced in the 

reproductive stage. These contrasting results may be explained by a possible 
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accommodation of the crop to the stress from early vegetative growth stage, 

which may have resulted in yield compensation, under additional stress at 

reproductive stage. Several studies have indicated that when no stress is given to 

the crop at vegetative stage, yield loss due to moisture stress during following 

growth stages (reproductive or maturity) is higher (Comas et al, 2019).  

Since yield loss can be substantially reduced in vegetative stage, it is essential 

to identify specific period at which the crop would be subject to stress with no 

significant yield loss. Previous studies suggested that a mild to moderate degree of 

water stress at early vegetative growth stage can maintain or even increase yield 

(Du et al, 2015). The observations made from our analysis confirm that statement 

since lowest yield loss were recorded in treatments that underwent water stress in 

early vegetative stage (e.g. Eck, 1984). Furthermore, exceptional cases were 

recorded where some yield was gained under stress in vegetative stage. These 

cases represented 10% of the observations at vegetative stage and gain of grain 

yield ranged from 0.5 to 5% of optimal yield with no water stress (Ayana, 2011; 

Eck, 1984).  

4.3.  Factors explaining variability in maize grain yield and IWUE 

under deficit irrigation  

The results of this study show that both yield loss and IWUE increase as 

water stress percentage increases. Increase of IWUE irrespective of growth stages 

indicates that globally, high grain yield can be achieved per unit of irrigation 

water supplied in treatments under water stress than those under optimal 

irrigation. Even though water stress is significantly correlated and explains part of 

yield loss and IWUE proportion in VS and RS, one should not overlook the 

percentage of the variance that remains unexplained by water stress alone. This 

implies that other factors than water stress, together with water stress explain 

better the variability observed, in particular at reproductive stage. Deep insight 

into the results suggests that maize grain variability can be observed at different 

levels. In first place, at each growth stage, there is a variability among treatments 

of same water stress level and from same climatic regions. To illustrate this fact, 

in humid temperate regions, 50 % of water stress in RS, induced 49% of grain 

yield loss in one side (Çakir, 2004) whereas 3.20% of yield loss was caused by 

50% of stress on another side (Di Paolo and Rinaldi, 2008). In hot semi-arid 
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climate, 28% of stress in VRS, reduced yield up to 21% in P3Kollo cultivar 

(Pandey et al., 2000), when 28% of stress caused 86% of yield loss in Pioneer 31-

R-88 cultivar (Hammad et al., 2012). In the second hand, there is variability 

among treatments under same water stress level and from different climatic 

regions. 15% of stress led to 14% of yield loss in Hybrid Kaytar KX-8615Bt 

cultivar and 25% of yield loss in T.C647 respectively in cold dry temperate and 

hot dry temperate climate. This illustration suggests that the difference in climatic 

conditions coupled with the difference in cultivar potential explain the difference 

in yield loss. Furthermore, the general variability in grain yield under DI reflects a 

parallel discrepancy of optimal yield among optimal treatments across studies. 

Lower grain yield in optimal irrigation (OI) of 1792 kg ha-1, was obtained in 

Niger (Pandey et al., 2000), when higher yield under OI was 20520 Kg ha-1 in 

Turkey (Kuşçu and Demir, 2012). Another way this discrepancy can be noticed is 

that some treatments under DI at VS or RS in one region resulted in higher yield 

compared to treatments under OI in other regions. This is highlighted by 

comparing a grain yield of 18060 kg ha-1 for 745 mm and 100 kg ha-1 N (Kuşçu 

and Demir, 2012), and a grain yield of 8205kg ha-1 for same water and nitrogen 

amount (Mansouri-Far et al., 2010). Therefore, despite strong correlation of yield 

loss with water stress at all growth stages, factors such as climatic conditions on 

the one side, and cultivar potential on the other side are other sources of variance. 

As it becomes complex to explain grain yield variability, general conclusions 

cannot be made concerning the yield reduction percentage to be expected for a 

given percentage of water stress and even, under a given climate.  

 

4.4.  Maize response to supplemental irrigation and irrigation 

water deficit.  

 

Maize yield in SI 2019 was 32.5% and 19% higher than maize yield in SI 

2018 for F3 treatments, and F0 treatment respectively. This implies that even 

without fertilizer, additional water from supplemental irrigation improved crop 

growth. Yield increase are higher than the value observed by Gadédjisso-Tossou 

et al., 2018 who found out that yield increased by 7% under supplemental 

irrigation of 150mm. Similar increase was made for growth parameters as LAI, 
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and height. The results may be explained by the fact that maize received 168 mm 

in SI 2019, more than what it received in SI 2018. The intra-annual and the inter-

annual variability of rainfall was reduced when supplemental irrigation of 40 to 71 

mm was introduced. 

Deficit irrigation increased LAI in D25 treatments compared to D0 treatments 

from 63DAS to harvest (Figure 3.15). Similar increase of LAI in stressed 

treatments has been reported in Comas et al, 2019. Yield was reduced in the stress 

treatments compared to optimal treatment (Figure 3.16). Yield reduction 

observed in this study is within the range of the values reported in previous 

studies in Niger (Pandey et al, 2000), and in Turkey (Kusçu and Demir, 2012). 

These authors reported a yield loss in the range of 21-28%, and of 49% under a 

rate of 28%, and 58% of respective water stress applied. The water stress levels 

applied significantly decreased grain yield among treatments, but resulted in 

similar final biomass between D0 and D25 treatments, and D50 and D75 

treatments respectively. Yield reduction from this study is explained by the 

reduction in the number of grain per cob, and the reduction in the 1000 grain dry 

weight as reported by other researchers (Payero et al, 2009; Aguilar et al, 2007). 

From our results, the number of grain per cob decreased by 12%, 29% and 36% 

respectively in D25, D50 and D75 treatments compared to the optimal treatments 

(Table 3.2). However 1000-grain weight decreased by 35%, 42% and 57% 

respectively in D25, D50, and D75 treatments. Earlier studies that investigated the 

physiological, biochemical and developmental processes that underpin yield 

formation under water stress have reported a closure of plants stomata which 

limits CO2 uptake and carbon gain for photosynthesis. In the say way, the closure 

of stomata would in turn reduce water loss, thereby leading to a possible increase 

of WUE (Du et al, 2015).  

The results on water production and crop water use efficiency revealed that 

irrigation water can be reduced by 25% (56.72 mm) without impeding production 

per unit water input (Figure 3.17). The grain yield in D50 treatments would have 

been obtained by saving 6% of the water (31.43mm) applied. WUE is highest in 

D0 treatments and lowest in D75 treatments that received higher stress levels. 

WUE reduced by 19%, 24%, and 66% respectively in D25, D50, and D75 

treatments compared to D0 treatments. 



57 
 

There was a significant difference in IWUE and WUE among treatments with 

the highest and lowest IWUE and WUE valued observed in D0 and D75 

treatments respectively (Figure 3.17 B). However IWUE values were not 

different between D0 and D25 treatments. This implies that water stress levels 

D25 is closer to the right irrigation deficit to apply for increased water 

productivity. IWUE was 28% lower in D50 compared to both D0 and D25 

treatments, and was 71% and 60% lower in D75 compared to D0 and D25 

treatments respectively. This reduction is far above the reduction percentage of 

IWUE observed in previous studies which ranged from 1% to 14% under a range 

of 4 to 17% of stress (Pandey et al, 2000; Mansouri-Far et al, 2014; Kusçu and 

Demir, 2012). Yield decreases obtained from our results were larger than the 

range reported by previous studies (Benett et al, 1989), who reported a reduction 

of yield loss from 51 to 75%.  

4.5.  Implications and opportunities 

 

It is widely recognized that agriculture is by far the most important driver in 

the world water use with more than two thirds of the total fresh water resources of 

the planet consumed in an inefficient manner (Alemu et al., 2017; Viala, 2008). 

With growth stage based deficit irrigation (DI), there is a potential opportunity to 

save the amount of water in irrigation (Du et al., 2015; Raza et al., 2012) and 

hence increase irrigation water use efficiency which is the main goal of DI (Chai 

et al., 2016). More, probably, the technique offers also an opportunity to increase 

grain yield. When the increase of water use efficiency is observed generally, the 

increase of grain yield under this technique is still elusive. Previous reviews of DI 

had either been explanative, focusing on the mechanisms (physiological and 

biochemical) with which plants respond to DI (Chai et al., 2016), or comparing 

many types of crops response under different approaches of DI during plant 

growing cycle (Adu et al., 2018; Daryanto et al., 2016). The present analysis 

which focuses on maize response to DI, is in agreement with previous reviews on 

the fact that yield penalties caused by DI based on growth stage is compensated 

for with some irrigation water productivity gains. But, the extent to which the 

deficit can be limited at each growth stage to reduce yield loss and increase IWUE 

remains explorative. 



58 
 

Although crop yields are ultimate target for farmers in any irrigation strategy, 

this goal can be compromised by saving water in arid environment where water 

has an economic value for crop production (Exposito and Berbel, 2016). Thus 

there is the need to be aware of the factors that could potentially confound the 

effectiveness of water saving strategies. The results of our analysis showed that 

maize response to DI vary not only with growth stage but with a diversity of 

factors inherent to production systems. The complexity of production systems 

poses therefore a challenge to understand crop response to DI. 

Among the factors, climate has a very significant effect on yield under DI. 

Recent studies proved that temperature and solar radiation are the main climatic 

parameters explaining maize yield and yield variability under water stress (Carter 

et al., 2016; Srivastava et al., 2017). Because high temperatures are often recorded 

in drought periods, it remains unclear whether high temperature impacts yield, 

independent of moisture stress, at specific growth stages. Despite of the 

undeniable roles of temperature and solar radiation in the process of crop growth, 

their significant effect on yield at each separate growth stage need to be 

investigated.  

This review also contributes to the recognition that yield loss induced by 

water stress during reproductive stage is higher than yield loss in vegetative 

(Comas et al., 2019; Du et al., 2015; Fereres and Soriano, 2006). One of the key 

conclusion is that, under the same severity of deficit, yield loss at vegetative stage 

is less important. The fact that some yield can be gained under deficit water at the 

vegetative stage cannot, however be generalized, even though some case studies 

have been recorded which represent 10% of the total VS observations. However 

this provides an opportunity to investigate on the level of stress to be applied in 

the early vegetative stages, so as to provide some meaningful range to farm 

managers. Mainly for maize crop, focus should rather be on variability of water 

productivity and efficiency under deficit irrigation. Because yield loss is 

inevitable irrespective of growth stages, there is a need to optimize yield loss in 

conjunction with water productivity gain under range of factors that are in reality 

dependent on region (Mueller et al., 2012). 

Site specific recommendations on level of water stress at each crop growth 

stage, from seedling to maturity, through use of  decision support tools (DST) 

(MacCarthy et al., 2018) could be of great deal to limit yield loss and increase 
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water productivity under a range of factors. This would require the development 

of models that will be able to represent the real situations and make 

recommendations. This would be highly beneficial to farmers in arid areas where 

water use has an economic value, to help them increase their monetary return in 

water. So far, the uses of existing models have been limited to irrigation 

scheduling (defining the timing for deficit irrigation), and are rarely oriented 

towards site-specific recommendation for peculiar range of factors. The intent was 

mainly to calibrate and validate models (Andarzian et al., 2011; Farahani et al., 

2009; Heng et al., 2009; Hsiao et al., 2009; Khaledian et al., 2009; Ran H. et al., 

2018); or to simulate crop yield under future climate (Folberth, 2013; Katerji et 

al., 2013; Ma et al., 2017; Tsakmakis et al., 2019). New operating fields of DST 

need to be geared toward optimizing crop yield under DI.  

Deficit irrigation has proved to be beneficial in many studies, but the benefits 

are perceived based on the starting goal before irrigation. The results of this study, 

conducted under sub-humid climate in Benin indicated that stover yield at harvest 

was similar between D0 and D25 treatments on one side and between D50 and 

D75 on the other side. At the same time, similar results were obtained for IWUE 

between the two treatments. These results depict a similar water resources 

allocation in the pair treatments similar to each other, and proves its efficiency in 

reducing IWUE. But the results show that IWUE from stover yield will be higher 

than IWUE from grain yield. This would be more interesting if the prior goal of 

the irrigation was to produce maize forage, for animal feeding for instance. Hence, 

its importance to define the goals of deficit irrigation before implementing it. 

Deficit irrigation (DI) is an irrigation strategy to increase WUE in water 

limiting environment, hence its prior objective is not to increase crop yield. The 

importance of DI has also been debated in environments where water used for 

crop production has a monetary price, and where the objective is to reduce 

irrigation cost due to water pricing. Farmers in West Africa are not always 

concerned by increased grain yield, but by a sustained yield over long period of 

time, which is often jeopardized by climate variability. In such context, using 

deficit irrigation in sub-humid climate under the tropics, can be perceived not as a 

means to increase yield, but as a way to anticipate (i) unfavorable growing 

seasons with frequent drought spells and untiming effective onset of raining 
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season, thereby maintaining crop yield and (ii) the competitive use of fresh water 

resources among economic sectors in that part of the world. 

To improve DI schedules, the growth stages and the DI amount should be 

determined. Identifying these key parameters in DI scheduling through 

experiments would be quite time consuming, expensive, and laborious. Crop 

models can play an important role in identifying efficient DI schedules that would 

limit yield loss. Moreover, when coupled with climatic scenarios, they can 

simulate for long term efficient DI. Thus further study should consider the role 

crop model can play to maintain crop productivity under DI in WA. 

4.6. Limits of the study 

Water stress affects crop through three main processes: crop photosynthesis, 

crop phenology, and leaf expansion. Data from crop phenology would have 

provided detailed information on the duration of each growth stage under different 

levels of stress. Finally, irrigation of cereal in general is yet not common in WA, 

and its implementation needs to be economically profitable for farmers.  

Therefore, further studies are needed to investigate the economic sustainability of 

the strategy in WA. 
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CHAPTER V: CONCLUSIONS AND OUTLOOK 

In SSA, maize production systems are limited by unstable rainfall season, 

which in some parts manifest by frequent drought spells, leading to crop failure. 

To face this situation, new water management strategies can help to maintain and 

stabilize crop yield. This study has tested supplemental irrigation (SI) and deficit 

irrigation (DI) as such water management strategies to improve on maize 

production in a sub-humid climate of West Africa. Through a quantitative review 

on maize response to irrigation water stress, the results revealed that maize crop is 

more sensitive to DI at its reproductive stage (RS) than any other stage, with the 

highest yield loss compared to vegetative stage. Under low stress (20%) in VS, 

maize loss varied from 0.5% to 17.45% of its optimal yield. In RS, yield loss can 

reach 46%. 0.70 to 30% yield loss occurred below 20%. Lower yield loss is 

achieved at all stages, for lower water stress. Generally, yield loss was reduced 

when the stress occurred in early vegetative stage or in late reproductive stage 

(dough R4, dent R5, and physiological maturity R6), providing that the crop 

suffered no stress at establishment and beginning of reproductive stage. Maize 

yield variability under water stress was not explained only by water stress, but 

also by other external factors such as climate (temperature, solar radiation), 

cultivar cycle and nitrogen rates. However the significant effect of these factors 

combined together varies from one stage to the other. Water stress and climate 

greatly explained yield variability in vegetative and reproductive stage. When 

stress occurs at bot vegetative and reproductive stages, all the factors were 

explanative. With regards to IWUE, much irrigation water can be saved in maize 

stressed both at vegetative and reproductive stages. These results should be taken 

with precaution, however, because they do not reflect the difference in the 

frequency of irrigation at either stage. In addition, the variable IWUE does not 

reflect the production of biomass or yield per unit water used by the crop (ET) or 

per unit of water transpired, nor does it specify that water lost by irrigation is 

reused by other uses. Given the heterogeneous characteristics of experimental 

sites, there is need for site specific recommendations on level of water stress at 

each crop growth stage, through use of crop models to limit yield loss.  

The experiments conducted focused on maize growth and yield. 

Supplemental irrigation improved maize production for all parameters compared 
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to deficit irrigation. Irrigation water stress induced a decrease in number of leaves, 

LAI, height and temporal biomass starting from different dates, in D50 and D75 

treatments compared to D25 and D0 treatments. Number of total leaves, LAI and 

height in D25 increased compared to D0 treatments. This explains the similar 

stover yield at harvest in the two treatments. Lower biomass reduction in D25 

treatments supports the use of DI strategy for stover production used to feed 

animal. Therefore the results of this study suggest that the objective of using 

deficit irrigation for maize production should be clearly stated, as grain yield loss 

is obvious. As yield loss increases with levels of water stress, it is important to 

determine the optimum level of deficit irrigation level for which yield loss would 

be reduced. Since farmers in West Africa context are more concerned about a 

sustained yield over a long period of time, that optimum deficit level should be 

determined to make appropriate recommendations. Technically, as the proposed 

strategies are not yet implemented and practiced by farmers in WA, especially in 

Benin, many questions can be raise as for the acceptability of the strategies and 

their economic viability, provided that they can be implemented. 
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Appendice 1: Trend of maize yield under deficit irrigation and nitrogen rates 

when deficit is set at vegetative stage. 

 

Appendice 2: Trend of maize yield loss under deficit irrigation and nitrogen 

rates when deficit is set at reproductive stage. 
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Appendice 3 : Trend of maize yield under deficit irrigation and nitrogen rates 
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Appendice 7: Anova results of grain yield of maize grown under supplemental 

irrigation, 2018 

 
Df Sum Sq Mean Sq F value Pr (>F) 

Grain Yield 

Treatment 3 4900403 1633468 213.297 1.75e-06 *** 

Bloc 2 16166 8083 1.055 0.405 

Residuals 6 45949 7658   

 Stover Yield 

Treatment 3 8173615 2724538 223.102 1.53e-06 *** 

Bloc 2 51615 25808 2.113 0.202 

Residuals 6 73272 12212   

 

Appendice 8: Anova results of grain yield of maize grown under supplementary 

irrigation, 2019 

 
Df Sum Sq Mean Sq F value Pr (>F) 

Grain Yield 

Treatment 3 12793407 4264469 51.339 0.000114*** 

Bloc 2 288179 144089 1.735 0.25 

Residuals 6 498393 83066   

 Stover Yield 

Treatments Df Sum Sq Mean Sq F value Pr (>F) 

Treatment 3 18290601 6096867 43.617 
0.000181 

*** 

Bloc 2 1153649 576825 4.127 0.074597 

Residuals 6 838696 139783   

 

Appendice 9: Anova results of Interaction effect of year and treatment on maize yield 

under supplemental irrigation, 2018-2019 

 Df Sum Sq Mean Sq F value Pr(>F) 

 Grain Yield 

Treatment 4 16741334 4185334 78.904 2.53e-10 *** 

Year 1 6625313 6625313 124.904 5.73e-09 *** 

Treatment :Year 2 146089 73044 1.377 0.281 

Résiduals 16 848692 53043   

 Stover Yield 

Treatment 4 31906751 7976688 60.28 1.91e-09 *** 

Year 1 41497835 41497835 313.60 6.19e-12 *** 

Treatment :Year 2 263725 131862 0.996 0.391 

Résiduals 16 2117237 132327   

 

 



V 
 

Appendice 10: Anova results of components of maize yield grown under irrigation 

deficit irrigation condition, 2019 

 Df Sum Sq Mean Sq F value Pr (>F) 

Harvest Index 

Treatment 3 0.0574 0.0191 39.225 0.000245*** 

Bloc 2 0.0055 0.0027 5.615 0.422 

Residuals 6 0.0029 0.0004   

 Thousand grain yield (kg) 

Treatment 3 0.039 0.0103 54.632 9.51e-05*** 

Bloc 2 0.0001 0.0001 0.353 0.716 

Residuals 6 0.0011 0.0002   

 Number of grain per cob 

Treatment 3 14654 4885 7.591 0.0182* 

Bloc 2 2191 1096 1.702 0.2596 

Residuals 6 3861 643   

 Grain Weight per Cob (g) 

Treatment 3 3566 1188.8 54.398 9.62e-05 *** 

Bloc 2 123 61.7 2.822 0.137 

Residuals 6 131 21.9   

 Number of full cobs plant-1 

Treatment 3 5.9e-31 1.9e-31 1 0.455 

Bloc 2 3.9e-31 1.9e-31 1 0.422 

Residuals 6 1.1e-30 1.9e-31   

 Number of empty cobs per plants 

Treatment 3 4.667 1.556 9.956 0.00958** 

Bloc 2 0.396 1.979 1.267 0.347 

Residuals 6 0.937 0.1562   

 

 

 

 



VI 
 

Appendice 11: Anova results of grain yield and stover yield of maize grown under 

irrigation deficit irrigation condition, 2019 

 
Df Sum Sq Mean Sq F value Pr (>F) 

Grain yield 

Treatment 3 7388686 2462895 56.519 8.62e-05*** 

Bloc 2 23917 11958 0.274 0.769 

Residuals 6 261459 43577   

 Stover yield 

Treatment 3 11150270 3716757 14.359 0.00381** 

Bloc 2 2053792 1026896 3.967 0.07983 

Residuals 6 1553047 258841   

 

 

Appendice 12: Anova results of IWUE and WUE of maize grown under deficit 

irrigation condition, 2019 

 
Df Sum Sq Mean Sq F value Pr (>F) 

IWUE 

Treatment 3 14.325 4.775 45.940 0.000156*** 

Bloc 2 0.119 0.060 0.573 0.592013 

Residuals 6 0.624 0.104   

 WUE 

Treatment 3 9.323 3.1077 57.070 8.38e-0.5*** 

Bloc 2 0.073 0.0367 0.674 0.544 

Residuals 6 0.327 0.0545   

 

 

 


