
 
 

 

 

 

UNIVERSIDAD POLITÉCNICA DE MADRID 

ESCUELA TÉCNICA SUPERIOR DE INGENIEROS AGRÓNOMOS 

DEPARTAMENTO DE INGENIERÍA RURAL 

 

 
 

 

EFFECT OF CONSERVATION TILLAGE ON SOIL PHYSICAL 

PROPERTIES, IN-SITU RAINWATER HARVESTING, AND 

EROSION CONTROL IN ARID AND SEMI-ARID REGIONS 

 

TESIS DOCTORAL 

 

 

HAYTHAM MOHAMED SALEM MOHAMED 

 

 

MADRID, 2014 



 
 

 

  



 
 

 

 

UNIVERSIDAD POLITÉCNICA DE MADRID 

ESCUELA TÉCNICA SUPERIOR DE INGENIEROS AGRÓNOMOS 

DEPARTAMENTO DE INGENIERÍA RURAL 

 
 

EFFECT OF CONSERVATION TILLAGE ON SOIL PHYSICAL 

PROPERTIES, IN-SITU RAINWATER HARVESTING, AND 

EROSION CONTROL IN ARID AND SEMI-ARID REGIONS 

 

VºBº DIRECTORES DE LA TESIS: 

 
 

MIGUEL ANGEL MUÑOZ GARCÍA                     MARÍA GIL RODRÍGUEZ  
 

 

 

    Profesor, E.U.I.T. Agrícolas                                            Profesora, E.T.S.I. Agrónomos 

Universidad Politécnica de Madrid                                  Universidad Politécnica de Madrid 

 
 

 

 

 

Memoria presentada por HAYTHAM MOHAMED SALEM MOHAMED para 

la obtención del grado de Doctor por la Universidad Politécnica de Madrid 

 

 
  

MADRID, 2014 



 
 

  



 
 

DDEEDDIICCAATTIIOONN  

 

 

I dedicate this work to whom my heartfelt thanks to my mother, my lovely 

wife, and my sweet children for their patience, help and for all the support 

they lovely offered along the period of my departure, as well as to my brothers 

and late father.  

 

 

HHaayytthhaamm  MM..  SSaalleemm    



i 
 

  



ii 
 

ACKNOWLEDGEMENTS 

This work would not have been possible without the collaboration and inspiration of many 

people. First of all, I would like to express my deep appreciation to my supervisors Dr. 

Miguel Ángel Muñoz and Dr. María Gil Rodríguez for giving me this once-in-a-lifetime 

opportunity to both studying what I like most and developing my professional career, for 

introducing me to novel research topics with a constant support at both personal and 

professional level, for their constant help and encouragement, for their useful advice and 

for always being available to answer my questions at anytime with enthusiasm and a 

pleasant smile. I owe a debt of gratitude to Dr. Constantino Valero for his unconditional 

help, ongoing support and care during my thesis, for teaching me to pay attention to the 

details of everything and for his immense efforts in supervising all the experiments of this 

thesis. I would like to thank a lot Dr. Pilar Barreiro for her constant encouragement and 

help in many important experiments of this thesis. 

I would also like to thank a lot many people that I was lucky to know in the department of 

Rural Engineering and had the opportunity to share with them many nice moments: Dr. 

Belén, Dr. Adolfo, Dr. Jose Luis, Blanca, Miguel, Ángela and all LPF group.  

I wish to express my appreciation to the technical workshop staff Antonio, José, Juan 

Manuel, and Juanjo for their help and support. I would also like to thank Dr. José M. 

Durán Altisent and Mr. Román Zurita Calvo, also, to all technical staff of hydraulic 

laboratory for their efforts as well as material support.  

I would also like to thank Dr. Luís Leopoldo Silva and Dr. Luís Conceição for hosting 

me during the research stay at University of Evora, Portugal.  

I would also like to thank my friends Mohamed Frikha, Shady, Osama and Dr. Hosam. 

I feel deep grateful to my dear country Egypt. I would also like to thank all staff member of 

Soil and Water Conservation department, Desert Research Center. Also, the ministry 

of Agriculture for funding my PhD study. 

Finally, I feel extremely lucky to have an exceptional family that trusted me and was so 

patient and understanding even under all the negative circumstances they have suffered 

during my absence. Their love has been strong, unconditional, and selfless. They have 

made everything I’ve accomplished possible. I am forever in your debt! 

  

http://adsabs.harvard.edu/cgi-bin/author_form?author=Maria+Gil-Rodriguez,+M&fullauthor=Mar%c3%ada%20Gil-Rodr%c3%adguez,%20M.&charset=UTF-8&db_key=PHY
mailto:llsilva@uevora.pt


iii 
 

  



iv 
 

RESUMEN 

La escasez del agua en las regiones áridas y semiáridas se debe a la escasez de 

precipitaciones y la distribución desigual en toda la temporada, lo que hace de la agricultura 

de secano una empresa precaria. Un enfoque para mejorar y estabilizar el agua disponible 

para la producción de cultivos en estas regiones es el uso de tecnologías de captación de 

agua de lluvia in situ y su conservación. La adopción de los sistemas de conservación de la 

humedad del suelo in situ, tales como la labranza de conservación, es una de las estrategias 

para mejorar la gestión de la agricultura en zonas áridas y semiáridas. 

 

El objetivo general de esta tesis ha sido desarrollar una metodología de aplicación de 

labranza de depósito e investigar los efectos a corto plazo sobre las propiedades físicas del 

suelo de las diferentes prácticas de cultivo que incluyen  labranza de depósito: (reservoir 

tillage, RT), la laboreo mínimo: (minimum tillage, MT), la no laboreo: (zero tillage, ZT) y 

laboreo convencional: (conventional tillage, CT) Así como, la retención de agua del suelo y 

el control de la erosión del suelo en las zonas áridas y semiáridas. Como una primera 

aproximación, se ha realizado una revisión profunda del estado de la técnica, después de la 

cual, se encontró que la labranza de depósito es un sistema eficaz de cosecha del agua de 

lluvia y conservación del suelo, pero que no ha sido evaluada científicamente tanto como 

otros sistemas de labranza. 

 

Los trabajos experimentales cubrieron tres condiciones diferentes: experimentos en 

laboratorio, experimentos de campo en una región árida, y experimentos de campo en una 

región semiárida. 

 

Para investigar y cuantificar el almacenamiento de agua a temperatura ambiente y la forma 

en que podría adaptarse para mejorar la infiltración del agua de lluvia recolectada y reducir 

la erosión del suelo, se ha desarrollado un simulador de lluvia a escala de laboratorio. Las 

características de las lluvias, entre ellas la intensidad de las precipitaciones, la uniformidad 

espacial y tamaño de la gota de lluvia, confirmaron que las condiciones naturales de 

precipitación son simuladas con suficiente precisión. El simulador fue controlado 

automáticamente mediante una válvula de solenoide y tres boquillas de presión que se 
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usaron para rociar agua correspondiente a diferentes intensidades de lluvia. Con el fin de 

evaluar el método de RT bajo diferentes pendientes de superficie, se utilizaron diferentes 

dispositivos de pala de suelo para sacar un volumen idéntico para hacer depresiones. Estas 

depresiones se compararon con una superficie de suelo control sin depresión, y los 

resultados mostraron que la RT fue capaz de reducir la erosión del suelo y la escorrentía 

superficial y aumentar significativamente la infiltración. 

 

Luego, basándonos en estos resultados, y después de identificar la forma adecuada de las 

depresiones, se ha diseñado una herramienta combinada (sistema integrado de labranza de 

depósito (RT)) compuesto por un arado de una sola línea de chisel, una sola línea de grada 

en diente de pico, sembradora modificada, y rodillo de púas. El equipo fue construido y se 

utiliza para comparación con MT y CT en un ambiente árido en Egipto. El estudio se 

realizó para evaluar el impacto de diferentes prácticas de labranza y sus parámetros de 

funcionamiento a diferentes profundidades de labranza y con distintas velocidades de 

avance sobre las propiedades físicas del suelo, así como, la pérdida de suelo, régimen de 

humedad, la eficiencia de recolección de agua, y la productividad de trigo de invierno. Los 

resultados indicaron que la RT aumentó drásticamente la infiltración, produciendo una tasa 

que era 47.51% más alta que MT y 64.56% mayor que la CT. Además, los resultados 

mostraron que los valores más bajos de la escorrentía y pérdidas de suelos 4.91 mm y 0.65 t 

ha
-1

, respectivamente, se registraron en la RT, mientras que los valores más altos, 11.36 

mm y 1.66 t ha
-1

, respectivamente, se produjeron en el marco del CT. 

 

Además, otros dos experimentos de campo se llevaron a cabo en ambiente semiárido en 

Madrid con la cebada y el maíz como los principales cultivos. También ha sido estudiado el 

potencial de la tecnología inalámbrica de sensores para monitorizar el potencial de agua del 

suelo. 

 

Para el experimento en el que se cultivaba la cebada en secano, se realizaron dos prácticas 

de labranza (RT y MT). Los resultados mostraron que el potencial del agua del suelo 

aumentó de forma constante y fue consistentemente mayor en MT. Además, con 

independencia de todo el período de observación, RT redujo el potencial hídrico del suelo 

en un 43.6, 5.7 y 82.3% respectivamente en comparación con el MT a profundidades de 
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suelo (10, 20 y 30 cm, respectivamente). También se observaron diferencias claras en los 

componentes del rendimiento de los cultivos y de rendimiento entre los dos sistemas de 

labranza, el rendimiento de grano (hasta 14%) y la producción de biomasa (hasta 8.8%) se 

incrementaron en RT. 

 

En el experimento donde se cultivó el maíz en regadío, se realizaron cuatro prácticas de 

labranza (RT, MT, ZT y CT). Los resultados revelaron que ZT y RT tenían el potencial de 

agua y temperatura del suelo más bajas. En comparación con el tratamiento con CT, ZT y 

RT disminuyó el potencial hídrico del suelo en un 72 y 23%, respectivamente, a la 

profundidad del suelo de 40 cm, y provocó la disminución de la temperatura del suelo en 

1.1 y un 0.8 
0
C respectivamente, en la profundidad del suelo de 5 cm y, por otro lado, el ZT 

tenía la densidad aparente del suelo y resistencia a la penetración más altas, la cual retrasó 

el crecimiento del maíz y disminuyó el rendimiento de grano que fue del 15.4% menor que 

el tratamiento con CT. RT aumenta el rendimiento de grano de maíz cerca de 12.8% en 

comparación con la ZT. Por otra parte, no hubo diferencias significativas entre (RT, MT y 

CT) sobre el rendimiento del maíz. 

 

En resumen, según los resultados de estos experimentos, se puede decir que mediante el uso 

de la labranza de depósito, consistente en realizar depresiones después de la siembra, las 

superficies internas de estas depresiones se consolidan de tal manera que el agua se 

mantiene para filtrarse en el suelo y por lo tanto dan tiempo para aportar humedad a la zona 

de enraizamiento de las plantas durante un período prolongado de tiempo. La labranza del 

depósito podría ser utilizada como un método alternativo en regiones áridas y semiáridas 

dado que retiene la humedad in situ, a través de estructuras que reducen la escorrentía y por 

lo tanto puede resultar en la mejora de rendimiento de los cultivos. 
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ABSTRACT 
Water shortage in arid and semi-arid regions stems from low rainfall and uneven 

distribution throughout the season, which makes rainfed agriculture a precarious enterprise. 

One approach to enhance and stabilize the water available for crop production in these 

regions is to use in-situ rainwater harvesting and conservation technologies. Adoption of in-

situ soil moisture conservation systems, such as conservation tillage, is one of the strategies 

for upgrading agriculture management in arid and semi-arid environments. 

 

The general aim of this thesis is to develop a methodology to apply reservoir tillage to 

investigate the short-term effects of different tillage practices including reservoir tillage 

(RT), minimum tillage (MT), zero tillage (ZT), and conventional tillage (CT) on soil 

physical properties, as well as, soil water retention, and soil erosion control in arid and 

semi-arid areas. As a first approach, a review of the state of the art has been done. We 

found that reservoir tillage is an effective system of harvesting rainwater and conserving 

soil, but it has not been scientifically evaluated like other tillage systems.  

 

Experimental works covered three different conditions: laboratory experiments, field 

experiments in an arid region, and field experiments in a semi-arid region. 

 

To investigate and quantify water storage from RT and how it could be adapted to improve 

infiltration of harvested rainwater and reduce soil erosion, a laboratory-scale rainfall 

simulator was developed. Rainfall characteristics, including rainfall intensity, spatial 

uniformity and raindrop size, confirm that natural rainfall conditions are simulated with 

sufficient accuracy. The simulator was auto-controlled by a solenoid valve and three 

pressure nozzles were used to spray water corresponding to different rainfall intensities. In 

order to assess the RT method under different surface slopes, different soil scooping 

devices with identical volume were used to create depressions. The performance of the soil 

with these depressions was compared to a control soil surface (with no depression). Results 

show that RT was able to reduce soil erosion and surface runoff and significantly increase 

infiltration.  
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Then, based on these results and after selecting the proper shape of depressions, a 

combination implement integrated reservoir tillage system (integrated RT) comprised of a 

single-row chisel plow, single-row spike tooth harrow, modified seeder, and spiked roller 

was developed and used to compared to MT and CT in an arid environment in Egypt. The 

field experiments were conducted to evaluate the impact of different tillage practices and 

their operating parameters at different tillage depths and different forward speeds on the 

soil physical properties, as well as on runoff, soil losses, moisture regime, water harvesting 

efficiency, and winter wheat productivity. Results indicated that the integrated RT 

drastically increased infiltration, producing a rate that was 47.51% higher than MT and 

64.56% higher than CT. In addition, results showed that the lowest values of runoff and soil 

losses, 4.91 mm and 0.65 t ha
-1

 respectively, were recorded under the integrated RT, while 

the highest values, 11.36 mm and 1.66 t ha
 -1

 respectively, occurred under the CT. 

 

In addition, two field experiments were carried out in semi-arid environment in Madrid 

with barley and maize as the main crops. For the rainfed barley experiment, two tillage 

practices (RT, and MT) were performed. Results showed that soil water potential  increased 

quite steadily and were consistently greater in MT and, irrespective of the entire 

observation period, RT decreased soil water potential by 43.6, 5.7, and 82.3% compared to 

MT at soil depths (10, 20, and 30 cm, respectively). In addition, clear differences in crop 

yield and yield components were observed between the two tillage systems, grain yield (up 

to 14%) and biomass yield (up to 8.8%) were increased by RT.  

 

For the irrigated maize experiment, four tillage practices (RT, MT, ZT, and CT) were 

performed. Results showed that ZT and RT had the lowest soil water potential and soil 

temperature. Compared to CT treatment, ZT and RT decreased soil water potential by 72 

and 23% respectively, at soil depth of 40 cm, and decreased soil temperature by 1.1 and 0.8 

0
C respectively, at soil depth of 5 cm. Also, ZT had the highest soil bulk density and 

penetration resistance, which delayed the maize growth and decreased the grain yield that 

was 15.4% lower than CT treatment. RT increased maize grain yield about 12.8% 

compared to ZT. On the other hand, no significant differences among (RT, MT, and CT) on 

maize yield were found.  
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In summary, according to the results from these experiments using reservoir tillage to make 

depressions after seeding, these depression’s internal surfaces are consolidated in such a 

way that the water is held to percolate into the soil and thus allowing time to offer moisture 

to the plant rooting zone over an extended period of time. Reservoir tillage could be used as 

an alternative method in arid and semi-arid regions and it retains moisture in-situ, through 

structures that reduce runoff and thus can result in improved crop yields.  



x 
 

CONTENTS 

 Pages 

ACKNOWLEDGMENTS ii 

RESUMEN iv 

ABSTRACT vii 

CONTENTS x 

LIST OF FIGURES xiii 

LIST OF TABLES xvii 

LIST OF ABBREVIATIONS xx 

PART I: INTRODUCTION, LITERATURE REVIEW, AND 

OBJECTIVES 

xxii 

1. INTRODUCTION  1 

1.1.Problem statement and the possible solutions 1 

1.2.Thesis outline 3 

2. REVIEW OF LITERATURE  4 

2.1. Water scarcity and drought 4 

2.2. Soil erosion and surface runoff 6 

2.2.1. Erosion factors 7 

2.2.2. Erosion monitoring and assessment 8 

2.2.2.1. Rainfall simulators 9 

2.3. Rainfed agriculture 11 

2.4. Rainwater harvesting as a part of integrated water resources 

management 

13 

2.4.1. Classification of rainwater harvesting techniques 15 

2.4.2. Parameters that affect rainwater harvesting technique 

selection 

19 

2.5. Tillage systems for rainfed agriculture 20 

2.5.1. Conventional tillage systems 22 

2.5.2. Conservation tillage systems 23 

2.5.3. Reservoir tillage 24 

2.6. Concept of combination tillage implements 26 



xi 
 

2.7. Effect of tillage practices on soil properties 28 

2.7.1. Basic soil parameters 29 

2.7.1.1. Particle size distribution and coarse fragments 30 

2.7.1.2. Bulk density and total porosity 30 

2.7.1.3. Soil structure and aggregate stability 32 

2.7.1.4. Penetration resistance 34 

2.7.1.5. Soil temperature 35 

2.8. Effect of tillage practices on soil water dynamics 37 

2.8.1. Infiltration rate 40 

2.8.2. Soil water retention and storage 41 

2.9. Measurement of soil moisture 43 

2.9.1. Wireless sensor network (WSN) 46 

3. OBJECTIVES 48 

PART II: TILLAGE EFFECTS AND APPLICATIONS: METHODS AND 

RESULTS 

51 

4. Design and evaluation of different reservoir tillage’s depression 

geometric forms: effect on rainwater harvesting and soil erosion control 

under a developed rainfall simulator 

52 

4.1. Introduction 52 

4.2. Materials and methods 55 

4.3. Results and discussion 62 

4.4. Conclusions 76 

5. Developing a combination implement for in-situ rainwater harvesting 

and comparing its effect to other tillage practices on soil physical 

properties and erosion control in arid regions 

78 

5.1. Introduction 78 

5.2. Materials and methods 81 

5.3. Results and discussion 91 

5.4. Conclusions 108 

6. Effect of reservoir and minimum tillage practices on soil physical 

properties, soil water potential, and rainfed barley yield in semi-arid 

109 



xii 
 

regions 

6.1. Introduction 109 

6.2. Materials and methods 112 

6.3. Results and discussion 118 

6.4. Conclusions 128 

7. Effect of conservation tillage practices on soil physical properties, soil 

water potential, and irrigated maize yield in semi-arid regions 

129 

7.1. Introduction 129 

7.2. Materials and methods 131 

7.3. Results and discussion 136 

7.4. Conclusions 153 

PART III: GENERAL DISCUSSION AND CONCLUSIONS 154 

8. GENERAL DISCUSSION 155 

9. GENERAL CONCLUSIONS 163 

9.1. The evaluation of different tillage practices used 163 

9.2. The importance of the research tools used  165 

9.3. The future recommendations 166 

10. REFERENCES 167 

A. APPENDICES 198 

 

  



xiii 
 

LIST OF FIGURES 

 Pages 

Figure 2.1. Productive water and losses without water conserving or harvesting 

measures in drylands. (Liniger et al., 2011). 

13 

Figure 2.2. Spectrum of agricultural water management (Molden, 2007). Field 

conservation practices relate to in situ water conservation practices. 

14 

Figure 2.3. Classification of rainwater harvesting techniques (Prinz, 2011). 15 

Figure 2.4. Macro-catchment rainwater harvesting (Mekdaschi and Liniger, 

2013). 

16 

Figure 2.5. In-situ rainwater harvesting: (1) planting pits e.g. chololo, zai, 

tassa; (2) contour bunds with trenches e.g. tied fanja chini; (3) vegetative 

barriers e.g. grass strips (Mekdaschi and Liniger, 2013). 

18 

Figure 2.6. In-situ rainwater harvesting method (planting pits) in east Africa. 18 

Figure 2.7. Classification of tillage systems in relation to tillage intensity. 22 

Figure 2.8. Water content and water potential at saturation, field capacity and 

permanent wilting point (McCauley et al., 2005). 

38 

Figure 4.1. LabVIEW block diagram. 56 

Figure 4.2. Front panel for Labview platform program. 57 

Figure 4.3. Different hand-operated scoops used to form depressions. 60 

Figure 4.4. Treatments with depressions using shapes (a, b, and c) compared to 

control treatment, before and after rainfall simulation. 

61 

Figure 4.5. (a, b, c). Distribution of simulated rainfall intensities over 60 × 80 

cm plot area using (a) nozzle 468.528, pressure 0.8 bar, (b) nozzle 468.726, 

pressure 1.2 bar, and (c) nozzle 468.808, pressure 1.1 bar. 

63 

Figure 4.6. Mean surface runoff of the different depression forms compared to 

control under different surface slope degrees and different rainfall intensities (a, 

b, c, d, and e) for intensities (36, 58, 81, 97, and 112 mm h
-1

), respectively. 

66 

Figure 4.7 (a, b). Surface runoff as a function of time of different rainfall 

intensities (Ri), for depression (a), and no depression (control) under slope of 

10%, respectively. 

69 

Figure 4.8. Mean infiltration rate of the different depression forms compared to 72 



xiv 
 

control, under different surface slope degrees and rainfall intensities (a, b, c, d, 

and e) for intensities (36, 58, 81, 97, and 112 mm h
-1

), respectively. 

Figure 4.9. Mean sediment yield rate of the different depression forms 

compared to control, under different surface slope degrees and rainfall 

intensities (a, b, c, d, and e) for intensities (36, 58, 81, 97, and 112 mm h
-1

), 

respectively. 

74 

Figure 4.10 (a, b). Sediment yield rate as a function of time of different 

intensities (Ri: Rainfall intensity, mm h
-1

), for depression (a), and no depression 

(control) under slope 10%, respectively. 

75 

Figure 4.11. Suspended sediment concentration during simulations with 

different intensities (Ri: Rainfall intensity, mm h
-1

) in depression (a) treatment 

under surface slope 5%. 

76 

Figure 5.1. The location of the study area. 81 

Figure 5.2. Side view of the combination implement and the isometric for the 

spiked roller (reservoir tillage tool), (1) upper hitch point; (2) main frame; (3) 

chisel plow; (4) spike-tooth harrow; (5) ground wheel; (6) feeding mechanism; 

(7) seed hopper; (8)  spiked roller. 

83 

Figure 5.3. (a) Main structure of the combination implement; (b) the 

combination implement during carrying out experiments; (c) the depressions or 

mini-reservoirs creating by the combination implement. 

83 

Figure 5.4. Scheme of the statistical design of field experiments. 87 

Figure 5.5. a, b, c. Mean infiltration rate (cm h
-1

), under (a) tillage practices, 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage, (b) tillage 

depths, cm, and (c) tillage forward speeds, m s
-1

. 

97 

Figure 5.6. Effect of tillage practices (MT: minimum tillage; RT: reservoir 

tillage; CT: conventional tillage), tillage depths, cm, and tillage forward speeds 

(a, b, c, and d, which correspond with 0.69, 1, 1.25, and 1.53 m s
-1

, 

respectively), on runoff, mm. (Error bars with standard deviations (±SD)). 

101 

Figure 5.7. a, b, c. Depth of available water as distributed in the soil layers (0-

20, 20-40, and 40-60 cm), through the dry period of the growing season (t1, t2, 

t3, which correspond with 6, 40, and 63 days, respectively, after the last rainfall 

104 



xv 
 

event); (a) for tillage practices, MT: minimum tillage; RT: reservoir tillage; CT: 

conventional tillage, (b) for tillage depths (Td) 15, 20, 25 cm , and (c) for 

tillage forward speeds (Ts) 0.69, 1, 1.25, and 1.53 m s
-1

. 

Figure 6.1. Average monthly rainfall (mm) and temperature (
0
C) during the 

crop growing season. 

114 

Figure 6.2.  The hand-pushed tool used in reservoir tillage treatment and the 

depression created by using it.  

114 

Figure 6.3. Scheme for the wireless sensors network components and the nodes 

deployment in the experimental site. 

117 

Figure 6.4 (a, b, and c). Effects of tillage on cone index during the growing 

season in November 2012 (a), February 2013 (b), May 2013 (c), RT: reservoir 

tillage; and MT: minimum tillage. Values followed by asterisk (*) are 

significantly different at P= 0.05 according to ANOVA. Error bars show 

standard deviation. 

123 

Figure 6.5 (a and b). Daily soil water potential during February and March 

2013 at different soil depths under RT: reservoir tillage (a), and MT: minimum 

tillage (b). 

124 

Figure 6.6 (a, b, and c). Weekly soil water potential under RT: reservoir 

tillage, and MT: minimum tillage at soil depth 10 cm (a), 20 cm (b), and 30 cm 

(c). 

126 

Figure 6.7. The differences in barley growth and biomass yields between RT 

and MT during growing season (RT: reservoir tillage; MT: minimum tillage). 

128 

Figure 7.1. The experimental plots before planting and after soil preparation. 132 

Figure 7.2. The four tillage practices used in this study. 133 

Figure 7.3. Scheme for the wireless sensors network components and the nodes 

deployment in the experimental site.  

135 

Figure 7.4 (a, and b). Effects of tillage treatments on cone index during (a) 

growing season (30 May), and (b) at the time of harvesting (25 September). 

CT: conventional tillage; ZT: zero tillage; MT: minimum tillage; RT: reservoir 

tillage. Values within the same depth followed by different letters indicate 

significant differences (p < 0.05). 

142 



xvi 
 

Figure 7.5 (a, b, c, and d). Daily mean soil water potential in May, June, July, 

and August 2013, respectively, at soil depth of 20 cm. ZT: zero tillage; MT: 

minimum tillage; RT: reservoir tillage. 

145 

Figure 7.6 (a, b, c, and d). Daily mean soil water potential in May, June, July, 

and August 2013, respectively, at soil depth of 40 cm. CT: conventional tillage; 

ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. 

146 

Figure 7.7 (a, b, and c). Soil temperature at 5 cm depth recorded during (a) 10 

-21 May, (b) 1-12 June, and (c) 1-12 July 2013. CT: conventional tillage; ZT: 

zero tillage; MT: minimum tillage; RT: reservoir tillage. 

149 

Figure 7.8 (a, b, and c). Soil temperature at 12 cm depth recorded during (a) 

10 -21 May, (b) 1-12 June, and (c) 1-12 July 2013. CT: conventional tillage; 

ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. 

150 

Figure 7.9. The differences in maize growth at different periods under all 

tillage practices during growing season (CT: conventional tillage; ZT: zero 

tillage; MT: minimum tillage; RT: reservoir tillage).  

152 

Figure A.1.1. The cross section area of the tray used in the experiments. 198 

Figure A.1.2. The median drop diameter in micrometer for rainfall intensity 

58.8 mm h
-1

. 

199 

Figure A.4.1. The ēKo® node. 208 

Figure A.4.2. The basic ēKo® system network. 210 

 

  



xvii 
 

LIST OF TABLES 

 Pages 

Table 2.1. The properties of soil that are influenced by soil moisture content 

and vice versa (Dobriyal et al., 2012). 

39 

Table 2.2. Comparison of different methods used for estimation of soil 

moisture based on the identified criteria (Dobriyal et al., 2012). 

44 

Table 4.1. Soil characteristics. 59 

Table 4.2. Rainfall intensities and recurrence periods and coefficients of 

uniformity and variation for different nozzles working at different pressures 

over a 60 cm × 80 cm surface. 

64 

Table 4.3. Total mean of surface runoff, sediment concentration, and sediment 

yield rate of the different depression forms and reductions in these parameters 

as compared to no depression (control). 

67 

Table 4.4. Total mean of infiltration rate, time lag, and runoff coefficient of the 

different depression forms compared to control.  

70 

Table 4.5. Mean time lag and runoff coefficient with stander errors of 

depression (a) and no depression (control) under surface slope 0 and 10 %, with 

different rainfall intensities. 

71 

Table 5.1. Physical and chemical properties of the soil measured at different 

layers before tillage operations.  

88 

Table 5.2. F ratio of analysis of variance for bulk density, cone index, and 

infiltration rate under different tillage practices, tillage depths, and tillage 

forward speeds. 

93 

Table 5.3. Effect of tillage practices, tillage depths, and tillage forward speeds 

on bulk density (Mg m
-3

), and cone index (MPa) in different soil layers. 

94 

Table 5.4. Effect of tillage practices, tillage depths, and tillage forward speeds 

on infiltration rate (cm h
-1

). 

96 

Table 5.5. Effect of rainfall storm event on runoff (mm) and soil loss (t ha
-1

) in 

a soil without any treatments. 

99 

Table 5.6. Effect of tillage practices, tillage depths, and tillage forward speeds 

on runoff (mm), runoff coefficient (%), and soil loss (t ha
-1

). 

100 



xviii 
 

Table 5.7.  Effect of tillage practices, tillage depths, and tillage forward speeds 

on stored water in the soil profile and water harvesting efficiency (WHE). 

105 

Table 5.8.  Effect of tillage practices, tillage depths, and tillage forward speeds 

on grain yield (kg ha
-1

), precipitation use efficiency (kg ha
-1

 mm
-1

), and harvest 

index (%). 

107 

Table 6.1. Monthly average precipitation and air temperatures (1962-2011) at 

the study location. 

113 

Table 6.2. Physical properties of the soil measured at different layers before 

tillage operations. Mean ± standard deviation.  

116 

Table 6.3.  Bulk density ρb (g cm
-3
) and volumetric moisture content ϴV (cm

-3
 

cm
-3

) under reservoir tillage (RT) and minimum tillage (MT). Mean ± standard 

deviation. 

120 

Table 6.4. Total porosity f (cm
-3

 cm
-3

) and air-filled porosity fa (cm
-3

 cm
-3

) 

under reservoir tillage (RT) and minimum tillage (MT). Mean ± standard 

deviation. 

121 

Table 6.5. Yield components, grain yield, biomass yield, precipitation use 

efficiency (PUE), above-ground biomass per unit of precipitation received 

(PUEt) and harvest index (HI) under tillage systems (RT: reservoir tillage; MT: 

minimum tillage). Mean ± standard deviation. 

127 

Table 7.1. Physical properties of the soil measured at different layers before 

tillage operations. Mean ± standard deviation.  

134 

Table 7.2. Tillage treatment effects on soil bulk density ρb (g cm
-3

), and 

volumetric moisture content ϴV (cm
-3

 cm-
3
) applied in May and September 

2013. 

139 

Table 7.3. Tillage treatment effects on total porosity f (cm
-3

 cm
-3

) and air-filled 

porosity fa (cm
-3

 cm
-3

) applied in May and September 2013. 

140 

Table 7.4. Means comparison of maize yield and some yield components in 

different tillage methods. 

153 

Table A.2.1. Effect of tillage practices, tillage depths, and tillage forward 

speeds on total soil porosity (%) in different soil layers. 

201 

Table A.2.2. F ratio of analysis of variance for total soil porosity under 202 



xix 
 

different tillage practices, tillage depths, and tillage forward speeds. 

Table A.2.3. F ratio of analysis of variance for runoff, runoff coefficient, and 

soil loss under different tillage practices, tillage depths, and tillage forward 

speeds. 

202 

Table A.2.4. F ratio of analysis of variance for stored water in the soil profile 

and water harvesting efficiency (WHE) under different tillage practices, tillage 

depths, and tillage forward speeds. 

203 

Table A.2.5. F ratio of analysis of variance for grain yield, precipitation use 

efficiency, and harvest index under different tillage practices, tillage depths, 

and tillage forward speeds. 

203 

Table A.3.1. F ratio of analysis of variance for bulk density, total soil porosity, 

volumetric moisture content, cone index, and air filled porosity under different 

tillage practices at different soil layers for measurements taken after planting 

(this table related to chapter 7). 

205 

Table A.3.2. F ratio of analysis of variance for bulk density, total soil porosity, 

volumetric moisture content, cone index, and air filled porosity under different 

tillage practices at different soil layers for measurements taken at harvesting 

(this table related to chapter 7). 

205 

 

  



xx 
 

LIST OF ABBREVIATIONS 

 

Abbreviation Description 

AC Alternating current 

CI Cone index 

CT Conventional tillage 

CU Christiansen Uniformity 

CV Coefficient of variation 

D Drainage 

DSSS Direct sequence spread spectrum 

EEA European Environment Agency 

ESB Environmental Sensor Bus 

ET Evapotranspiration 

f Total soil porosity 

fa Air-filled porosity 

FAO Food and Agriculture Organization 

G.M.D Geometric mean diameter 

HI Harvest index 

I Infiltration 

IAEA International Atomic Energy Agency 

ISM Industrial, scientific and medical 

ISO International Standards Organization 

LED light-emitting diode 

M.W.D   Mean Weight Diameter 

MEMS Microelectromechanical systems 

MMA Ministerio de Medio Ambiente 

MT Minimum tillage 

NiMH Nickel-metal hydride battery 

OAS Organization of American States 

OSI Open System Interconnection 

P Precipitation 

http://en.wikipedia.org/wiki/Nickel-metal_hydride_battery


xxi 
 

PAWC Plant available water capacity 

Pg Seasonal precipitation 

PUE Precipitation use efficiency 

PUEt   Above-ground biomass per unit of precipitation received 

R Runoff 

RAM Random-access memory 

RF Radio frequency 

RGB Red-Green-Blue 

RI Rainfall intensity 

RT Reservoir tillage 

Se Stored water 

SIWI Stockholm International Water Institute 

TAW Total available water 

TM Trade mark  

UN United Nations 

URL Uniform resource locator 

W.S.A Water stable aggregates 

WEI Water Exploitation Index 

WHE Water harvesting efficiency 

WSN Wireless sensor networks 

Yg Grain yield 

ZT Zero tillage 

ρb Soil bulk density 

ρs Soil particle density 

ϴ Soil water content 

ϴg Gravimetric water content 

ϴv Volumetric water content 

  

http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCsQFjAA&url=http%3A%2F%2Fwww.siwi.org%2F&ei=hG3FUumUEKOh0QXC7oDIDg&usg=AFQjCNE4BxY1htQlfzm9vjpJhezR3xCGdA


xxii 
 

 

 

 

 

 

 

  

PPPAAARRRTTT   III:::   IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN,,,   LLLIIITTTEEERRRAAATTTUUURRREEE   RRREEEVVVIIIEEEWWW,,,   

AAANNNDDD   OOOBBBJJJEEECCCTTTIIIVVVEEESSS   

 

 

  

  



1 
 

CChhaapptteerr  11  

1. INTRODUCTION 

 

1.1. PROBLEM STATEMENT AND THE POSSIBLE SOLUTIONS 

How can 870 million people escape food insecurity (FAO, 2009)? How shall we feed an 

additional two billion people in 2025 (UN, 2009)? Can these goals be achieved without 

aggravated water scarcity or a significant loss of ecosystem services (Millennium 

Ecosystem Assessment, 2005)? To reduce the food insecurity, crop production would have 

to be doubled and produced in more environmentally sustainable ways (Borlaug and 

Dowswell, 2005). Global demand for major grains, such as maize (Zea mays L.), wheat 

(Triticum aestivum L.), and barley (Hordeum vulgare L.) is projected to increase by 70% 

by 2050 (Nelson et al., 2010). One of the key strategies to meet the global grain demand is 

to increase crop yields and improve land utilization in agriculture (Tilman et al., 2002). 

 

This can be achieved by expanding cultivable land area or by increasing per hectare crop 

productivity. Nevertheless, global grain demand is still facing additional major challenges. 

About 80% of the earth freshwater is currently consumed by irrigated agriculture, and this 

level of consumption will not be sustainable into the future. The predicted population 

growth will require that more of the available water resource be used for domestic, 

municipal, industrial, and environmental needs.  

 

In the Mediterranean arid and semi-arid regions, water resources are limited and, therefore, 

the increase of water use efficiency is a priority. Soil and water resources of these regions 

can be managed to sustain the productive capacity of the land and to better cope with water 

scarcity and food insecurity. The problem of water shortage in arid and semi-arid regions is 

one of low rainfall and uneven distribution throughout the season, which makes rainfed 

agriculture a risky enterprise. To mitigate that stress it is crucial to increase soil water 

availability for plants, which is directly affected by soil structure. This enhancement can be 

difficult, however, because the soils typically have low organic matter and weak structure 
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resulting in low infiltration rates, therefore, in order to increase both productivity and 

sustainability of these agro-ecosystems, it is essential to capture and retain the water from 

precipitation into the soil and to use it efficiently for optimum yield production. 

 

Therefore, new interest came up in recent decades to evaluate traditional water 

management techniques (Prinz et al., 1999) in-situ rainwater harvesting for rainfed 

agriculture is a traditional water management technology to ease future water scarcity in 

many arid and semi-arid regions of world. There are two broad strategies for increasing 

yields in rainfed agriculture when water availability in the root zone constrains crop 

growth: (1) capturing more water and allowing it to infiltrate into the root zone; and (2) 

using the available water more efficiently (increasing water productivity) by increasing the 

plant water uptake capacity and/or reducing nonproductive soil evaporation (Rockström et 

al., 2010). 

 

Integrated water and soil management particularly focused on soil tillage for improved 

infiltration, water harvesting for dry-spell mitigation can substantially improve yields and 

water productivity (Falkenmark and Rockström, 2004). Best soil management practices, 

such as conservation tillage is widely encouraged to improve the retention of water in soil. 

However, the implementation of conservation tillage is clearly lagging in Europe 

especially, in the Mediterranean region in comparison to other continents (Lahmar, 2010; 

Wauters et al., 2010). Conservation tillage is primarily used as a means to conserve soil 

moisture, to protect soils from compaction and erosion, and to reduce production costs 

(Holland, 2004). Soil erosion is, also in Europe, a major environmental problem. Recent 

estimates put the total soil loss from agricultural land in Europe between 3 and 40 t ha
−1

 

yr
−1

 (Verheijen et al., 2009). 

 

Erosion has on-site-effects, mainly through its effects on crop yield and soil quality. In the 

intensive agricultural systems generally used in Europe the effects of erosion on crop yields 

mainly occur due to the reduction of the amount of water the soil can store and make 

available to plants (Bakker et al., 2004). If soil depth is sufficient, yield losses may be very 

small as the nutrient losses due to erosion can be compensated by the increased application 

of fertilizers (Bakker et al., 2007). 
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As the agricultural policy of the European Union has fundamentally changed over the last 

decade and the societal pressure on the farmer’s community reduces the environmental 

impact of agricultural production, there may now be an increased potential for the adoption 

of conservation tillage. 

 

Over the last decades, there has been considerable research on the effects of conservation 

tillage on the soil properties and crop yield in many areas in Mediterranean region. 

However, the evidence from different studies often seems contradictory and is therefore 

difficult to interpret. This is to be expected: both the types of conservation tillage applied as 

well as the agro-environmental conditions vary greatly between individual studies. 

Adoption of conservation tillage still remains a genuine concern for landowners in these 

regions because of its potential effect on the crop growth and yield. 

 

The information necessary to thoroughly evaluate the potential effect of conservation 

tillage on soil properties, soil water retention, erosion control, and the crop yield can 

therefore not be extracted from a single study but requires a several analysis, integrating the 

results of as many studies as possible in order to identify general trends to develop models 

of evaluation, improve techniques and provide a solid base for scaling out these systems. 

1.2. THESIS OUTLINE 

This thesis is structured in three parts: Part I (Chapters 1, 2 and 3) serves as an 

introduction, literature review, and objectives. Part II (Chapters 4, 5, 6, and 7), which is 

the longest of the thesis, contains its main methodological approaches along with the 

results obtained for each application proposed and some specific conclusions for each 

application. And Part III (Chapters 8 and 9) summarizes the overall discussions and 

conclusions of the thesis along with some recommendations obtained from the study. 
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2. REVIEW OF LITERATURE 

 
This section is a general literature review and more specific literature review related to 

experimental works will be found in the four chapters of part II: Tillage effects and 

applications.  

2.1.  WATER SCARCITY AND DROUGHT 

Water is essential for life. No living being on planet Earth can survive without it. Water 

plays a principal role in all aspects of life; such as agricultural food production, 

environment, economics and politics. Generally, water is important for the development 

and stability of societies, thus it must be considered as a key factor in achieving both 

environmental and economic stability. Adequate supplies of water should be developed to 

ensure a sustainable life (Al Ali, 2012). Water plays the main role in the practices and 

beliefs of the main religions of the world (Martino, 2003), thus any droughts and water 

scarcity will affect the development and stability of these societies. 

 

In some areas in Europe, especially in the semi-arid Mediterranean regions of southern 

Europe, the balance between demand and water supply is reaching a critical level 

(Sagardoy and Varela-Ortega, 2010). For example, in Spain, water is relatively abundant. It 

presents a renewable water resource rate of about 2413 m
3
/capita/year, which is higher than 

the threshold level of 1000 m
3
/capita/year commonly used as one of the benchmarks to 

define water scarcity (Falkenmark et al., 1989). However, Spain is the most arid country in 

Europe and the third most water-stressed after Cyprus and Bulgaria in terms of water 

exploitation (EEA, 2009). Spain's national Water Exploitation Index1 (WEI) is 

approximately 34% and can reach 127% and 164%  in some areas of the southern river 

basins of Segura and Andalucia, respectively (EEA, 2009). 
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Most of the Spanish territory is considered arid or semi-arid with an index of humidity 

between 0.04 and 0.5 (MMA, 2000). Spain, as with the rest of the Mediterranean countries, 

is characterized by a heterogeneous distribution of water resources and temporal rainfall 

variability (Margat, 2004; Margat, 2008; Varela-Ortega et al., 2002). Annual 

evapotranspiration is about 862 mm (more than 34% of the European average), and, annual 

precipitation is about 684 mm (20% below the European average), (MMA, 2000). The 

climate varies across the Spanish territory, but, in general it is characterized by recurrent 

drought spells and normal years with hot, warm and dry summers, wet winters. High 

temperatures and scarce rainfall during the summer usually lead to acute water deficits, 

which makes the use of additional water for irrigation necessary to fulfill the need for crop 

water during that season. 

 

Not only water crises occurred in Europe but also in the Middle East and North Africa 

countries, Egypt lies in the heart of the water scarcity problem and the river Nile, Egypt’s 

main source of water, has now been fully exploited and groundwater availability is limited. 

The total area of Egypt is 1.001 million square kilometers. Approximately 95% of 

population lives in only 4% of the land. Since the 1980s, the Egyptian government has 

advocated policies aimed to extending cultivated land and maximizing production of the 

existing agricultural lands (Shalaby and Tateishi, 2007). 

 

There is an upcoming challenge for Egypt to fill the gap between the limited water 

resources and the growing demand. Available water amounts to 900 m
3
/capita/year, which 

is already lower than the threshold level of 1000 m
3
/capita/year (Shawky, 2009). This 

number is expected to fall to 670 m
3
/capita/year by 2017. The need for a more integrated 

approach became obvious due to the continued deterioration of water quality and poor 

operating performance of water agencies. 

 

Droughts generally are the result from a combination of natural factors that can be 

increased by anthropogenic influences. The main cause of any drought is a deficiency in 

rainfall and intensity of this deficiency in relation to the existing water storage, demand, 

and use. This deficiency can result in a shortage of water necessary for the functioning of a 

natural eco-system, and necessary for a certain human activities. High air temperatures and 
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evapotranspiration rates may act in combination with lacking rainfall to aggravate the 

severity and duration of a drought event. Other climatic factors such as low relative air 

humidity and high wind velocities are often associated with a drought event in many 

regions of the world, and can significantly increase its severity. 

 

Agricultural drought occurs when there is not enough soil moisture to meet the needs of a 

particular crop at a particular time. Non-irrigated agriculture is usually the first economic 

sector to be affected by drought. A definition for agricultural drought might compare 

evapotranspiration rates to daily precipitation values to determine the rate of soil moisture 

depletion, model soil moisture by a soil water balance model, or measure soil moisture 

directly, and then express these relationships in terms of drought effects on plant behavior 

at various stages of crop development. Such a definition could be used in an operational 

assessment of drought impact and severity by tracking meteorological variables, soil 

moisture, and crop conditions during the growing season, continually re-evaluating the 

potential impact of these conditions on final yield, generally, soil and water resources of 

drylands can be managed to sustain the productive capacity of the land and to better cope 

with drought and water scarcity in arid and semi-arid areas. 

2.2.  SOIL EROSION AND SURFACE RUNOFF 

Soil erosion is a natural process that is enhanced by human activity and occurs under 

different land uses and in all landscapes. Besides the influence of human activities, soil 

erosion processes are also caused by morphometric characteristics of the land. 

 

Soil erosion, continues to be a primary cause of soil degradation throughout the world, and 

has become an issue of significant and severe societal and environmental concern (Wei et 

al., 2007). About 80% of the world´s agricultural land suffers moderate to severe erosion, 

and 10% suffers slight to moderate erosion (Pimentel et al., 1995).  

 

Brady and Weil (2002) mentioned that the relationship between rainfall energy and soil 

erosion is determined by raindrop size, mass, size distribution, shape, velocity and 

direction. 

Thus, soil erosion by water is fundamentally a three-step process: 
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 Detachment of soil particles from the soil mass. 

 Transportation of the detached particles downhill by floating, rolling, dragging and 

splashing. 

 Deposition of the transported particles at some place lower in elevation.  

 

The detachment of soil particles is due to beating action of raindrops and cutting action of 

turbulent flow from water concentrated into channels.  

One of the purposes of soil water management in arid and semi-arid lands is to increase 

infiltration of water and reduce surface runoff. This purpose can be achieved through 

knowledge of movement of water on the surface. Surface runoff happens when infiltration 

rate of the soil is less than the precipitation rate. It is a portion of water that is neither 

absorbed by the soil nor accumulates on its surface, but that runs down slope (Marshall and 

Holmes, 1988).  

 

In agricultural fields, runoff is generally undesirable, since it results in loss of water and 

often causes erosion, the amount of which increases with increasing rate and velocity of 

runoff. Hillel (1989) mentioned the routine agronomic practices for controlling runoff 

include using straw mulches, chiseling to increase surface clods, planting on the contour, 

strip cropping and reseeding steep crop land to permanent grass. 

2.2.1. Erosion factors 

Soil erosion is caused by many factors. Those factors influence on the soil erosion process 

at different level of effect: 

 

 Climate 

The climatic factors that influence erosion are mostly rainfall, its amount, intensity, and 

frequency. During periods of frequent rainfall, a greater percentage of the rainfall will 

become runoff due to high soil moisture or saturated conditions. The effect of rainfall 

characteristics on erosion are not constant but can be varied with the soil type and 

vegetation types.  

 Soil Structure 
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Soils with low organic matter content, fine to medium texture, and weak structural 

development are most easily eroded (Bajracharya and Lal, 1992). Typically these soils have 

low water infiltration rates and, therefore, are subject to high rates of water erosion and the 

soil particles are easily displaced by wind energy. 

 

 Topography 

The slope steepness and slope length are the key characteristics of topography on erosion. 

More runoff with higher velocity will occur with increasing the slope steepness. The 

steeper the slope of a field the greater the amount of soil loss from erosion by water (Wall, 

2003). Soil erosion also increases as the slope length increases due to the higher runoff 

accumulation down the slope. Consolidation of small fields into larger ones often result in 

longer slope lengths and increasing erosion potential, due to increasing velocity of surface 

runoff which results in higher scouring effect. 

 

 Vegetative Cover 

Vegetation cover intercepts the impact of raindrops and slows surface runoff. The 

vegetation is vital protective cover of soil, thus the increase of surface cover can 

sufficiently reduces the erosion hazard. The effect of vegetation cover on erosion process 

also depends on the type of vegetation, density and ground cover. 

The vegetation cover can break the impact of raindrop before directly hitting the soil, thus 

reducing its ability to erode. Soil erosion potential increases if the soil has no or very little 

vegetative cover of plants and/or crop residues (Wall, 2003). Plant and residue cover 

protect the soil from raindrop impact and splash, tends to slow down the movement of 

surface runoff and allows excess surface water to infiltrate. 

2.2.2. Erosion monitoring and assessment 

Direct measurements of soil erosion can be done in the field or in the laboratory. Field 

measurements can be achieved by setting up a collection system into which eroded 

sediment and runoff from a defined area of land can discharge.  

Field scale experiments demarcate an area for study by the use of artificial boundaries or 

natural borders i.e. ditches, earth bunds or man-made material (e.g. metal sheeting). Soil 

erosion plots of different sizes are widely used to investigate the geomorphological 
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processes related to soil erosion (Fayos et al., 2006). At a small scale erosion plots are still 

used and are termed micro-plots (Morgan, 2005). At the larger scale (catchment to field) 

natural rainfall is mainly used while at the micro-plot scale, simulated rainfall systems are 

set up. In either case, the amount of rainfall is measured and the amount of runoff and/or 

soil loss is measured, giving a direct measurement of erosion for that particular area. 

Laboratory experiments are also carried out, using simulated rainfall to measure erosion or 

erodibility. Relatively undisturbed soil samples may be removed from the field and placed 

under a rainfall simulator and a variety of measurements can be taken, including surface 

runoff, sub-surface runoff, infiltration rates, and changes in soil properties. 

2.2.2.1. Rainfall simulators  

Rainfall simulators have been used as research tools extensively for laboratory and field 

characterization of hydro-geo-morphological studies including runoff, infiltration and 

erosion characteristics as well as studies of sediment, nutrient, and pollutant transport 

within watersheds (Aksoy et al., 2012). They are also used for measuring impacts of re-

vegetation, consolidation, and armoring on soil physical properties and erodibility. 

Likewise, rainfall simulators are important tools in studies of impacts of tillage 

management on compaction and infiltration in agriculture. All at once, rainfall simulators 

can produce unique data that are vital for calibration and validation purposes of empirical, 

conceptual or process-based rainfall-runoff-sediment transport mathematical models 

(Aksoy and Kavvas, 2005). 

 

The primary purpose of a rainfall simulator is to simulate natural rainfall accurately and 

precisely. At the same time, rainfall simulators control the intensity and duration of the 

rainfall. Rainfall simulators are advantageous because rainfall can be produced quickly on 

demand, wherever it is necessary without having to wait for natural rain at the intensity and 

duration required, thereby eliminating the erratic and unpredictable variability of natural 

rain. 

 

Desirable characteristics for rainfall simulators used in erosion and hydrological studies 

include the rainfall intensity, spatial rainfall uniformity over the entire test plot, the drop 

size, its distribution and terminal velocity. Also important are the accurate control of 
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rainfall intensity; similarity to natural rainfall in terms of kinetic energy; repeatability of 

applying the same simulated rainstorms; and improved mechanical and technical reliability 

for simple and easy transportation within research areas (Clarke and Walsh, 2007). 

 

Rainfall simulator’s size changes from a very small portable infiltrometer with 15 cm 

diameter rainfall area (Bhardwaj and Singh, 1992) to the complex Kentucky rainfall 

simulator that covers 4.5 m × 22 m (Moore et al., 1983). Rainfall simulators can be 

separated into two main groups according to the way in which the raindrops are produced: 

(i) non-pressurized nozzle (drop forming) simulators, (ii) pressurized nozzle simulators. 

In the drop forming simulators, water drops fall under the effect of gravity.  They emerged 

due to the uncertainties associated with nozzle generated drop sizes, distributions and 

intensities. These simulators become impractical for field use since a huge distance (10 m) 

is required for drops to reach terminal velocity. Unless the device is raised up very high, the 

drops strike the ground at a velocity much lower than the terminal velocity and with a lower 

kinetic energy. Therefore, pressurized nozzle simulators are commonly preferred for studies 

at large area fields (Esteves et al., 2000).  

 

Pressurized rainfall simulators produce raindrops through single or multiple nozzles. This 

type of simulators produces satisfactory droplet velocities and kinetic energy values at 

lower fall heights than the drop forming simulator. While, the continuous spray from the 

nozzle is not similar to natural rainfall in terms of storm intensity and duration. A rotating 

disc, a rotating boom, an oscillating bar or a solenoid-controlled simulator can be used as 

methods of starting or stopping the spray in order to reduce the exaggerated rainfall 

intensity among which a rotating or oscillating bar can be the simplest solution (Bubenzer, 

1979). Besides these two types of rainfall simulators, more sophisticated vehicle-supported 

designs are also available (Greene and Sawtell, 1992). 

 

Due to all these facts it is clear that a universal rainfall simulator applicable to all situations 

does not exist. Each specific condition requires specific designs for rainfall simulators. For 

example, motorized simulators cannot be used for plots with high slopes. Motor vehicle 

entry may not be possible also either due to wet winter soil conditions or grower concern 

about the cultivation, and unavailability of local water supplies. Therefore, a great number 
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of small portable laboratory simulators fully manageable by one person have been designed 

to overcome the disadvantages of the field rainfall simulators (Battany and Grismer, 2000). 

 

2.3. RAINFED AGRICULTURE 

The greatest potential increases in yield are in rainfed areas where many of the world’s 

poor live and where managing water is the key to such increases (Molden, 2007; 

Mekdaschi and Liniger, 2013). Currently, of the 1.5 billion hectares of cropland worldwide, 

more than 80% depend on rainfall alone, contributing to at least two-thirds of global food 

production (Scheierling, 2011). 

 

Rainfed agriculture is practiced in almost all the agro-ecological / hydro-climatic zones of 

the world. Yields can be high in temperate regions, with relatively reliable rainfall and 

productive soils, and also in tropical regions, particularly in the sub-humid and humid 

zones (Mekdaschi and Liniger, 2013). But in dry-lands, which cover approximately 40% of 

the global land area (WRI, 2012), yields of the major crops tend to be relatively low; 

between a quarter and half of their potential (Wani et al., 2009; Scheierling et al., 2013). 

 

Challenges within rainfed farming are mainly in arid and semi-arid regions. Water for 

production continues to be a key constraint to agriculture, due to highly variable rainfall, 

long dry seasons, and recurrent droughts. Arid and semi-arid areas are defined as areas 

falling within the rainfall zones of 0-300 mm and 300-600 mm, respectively (FAO, 1987). 

Because of the short growing periods (1-74 and 75-119 growing days, respectively), rainfall 

patterns are unpredictable and are subject to great fluctuations. The occurrence of drought 

is more frequent in the arid (lower rainfall) areas than in the semi-arid zones. 

 

If rainfall is less than crop water requirements, then clearly actual yields will be less than 

the potential; moreover the impact of variable rainfall is strongly affected by the nature of 

the soil and the stage of the growing period (Critchley and Scheierling, 2012). In addition 

climate change will affect these regions, where livelihoods are largely rainfed, and cereal or 

livestock farming system based. Recent climate change scenarios project that between 2000 

and 2050, and for warming levels of 1.8 to 2.8 
0
C (2.2 to 3.2 

0
C compared to preindustrial 
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temperatures), decreases in yields of 14 to 25% for wheat and 19 to 34% for maize (Deryng 

et al., 2011). 

 

Beside the challenges of coping with water scarcity and stress due to climatic variability, 

land degradation resulting from soil erosion by wind and water, and poor management of 

soil fertility contributes to low rainwater use efficiency (Mekdaschi and Liniger, 2013). 

Poor land and water management practices are major causes of low crop productivity. Up 

to 70–85% of rainfall may be effectively “lost” to crops in the dry-lands (Liniger et al., 

2011). Water in an agricultural production system can be lost due to evaporation from the 

soil surface, surface runoff (which simultaneously causes erosion) and through deep 

percolation or drainage, which sometimes can be later recovered for irrigation elsewhere 

(Figure 2.1). 

 

These rainfall losses, however, can be transformed into productive “green water”, meaning 

that soil water directly used by transpiration for plant growth (Figure 2.1). Then losses 

become advantages: runoff feeds water harvesting systems that store water directly in the 

soil profile. Losses can also be turned into useful “blue water”, i.e. water collected in water 

bodies and thus made available for irrigation (Mekdaschi and Liniger, 2013). Equally, 

increased groundwater availability, besides stimulating plant growth, can be extracted not 

only for supplementary irrigation of crops but also for domestic use and livestock 

consumption (Falkenmark and Rockström, 2004; Falkenmark and Rockström, 2006). As 

such, water harvesting and productive use of blue water sources, have positive effects on 

nutrition and poverty through increasing crop production and improving food security. An 

extra 10–25% of water runoff harvested and made available during critical periods of plant 

growth can double or triple yields (Ringersma, 2003; Liniger et al., 2011) or simply allow 

crops to regularly succeed in places with high risk of crop failure (Critchley and Gowing, 

2012). Upgrading rainfed agriculture can increase global crop production by 19%, which is 

comparable with the 17% effect of current irrigation (Rost et al., 2009). 

 

Apart from this, the cost of upgrading rainfed agriculture through appropriate rainwater 

management is by far lower than that of constructing irrigation schemes without even 
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accounting for the social and environmental problems of irrigation (De-Fraiture et al., 

2007). 

 

 

 

Figure 2.1. Productive water and losses without water conserving or harvesting measures 

in drylands (Liniger et al., 2011).  Note: Water stored in the soil and used directly by plants 

through transpiration is termed “green water”. Runoff, deep drainage, recharging of 

groundwater and feeding of streams is called “blue water”. 

2.4. RAINWATER HARVESTING AS A PART OF INTEGRATED WATER 

RESOURCES MANAGEMENT 

In rainfed areas, the additional amount of water needed to support agriculture directly 

depends on gains in water productivity through efficient water management techniques 

(Molden et al., 2010; Oweis and Hachum, 2006).  

 

Water can be managed according to different strategies and principles, depending on the 

amount of rainfall, potential evapotranspiration and the cropping system (or other use of 

water). Four different water management strategies can be recognized (Hudson, 1987; 

Rockström et al., 2010; Mekdaschi and Liniger, 2013): 
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 Management of excess water from rainfall or seasonal flooding through controlled 

drainage and water storage for future use, most suitable in humid and sub-humid 

conditions as well as semi-arid and arid conditions (floodwater harvesting). 

 Increasing rainwater capture and availability, making use of surface runoff; suitable 

for dry sub-humid to arid conditions (rainwater harvesting). 

 Reducing in situ water loss: improving direct water infiltration and reducing 

evaporation; soil water conservation practices that prevent surface runoff and keep 

rainwater in place (e.g. conservation tillage, level bench terraces, mulching, dew 

harvesting); suitable for sub-humid to arid conditions (in situ water conservation). 

 Increasing water use efficiency (e.g. good agronomic practice, including use of best-

suited planting material and fertility management). 

 

In order to improve productivity in the most sustainable way a combination of strategies to 

ensure these functions is often required. 

Water management is the overarching term that covers all practices improving water 

availability (Molden, 2007). Figure 2.2 shows different agricultural water management 

practices within the range from purely rainfed to fully irrigated production systems. 

 

 

Figure 2.2. Spectrum of agricultural water management (Molden, 2007). Field 

conservation practices relate to in situ water conservation practices. 
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In the past, the broad term ‘water harvesting’ has been used more frequently than 

‘rainwater harvesting’ (Boers, 1997). Many authors have defined water harvesting and 

rainwater harvesting as the process of concentrating precipitation through runoff, and 

storing the water for beneficial use, it was considered as an important option for improving 

the management of rainfall in arid and semi-arid regions (Critchley and Siegert, 1991; 

Oweis et al., 1999; Falkenmark et al., 2001). Increased water provisioning capacity at these 

regions enables management and use of water for multiple purposes in order to bridge dry-

spells and droughts (Barron, 2009).  

2.4.1. Classification of rainwater harvesting techniques 

Water harvesting is composed of a runoff producing area, normally called catchment area, 

and a runoff utilization area usually called cropping area. Its two major categories are 

classified according to the distance between the catchment area and the cropping area as 

follows: macro-catchment rainwater harvesting and micro-catchment rainwater harvesting 

as shown in figure 2.3, (Hatibu and Mahoo, 1999; Prinz, 2001). 

 

Figure 2.3. Classification of rainwater harvesting techniques (Prinz, 2011). 
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(1) Macro-catchment rainwater harvesting 

Macro-catchment rainwater harvesting technology is a method of harvesting runoff water 

from a natural catchment such as the slope of a mountain or hill, as shown in figure 2.4, 

(Prinz and Malik, 2002). In this application, the catchment area is usually as big as 1000 m
2
 

to 200 ha. The ratio between the catchment area and the cropping area ranges from 10:1 to 

100:1, with the catchment area being located outside the arable areas. The catchment area 

may have an inclination of 5 to 50%; the cropping area is either terraced or located in flat 

terrain. There are two different types of systems within this technology: (a) Long-slope 

systems, where the runoff collected from the catchment area is directly diverted to the 

cropping area, through a variety of bunds, ridges and furrows, (b) Floodwater systems, 

which can be defined as the collection and storage of ephemeral channel flow for irrigation 

of crops, fodder and trees, and for groundwater recharge. Macro-catchment rainwater 

harvesting systems require relatively high capital and labour investments and are relatively 

complicated systems to design (Oweis et al., 2012). 

 

 

 

Figure 2.4. Macro-catchment rainwater harvesting (Mekdaschi and Liniger, 2013). 
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(2) Micro-catchment rainwater harvesting  

There are two different types of systems within this technology:  

 

(a) Rooftop rainwater harvesting 

Harvesting of rainwater can be from roofs of private, public or commercial buildings (e.g. 

greenhouses, schools). The effective area of the roof and local annual rainfall will 

determine the volume of the rainwater that can be captured. Between 80–85% of rainfall 

can be collected and stored (Oweis et al., 2012). 

(b) In-situ (on-farm) rainwater harvesting  

In-situ rainwater harvesting, often referred to as soil and water conservation, involves the 

use of methods that increase the amount of water stored in the soil profile by holding or 

trapping rainfall where it falls, as shown in figure 2.5 (Stott et al., 2001; SIWI, 2001). 

There is no separation between the runoff collection area and its storage area; water is 

collected and stored where it is going to be utilized (Vohland and Barry, 2009). This system 

becomes an alternative in arid and semi-arid regions (Haile and Merga, 2002; Mutekwa and 

Kusangaya, 2006), where precipitation is low or infrequent during the dry season and there 

is a need to store the maximum amount of rainfall during the wet season for use at a later 

time, especially for agricultural and domestic water supply (OAS, 1997).  

 

In-situ rainwater harvesting practices need low technical efforts compared to larger-scale 

water harvesting (micro-catchment) schemes but show only comparatively short-term 

effects on soil water availability compared to temporally (storage) or spatially (spate 

irrigation) extended systems (Falkenmark et al., 2001; Vohland and Barry, 2009). 

 

A vast variety of traditional as well as innovative in-situ rainwater harvesting practices 

exist (IWMI, 2005; Mekdaschi and Liniger, 2013). Typical in-situ rainwater harvesting 

structures are linear structures (e.g. embankment of stone or earth as contour bunds, or 

grass strips) which are sometimes sophisticated, such as the Tera system in the Sudan (Van 

Dijk and Ahmed, 1993) and terracing as practiced in East Africa. Semi-circular bunds are 

common in the semi-arid zones of Western Africa (e.g. half moons or Demi lunes (Barry 

and Sonou, 2003). Pitting cultivation also takes place in the form of Zai in Burkina Faso 
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(Fatondji et al., 2001; Kabore and Reij, 2004), Tassa in Niger (Hassan, 1996), or the 

Chololo pits and Ngoro pits of the Matengo people in East Africa (Mati and Lange, 2003; 

Malley et al., 2004) (Figure 2.6). The different systems differ mainly in the size of the pits. 

In general, crop production is improved by applying mulch in the pit before planting. Other 

approaches, such as conservation tillage, improve infiltration ability on the field scale 

(Stroosnijder, 2003; Vohland and Barry, 2009). 

 

 

Figure 2.5. In-situ rainwater harvesting: (1) planting pits e.g. chololo, zai, tassa; (2) 

contour bunds with trenches e.g. tied fanja chini; (3) vegetative barriers e.g. grass strips 

(Mekdaschi and Liniger, 2013). 

 

 

Figure 2.6. In-situ rainwater harvesting method (planting pits) in east Africa. 
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2.4.2. Parameters that affect rainwater harvesting technique selection 

 Rainfall characteristics 

Rainfall characteristics, such as intensity and duration are more relevant for better results of 

water harvesting technologies than the total amount of rainfall. Minimum requirements for 

the frequency distribution of storms are very difficult to establish and depend also on other 

factors such as the length of the dry-spells between storms. As we said, the duration and 

intensity of rainfall have critical importance to water harvesting because runoff only occurs 

when certain thresholds are exceeded. Either the rainfall intensity should exceed the 

infiltration rate, or the rainfall intensity and duration should exceed the storage capacity of 

the soil (Pacey and Cullis, 1986; Reij et al., 1988). 

 

 Soil 

According to Critchley and Siegert (1991), the physical, chemical and biological properties 

of the soil affect the yield response of plants to rainwater harvesting. In general the 

following are the most suitable soil characteristics (Mwangi, 1998; Prinz and Singh, 2000): 

1- Medium textured soils - the loams, since these are ideally appropriated for plant 

growth in terms of nutrient supply, biological activity and nutrient and water 

holding capacities. 

2- Soils with a relatively high content of organic matter, the application of crop 

residues and animal manure is helpful in improving the structure. 

3- Deep soils, due to their capacity to store the harvested runoff as well as providing a 

greater amount of total nutrients for plant growth. 

4- Soils which are neither sodic nor saline because high percentages of sodium and salt 

can reduce moisture availability. 

5- a moderate infiltration rate, which can be desirable for producing high runoff in the 

catchment area and at the same time allowing adequate moisture to the crop root 

zone without causing water logging problems. 

6- Soils with available water capacity between 100-200 mm m
-1

. 
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 Vegetation cover 

Vegetation cover strongly influences on infiltration, crusting, runoff and erosion processes. 

By interception and evaporation the vegetation reduces the amount of rainfall reaching the 

ground. On the other hand, its presence breaks the impact of raindrop, which reduces soil 

erosion to about one percent of its value on bare soil and minimizes the crusting formation 

(Zhou et al., 2008). Straw mulch, roots, and other crop residues reduce the velocity of 

runoff; as a consequence there is a large difference in terms of infiltration rates between 

bared soils and soils covered with any type of vegetation. 

 

 Slope  

Soil slope is an important requirement to be considered in the implementation of water 

harvesting systems for crop production. Such techniques are not recommended for areas 

where slopes are greater than 5%, due to uneven distribution of runoff and large quantities 

of earthwork required which is not economical (Critchley and Siegert, 1991). Labor cost for 

construction of water harvesting systems is an important factor to be considered, which 

determines if a technique will be widely adopted at the individual farm level (Rosegrant et 

al., 2002). 

 

 Crop water requirements 

Knowledge of crop water requirements is essential for management of water harvesting 

systems. Different crops require different amounts of water depending on the crop type, the 

length of the growing season, and the particular season. Dry areas have high temperatures 

and low humidity which raise the evaporative demand of the environment. Other factors 

which influence crop water use include winds and sunshine duration and intensity. 

2.5. TILLAGE SYSTEMS FOR RAINFED AGRICULTURE 

The general purpose of tillage is to create a soil environment favorable to the desired plant 

growth. Tillage system requires mechanical manipulation of the soil by equipment that cuts, 

shatters, inverts the soil, incorporate soil amendments and the previous crop residues, and 

establish desired surface configurations (Gajri et al., 2002; Hobbs, 2007). The main 

objective of any agricultural business continues to be to sustain production, profitability, 

and, consequently, farm income. Tillage practices that do not match these requirements, 
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i.e., positive yield responses, cost-effectiveness, amelioration of soil conditions, etc., will 

therefore not be favored by farmers. 

 

Current tillage systems for rainfed agriculture can be divided into two categories; inversion 

tillage and non-inversion tillage.   

The first one, also known as conventional tillage, consists of a sequence of operations to 

prepare a seedbed, including complete soil inversion to incorporate crop residue. It is 

usually accompanied by additional cultivation to create a seedbed (Carter et al., 2003).  

 

On the other hand, non-inversion tillage, known more widely as conservation tillage, 

includes systems that involve fewer passes than conventional tillage but incorporate crop 

residue into the surface (upper 10 cm) whilst still leaving at least 30% of crop residue on 

the soil surface (Davies and Finney, 2002). 

 

Conservation tillage systems minimize the costs associated with cultivation and improve 

the timeliness of cultivation, leading to an improved crop production. Thus, the selection of 

a particular tillage method depends upon many factors that affect successful crop 

production (Carter et al., 2003).  

 

A particular tillage system chosen will depend on what soil and crop types, and production 

systems are being used by the farmer and the potential of a particular system on saving 

costs whilst optimizing production and financial margins. A summary and classification of 

the tillage systems according to tillage intensity can be seen in figure 2.7. 
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Figure 2.7. Classification of tillage systems in relation to tillage intensity.  

 

2.5.1. Conventional tillage systems 

Conventional tillage systems comprise of both primary and secondary tillage. Primary 

tillage is the initial major operation that involves inverting the soil using a mouldboard 

plough or disc plough. It is followed by secondary tillage with a disc harrow (Gajri et al., 

2002; Holland, 2004). Secondary tillage includes the use of a single or double pass of a 

cultivator to produce a seedbed for drilling using a cultivator drill (Bell, 1996). This system 

prepares a good seedbed by burying all surface residue and interrupting weed, pest and 

disease life cycles, giving the crop optimum germination conditions (Gajri et al., 2002) 
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because of the accelerated soil warming and drying that occurs prior to drilling (Jordan and 

Leake, 2004). Conventional tillage is still used in soils with drainage problems e.g. soils 

with a poor structure and soils when it is quick and economical to remove compaction from 

field traffic caused during the previous crop. 

 

Many farmers still routinely plough, justifying its use on yield security, improved seedbed 

preparation (unless conditions are dry when poor seedbeds are common), and for the ease 

of drilling. The appearance of clean, ploughed land is still seen by many farmers as well 

managed land compared to non-inversion tillage where crop residues on the surface are 

poorly managed (Jones et al., 2005). However, much research has shown that ploughing 

can lead to soil-related problems (El Titi, 2003) including soil erosion, soil compaction, and 

lower work rates. The conventional tillage leaves the soil bare and exposed to rainfall and 

high wind speeds accelerating erosion and degrading processes that reduce soil quality and 

agronomic productivity (Lal et al., 2007). 

2.5.2. Conservation tillage systems 

Conservation tillage covers approximately an area of 95 Mha worldwide (Hobbs et al., 

2008). It includes a range of different tillage practices, most of which are non-inversion 

techniques that aim to reduce soil erosion by leaving more than 30% of the soil surface 

covered by crop residues. However, with respect to small-scale farmers in arid and semi-

arid environment, conservation tillage is re-defined as any tillage system that conserves soil 

and water and it requires less energy when operated at shallower depths than conventional 

systems, and facilitates faster land preparation allowing a large area to be sown within the 

optimum time frame for successful crop establishment (Ball, 1989; Rockström, 2000). 

Conservation tillage aims at reversing a persistent trend in conventional farming systems of 

reduced infiltration due to compaction, soil crusting, hard pan formation and reduced water 

holding capacity due to oxidation of organic materials due to excessive turning of the soil. 

These methods include: no tillage, reduced or shallow tillage with tines or discs, subsoil 

tillage with straw mulch and straw-returning tillage (Wang et al., 2007; Avci, 2011; 

Fasinmirin and Reichert, 2011; Mitchell et al., 2012). Many studies have indicated that 

conservation tillage practices can increase the water and nutrient contents of the soil 

(Moraru and Rusu, 2010), reduce soil erosion (Franzluebbers, 2002), and improve soil 
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structure (Rusu et al., 2009) and increase crop yields (Chen et al., 2011). From this 

perspective, conservation tillage qualifies as a form of rainwater harvesting and 

management, where runoff is impeded and soil water is stored in the plant root-zone 

(Rockström et al., 1999). 

 

Another concept related to in-situ rainwater harvesting and conservation tillage that 

involves different techniques is known as "Reservoir Tillage (RT)". 

2.5.3. Reservoir tillage 

Reservoir tillage is an effective system of harvesting water in-situ (planting pits) and 

conserving soil but it has not been evaluated scientifically like other tillage system. 

Consists in creating small depressions or pits between crop rows and helps prevent or 

reduce runoff and holds water in place, allowing it to infiltrate the soil (Mrabet, 2002; 

Patrick et al., 2007). This technique is suitable both to rainfed farming and to sprinkler 

irrigation (Hackwell et al., 1991; Rochester et al., 1994). This approach was developed 

under the consideration that tillage can provide increased levels of surface storage, which 

may turn in one of the most effective means of controlling soil erosion. Much reservoir 

tillage research has been conducted with variations in terminology including: basin tillage, 

micro-basin tillage, furrows diking, furrow blocking, soil pitting, and tied-ridging (Lyle and 

Dixon, 1977; Wiyo et al., 2000; Brhane et al., 2006; Nuti et al., 2009). 

 

However, currently, reservoir tillage is used predominantly for soil erosion control in 

environments with higher annual but lower intensity rainfall than semi-arid environments. 

Typically, depressions are formed in compression by the use of a number of weighted, 

toothed discs that are towed behind a tractor in recently tilled soils to form isolated, 

approximately 0.5 L capacity. Spoor and Berry (1999) indicated that under conditions of 

high evaporation rates and high-intensity rainfall, reservoir tillage should be adapted to 

maximize the volume of runoff collected without impeding water infiltration through 

compaction during the creation of the depressions, either by wheel traffic or by the 

implement itself.  
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For any given soil conditions, the volume of water harvested by a depression will depend 

on the volume of the depression and its depth which determines the maximum head of 

water in the depression, but the volume of water will also depend on the slope, which will 

influence the reservoir capacity. At the field scale, the number of depressions per unit area 

and their spatial configuration will play a major role in determining the volume of 

harvested water.   

 

Ventura et al. (2005) reported a new reservoir tillage system for in-situ rainwater harvesting 

in semi-arid areas. The system included horizontal soil subsoiler, a raw planter and a roller 

formed with plastic wheels to create mini-reservoirs on the soil surface. Their idea was to 

prepare seedbed with no-inversion of soil by means of horizontal cutting. They found that 

the new reservoir tillage delayed runoff by about 20 minutes over control treatment when a 

rainfall of 40 mm h
-1

 was simulated. This was attributed to the fact that indentions made by 

the roller enhanced infiltration especially in the first stage of rain. They also found that both 

runoff rate and soil erosion were higher in the control than the new reservoir tillage. This is 

due to the fact that rainfall was collected in the mini-reservoirs allowing more time for 

infiltration which reduced runoff and its great potential to detach and transport soil 

particles. 

 

Patrick (2005) indicated that depression formation by Aqueel
TM

 adversely increased the soil 

bulk density on the soil surface. Therefore there is a need for soil tillage before depression 

formation, therefore exposing the soil to atmosphere. This is likely to results in high 

moisture loss similar to conventional deep ploughing. It also has some economical 

implications because there is a need for a second run to create depressions. Mupangwa et 

al. (2006) mentioned that infiltration pits and basin tillage increased soil water content and 

crop yields compared to traditional spring ploughing. Also, the results showed higher soil 

loss from conventionally ploughed plots compared to plots under different tillage practices. 

They also indicated that the effective spacing and depth of infiltration pits within contours 

need to be determined for different soil textural classes.  

 

Patrick, et al. (2007) reported that reservoir tillage is an effective method of harvesting 

water and thus reducing erosion in semi-arid areas on light textured soils, such as marginal 
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areas in semi-arid environments commonly includes light textured soils on slopes that are 

prone to erosion. Also, they showed that depressions were able to harvest up to 95% of 

surface runoff for slopes of up to 10%. These results suggest that, for optimized water 

harvesting, the Aqueel
TM

 should be operated across slope as is common with other tillage 

practices on moderate slopes. 

2.6. CONCEPT OF COMBINATION TILLAGE IMPLEMENTS 

Many attempts are being made to combine separate implements with different functions. 

Combination implements are mainly used to limit the number of trips across the field. 

Repeated passes of tillage implements for preparing seedbed can be very damaging to soil 

structure and porosity. Research on the combination implements started to identify 

equipment that would have low weight to reduce soil compaction which indicated by 

resistance to penetration, as reported by Parka and Meeker (1983). They divided the form 

of combined implements into three different groups which can be distinguished as follows: 

 

1- Combinations for loosening the deeper of the soil while at the same time, 

intensively tilling a surface layer; two pieces or tiered combinations of different 

tillage implements, for example the chisel plow with various mounted secondary 

tillage tools. 

2- Combinations for seedbed preparation, the essentially and best possible seedbed can 

be created with the minimum number of passes by arranging various shallow 

working implements or tools one behind the other. 

3- Combinations for seedbed preparation and seeding, three or more pieces or tiered 

combinations of implements. 

 

They also indicated that increase in productivity in field operations can be accomplished in 

at least three factors which are: 

1- Increasing size and width of machine. 

2- Combining operations to limit the number of trips across the field. 

3- Increasing travel speed. 
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For an analysis of total farm operation, it was found that the second factors can be very 

important.  

 

Kumar and Manian (1986) designed and developed a combination tillage tool (cutting blade 

and rotating slicer) to combine primary and secondary tillage operations in single pass, and 

to use drawbar power available in a tractor by optimizing soil energy tool performance. 

They found that the energy required for the preparation of the seedbed will be reduced by 

using combination their tillage tool. Also, the soil treated with combination tillage has 

lower percentage of bigger sized clods; thus finer pulverization is obtained. They also 

indicated that combination tillage is an ideal implement for timely tillage practice as it 

required lesser time of operation per hectare when compared to the conventional tillage 

practice. 

 

El-Saied (2000) investigated the performance of a combined machine which consisted of 

chisel plow followed by rotary plow. Its performance was compared with the pure passive 

tillage tool (chisel plow). The results showed that, combined machine (one pass) produced 

lower bulk density, higher porosity, lower soil penetration, higher soil pulverization, higher 

rate of tilled soil volume, higher actual field capacity, higher field efficiency, lower draw 

bar pull, lower tractor wheel slippage, lower rate of fuel consumptions, lower power 

requirements and lower specific energy. Using the combination tillage tools resulted in 

saving about 44-55% of the cost and 50-55% of the time (Tuhtaku-Ziev and Utepbergenov, 

2002). 

 

Karoline and Jan (2008) reported that, soil bulk density tended to be lower in the 

combination machine compared to the conventional tillage at the same location. The soil 

water content was generally higher for the combination machine compared to the 

conventional tillage at the same location. Mean weight diameter (M.W.D) was higher under 

conventional tillage than combination machine and the hydraulic conductivity tended to be 

higher under combination machine compared to the conventional tillage. 

 

Generally, after development and arriving at a set of definitive design concepts, there is a 

need to evaluate them to see which one is close to satisfying the set specifications. 
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According to Dieter (2000) there were some factors should be taken into account to 

evaluate the combination implement as follows: 

 

- Safety: Safety is paramount for every machine. The whole implement must be easy 

to use and perform with minimum operational problems which can injure the user. It 

must be easy to replace safety parts incorporated in the implement. 

- Accuracy: It is important that the implement must be adjusted accurately for major 

crops grown in the target region. 

- Control: The implement must be easily manipulated during operation. It must be 

compact for easy turns at headlands. 

- Power requirement: The draught power required to operate the implement must be 

kept to a minimum in order to match the popular tractor models in the target region. 

This is very important for the adoption of the implement by the farmers. 

- Ease of manufacture: The construction of the implement must be as simple as 

possible. Mass production parts must be used where possible. Knowledge of the 

local mechanics must be taken into consideration, as this will help in maintenance 

of the implement. The implement must be compact enough so that it could be easily 

being transported on three point linkage of the tractor. 

- Durability: This implement is targeting farmers who are not reaching, and therefore 

the longer it lasts the better. The material used must not break easily and be hard 

enough to resist corrosion. 

2.7. EFFECT OF TILLAGE PRACTICES ON SOIL PROPERTIES 

Understanding the effects of tillage practices on soil quality is critical for sustainable soil 

management. Soil quality is generally considered on physical, chemical and biological 

grounds and is important for the assessment of the extent of land amelioration and to 

identify management practices for sustainable land use (Ling-ling et al., 2011). The 

physical and hydraulic properties of the soil have pronounced effects on the chemical and 

biological properties and processes in the soil and therefore play a vital role in studies 

evaluating soil quality (Dexter, 2004).  
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Soil physical and hydraulic properties due to tillage revert back to the original state as a 

result of natural reconsolidation due to wetting and drying cycles (Green et al., 2003) 

created by rainfall events or supplementary irrigation provided during the crop season. The 

reconsolidation is a dynamic process and it may depend on the frequency (Cameira et al., 

2003), amount (Bandaranayake and Arshad, 2006) and subsequent drying. Consequently, 

the coupled effects of tillage and water management can be a factor responsible for 

temporal variability in soil physical and hydraulic properties and processes. There are many 

studies in the literature highlighting the long-term effects of tillage on soil physical and 

hydraulic properties but less work is available on short-term (seasonal) effects in arid and 

semi-arid regions. 

 

Soils in the arid and semi-arid Mediterranean regions typically have low organic matter 

content and thus in most cases weak structure because the lack of organic matter content is 

one of the important factors influencing soil structure (Gajri et al., 2002; López-Bellido et 

al., 1997; Hernanz et al., 2002; Badalucco et al., 2010). It can be concluded that in most 

cases conventional tillage affects soil structure negatively and causes excessive breakdown 

of aggregates and soil structure, thus increasing the soil’s potential for erosion and also 

inducing carbon loss, thereby decreasing the soil’s production capacity and stability (Cox et 

al., 1990). These concerns gave rise to invention of conservation tillage practices that 

improve soil physical and biological properties and also especially conserve water. For this 

reason conservation tillage practices are particularly successful in arid, semi-arid especially 

under Mediterranean climates with low carbon contents where water availability is the most 

limiting factor for rainfed crop production (Moreno et al., 1997). 

Today appropriate tillage practices are those that avoid degradation of soil properties but 

also maintain economic crop yields, as well as ecosystem stability (Lal, 1985).  

2.7.1. Basic soil parameters 

The following section focuses on selected basic soil properties and the effects of different 

tillage practices on these properties. This will help to form an idea of the way each property 

is influenced: positively, negatively or not significantly. 
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 2.7.1.1. Particle size distribution and coarse fragments 

Soil particles can be classified in seven categories depending on size (Hillel, 1980):  

 Coarse sand (0.5-2 mm) 

 Medium sand (0.25-0.5 mm) 

 Fine sand (0.106-0.25 mm) 

 Very fine sand (0.05-0.106 mm) 

 Coarse silt (0.02-0.05 mm) 

 Fine silt (0.002-0.02 mm)  

 Clay (< 0.002 mm)  

 

Soil particle size distribution influences many other soil properties. It mainly determines 

the hydrological, mechanical, and chemical behaviors of the soil (Gui et al., 2010; Paz-

Ferreiro et al., 2010). Thus, it controls soil water processes like infiltration, hydraulic 

conductivity, and the soil’s ability to store water. The sand and silt fractions are relatively 

inert, whereas the clay fraction constitutes the reactive fraction of the soil. Although, soil 

particle size distribution is important in soil tillage it is not extensively studied, like, for 

instance, bulk density and organic carbon content. This is mainly because tillage generally 

has a minor effect on the soil particle size distribution and is especially true for the short 

term. In long-term tillage studies some authors have found that tillage significantly affected 

soil texture, but the opposite is mostly common. 

 

One study compared the particle size fractions of a deep cultivated soil and natural forest 

vegetation in the same area. The results did not show significant differences, although a 

minor clay increase was observed under the deep cultivated soil (Vieira et al., 2000). The 

findings of Paz-Ferreiro et al. (2010) showed that in two different crop rotations, particle 

size fractions were not significantly different if to conventional tillage is compared with no 

tillage. 

2.7.1.2. Bulk density and total porosity 

Soil bulk density and total porosity are the most commonly measured soil physical 

properties affected by tillage. They are primarily used as measures of soil compaction 



31 
 

which may adversely affects soil hydraulic properties like infiltration rate, and water 

storage capacity (Rousseva et al., 1988). 

Lower bulk density is preferred in agriculture because it increases water infiltration, 

promotes root growth, and improves soil aeration and air exchange. High bulk densities 

resulting in over-compaction of the soil can have a detrimental effect on other soil 

properties and crop yield. Densities ranging from 1500 to 1980 kg m
-3

 can be harmful to 

plant growth, especially during wet years (Pollard and Elliott, 1978). Jones (1983) found 

that bulk density ranging from 1600 to 1700 kg m
-3

 limited root growth that could have a 

negative effect on crop yield. 

 

In the case of soil tillage, bulk density is not a constant value and may vary through the 

season (Osunbitan et al., 2005). This variation is primarily due to tillage, natural 

compaction, and the fluctuation of soil water content through the cropping season and to 

the influence of earthworms, termites, and ants.  

 

Tillage practices variable in intensity, like conventional tillage and no-tillage, have 

different effects on bulk density and, as a consequence, on the other factors already 

mentioned. Determining bulk density is, thus, an important part in evaluating tillage 

practice sustainability.  

 

Most of the studies show that no-tillage practices involved high bulk densities in the upper 

soil layers. Hernanz et al. (2002) and Dam et al. (2005) did a long-term tillage trial in the 

Mediterranean area of Spain on two cropping systems and different tillage treatments, like, 

conventional, minimum, and no-tillage. They found that in the 0-10 cm depth no-tillage had 

a significant higher bulk density in comparison with minimum and conventional tillage at 

the end of crop growth, although from 15 cm deeper, no differences between tillage 

treatments were found. 

 

Several other studies in the Mediterranean climate also found similar results in different 

soils. Bescansa et al. (2006) found that bulk density in the 0-15 cm soil profile was greater 

under no-tillage (1620 kg m
-3

) than under chisel (1500 kg m
-3

) or conventional tillage (1520 

kg m
-3

) after 5 years. Also, Fernández-Ugalde et al. (2009) made similar findings for the 0-

5 cm depth; bulk density was significantly greater for the no-tillage compared to 
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conventional tillage, although there were also no differences found in the deeper soil profile 

between tillage treatments. On the other hand, some studies found different results: some 

found no differences between different tillage treatments and other found results in 

contradiction with the studies previously mentioned. Blevins et al. (1983) showed that no 

difference in the 0-15 cm soil depth was observed among tillage treatments. Gwenzi et al. 

(2008) also found no differences between tillage practices in the 0-9 cm soil depth.  

 

Lal et al. (1994) found that after 28 years of tillage mean bulk densities of three different 

crop rotations measured prior to application and planting were 1180, 1240, and 1280 kg m
-3

 

for no-tillage, tine tillage, and conventional tillage, respectively. Another study showed that 

no-tillage also had a significant lower bulk density (1460 kg m
-3

) compared to conventional 

tillage (1560 kg m
-3

) for the 0-10 cm soil depth (Abid and Lal, 2008).  

 

Higher bulk density would thus result in lower soil porosity. Tillage alters the pore size and 

distribution of the soil (Fernández-Ugalde et al., 2009), especially in the short term studies. 

Conventional tillage generally has a greater areal porosity directly after tillage operation 

compared to no-tillage, because in no-tillage the surface layer is disturbed minimally 

(Lipiec and Kus, 2006; Sasal et al., 2006). Different tillage practices also stimulate different 

pore formation processes resulting in unique pore characteristics for each type of tillage 

practice (Lipiec and Kus, 2006).  

 

Voorhees and Lindstrom (1984) showed that porosity and bulk density changed from the 

time of initiation of a tillage experiment both within a tillage system and for comparison 

between tillage systems. They inferred from their results that soil properties were more 

representative of the tillage system after 4-7 years of continuous tillage than at the initiation 

of the tillage system.  

2.7.1.3. Soil structure and aggregate stability 

Maintenance of stable soil structure is an important issue from both agricultural and 

environmental aspects. Aggregate stability is the measurement for the resistance of 

aggregates against the disintegration into smaller particles when subjected to destructive 
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forces. An aggregate is defined as a group of primary soil particles bound together to form 

a single primary soil unit (Mielke et al., 1986). 

 

Tillage directly affects soil structure by mechanically breaking and macro-aggregates into 

smaller units and indirectly through its effect on root growth, biological processes and soil 

organic matter content. Organic matter is considered one of the main binding agents in soil 

particle aggregation which influences the formation and stabilization of soil aggregates 

(Filho et al., 2002) and tillage practices that would increase the organic matter content of 

the soil would potentially increase the soil aggregate stability leading to structure 

development. Soil properties such as soil structure, aggregate stability and porosity are 

often used as the criteria to differentiate tillage system effects on soil physical and 

hydraulic properties (Voorhees and Lindstrom, 1984; Mielke et al., 1986).  

 

An account of the classification of the soil pore system and its dependence on the stability 

and size distribution of soil aggregates and soil structure has been explained by Kutílek 

(2004). Kushwaha et al. (2001), while studying changes in the proportions of water stable 

aggregates (W.S.A) due to reduction in tillage from conventional to minimum and zero 

tillage, found 27 to 45% increase in mean weight diameter (M.W.D) of soil aggregates and 

crop residue retention had added benefits increasing M.W.D by 71 to 98% with tillage 

reduction. Abid and Lal (2008) observed higher total W.S.A, geometric mean diameter 

(G.M.D) and M.W.D of soil aggregates in no-tillage than chisel plow. They also observed 

that the macro-aggregates (> 0.25 mm) were more abundant in no-tillage, while micro-

aggregates were more abundant in chisel plowed plots. Álvaro-Fuentes et al. (2008) 

concluded that soil aggregation increases with the decrease in the intensity of tillage.  

 

Conservation tillage tillage systems have been shown to exhibit higher aggregate stability 

than conventionally ploughed soils although the relatively compact structure and large 

aggregates can impair crop establishment due to poor seed-soil contact and variations in the 

seed sowing depth (El Titi, 2003). 
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2.7.1.4. Penetration resistance  

Penetration resistance is the force which is required to push a steel rod into the soil and is 

also known as cone index or mechanical resistance. It simulates the resistance that a root 

must exercise to grow vertically into the soil. This is an in-situ measurement and gives a 

good idea of soil compaction that may be present in the soil. This penetration resistance 

also correlates well with sheer strength measurements (Bachmann et al., 2006).  

 

Penetration resistance is a function of soil structure, bulk density, coarse fragment content 

and also soil water content. It is necessary to know the water content of the soil where the 

measurements were taken, because penetration resistance increases with decreasing water 

content (Ball and O'Sullivan, 1982). However, in some cases, penetration resistance not 

have a good correlation to root growth, because roots have the ability to grow around or 

between obstructions like rocks, heavy soil structures, and coarse fragments, whereas a 

penetrometer need to go right through them (Cameron et al., 1987). Thus, in soils with a 

weak structure, penetration resistance correlates well with the growth of crop roots, but 

correlation is not so good in soils with a well-developed structure. Schjonning and 

Thomsen (2006) report that soil penetration resistance exceeding 1.5 MPa has been found 

to restrain root growth. Penetration measurements are, therefore, a valuable measurement to 

help determine soil productivity. If its value is higher than these critical limits, root growth 

may decrease, reducing crop production (Ferreras et al., 2000).  

 

Surface soil was found to become compacted under conservation tillage where compaction 

and soil strength were not as easily alleviated by tillage, thereby restricting root growth due 

to mechanical impedance (Pietola, 2005). Compaction can also be found below the soil 

surface and is often created by mouldboard ploughing in wet conditions creating a ‘‘plough 

pan’’ (Davies et al., 1993).  

 

Moreno et al. (1997) found that penetration resistance after the first year of planting was 

significantly higher in conservation tillage in the 0-25 cm soil depth compared to 

conventional tillage. At the third year of planting the same trend was observed only 

between the 10 to 25 cm soil depths. The 0-10 cm soil surface of no-tillage thus stared to 

form a loose soil structure displaying the positive effects of this tillage treatment. They also 
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showed that penetration resistance increased from planting to flowering stage of the 

sunflower crop used in their experiments. This increase was only significant in the first year 

in the conservation tillage treatment. In the third year this increase in conservation tillage 

was not significant. This shows that some sort of equilibrium or soil structure formation is 

reached after a few years when switching to no-tillage. Martinez et al. (2008) made similar 

findings on penetration resistance in a four-year trial in the top 2 cm of the soil. In the 5-15 

cm soil depth, conventional tillage had a higher penetration resistance compared to no-

tillage. After seven years no differences were found between these two tillage treatments. 

These findings emphasize that no-tillage improves soil structure by decreasing the degree 

of compaction or consolidation in the long-term. 

 

Concluding this section, conservation tillage initially leads to higher penetration resistance 

in the upper soil profile but tends to decrease or reach equilibrium relative to conventional 

tillage in the long-term.  

 2.7.1.5. Soil temperature 

Soil temperature is one of the most important factors affecting the rates of physical, 

chemical, and biological processes in soil. For example, seeds will not germinate until the 

soil temperature has reached a certain critical value (Hillel, 1982; Kaspar et al., 1990). Each 

plant needs a certain soil temperature before a normal growth rate can be expected. The 

thermal properties of soils also influence the plant environment. Dry soils warm up quickly 

during the day and cool rapidly at night and cause the air temperature about the plant to do 

the same. Heat stored near the soil surface has a great effect on the amount of evaporation 

that occurs at the soil surface (Hanks, 1992).  

 

Effective tillage systems create an ideal seedbed condition (i.e. soil temperature and 

moisture) for plant emergence and plant development.  

Soil temperature and moisture are interrelated because soil warming under wet conditions is 

hampered due to greater soil heat capacity and more energy being used for water 

evaporation than warming the soil (Radke, 1982; Morrison and Gerik, 1983; Schneider and 

Gupta, 1985; Shinners et al., 1994). 
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Solar energy at the soil surface is partitioned into soil heat flux, sensible heat reflection, and 

latent heat for water evaporation. Heat flux in soils depends on the heat capacity and 

thermal conductivity of soils, which vary with soil composition, bulk density, and water 

content (Hillel, 1998; Jury et al., 1991). Because soil particles have a lower heat capacity 

and greater heat conductivity than water, dry soils potentially warm and cool faster than 

wet soils. 

 

Tillage processes alter rates of soil drying and heating because they disturb the soil surface. 

It also increases air pockets in which evaporation occurs, and ultimately accelerates soil 

drying and heating. As early as 1956, Van-Duin had determined the amplitude of soil 

temperature variation at the surface was greater for tilled versus untilled soil (Van-Duin, 

1956). Hillel (1998) explains this phenomenon of change in soil temperature with tillage 

due to the change in soil thermal conductivity, where tillage caused a lower soil thermal 

conductivity compared to that of the untilled soil. As said, soil disturbance due to tillage 

can shift or change the air to soil particles volume by creating additional air pockets that 

can be responsible for reducing the heat capacity of the tilled zone. 

 

Compared to conventional tillage, soil warming under conservation tillage is generally 

slower (Gupta et al., 1988; Drury et al., 1999). It has been demonstrated that where no-

tillage has been used, the transmission of radiation through the residue layer alters soil heat 

flux compared to conventional mouldboard tillage resulting in cooler soil temperatures and 

reduced germination (Azooz et al., 1997). The decrease in soil temperature in conservation 

tillage is due to the influence of crop residue provides shade that typically reduces the 

amount of solar radiation reaching the soil (Shinners et al., 1994; Sauer et al., 1998). 

 

Licht and Al-Kaisi (2005) reported that strip tillage increased soil temperature within row 

by 1.2–1.4 
0
C compared to no-tillage, whilst retaining residue cover between rows 

conserved soil moisture for plant growth. The increase in soil temperature within row was 

primarily associated with the removal of straw residue increasing the adsorption of solar 

radiation and the effect of soil disturbance on soil heat flux that alters the heat capacity and 

thermal conductivity of the soil (Licht and Al-Kaisi, 2005). 
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It was found that even a 1 
0
C temperature difference could affect maize (Zea mays L.) 

growth (Barlow et al., 1977; Schneider and Gupta, 1985). Early maize growth and 

development could significantly be reduced under no-tillage conditions. 

 

The combination effect of tillage and residue on soil temperature showed that moldboard 

plowing and no-tillage with no residue cover had a higher soil temperature than no-tillage 

with residue cover. However, the difference between moldboard plowing and no-tillage 

with residue cover was approximately one-third the difference between no-tillage with and 

without residue at 14 h (Gupta et al., 1983).  

2.8. EFFECT OF TILLAGE PRACTICES ON SOIL WATER DYNAMICS  

Water dynamics in soil are governed by many factors that change vertically with depth, 

laterally across landforms and temporally in response to climate (Swarowsky et al., 2011). 

Water is stored and redistributed within soil in response to differences in potential energy. 

A potential energy gradient dictates soil moisture redistribution and losses, where water 

moves from areas of high to low potential energy (Hillel, 1982; O'Geen, 2012). When at or 

near saturation, soils typically display water potentials near 0 MPa. Negative water 

potentials arise as soil dries resulting in suction or tension on water allowing the soil to 

retain water like a sponge. 

 

Three soil moisture states, saturation, field capacity and permanent wilting point are used to 

describe water content across different water potentials in soil and are related to the energy 

required to move water or extract water from soil (Figure 2.8 and Table 2.1) (McCauley et 

al., 2005; O'Geen, 2012; Dobriyal et al., 2012).  

 

When the soil is at saturation the direction of the potential energy gradient is downward 

through the soil profile or laterally down slope. This mechanism of flow by the force of 

gravity occurs mainly in macropores. As the soil dries, field capacity is reached after free 

drainage of macropores has occurred. Field capacity represents the soil water content 

retained against the force of gravity by matric forces (in micropores and mesopores) at 

potential of -0.033 MPa. As water content decreases, soil matric potential decreases, 

becoming more negative, and as a result, water is held more strongly to mineral surfaces 
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due to cohesive forces between water molecules and adhesive forces associated with water 

and mineral particles (capillary forces). Water held between saturation and field capacity is 

transitory, subject to free drainage over short time periods, hence, it is generally considered 

unavailable to plants. This free water is termed drainable porosity. In contrast, much of the 

water held at field capacity is available for plant uptake and use through evapotranspiration. 

 

Tillage practices manipulate the soil and potentially alter its structure differently resulting 

in variability in temporal dynamics of the soil hydraulic properties which are unstable 

(Strudley et al., 2008). These effects of tillage on some soil hydraulic properties will now 

be discussed in detail.  

 

Figure 2.8. Water content and water potential at saturation, field capacity and permanent 

wilting point (McCauley et al., 2005). 
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Table 2.1. The properties of soil that are influenced by soil moisture content and vice versa 

(Dobriyal et al., 2012). 

 

Soil 

property 

Definition References 

Field 

capacity 

Field capacity is the amount of water a soil can hold against 

gravity, i.e. volume of water retained after drainage due to 

gravity from a thoroughly saturated soil. 

 

Burk and 

Dalgliesh, 

2008 

Permanent 

wilting 

point 

The permanent wilting point is the soil moisture content at 

which plants that have wilted during the day will not regain 

turgor at night in a saturated atmosphere. 

 

Werner, 2002; 

Kabat and 

Beekma, 1994 

Available 

water 

The amount of water held by a soil between field capacity 

and wilting point is defined as the amount of water available 

for plants. 

 

International 

Atomic Energy 

Agency, 2008 

Soil water 

potential 

The soil water potential, also called the soil tension, is the 

energy status and describes how tightly the water is held in 

the soil. 

 

Ali, 2010; 

Huang et al., 

2010 

Soil 

matric 

potential 

Soil matric potential is the portion of the total water potential 

due to the attractive forces between water and soil solids as 

represented through adsorption and capillarity. It is always 

negative in nature and is also called the soil moisture 

tension. 

Ali, 2010; 

Huang et al., 

2010 
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2.8.1. Infiltration rate 

Infiltration is the process by which water enters the soil from the ground surface. The rate 

of infiltration is the measurement of the rate at which soil is able to absorb water supplied 

to the surface. Water infiltration decreases as the soil becomes saturated and if the 

precipitation rate exceeds the infiltration rate, runoff will usually follow. High infiltration 

rates are essential to areas under dry-land crop production to limit runoff where rainfall 

intensities are high in a short period of time and to facilitate effective water storage. Runoff 

will also occur if water encounters some physical barrier such as a plough pan which 

inhibits infiltration. If runoff is a concern in a specific area, it is better to select tillage 

practices which improve the water infiltration rate. 

 

Infiltration of water is mainly dependent on the number of large pores and bio-channels 

(root channels and fauna tunnels) of the soil profile (Unger, 1990). Higher infiltration rate 

in more intensive tillage practices can thus be ascribed to more macro-pores created by 

intensive tillage but these pores are not stable, as described in previous sections. 

Conservation tillage in some cases has higher infiltration rates because it preserves old root 

and earthworm formed channels that are normally disrupted by conventional tillage 

(Shipitalo et al., 2000). Conservation tillage creates a more favorable environment for 

faunal activity and thus also increases the number of bio-pores in comparison to a 

conventional tilled soil (Shipitalo et al., 2000). Earthworm burrows and old root channels 

function as preferential flow paths contributing to 10% of water collected though rain 

storms (Shipitalo et al., 2000). Infiltration rate is thus theoretically higher in conservation 

tillage practices (Morin, 1993).  

 

A possible concern of increased infiltration in conservation tillage is leaching of salts to the 

groundwater or the deeper soil profile. Shipitalo et al. (2000) stated that with more water 

infiltration into the soil profile due to conservation tillage, a concern may arise on 

groundwater quality due to chemical transport of ions. This issue was also highlighted in 

another study, where conservation tillage increases deep drainage and can increase the risk 

of recharge to saline groundwater, causing a rising of saline water table (O’Leary, 1996). 
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An improved leaching of undesirable salts would improve the soil chemical status and have 

an effect on yield. 

2.8.2. Soil water retention and storage 

Soil water retention is the ability of the soil to retain water. Water storage in soils is a result 

of water retention due to suction (negative pressure potential). 

 

Soil water retention is an important soil hydro-physical property controlled by the soil 

pores. Soil pore size distribution facilitates the characterization of soil structure (Pagliai et 

al., 1998), which can be estimated by soil water retention curves (Arya and Paris, 1981). 

 

Tillage typically decreases the bulk density and increases total porosity, decreasing the 

amount of water held at low water potentials and increasing the amount held at higher 

potentials (Unger and Cassel, 1991). However, the response may depend on soil texture. 

Unger (1997) showed that disrupting the natural structure decreased the water retention of 

coarse-textured soils and increased the retention of fine-textured soils relative to that of 

natural soil cores at a matric potential of −33 kPa. At a matric potential of −1500 kPa, 

disturbed samples of soil of all textures retained slightly more water than undisturbed 

samples, but the percentage change was greater for coarse- than for fine-textured soils. 

Besides the textural response, tillage may further influence water retention if it incorporates 

crop residues, or if it alters the distribution of sand, silt and clay in the soil by mixing these 

particles from different soil horizons (Unger and Cassel, 1991). If the pore geometry is 

deformed by external perturbations, such as compaction, this will also affect water retention 

(Gregory et al., 2009). 

 

Bescansa et al. (2006) showed that conventional tillage resulted in decreased water 

retention capacity and thus more soil water loss through drainage. Water retention at 0 kPa 

(no-suction) was greater for chisel and conventional tillage treatments but at -33, -50 and -

1500 kPa water retention was greater for no-tillage in the 0-600 mm soil depth. He et al. 

(2011) and Arshad et al. (1999) obtained similar results, showing that no-tillage also had a 

higher soil water retention and storage capacity. 
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Bhattacharyya et al. (2006) observed that the soil under zero tillage (no-tillage) retained 

more water than that under minimum tillage and conventional tillage, but water retention 

for soybean-wheat and soybean-lentil rotations was similar, indicating an absence of the 

effect of crop rotations on soil water retention. Bhattacharyya et al. (2008) found higher 

plant available water capacity (PAWC) in zero tillage as compared to conventional tillage 

in rice and wheat crops following 4 years of rice-wheat rotation. 

 

Conservation tillage has a greater potential for storing water and indicates that more water 

may be available to the crop for uptake and growth through the season. Fernández-Ugalde 

et al. (2009) concluded that soil water retention characteristics are improved in 

conservation tillage practices, compared to conventional tillage, and was shown in the 

yields being twice as high in barley production in the driest year. 

 

Agenbag and Maree (1991) showed that conservation tillage had higher soil water content 

through the growing season compared with conventional tillage in the 0-300 mm soil 

profile. Another study showed similar findings, plant-available water content was 

significantly greater for conservation tillage in 0-300 mm soil depth compared with 

conventional tillage, but in the deeper depths no differences were observed between 

treatments (Fernández-Ugalde et al., 2009). Fabrizzi et al. (2005) compared the water 

storage in the 0-80 mm soil depth of minimum and no-tillage under a corn-wheat rotation. 

Conservation tillage had significant higher water content for corn from 50 days after 

planting and for wheat from planting till anthesis, but thereafter differences were not 

significant. Numerous other studies showed that soil water storage was greater under 

conservation tillage than under conventional tillage practices (Cameron et al., 1988; 

Buschiazzo et al., 1998; Moussa-Machraoui et al., 2010). 

 

Ferreras et al. (2000) also found that soil water content was only significantly higher under 

conservation tillage practices but only early in the growth season until anthesis of wheat. In 

the study of Agenbag and Maree (1991), lower water contents in the conventional tillage at 

the end of the growing season contributed to significantly more water stress days compared 

to the no-tillage treatment. Moreno et al. (1997) concluded that the conservation tillage 

saved water early in the season, leaving more water for the seed or grain filling. As a result, 
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yield is generally higher than conventional tillage practices in dry years. Conservation 

tillage thus seems to be more effective in improving soil water storage, especially in years 

with below average rainfall (Hamblin, 1987; Moreno et al., 1997). 

 

Main reasons for increased water storage under conservation tillage practices are improved 

water infiltration and hydraulic conductivity. This is due to the less soil disturbance and 

more plant residues on the surface to reduce evaporation (Dao, 1993). 

2.9. MEASUREMENT OF SOIL MOISTURE 

In general, soil moisture refers to the water present in the uppermost part of a field soil and 

is a state variable controlling a wide array of ecological, hydrological and meteorological 

processes (Romano, 2014). 

 

In various agricultural activities, such as tillage operation, soil moisture is an important 

variable in controlling the exchange of water between the land surface and the atmosphere 

through evaporation and plant transpiration. As a result, soil moisture plays a significant 

role in the development of weather patterns and the production of precipitation in arid and 

semi-arid regions. The need for accurate measurement of soil moisture at spatio-temporal 

scales for hydrologic, climatic and agricultural applications over time has led to the 

development of different methods of determination of soil moisture content (Minet et al., 

2012). However, the large heterogeneity in the spatial and temporal distribution of soil 

moisture at the landscape level and the lack of standard methods to estimate this property 

limit its quantification and use in research (Western et al., 2002; Mittelbach et al., 2012).  

 

Soil moisture measurements are difficult to carry out on a consistent and spatially 

comprehensive basis (Bindlish et al., 2006). Non-destructive methods that can be used to 

directly estimate moisture content and give precise results with higher accuracy and 

resolution are required to enhance our understanding of water movement in soil and to 

determine the water content in it (International Atomic Energy Agency, 2008). Numerous 

methods are available for estimating soil moisture in different landscapes. The available 

methods can be classified into two categories: (i) direct methods and (ii) indirect methods 

(Table 2.2).  
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Table 2.2. Comparison of different methods used for estimation of soil moisture based on 

the identified criteria (Dobriyal et al., 2012). 

Methods Criteria Measured 

parameter 

 Cost 

effectiveness 

Accuracy Response 

time 

 

Direct 

methods 

Gravimetric 

method 

 

Economical High 24 h Mass water content 

 Neutron probe Expensive High 1–2 min Volumetric soil 

moisture content 

 

 Time domain 

reflectometry 

Economical High Instantaneous 

(28 s) 

Volumetric soil 

moisture content 

 

 Tensiometer Economical High 2–3 h Soil water potential 

 

Indirect 

methods 

Gamma ray 

attenuation 

 

Expensive Low Instantaneous 

(60 s) 

Volumetric 

moisture content 

 Remote 

sensing 

Expensive Low Instantaneous Soil surface 

moisture 

 

 Gypsum block 

method 

Economical Low 2-3 h Soil moisture 

tension 

 

 Capacitance 

sensor method 

Expensive High Instantaneous Volumetric soil 

moisture content 

 

 Pressure plate 

method 

Expensive Low Soil 

dependent 

Soil water potential 
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Direct methods are those that directly measure soil water content (ϴ), and the gravimetric 

method is the main direct technique for estimating ϴ. Even though it is destructive, it 

remains the most accurate and reliable standard method of determining soil water content 

(Evett et al., 2008; Robinson et al., 2008; Busscher, 2009). In the gravimetric method 

which basically involves taking a soil sample, weighing it before any water is lost, then 

oven-drying at 105 
0
C and reweighing it. The amount of water lost on drying is a direct 

measure of the soil water content. The amount of water in the soil is then expressed into 

two different ways either on a gravimetric basis (ϴg), as a percentage of the oven dry 

weight of the soil or on a volumetric basis (ϴv), by multiplying by the bulk density of the 

soil (Evett et al., 2008). Both of these variables are related by combining the gravimetric 

water content (ϴg, g g
-1

) which is calculated using (Eq. 2.1): 

 

ϴg = Mw / Ms          (2.1) 

 

then multiplying by the soil bulk density (ρb, g cm
-3

) which is calculated using (Eq. 2.2): 

 

ρb  =  Ms / Vs           (2.2) 

 

to give the volumetric water content (ϴv, cm
3
 cm

-3
) using (Eq. 2.3): 

 

ϴv = ϴg × ρb          (2.3) 

 

where Mw (g), the mass of water lost upon oven drying; Ms (g) the mass of the dry soil; and 

Vs (cm
-3

) the known volume of the soil samples. 

 

In indirect methods, measurements are made through calibrations against other measurable 

variables that vary with soil moisture content (Evett and Parkin, 2005; Muooz-Carpena, 

2012). These measurements include techniques such as remote sensing (Schmugge et al., 

2002) and wireless sensor networks which provide time-varying estimates of soil water 

content (Bogena et al., 2010). 

 

Soil moisture monitoring faces the challenges of high field data monitoring costs and 

reliability of data acquisition systems in remote and extreme environments (Cardell-Oliver 

et al., 2005). To monitor soil water content dynamically in the root zone, a sensor 
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technique, which has high accuracy and reliability, rapid response, low energy consumption 

and low cost, is desired (Jones et al., 2005; Nishat et al., 2007). 

2.9.1. Wireless sensor network (WSN) 

In recent years, wireless sensor network (WSN) has emerged as a promising technology in 

the field of embedded systems. Wireless sensor network is not a sensor technique but it is a 

data transmission technique and the sensor is independent to the data transmission.  

 

A WSN is a system comprised of radio frequency (RF) transceivers, sensors, 

microcontrollers and power sources. The system is software controlled including layers of 

the Open System Interconnection (OSI) like the application layer, network layer, transport 

layer, data link layer, physical layer, power management plane, mobility management 

plane, and the task management plane (Wang et al., 2006; Qingshan et al., 2004). Recent 

advances in wireless sensor networking technology have led to the development of low 

cost, low power, multifunctional sensor nodes. Sensor nodes enable environment sensing 

together with data processing. They are able to interconnect to other sensors nodes and 

exchange data with external users. 

 

A WSN connects the physical and computational world by monitoring environmental 

phenomena through ubiquitous devices called sensor nodes or motes. These networks are 

composed of many autonomous, cooperating, battery-powered, small-sized motes usually 

connected through wireless links and a communication gateway with capacity to forward 

data from the motes to a base station with high processing and storing capacities. The 

potential provided by the motes is based on the integration of different sensors, from simple 

– e.g. temperature, light, humidity – to complex – e.g. global positioning system, images, 

micro-radars. This makes it possible to monitor a wide range of environmental variables 

with the purpose of providing accurate and up-to-date knowledge from the field (Akyildiz 

et al., 2002; S.E. Diaz et al., 2011).  

 

In recent years, wireless soil moisture sensor networks have emerged. They enable the 

observation of spatio-temporal soil moisture variability in near real-time and allow to 

bridge the gap between local and regional scale measurements (e.g. remote sensing) 
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(Bogena et al., 2007; Robinson et al., 2008; Vereecken et al., 2013). Sensor networks 

ideally consist of hundreds of soil moisture sensors that transmit information to a main 

server with wireless communication technology. Because of the multitude of soil moisture 

measurements within the sensor network, the interpretation of the sensor signal should be 

straightforward and unambiguous. In order to maximize the number of sensor nodes, the 

soil moisture sensors have to be as inexpensive as possible without compromising sensor 

accuracy too strongly (Vereecken et al., 2013). 

 

The potential of sensor networks to resolve catchment-scale soil moisture patterns with an 

unprecedented combination of high spatial and temporal resolution has recently been 

demonstrated (Bogena et al., 2010). 

 

Recent applications of wireless sensor networks include monitoring of soil moisture 

combined with salinity in irrigated fields to optimize irrigation management (Wu and 

Margulis, 2013; Yu et al., 2013), spatio-temporal observation of soil moisture in forested 

sites (Rosenbaum et al., 2012), and validation of remote sensing data (Moghaddam et al., 

2010). 
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3. OBJECTIVES 

 
The main objective of this thesis is to develop a methodology to apply reservoir tillage and 

to carry out a thorough study of the impacts of different tillage practices, including 

conservation tillage and conventional tillage on soil physical properties, in-situ rainwater 

harvesting, and erosion control in arid and semi-arid areas.  As a first approach, a deep 

review of the state of the art has been done, after the revision; we found that reservoir 

tillage is an effective system of harvesting rainwater and conserving soil, but it has not been 

analyzed so deeply like other tillage systems. To our current knowledge, there are few 

studies comparing the effect of reservoir tillage with other conservation and conventional 

tillage practices of their influences on soil compaction indicators, soil water retention and 

erosion control in these areas. Thus, this thesis is focused, putting special emphasis on 

reservoir tillage technique. 

 

The geographical scope of the thesis plays an important role in the aim of objectives. First 

of all, there is an aim to analyze conservation tillage practices with special emphasis on 

reservoir tillage in different geographical areas and to compare the impacts obtained at 

these different locations. Different geographical areas provide different climatic 

conditions. By setting out a methodology to assess conservation tillage in arid region 

(Egypt) and in semi-arid region (Spain). Reservoir tillage is the main type of conservation 

tillage to be analyzed in both countries. 

 

Associated with the main objective there are other specific goals that are presented in this 

chapter. These specific objectives can be classified according to experimental works which 

cover three different conditions: (a) laboratory experiments, (b) field experiments in an arid 

region, and (c) field experiments in a semi-arid region.  
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(a) Objectives of the laboratory experiments: 

(i) to assess the rainwater harvesting effectiveness of different designed reservoir tillage’s 

depression geometric forms under different soil slopes and different rainfall intensities; (ii) 

to research, understand and quantify water storage from reservoir tillage and how it could 

be adapted to improve infiltration of harvested water for use in semi-arid environments; and 

(iii) to determine the relationship between surface slope and water harvesting reservoir 

capacity.  

 

With the aim and objectives stated for this study, specific hypotheses will be tested. Those 

hypotheses are: (1) to develop a laboratory-scale rainfall simulator to compare rainwater 

harvesting capacity, runoff and soil losses under variable rainfall intensities, (2) to achieve 

desirable characteristics for a rainfall simulator, including the rainfall intensity, spatial 

rainfall uniformity over the entire test plot, and the drop size in a form similar to natural 

rainstorms. 

(b) Objectives of field experiments in an arid region: 

(i) to develop and manufacture a combination implement suitable for conserving rainwater 

in situ within the root-zone using a reservoir tillage tool and mechanical seeding; (ii) to 

research and quantify water storage from reservoir tillage and how it could be adapted to 

reduce runoff, and improve infiltration of harvested water for use in the study area; (iii) to 

optimize various operating parameters that affect the performance of tillage practices; and 

(iv) to compare the influence of the combination implement and other traditional tillage 

practices on soil physical properties, water harvesting efficiency, and plant productivity. 

(c) Objectives of the field experiments in a semi-arid region: 

(i) to determine the short-term influences of different tillage treatments on soil physical 

properties, as measured by bulk density and cone index, as well as on soil water potential, 

soil temperature where rainfed barley and irrigated maize were being grown.  

 

(ii) to evaluate the impact of these tillage practices on a continuous soil moisture potential 

monitoring by wireless sensors network. Through this analysis, we wanted to quantify the 
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sustainability of reservoir tillage for this semi-arid area, where water is the most limiting 

factor for crop production. 

 

We hypothesized that reservoir tillage can provide an opportunity to improve soil structure 

and increase soil moisture content in soils that have lost in some degree of ability to sustain 

crop production, as a result of decreased physical quality, under the semi-arid conditions in 

the Mediterranean Central Spain. 
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PPPAAARRRTTT   IIIIII:::   TTTIIILLLLLLAAAGGGEEE   EEEFFFFFFEEECCCTTTSSS   AAANNNDDD   AAAPPPPPPLLLIIICCCAAATTTIIIOOONNNSSS:::   

MMMEEETTTHHHOOODDDSSS   AAANNNDDD   RRREEESSSUUULLLTTTSSS   
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4. Design and evaluation of different reservoir tillage’s depression geometric 

forms: effect on rainwater harvesting and soil erosion control under a developed 

rainfall simulator 

This section has been published as an article in the journal of CATENA, 2014. Volume 

113, pages 353-362. 

 

4.1. INTRODUCTION 

Soil erosion is a major environmental threat in the Mediterranean region due to torrential 

rainfalls and the arid and semi-arid conditions, and it contributes to the degradation of 

agricultural land (Lal, 1999; Cerdà, 2002; Cerdà et al., 2009; Jordán et al., 2010). 

Rainwater harvesting has the potential to reduce soil erosion and improve the productivity 

of these areas. Rainwater harvesting is a general term used to describe the collection and 

concentration of runoff for many uses, including agricultural and domestic use (FAO, 1993; 

Oweis and Hachum, 2006). The rainwater harvesting strategy is based on discontinuities. 

And those discontinuities are found in nature (stones, plants, microtopography) (Kakembo 

et al., 2013). 

 

"In situ" systems are the simplest and cheapest rainwater harvesting approaches and can be 

practiced in many farming systems. Also called soil and water conservation systems, they 

involve the use of methods to increase the amount of water stored in the soil profile by 

trapping or holding the rain where it falls (Stott et al., 2001; Fleskens et al., 2005; Brhane et 

al., 2006). Soil water conservation is main concern in semiarid land, and this is why 

harvesting rainwater is so important (Gao et al., 2013). Rainwater harvesting is being also, 

used by the plants and stones under natural conditions (Cerdà, 1997; 2001). It may be close 

to the definition of micro-catchments techniques, but in any case, it becomes an alternative 

in arid and semi-arid regions, where precipitation is low or infrequent during the dry 
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season, and there is a need to store the maximum amount of rainwater during the wet 

season for use at a later time. 

 

Another concept related to "in situ" rainwater harvesting that involves different techniques 

is known as “Reservoir Tillage.” This approach was developed under the consideration that 

tillage can provide increased levels of surface storage, and it may represent one of the most 

effective means of controlling both runoff and soil erosion. Reservoir tillage creates basins 

or pits to hold water in place, allowing it to infiltrate the soil and thus preventing runoff 

(Hackwell et al., 1991; Rochester et al., 1994). Soil bunds are a similar technique to reduce 

the connectivity of the runoff (Adimassu et al., 2013). Reservoir tillage has been defined by 

Patrick et al. (2007) as a system in which numerous small surface depressions are formed to 

hold and collect water during irrigation or rainfall to prevent surface runoff. Currently, 

reservoir tillage is used predominantly for soil erosion control in environments with high 

annual, but low intensity rainfall, such as semi-arid environments. This method has the 

potential to benefit semi-arid environments compared to other direct water harvesting 

methods, such as ridge and furrow (Kronen, 1994), because the large infiltration surface 

area created by the depressions and the small depth of ponded water in the shallow 

depressions are likely to result in higher infiltration rates and therefore less surface runoff 

and evaporative loss (Mrabet, 2002; Patrick et al., 2007). This is due to the fact that, when 

reservoir tillage is used, rainfall collects in the mini-reservoirs, allowing more time for 

infiltration, which in turn reduces runoff and its potential to detach and transport soil 

particles (Ventura et al., 2005).  

 

For any given soil conditions, the volume of water harvested by a depression depends on 

the volume of the depression and its depth, which determines the maximum head of water 

in the depression. The volume of water further depends on the slope, which influences the 

reservoir capacity. Therefore, reservoir tillage under conditions of high evaporation rates 

and high-intensity rainfall should be adapted to maximize the volume of runoff collected 

without impeding water infiltration through compaction during the creation of the 

depressions, either by wheel traffic or by the implement itself.  Patrick (2005) conducted a 

similar work on reservoir tillage. The project was carried out through modeling and 

experiments under soil bin, rainfall simulator and glasshouse environmental conditions, and 
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the author reported that the reservoir tillage reduced surface runoff by 54% and 91% when 

the depressions were positioned along and across the slopes, respectively. 

 

Rainfall simulation is an experimental method widely used to determine the relative 

erodibility of different soil materials and other hydrological model parameters, as well as to 

quantify the influence of different soil management systems, such as conservation tillage, 

on infiltration and runoff generation (Niebes et al., 2001). Rainfall simulators are research 

tools designed to apply water in a form similar to natural rainstorms. Simulators permit a 

rapid collection of reproducible data in laboratory and field experiments (Miller, 1987; 

Esteves et al., 2000; Aksoy et al., 2012) and are widely used in semiarid environments 

where rainfall is low and soil erosion is a low frequency - high magnitude process that 

needs accurate measurements (Cerdà, 1999a; b). 

 

Desirable characteristics for rainfall simulators used in erosion and hydrological studies 

include the rainfall intensity, spatial rainfall uniformity over the entire test plot, the drop 

size, its distribution and terminal velocity. Other important factors include the accurate 

control of rainfall intensity, the similarity to natural rainfall in terms of kinetic energy, the 

repeatability of the simulated rainstorms, and the improved mechanical and technical 

reliability for simple and easy transportation within research areas (Lascano et al., 1997; 

Cerdà, 1999a; Humphry et al., 2002; Munster et al., 2006; Clarke and Walsh, 2007; Abudi 

et al., 2012).   

 

The main objectives of this work were: (i) to assess the rainwater harvesting effectiveness 

of different designed reservoir tillage’s depression geometric forms under different soil 

slopes and different rainfall intensities; (ii) to determine the relationship between surface 

slope and water harvesting reservoir capacity; and (iii) to research, understand and quantify 

water storage from reservoir tillage and how it could be adapted to improve infiltration of 

harvested water for use in semi-arid environments. 

 

With the aim and objectives stated for this study, specific hypotheses will be tested. Those 

hypotheses are: (1) to develop a laboratory-scale rainfall simulator to compare rainwater 

harvesting capacity, runoff and soil losses under variable rainfall intensities, (2) to achieve 

desirable characteristics for a rainfall simulator, include the rainfall intensity, spatial 
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rainfall uniformity over the entire test plot, and the drop size in a form similar to natural 

rainstorms. 

4.2. MATERIALS AND METHODS 

4.2.1. Rainfall simulator design 

A reliable, accurate rainfall simulator was needed for soil erosion studies on agricultural 

land. A laboratory-scale rainfall simulator was developed to compare rainwater harvesting 

capacity, runoff and soil losses under variable rainfall intensities. This is a tool that has 

been widely used for more than 50 years to evaluate hydrological parameters such as 

infiltration, runoff, and sediment yield because of its low cost and easy operation. It also 

permits data to be obtained under controlled conditions within relatively short time periods, 

and the results of rainfall simulation tests can be used for comparative purposes in erosion 

studies (Navas et al., 1990; Foster et al., 2000). 

 

Precipitation data from the Madrid weather station (40° 24' 43'' N lat.; 3° 40' 41'' W long., 

667 masl) were used to calibrate the rainfall simulation tests. A set of records from the 50-

year time period between 1962 and 2011 was analyzed to calculate rainfall intensity. 

Maximum annual precipitations recorded during 30 min were converted into mm h
-1

. 

According to Arnaéz et al. (2007), the data prediction was performed with a regression 

equation. The recurrence intervals and the exceedance probability for available data were 

derived according to (Blom, 1958). 

 

The designed rainfall simulator has been settled on an A-frame steel structure of 35 mm of 

diameter. The legs are telescopic, which allow the height to be increased or decreased so as 

to keep the simulator leveled when placed on a slope for outdoor experiments. Three 

different axial flow full cone nozzles, Lechler (468.528.30 and 468.808.30) with spread 

angle of 120° and Lechler (468.726.30) with spread angle of 90° were selected for different 

rainfall intensities between 33 and 121 mm h
-1

. These nozzles were fitted to a 20 mm steel 

pipe at the top of the structure at a height of 2.3 m with a triplet nozzle holder that eased the 

switching between different nozzles. This height is adequate for creating terminal velocities 

similar to natural rainfall for all drop sizes above the soil surface. The flow rate was auto-
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controlled by a solenoid valve (Bermad, 0.7 - 10 bar, ISO: PN 10, and 24 Volt AC), and the 

pressure was monitored by two glycerin manometers. RS pressure transmitter (348 - 8188) 

4 - 20 mA analogue output, and pressure regulator installed in the supplying pipe of the 

simulator.  

 

A National Instruments LabVIEW® programming tool was used for building an 

application that consists of a customized user interface, a display interface for pressure 

monitoring and an on/off valve. The block diagram contains a graphical representation of 

the code consisting of functions to read from inputs, write to outputs and make calculations 

and decisions. The inputs and outputs (pressure transmitter and solenoid valve) were 

connected to a Data Acquisition Board (DAQB; National Instruments 6008 USB). The 

front panel is the user interface, which has controls for selecting the time flow and 

monitoring the pressure (Fig. 4.1 and 4.2). 

 

Figure 4.1. LabVIEW block diagram. 
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Figure 4.2. Front panel for Labview platform program. 

 

 

 

4.2.2. Rainfall simulator calibration 

4.2.2.1. Spatial rainfall distribution 

An experiment was carried out on the rainfall produced by the rainfall simulator in order to 

characterize its spatial rainfall distribution. The experiment aimed to get information about 

the homogeneity or heterogeneity of the rainfall and to determine the maximum area at 

which a homogeneous distribution of rainfall could be obtained. Twenty rain gauges (82 

mm diameter) were placed on a 60 cm × 80 cm by 20 cm × 20 cm grid.  Rain was collected 

in the gauges for 10 min of continuous flow from the simulator, and the volumes in each 

gauge were measured using a graduated cylinder in (ml) and then converted into intensity 
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values (mm h
-1

). The Coefficient of Variation (CV) and the mean Christiansen Uniformity 

(CU) coefficient (Christiansen, 1942) were calculated using Eq. (4.1). 

 

CU = 100%  
            

 
    

    
               (4.1) 

Where each expression stands for:  

            
 
        Sum of the absolute deviations from average water quantity for all rain 

gauges (ml)                                       

xi  water quantity per rain gauge (ml)  

    arithmetic mean of applied water amount per rain gauge (ml) 

   total number of rain gauges 

The spatial distribution of rainfall was described by using Sigmaplot 11.0 software. 

4.2.2.2. Drop size distribution 

For the analysis of drop size distribution, Indication Paper (water-sensitive paper/card), first 

introduced and described by Wiesner (1895) and Hall (1970). This method is based on the 

assumption that a drop falling upon a uniform absorbent surface produces blue spots with a 

diameter proportional to the diameter of the drop. Water-sensitive paper can be considered 

the most frequently used method for measuring the drop size distribution of natural or 

simulated rainfall (Erpul et al., 1998; Ries et al., 2009). Moreover, it has been widely used 

in semi-arid environments under natural (Cerdà, 1997) and simulated rainfall (Cerdà et al., 

1997). 

 

To determine the artificial rainfall drop size distribution, fifty cards (52 mm x 76 mm) were 

exposed to simulated rainfall for two seconds under different rainfall intensities. All of 

these cards were photographed with an RGB camera (Sony Alpha 77. 24 Mpix). In order to 

calculate the median drop size (D50) which is defined as the drop size where 50% of drops 

generated in the storm are larger and 50% is smaller. D50 (mm) was estimated using Matlab 

7.0 software on the images. 
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4.2.3. Preparation of experimental units 

The soil used in this study was collected from an Ap horizon (0-30 cm). The soil, classified 

as Vertic Luvisol (FAO, 1988), was collected from the experimental field “El Encín” which 

is located in Alcalá de Henares, Madrid (40º29´N lat.; 3º22´W long.). A winter/spring 

cereal and leguminous plant crop rotation is carried out annually in this soil. The area’s 

physical and chemical characteristics (Table 4.1) indicate a loamy soil with a low organic 

content. The experiments took place in the Rural Engineering Department of the Technical 

University of Madrid. A reinforced plastic tray with a thickness of 10 mm and internal 

dimensions of 78 cm length, 58 cm width and 30 cm depth was used. A steel sieve with 

holes 2 mm in diameter was fixed at a height 5 cm from the tray's ground surface to provide 

a drainage area under the soil sample. An aperture on the tray frame at the bottom of the 

sieve allowed for the free infiltration of soil moisture (Appendix A.1; Figure A.1.1).  

 

Table 4.1. Soil characteristics. 

Coarse skeleton (> 2 mm) (%, g g
-1

) 1 

Sand (g kg
-1

) 390 

Silt (g kg
-1

) 400 

Clay (g kg
-1

) 210 

Textural class Loam 

Organic matter (g kg
-1

) 15 

Carbon (g kg
-1

) 5.7 

 

 

A transparent plastic collector was set at the bottom of the tray slope to act as a free 

draining lower boundary (seepage face) and to collect surface runoff in bottles. The soil 

was gently crushed before passing through a 6 mm sieve, and the sieved soil was 

thoroughly mixed to minimize the difference among treatments. In each tray, the 22 cm 

thick soil was packed in two 11 cm layers to achieve a 1.25 g cm
-3

 bulk density. The 
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volumetric soil moisture content varied between 17 and 19%, as measured by the SM300 

Soil Moisture Sensor for all experiments. 

4.2.3.1. Selected depression forming tools 

The depressions (mini-reservoirs) were created by manually scooping the soil with a small 

amount of pressure. Hand-operated scoops were manufactured from reinforced plastic with 

the same volume (1 liter) and depth (12 cm). To determine the proper shape for increasing 

rainwater harvesting (Fig. 4.3), the scoops were designed in the following three shapes: a) 

truncated square pyramid, b) triangular prism, and c) truncated cone. 

 

In the experiments, the shapes were inserted into the soil to create rows of depressions.  The 

depressions were spaced at 14 cm, and a distance of 12 cm was left between each row. 

Figure 4.4, shows the surface depressions for the four soil treatments (reservoir tillage 

treatments) using shape (a) in surface (1), shape (b) in surface (2), and shape (c) in surface 

(3), while surface (4) has no depressions (control).  

 

 

 

Figure 4.3. Different hand-operated scoops used to form depressions. 
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Figure 4.4. Treatments with depressions using shapes (a, b, and c) compared to control 

treatment, before and after rainfall simulation. 

 

After all the treatments were created, the tray was put on a hydraulic trolley under the 

rainfall simulator, and five different rainfall intensities were simulated for 30 min: 36.7,  

58.8,  81.4,  97.8, and 112.6 mm h
-1

 For each factorial combination of soil treatment and 

rainfall intensity, three slope angles were used: 0
0
, 5

0
 and 10

0
. The slope angles of 5

0
 and 

10
0
 were created by sliding square tubes of 7 cm and 14 cm in length, respectively. This 

resulted in 60 randomized treatments, and each was replicated three times. Because of the 

difference in the ratio of depression surface area to total catchment surface area between the 

depressions and the control, a slight correction was made to scale down the volume of 

runoff recorded in the depression experiments, as to make data from both experiments 

directly comparable. Runoff and sediment samples were collected in small bottles at 3 min 

intervals during each simulated rainfall event from the moment the runoff started to flow 

until it ceased. 



62 
 

 

The data obtained from each treatment included the mean runoff (mm h
-1

), the runoff 

coefficient (the percentage of rainfall that becomes runoff), and the time lag (the number of 

seconds between the beginning of the rainfall simulation and the beginning of the runoff). 

Sediment was deposited, separated from the water, dried in an oven to a constant weight at 

105 
0
C for 24 h, and weighed. The sediment concentration was defined as the ratio of dry 

sediment mass to runoff volume, while the sediment yield rate was determined by dividing 

the sediment yield per unit area for the recorded period of time. Infiltration rates were 

determined by subtracting the measured runoff rates from the rainfall application rate. 

Thus, evaporation, interception and surface storage components (water harvesting reservoir 

capacity) were considered as infiltration (for more detailed see Appendix A.1; Eq. A.1.4). 

 

Data were analyzed by the General Linear Model of ANOVA. The SPSS Statistic 17.0 was 

used to test for significant differences and least significant difference (LSD) between the 

treatments. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Spatial rainfall distribution 

The rainfall simulator provided rainfall intensities between 33 and 121 mm h
-1

, obtained 

from different water pressures that ranged from 0.7 to 1.5 bar using three different nozzles. 

The spatial rainfall distribution shows a concentric pattern with the highest rainfall amount 

(ml) recorded in the centre and the lowest rainfall amount recorded around the rim of the 

plot (Fig. 4.5. a, b, c). This deviation from maximum to minimum rainfall amount is caused 

by the physical properties of the nozzle and the applied water pressure. In order to create 

the largest possible drop size, the water pressure system was reduced as much as possible, 

causing a decrease in the nozzle’s spray effect and creating a higher heterogeneity of spatial 

rainfall distribution across the plot. Otherwise, the heterogeneity decreased with increasing 

rainfall intensities.  
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Figure 4.5. (a, b, c). Distribution of simulated rainfall intensities over 60 × 80 cm plot area using (a) nozzle 468.528, pressure 

0.8 bar, (b) nozzle 468.726, pressure 1.2 bar, and (c) nozzle 468.808, pressure 1.1 bar. 
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The major reason for accepting this drawback is that the drop size of simulated drops 

closely resembled natural drops, additionally, the good reproducibility of the spatial rainfall 

distribution and the good Christiansen Coefficient between 83 and 94% on a plot 60 × 80 

cm (Table 4.2). This uniformity was in an acceptable range according to Esteves et al. 

(2000) and Pérez-Latorre et al. (2010) for rainfall simulators with plot sizes below 1 m
2
. 

 

The return periods (recurrence periods) of these rainfall intensities were calculated from 

Madrid weather station data and the fit curve equation came from the methods described by 

Blom (1958) and Arnaéz et al. (2007), (Table 4.2). 

 

Table 4.2. Rainfall intensities and recurrence periods and coefficients of uniformity and 

variation for different nozzles working at different pressures over a 60 cm × 80 cm surface. 

 

Nozzle type 

Pressure 

(bar) 

Mean Rainfall 

Intensity 

( mm h
-1

) 

Recurrence 
a 

(years) 
CU (%) CV (%) 

468.528 0.75 33.4 2.6 84.9 18.4 

468.528 0.8 36.7 3.0 87.1 15.8 

468.528 1.3 48 5.1 83 19.9 

468.528 1.5 58.8 8.4 85.5 18.2 

468.726 1.2 81.4 23.9 85.5 17.6 

468.726 1.3 87.9 32.3 86.4 16.5 

468.808 1 97.8 51.1 90.9 10.9 

468.808 1.050 109.8 89.1 92.1 9.7 

468.808 1.1 112.6 101.5 94.2 7.8 

468.808 1.150 121.5 153.3 93.2 8.5 

 

a Data obtained by the equation: R = exp((Ip - 12.909)/21.579), r
2
 = 0.99, where R is the 

recurrence period (years) and Ip is the rainfall intensity (mm h
-1

), Arnaez et al. (2007). 



65 
 

4.3.2. Drop size distribution 

Drop size increased with rainfall intensity. The median drop size (D50) ranged from 0.8 to 

2.1 mm. It was 0.8 mm for simulated storms of 33.4 mm h
-1

, whereas for intensities of 58.8 

and 121.5 mm h
-1

, the diameter reached 1 and 2.1 mm, respectively (e.g. Appendix A.1; 

figure A.1.2 shows the median drop diameter for rainfall intensity of 58.8 mm h
-1

). These 

sizes are slightly smaller than those calculated by Martínez-Mena et al. (2001) and Pérez-

Latorre et al. (2010). This range is narrower than that obtained by Miller (1987) with drops 

between 1.75 and 2.75 mm. The drop diameter of natural rainfall in western Spain is 

usually smaller than 2 mm (Cerdà, 1997), and that observed in the experimental site ranged 

from 0.5 to 2 mm. 

 

The results of the simulated drop velocity and mean kinetic energy can be found in 

(Appendix A.1). 

4.3.3. Effect of rainfall intensity, slope and different depression forms on surface 

runoff and infiltration rates 

Infiltration and runoff are important processes for dry-land farming in semi-arid areas. 

Insufficient soil moisture is one, if not the major, limiting factor for crop production in any 

country. Thus, any tillage system which shows a high degree of infiltration and a runoff 

reduction will be examined with great interest. 

 

The surface runoff increased with rainfall intensity and surface slope. This is illustrated in 

Figure 4.6, which shows the rate of runoff obtained as a function of slope for different 

rainfall intensities. For surface depressions (a, b, and c), there were significant reductions in 

recorded runoff rates at different rainfall intensities, as compared to a surface with no 

depressions (control), (Fig. 4.6).  
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Figure 4.6. Mean surface runoff of the different depression forms compared to control 

under different surface slope degrees and different rainfall intensities (a, b, c, d, and e) for 

intensities (36, 58, 81, 97, and 112 mm h
-1

), respectively. 
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The total mean of surface runoff in depression treatments ranged from 10 to 13.7 mm h
-1

. 

Depression treatments reduced runoff rates by about 47 to 61% compared to control 

treatment. Furthermore, the difference between the surface runoff in different depression 

forms was significant, but surface runoff was consistently lower in depression (a) as 

compared to the other forms (Table 4.3). This is due to the fact that both depressions (b and 

c) began to collapse with time, especially as a result of high rainfall intensities and 

downward slopes. On the other hand, depression (a) intercepted runoff, conserved its shape 

and resisted collapsing with time.   

 

The magnitude of this difference in runoff rates between depression (a) and depression (b 

and c) increased with rainfall intensity and with surface slope (the total means of reductions 

ranged from 20 to 27%), respectively. 

 

Table 4.3. Total mean of surface runoff, sediment concentration, and sediment yield rate of 

the different depression forms and reductions in these parameters as compared to no 

depression (control). 

 

 

The total means within a column followed by dissimilar letter are significantly different at 

α = 0.01 level using the least significant difference (LSD) method. 

Treatments 

Surface 

runoff 

(mm h
-1

) 

Sediment 

Concentration 

(g l
-1

) 

Sediment 

yield rate 

(g m
-2

 h
-1

) 

Reduction (%) 

Surface 

runoff 

Sediment 

Concentration 

 

Sediment 

yield rate 

 

Control 26.004 
a
 4.992 

a
 119.810 

a
 - - - 

Depression c 13.704 
b
 4.267 

b
 57.862 

b
 47.30 14.52 51.71 

Depression b 12.473 
c
 3.826 

c
 47.291 

c
 52.03 23.35 60.53 

Depression a 10.036 
d
 2.276 

d
 24.065 

d
 61.41 54.41 79.91 
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Figure 4.7 (a, b) shows the temporal evolution of runoff under different rainfall intensities 

for depression (a) and the control treatment with a surface slope of 10%. The response of 

the overland flow was faster for storms of high intensity: with simulations of 112 mm h
-1

, 

the runoff began at 110 and 88 s under depression (a) and control treatment, respectively. 

For storms with a low intensity of 36 mm h
-1

, on the other hand, surface runoff started 580 

and 274 s after the beginning of the simulated rainfall, under depression (a) and control 

treatment, respectively. Additionally, the runoff coefficient ranged from 14.5 to 19.6% for 

depression (a), while for the control treatment, it ranged from 41.8 to 45.9%. The runoff 

coefficient significantly increased with the increasing of the surface slope (Table 4.4 and 

4.5).  

 

The curves in Figure 4.7 (a, b) show a rapid rise of runoff during the first minutes, 

especially in the experiment with the highest intensity precipitation. Thereafter, runoff 

remained at a steady state as a result of the saturation and sealing of the soil. The 

depression treatments had greater steady runoff rates than the control treatment. This may 

be due to the fact that the time delay in runoff initiation represents the depression benefits 

in enhancing infiltration during the first stages of rain.  

 

The volume of harvested precipitation decreased with surface slope but increased with 

rainfall intensity. This is illustrated in Fig. 4.8, which shows the infiltration rate obtained as 

a function of slope for different rainfall intensities. There were significant differences 

between all treatments, especially between the depression treatments and the control  (e.g. 

for low rainfall intensity 36 mm h
-1

 and slope 10%, the infiltration rate of depression (a) 

increased by 37%, compared to the control treatment). This may be due to the large 

infiltration surface area created by depressions. Further, the geometric shape of depression 

(a) enhanced the lateral and longitudinal infiltration into the soil during the first minutes of 

the rainfall simulation. 
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Figure 4.7 (a, b). Surface runoff as a function of time of different rainfall intensities (Ri), 

for depression (a), and no depression (control) under slope of 10%, respectively. 
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Table 4.4. Total mean of infiltration rate, time lag, and runoff coefficient of the different 

depression forms compared to control.  

 

 

 

 
The total means within a column followed by dissimilar letter are significantly different at 

α = 0.01 level using the least significant difference (LSD) method. 

Treatments 

Infiltration rate 

(mm h
-1

) 

Time lag 

(s) 

Runoff coefficient 

(%) 

Control 50.9 
d
 228 

d
 34.2 

a
 

Depression (c) 63.3 
c
 371 

c
 17.5 

b
 

Depression (b) 64.5 
b
 384 

b
 15.7 

c
 

Depression (a) 66.9 
a
 426 

a
 12.6 

d
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Table 4.5. Mean time lag and runoff coefficient with stander errors of depression (a) and no depression (control) under surface 

slope 0 and 10 %, with different rainfall intensities. 

 

 

Rainfall intensity 

(mm h
-1

) 
 

Time lag  (s)
a
 Runoff coefficient (%)

a
 

depression (a) Control depression (a) Control 

Slope Slope 

0 % 10 % 0 % 10 % 0 % 10 % 0 % 10 % 

36 920 ± 50.5 580 ± 5 449 ± 9.7 274 ± 6.2 5.9 ± 0.3 14.5 ± 0.6 31.2 ± 0.6 45.9 ± 0.8 

58 657 ± 4.6 471 ± 5.6 308 ± 3.5 251  ± 10.4 8 ± 0.2 16.5 ± 0.2 25.5 ± 0.4 44.5 ± 0.9 

81 488 ± 7.3 287 ± 6.1 290 ± 7.6 132 ± 5.4 8.4 ± 0.1 16.9±0.2 23.8 ± 0.3 42.1 ± 0.3 

97 124 ± 15.6 259 ± 8.2 273 ± 4.6 96  ± 8.7 10 ± 0.1 16.9 ± 0.3 24.9 ± 0.2 41.8 ± 0.4 

112 125 ± 9.5 110 ± 5.5 244 ± 7 88 ± 7.6 10.5± 0.1 16.4±0.2 26.5± 0.1 42.2 ± 0.2 

 
             a

 ± at 99 % Confidence Interval. 



72 
 

 

 

 

Figure 4.8. Mean infiltration rate of the different depression forms compared to control, 

under different surface slope degrees and rainfall intensities (a, b, c, d, and e) for intensities 

(36, 58, 81, 97, and 112 mm h
-1

), respectively. 
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4.3.4. Erosive response 

As a direct response to the runoff produced, soil erosion was also consistently lower in the 

depression treatments as compared to the control. This is illustrated in Figure 4.9, which 

shows the sediment yield rate obtained as a function of slope for different rainfall 

intensities. There were significant differences between all treatments; in general, depression 

treatments reduce the total sediment yield rate by about 51 to 79% compared to the control 

treatment (Table 4.3). Also, there were significant differences between depression forms, 

and the magnitude of this difference in sediment yield between depression (a) and 

depressions (b and c) increased with rainfall intensity and with surface slope (the total 

means of reductions ranged from 49 to 58%). This behavior has also been found in Figure 

4.10, which shows the sediment yield rate as a function of time in depression (a)’s 

treatment and control for different rainfall intensities at a surface slope of 10%. The 

sediment yield rate increased significantly with the increasing of rainfall intensity and with 

surface slope, but this increase was notable lower in depression (a) compared to the control 

treatments. This reduction in the amount of sediment yield rate is a result of having a 

geometrically ordered soil surface roughness created with the depressions, which reduces 

the runoff rate and velocity. Soil surface roughness is an important factor in preventing soil 

erosion (Eltz and Norton, 1997). 

 

The curves of suspended sediment concentration for depression (a)’s treatment at the 

surface slope of 5% with different intensities are illustrated in Figure 4.11. The highest 

sediment concentration is recorded at the beginning of the experiments, especially with 

rainfall intensities of 81 and 97 mm h
-1

. Thereafter, the erosive response quickly decreases 

with time. This response is related to the sediment availability on the soil surface between 

depressions in the first minutes. As the simulation progresses, the sediment output 

diminishes due to the exhaustion of available particles and to the protective effect of the 

depression against the detachment and transportation of soil particles. 

 

Sediment concentration processes were significantly different between the depression 

treatments and the control treatment, (e.g. depression (a) decreased the total sediment 
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concentration by 54% compare to soil with no depressions and by 40 and 46% compare to 

depression (b and c), respectively, (Table 4.3).  

 

This is explained by the fact that, when the reservoir tillage was used, rainfall collected in 

the depressions (mini-reservoirs), allowing more time for infiltration, which reduced runoff 

and its potential to detach and transport soil particles. Detachment and transport by the 

concentrated flow is one of the main processes involved in soil erosion (Foster and Meyer, 

1975). 

 

Figure 4.9. Mean sediment yield rate of the different depression forms compared to 

control, under different surface slope degrees and rainfall intensities (a, b, c, d, and e) for 

intensities (36, 58, 81, 97, and 112 mm h
-1

), respectively. 
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Figure 4.10 (a, b). Sediment yield rate as a function of time of different intensities (Ri: 

Rainfall intensity, mm h
-1

), for depression (a), and no depression (control) under slope 

10%, respectively. 
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Figure 4.11. Suspended sediment concentration during simulations with different 

intensities (Ri: Rainfall intensity, mm h
-1

) in depression (a) treatment under surface slope 

5%. 

 

4.4. CONCLUSIONS 

Reservoir tillage is an old system of harvesting water, but it has not been evaluated 

scientifically like other tillage systems. It was considered an effective method of harvesting 

water under high-intensity rainfall of short duration common in semi-arid areas. To 

research and quantify water storage from reservoir tillage and how it could be adapted to 

improve infiltration of harvested rainwater, an auto-controlled laboratory rainfall simulator 

that could obtain variable rainfall intensities with drop sizes similar to natural rain was 

developed. 

 

The rainfall simulator was constructed using different three full cone nozzles and was auto-

controlled by a solenoid valve. The simulator provided realistic rainfall intensities (between 

33 and 121 mm h
-1

) and drop sizes (from 0.8 to 2.1 mm), for runoff experiments, with 

uniformities ranging between 83 and 94%.  
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Three different soil surface depression formations were compared to a control treatment 

with no depression. The experiments were conducted under the rainfall simulator for five 

different rainfall intensities and three surface slope degrees. There were significant 

differences between depressions treatments and the control; depression (a) reduced surface 

runoff and the sediment yield concentration by about 61 and 79%, respectively, compared 

to the control treatment. For reservoir tillage, a depression in the form of a truncated square 

pyramid (depression (a)) was considered the most appropriate depression shape, due to its 

potential to reduce surface runoff and to enhance the rainwater harvesting capacity, 

especially under high intensity rainfall and with high soil surface slopes. As a direct 

response to these processes, soil erosion was also consistently lower. 

 

Reservoir tillage system can function in arid and semi-arid regions, but lack of sufficient 

information about it makes its adoption suspicious. Therefore, it is necessary to continue 

field trials to evaluate the use of a modified seeder machine with a reservoir tillage system 

in the production of wheat and barley under rainfed agriculture conditions. 
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CChhaapptteerr  55  

5. Developing a combination implement for in-situ rainwater harvesting and 

comparing its effect to other tillage practices on soil physical properties and erosion 

control in arid regions 

This section has been submitted as an article in the journal of Biosystems Engineering.  

5.1. INTRODUCTION 

Water shortage in arid and semi-arid regions stems from low rainfall and uneven 

distribution throughout the season, which makes rainfed agriculture a precarious enterprise. 

In recent decades, there has been increased interest in the evaluation of traditional water 

management techniques (Prinz et al., 1999), such as rainwater harvesting for drylands 

agriculture, which aims to ease future water scarcity in many arid and semi-arid regions of 

world. 

  

Of the various methods of rainwater harvesting, "in-situ" systems are the simplest and 

cheapest rainwater harvesting approaches and can be practiced in many farming systems. 

Also known as soil and water conservation systems, in-situ systems increase the amount of 

water stored in the soil profile by trapping or holding the rain where it falls (Stott et al., 

2001), which eliminates the separation between the collection and storage areas. In-situ 

systems may be close to micro-catchments techniques, but they provide an alternative in 

arid and semi-arid regions, where precipitation is low or infrequent during the dry season, 

and there is a need to store the maximum amount of rainwater during the wet season for use 

at a later time, especially for agricultural and domestic water supply (OAS, 1997). Common 

in-situ rainwater harvesting techniques including mulching, deep tillage, contour farming 

and ridging are often used in arid and semi-arid regions (Hatibu and Mahoo, 1999).  

 

Soils in the Mediterranean region typically have low organic matter content, which often 

entails weak structure. For this reason, conventional intensive tillage systems for rainfed 
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crops often lead to soil quality deterioration (Hernanz et al., 2002). This increases the soil’s 

potential for erosion and also induces carbon loss, which weakens the soil’s production 

capacity and stability. These concerns gave rise to the invention of conservation tillage 

practices that improve physical and biological soil properties. 

 

Conservation tillage has several positive effects on water productivity (Rockstrom et al., 

2001) compared to traditional soil and water conservation systems. Besides enhancing 

infiltration and soil moisture storage (Kahlon et al., 2013; Liu et al., 2013), it improves the 

spatial distribution of soil moisture at field scale and the timing of tillage operations, which 

is crucial in arid and semi-arid rainfed agriculture. 

 

An alternative method to in-situ rainwater harvesting and conservation tillage is reservoir 

tillage, which has been defined as a system in which numerous small surface depressions 

are formed to collect and hold water during rainfall or irrigation to prevent surface runoff 

(Hackwell et al., 1991; Rochester et al., 1994; Patrick et al., 2007; Salem et al., 2014). This 

approach was developed under the consideration that tillage can provide increased levels of 

surface storage and may represent one of the most effective means of controlling both 

runoff and soil erosion. A large body of research has been conducted on reservoir tillage 

with variations in equipment and terminology including: basin tillage, micro-basin tillage, 

furrows diking, furrow blocking, soil pitting, and tied-ridging (Hackwell et al., 1991; Wiyo 

et al., 2000; Brhane et al., 2006; Nuti et al., 2009). 

 

This study used Egypt as the focus region because it lies in the heart of the water scarcity 

problem. Egypt’s rainfed agriculture is mainly concentrated in the north-western coastal 

zone, which extends approximately 500 km from the western city of El-Saloum on the 

border with Libya, to Alexandria in the east. It is bounded by the Mediterranean Sea on the 

north and the Sahara Desert, about 60 km on the south.  

 

Water is particularly important in this region, as it is inhabited by an indigenous Bedouin 

population, 85% of which lives off of an extensive dryland production system, where 

barley and wheat are the main crops. Human settlements and land use are entirely 

dependent on rainfall and on various forms of water harvesting (Mamdouh, 1999) to 
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increase the efficiency of runoff water use for human and animal consumption and 

cultivation and to minimize soil erosion.  

 

The area’s geography and hydrology are ideal for effective use of water harvesting systems. 

The natural habitat is dry to very dry rangeland, with an annual rainfall ranging from 

approximately 140 to 200 mm. Most of this precipitation falls during the winter months 

(December-February). In general, a decrease in rainfall corresponds to the distance from the 

coast. In this region, soil water management techniques must retain the maximum possible 

rainfall by methods that reduce storm-water runoff, improve infiltration and boost the water 

storage capacity of the soil. The system must also be cost effective for acceptance by the 

farmers.  

 

Currently, most farmers in the northwestern coastal zone still utilize old-fashioned crop 

production systems. Some farmers have switched to mechanized systems, but these systems 

have resulted in several problems. Some of the most common problems include added costs 

related to buying or renting agricultural machines, difficulties in using and maintaining 

these machines, crumbling of cultivated land, and the necessity for multiple machines to 

fulfill all agricultural processes. This last problem has been the most decisive, as farmers 

have often been unable to obtain all of the necessary machinery. Additionally, some 

farmers who own tractors as sources of power still even broadcast seeds because the region 

only receives rainfall during a short period of time, and so the farmers must utilize the little 

moisture available before it dries out.  

 

These problems indicate a need to design integrated technologies to increase agricultural 

water use efficiency through rainwater harvesting while conserving the soil in rainfed areas. 

Researchers in this region have needed to develop an alternate system that was energy, 

water and labor efficient and that could also help sustain soil and environmental quality and 

produce more at a lower cost. Specifically, there has been a need to produce a combination 

implement to simultaneously perform multiple processes including tilling and planting in 

order to decrease the number of machines traveling on the soil surface. This can mitigate 

soil compaction problems (El-Saied, 2000; Rohit and Hifjur, 2006), and consequently 

increase crop yields, and lower the total cost for mechanization processes by decreasing 
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fuel consumption, labor, maintenance cost and the cost of owning or renting machines 

(Tuhtaku-Ziev and Utepbergenov, 2002; Karoline and Jan, 2008).  

 

The main objectives of this work were: (i) to develop and manufacture a combination 

implement suitable for conserving rainwater in situ within the root-zone using a reservoir 

tillage tool and mechanical seeding; (ii) to research, understand and quantify water storage 

from reservoir tillage and how it could be adapted to increase soil moisture storage, reduce 

runoff, and improve infiltration of harvested water for use in the study area; (iii) to optimize 

various operating parameters that affect the performance of tillage practices; and (iv) to 

compare the influence of the combination implement and other traditional tillage practices 

on soil physical properties, water harvesting efficiency, and plant productivity. 

5.2. MATERIALS AND METHODS 

5.2.1. Site description and meteorological conditions 

The field experiments were carried out on a farm in Wadi Madwar in the El- Qasr area, 

which lies approximately 10 km southwest of Marsa Matruh city and 3 km from the sea in 

Egypt’s northwestern coastal zone (latitude: 31° 21' 08''; N, longitude: 28° 08' 40''; E, and 

an altitude of 30 m above sea level). The location of the study area is presented in Fig. 5.1.  

 

Figure 5.1. The location of the study area. 
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The soils of Wadi Madwar are mainly sandy loam in texture, and the average slope of this 

area is between 4 and 6% in the south-north direction. The climatic conditions from Marsa 

Matruh station (latitude 31° 20'; N, longitude: 27° 13'; E, and an altitude of 28 m above sea-

level) were used to determine the meteorological data of the study area. The arid 

Mediterranean climatic conditions are it is characterized by short rainy seasons during 

October to March; about 85% of the total annual rainfall is recorded between December 

and February. During the growing season, the average temperature and relative humidity 

were 15 
0
C and 64.2%, respectively, and the total precipitation was 161.2 mm, recorded 

over eleven storms. 

5.2.2. Combination implement [integrated reservoir tillage system (RT)] 

The combination implement (Fig. 5.2 and 5.3), used in this study was manufactured locally 

out of low cost local material to overcome the problems of high power and high cost 

requirements of imported machines. The RT was mounted type, and its weight was 495 kg 

without load (seeds). It ran on two ground removable wheels of 60 cm diameter. The main 

frame was constructed from rectangular iron sheet steel and had the dimensions of 140 x 

165 cm; it was fitted with three-point hitches. The main structure consisted of the parts 

defined in the following sections. 

5.2.2.1. Chisel plow  

A chisel plow was used as the primary tillage tool to plow the soil for seedbed preparation, 

and it consisted of four tines arranged in one row and mounted on straight shanks 

constructed from iron steel (cross section 4 x 12 cm). This shape is especially used when 

there is either low or heavy rainfall and can help the land hold water for a longer period. 

The distance between the shanks was 30 cm. Each shank had different levels of holes to 

provide different tillage depths and was mounted on the implement’s main frame using 

stainless steel hex bolts. 
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Figure 5.2. Side view of the combination implement and the isometric for the spiked roller 

(reservoir tillage tool), (1) upper hitch point; (2) main frame; (3) chisel plow; (4) spike-

tooth harrow; (5) ground wheel; (6) feeding mechanism; (7) seed hopper; (8)  spiked roller. 

 

Figure 5.3. (a) Main structure of the combination implement; (b) the combination 

implement during carrying out experiments; (c) the depressions or mini-reservoirs creating 

by the combination implement.           
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5.2.2.2. Spike-tooth harrow 

A spike-tooth harrow was used as a secondary tillage tool, which had solid tines 

manufactured from iron that was arranged in one row and slanted to the rear to prevent 

clogging by debris. The harrow was fixed to plow the soil at depth of 10 cm. By using the 

spike-tooth harrow in loosened soil effectively shatters, sorters soil clods and brining larger 

clods and aggregates on surface. This process is recommended because of its stability under 

rainfall, which helps reduce soil erosion and produces a homogenous seedbed for sowing 

machines. 

5.2.2.3. Seeding unit (seed drill) 

The constructed seeding unit consisted of a grain box, a feed set, seed delivery tubes and a 

transmission gear attached to the machine frame for the feed set. The seed drill was used to 

carry out mechanical seeding in uniform rows (7 rows, 21.6 cm between each) at a 

controlled depth and in specified amounts. The seed box was designed and constructed 

from a one-millimeter thick steel sheet with dimensions (40 x 120 x 60 cm). Seven 

adjustable dampers were attached to the seed box. The seed metering unit consisted of a 

tooth roller around its circumference with a curved plate. The bottom plate regulated the 

slot of each feeding set so the required amount of grains could flow easily without 

gathering. These seeds dropped into a hinged trough that connected to the seed box. The 

same trough could be adjusted to drill the seeds at different required seeding rates per 

hectare. A reduction gear was fixed on the feeding unit to be able to use different speeds for 

the feeding system. The reduction gear of feeding unit attached with another transmission 

gears fixed on the main implement frame and another gear on the roller axle, when the 

roller rotates by friction with the soil, the feeding unit rotates through the transmission 

gears.   

5.2.2.4. Spiked roller (Reservoir tillage tool) 

A spiked roller was developed and manufactured out of 2 mm structural steel. The tool 

consisted of a roller (cylindrical core has an outside diameter of 50 cm, and a width of 120 

cm) that was made of 42 teeth with truncated square pyramid shapes that were welded 

radially on the roller to form six heptagram rings. Creating surface depressions in a shape 
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of truncated square pyramid was considered the most appropriate depression shape, due to 

its potential to reduce surface runoff and soil loss and to enhance the rainwater harvesting 

capacity as discussed in chapter 4. The tooth length was 12 cm, and the spacing between 

the rings was approximately 9.6 cm. The radial basal spacing of the teeth was about 9.4 cm. 

The depressions were formed through soil compression and shearing. The gap around the 

base of each tooth facilitated these two interacting processes with minimal soil disturbance 

and compaction and improved soil penetration while providing a dam between adjacent 

depressions for safe storage of collected rain until infiltration. 

The roller was mounted on the main implement's frame with two L shape frames on each 

side by stainless steel hex bolts. The roller axle (full-length, cold-rolled steel, 5 cm in 

diameter), Axle bearings (Pillow-block type with cast steel housing and double tapered 

roller bearings). The spiked roller had the ability to create small depressions in the loose 

soil surface, which acted as reservoirs for rainwater. Each depression had a water capacity 

of 1 liter. The final volume of these reservoirs was dependent upon the soil conditions, the 

expected rainfall intensity and duration, the roller's weight which can be adjusted by filling 

the roller to different levels with water through an opening on the bottom of the roller, and 

the speed of the tractor. The spiked roller was designed to fit the modified seeder. 

Depressions or mini-reservoirs were made in continuous rows on both sides of the seed 

lines for in-situ rainwater harvesting after seeding.                                                                                                              

5.2.3. Tillage experiments and crop management 

The field experiments were carried out during the winter season of 2012-2013. The three 

tillage practices used in this study were (1) minimum tillage (MT), a one-pass tillage 

operation that uses the chisel plow and the spike-tooth harrow followed by manual 

spreading of seeds, (2) combination implement (integrated reservoir tillage system (RT)), 

and (3) conventional tillage (CT), corresponding to the traditional method (control) used by 

local farmers in this region of two passes of tillage operation using a chisel plow, seven 

tines with working width of 175 cm, followed by manual spreading of seeds after tillage. 

 

All these experiments were conducted at three different levels of tillage depths (15, 20, and 

25 cm) and four forward speeds of tillage operations (0.69, 1, 1.25 and 1.53 m sec
-1

). All 
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experiments were set up as split-split plot design in which tillage practices were the main 

plot; tillage depths were sub-main plot; and tillage forward speeds were sub sub-main plot 

(Figure 5.4). Each plot was 2.5 m in width and 40 m in length, and each was replicated 

three times with a buffer zone of 0.5 m between plots. A small area of approximately 10 m 

long by 2.5 m wide before the beginning of each tested plot was used to enable the tractor 

and implements to reach the required tillage depth and operation speed. A tractor model 

Ursus C-385 (63.4 kW) was used in all the experiments. The sowing rate used in the seeder 

and the manual spreading was 140 kg ha
-1

 of winter wheat (Triticum aestivum L.), Giza 168 

variety. Wheat was sowed at a depth of 4 cm with a row spacing of 21.6 cm on 16 

December 2012. All plots were fertilized according to the common practice. Only one dose 

of superphosphate (15.5% P2O5) was added at a rate of 70 kg ha
-1

 at the time of seeding. 

Nitrogen fertilizer was applied as ammonium nitrate (33.5% N) at a rate of 100 kg ha
-1

 in 

two equal doses; the first was applied at the time of seeding, and the second was applied 

three weeks after seeding.  

5.2.4. Measurements  

5.2.4.1. Soil physical properties 

Soil samples were taken with a cylindrical core at depths of 10, 20, and 30 cm. The core 

samples were immediately weighed and then dried at 105 0C for 24 hours. Soil bulk 

density was performed according to Black et al. (1965). Soil total porosity was calculated 

as the fraction of total volume not occupied by soil assuming a particle density of 2.65 Mg 

m
-3

 (Danielson and Sutherland, 1986). Further, to analyze soil physical and chemical 

properties, different soil samples were air-dried and sieved through 2 mm sieve holes. The 

following analyses were conducted: first, the particle size distribution was determined using 

the pipette method according to Piper (1950). Then, the water extract components were 

determined in the soil paste extract using the standard methods of analysis presented by 

Jackson (1969). Next, soil reaction (pH) was determined in the soil paste, according to the 

method proposed by Richards (1954). Collin's calcimeter was used for CaCO3 

determination according to the method described by Wright (1939), and organic matter was 

determined following the modified Walkley and Black method (Jackson, 1969). The soil 

physical and chemical characteristics are shown in Table 5.1.  
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Legend: 

     Tillage practices (MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage). 

     Td: Tillage depths (15, 20, and 25 cm). 

     Ts: Tillage forward speeds (0.69, 1, 1.25, and 1.53 m s
-1

). 

     Bare soil 

Figure 5.4. Scheme of the statistical design of field experiments. 

2.5 m 

72 m 

166 m 
40 m 
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Table 5.1. Physical and chemical properties of the soil measured at different layers before tillage operations.  

 

Depth 

(cm) 
pH 

ECe 

(dS m
-1

) 

O.M 

(%) CaCO3 

Particle size 

distribution % 

Bulk 

Density 

(Mg m
-3

) 

Cone 

index 

(MPa) 

Field 

capacity 

(%) 

Permanent 

wilting 

point (%) 

TAW
*
 

(mm/20cm) 

Infiltration 

rate 

(cm h
-1

) Sand Silt Clay 

0 - 20 7.86 1.13 0.57 15.34 64.11 21.18 14.71 1.51 1.33 19.56 12.57 13.98 

1.12 20 - 40 7.78 0.96 0.51 15.48 62.98 20.05 16.97 1.53 1.45 22.57 13.31 18.52 

40 - 60 7.82 1.11 0.34 15.79 61.64 21.21 17.15 1.54 1.49 22.05 12.54 19.02 

 

*
 TAW is the total available water. 
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The infiltration rate was measured by using a double ring infiltrometer with an inner ring of 

30 cm diameter and an outer ring of 60 cm diameter. The double ring was hammered into 

the soil to 15 cm depth. Penetration resistance (cone index) was measured by using a 

penetrometer model (SR-2, DIK-500). The bulk density, infiltration rate and cone index 

were determined before tillage and three weeks after emergence.  

5.2.4.2. Runoff and soil loss 

The runoff volume obtained on the cultivated area was collected in the receiving containers 

that were installed in auger holes at the down-slope edge of each plot. Containers were 

covered so that rain could not enter, and evaporation was assumed to be negligible. The 

containers were emptied after each measurement to ensure enough space for the next storm 

runoff. The runoff volume was determined from the measured depth of water in each 

container, and the runoff coefficient was computed as the percentage of rainfall that became 

runoff. 

 

Soil loss (sediment) was deposited, separated from the water, dried in an oven to a constant 

weight at 105 
0
C for 24 h, and weighed. Soil loss rate was defined by dividing sediment 

weight per unit area. 

5.2.4.3. Moisture storage and water harvesting efficiency 

The field capacity and permanent wilting point moisture content were determined at the 

depths of 0–20, 20–40, and 40–60 cm. Measurements were performed once before the 

treatments and three times (6, 40, and 63 days after the last rain) in the dry season between 

10 March and 12 May 2013. 

 

Soil samples were saturated for 24 h, and a pressure of 1/3 bar (for field capacity) and 15 

bar (for permanent wilting point) were exerted until no further change in sample mass was 

observed. Based on the methodology described by Or and Wraith (2000), and IAEA (2008), 

the total available water (TAW) for plant use in the root zone was computed as the 

difference between the moisture content at field capacity and the permanent wilting point 

employing Eq. (5.1) (Allen et al., 1998) as:  
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TAW =                     
 
       (5.1) 

where TAW= total available soil water (mm);      = moisture content at field capacity on 

volume base in the i
th

 layer of the soil (%);       = moisture content at permanent wilting 

point on volume base in the i
th

 layer of the soil (%); Zri = depth of the i
th

 soil layer within 

the root zone (mm); and n = number of soil layers in the soil root zone. 

The difference between the depth of stored water and total available soil water was the 

depth of unavailable water.  

 

The water harvesting efficiency (WHE) for one season was assessed as the ratio of the 

depth of stored water (Se) in mm at the end of the rainy season to the total seasonal 

precipitation (Pg) in mm (Oweis and Taimeh, 1996; Boers, 1997; Gammoh, 2013), where: 

 

WHE = (Se/Pg) × 100             (5.2) 

5.2.4.4. Precipitation use efficiency and harvest index 

Precipitation use efficiency (PUEg) for the cropping season was calculated using the 

following equation (Hensley et al., 2000): 

PUEg = 
  

             
         (5.3) 

Where PUEg was calculated based on the grain yield (kg ha
−1

 mm
−1

), Yg = grain yield (kg 

ha
−1

); Pg = precipitation during the cropping season (mm); Zp = water content of the root 

zone at planting (mm); and Zh = water content of the root zone at harvesting (mm). 

 

The harvesting date was 12 May 2013, and the grain and biomass yield were taken 

manually at harvest time from each plot. The harvest index was computed as percentage 

grain in the total aboveground plant biomass. 
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5.2.5. Statistical analysis  

Data were analyzed by the General Linear Model of ANOVA. The SAS (SAS/STAT, 

1999–2001) procedure was used to test for significant differences, and Tukey's HSD 

(honestly significant difference) test was used to compare treatment means (P < 0.05). 

5.3. RESULTS AND DISCUSSION 

5.3.1. Soil physical properties 

Tillage practices, tillage depths, and tillage forward speeds had significant individual 

effects on bulk density, cone index and infiltration rate for all soil layers (0–30 cm), as 

shown in Table 5.2. This trend may be related to the maximum effective working depth 

among the tillage practices (15 to 25 cm). Simultaneously, the interaction effects between 

tillage practices, tillage depths and tillage forward speeds were not significant for bulk 

density, cone index and infiltration rate for all soil layers (0–30 cm). The results of total soil 

porosity can be found in (Appendix A.2; Table A.2.1, and A.2.2).  

5.3.1.1 Soil bulk density 

Soil bulk density is a very important parameter that reflects the status of soil compaction 

and soil porosity. Table 5.3 shows the mean values of bulk density in different soil layers 

under different tillage practices, tillage depths, and tillage forward speeds. Bulk density 

generally increased with depth and was significantly affected by tillage treatments at all 

sampling depths in compression with a soil without any treatments (Table 5.1). 

There were significant differences between RT and CT in soil layers 10-20, and 20-30 cm, 

and the effect was not significant between MT and RT in soil layer 20-30 cm (Table 5.3). 

Overall, in soil layer 20-30 cm, tillage practice affected bulk density in the order: MT > RT 

> CT. On the other hand, in soil layer 0-10 cm, the order changed to CT > RT > MT. In the 

cases of MT and RT, this impact on bulk density can be attributed to the use of a spike-

tooth harrow, which caused a breakdown of soil structure in the upper layer. CT was 

carried out in two passes, but the compaction increased due to the wheel traffic.  

Soil bulk density changed not only because of constructional properties of soil tillage 

implements, but also because of their operational variables (Taniguchi et al., 1999). In 
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general, higher forward speeds caused increases in soil bulk density at all soil layers due to 

the production of fewer breakdowns of soil aggregates, while lower forward speeds caused 

decreases in soil bulk density except for in soil layer 0-10 cm, due to the effective working 

depth among the tillage practices (15 to 25 cm). For example, when forward speed 

increased from 0.69 to 1.53 m s
-1

, soil bulk densities increased by 6.35, 6.97, and 4.44% for 

soil layers 0-10, 10-20, and 20-30 cm, respectively. This is attributable to the fact that at 

higher speeds of operation, the tractor tractive efficiency became very low leading to 

skidding. These results generally agree with earlier findings under varying soil conditions 

(Rautaray et al., 1997; Ahaneku and Ogunjirin, 2005). Tillage depth significantly affected 

soil bulk density in all soil layers except soil layer 10-20 cm. 

5.3.1.2. Soil cone index 

Soil penetration resistance as measured by cone index has been used as an important 

indicator for soil compaction (Tessier et al., 1997) and crop root development (Chen et al., 

2005). Table 5.3 represents the mean values of cone index in different soil layers with 

different tillage practices, tillage depths, and tillage forward speeds. Similar to bulk density, 

cone index increased with depth and was affected by tillage treatments at all sampling 

depths. Furthermore, increasing forward speed caused significant increases in cone index at 

all soil layers. The lowest value (0.73 MPa) was recorded at a forward speed of 0.69 m s
-1

. 

However, tillage practices affected cone indices in a different way at different depths. For 

example, no significant difference was noted in the upper layer between RT and CT, and 

their values were higher than MT. This was perhaps due to the effect of the roller weight 

used in the RT treatment to create depressions or mini-reservoirs on the soil surface and the 

effect of wheel traffic in the CT treatment because it was carried out in two passes. In the 

shallow layers, on the other hand, the RT and CT values were lower than the MT treatment.  

The influence of increasing tillage depth on decreasing cone index value was clearly 

observed in layer (20-30 cm) and the maximum reduction in cone index was 18.3% at 

tillage depth 25 cm. In general, there were significant differences between tillage depths 

and their values change in soil layers 0-10 and 20-30 cm, according to the effective 

working depth. 
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Table 5.2. F ratio of analysis of variance for bulk density, cone index, and infiltration rate 

under different tillage practices, tillage depths, and tillage forward speeds. 

Property Source of variance d.f. Soil depth layers (cm) 

   0-10 10-20 20-30 

Bulk density Tillage practices (Tp) 2 8.06
*
 4.86

*
 13.09

**
 

 Tillage depths (Td) 2 29.77
**

 3.41
*
 24.91

**
 

 Tillage speeds (Ts) 3 26.49
**

 16.45
**

 13.36
**

 

 Tp ×Td 4 1.63 2.73
*
 5.61

*
 

 Tp × Ts 6 0.54 0.16 0.75 

 Td × Ts 6 0.21 0.67 1.16 

 Tp × Td × Ts 12 0.32 0.17 0.39 

      

Cone index Tillage practices (Tp) 2 14.86
**

 3.19
*
 86.66

**
 

 Tillage depths (Td) 2 18.55
**

 12.22
**

 131.82
**

 

 Tillage speeds (Ts) 3 62.15
**

 119.85
**

 30.63
**

 

 Tp ×Td 4 7.78
**

 13.00
**

 4.74
*
 

 Tp × Ts 6 3.86
*
 1.74 1.16 

 Td × Ts 6 0.41 0.58 2.42
*
 

 Tp × Td × Ts 12 1.51 1.29 0.91 

      

Property Source of variance d.f.   

infiltration rate Tillage practices (Tp) 2 260.12
**

 

 Tillage depths (Td) 2 3.14
*
 

 Tillage speeds (Ts) 3 23.10
**

 

 Tp ×Td 4 12.15
**

 

 Tp × Ts 6 3.10
*
 

 Td × Ts 6 0.77 

 Tp × Td × Ts 12 0.84 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively.



94 
 

Table 5.3. Effect of tillage practices, tillage depths, and tillage forward speeds on bulk 

density (Mg m
-3

), and cone index (MPa) in different soil layers. 

Treatments Bulk density (Mg m-3) Cone index (MPa) 

Soil layers (cm) 

0-10 10-20 20-30 0-10 10-20 20-30 

Tillage practices       

MT 1.27 b 1.34 ab  1.40 a  0.78 b  0.97 a 1.13 a 

RT 1.29 ab 1.35 a  1.38 a  0.85 a  0.94 b 0.99 b 

CT 1.31 a 1.31 b  1.35 b  0.84 a  0.95 ab 0.99 b 

SEM ± 0.006 0.008 0.006 0.009 0.008 0.009 

HSD (p < 0.05) 0.021 0.027 0.021 0.029 0.029 0.031 

Tillage depths (cm)       

15 1.26 c  1.34 a  1.41 a  0.79 c  0.95 b 1.15 a 

20 1.29 b  1.32 a  1.37 b  0.82 b  0.92 b 1.02 b 

25 1.32 a  1.34 a  1.35 c  0.86 a  0.98 a 0.94 c 

SEM ± 0.006 0.008 0.006 0.009 0.008 0.009 

HSD (p < 0.05) 0.021 0.027 0.021 0.029 0.029 0.031 

Tillage speeds (m sec-1)       

0.69 1.26 c  1.29 c  1.35 c  0.73 d  0.84 d 0.98 c 

1 1.26 c  1.32 b  1.37 b  0.79 c  0.90 c 1.01 bc 

1.25 1.30 b  1.34 ab  1.38 b  0.85 b  0.98 b 1.04 b 

1.53 1.34 a  1.38 a  1.41 a  0.92 a  1.08 a 1.12 a 

SEM ± 0.007 0.009 0.007 0.010 0.010 0.010 

HSD (p < 0.05) 0.027 0.034 0.027 0.037 0.037 0.039 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. Different letters in 

the same column indicate significant differences (p < 0.05). 
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5.3.1.3. Infiltration rate 

Conservation tillage practices would be expected to increase infiltration and allow the water 

to flow deeper through the soil vadose zone. Tillage practices as well as machine operating 

parameters greatly affect infiltration rates. Table 5.4 and Fig. 5.5 demonstrate that there 

were significant differences among tillage practices. Overall, tillage practice affected 

infiltration rates in the order: RT > MT > CT. There was little difference between the MT 

and CT treatments, and the maximum mean infiltration rate of 10.69 cm h
-1

 was observed 

with RT at tillage depth 20 cm, which decreased to 5.99 cm h
-1

 with CT at the same tillage 

depth. In general, the RT increased infiltration rates by 47.52 and 64.30%, compared with 

MT and CT respectively, This can be explained by the fact that the large infiltration surface 

area created by the numerous depressions and the small depth of ponded water in the 

shallow depressions resulting from the RT treatment compared with MT and CT treatments 

(Mrabet, 2002).  

 

Significant differences in infiltration rate also occurred among tillage forward speed except 

between 0.69 and 1 m s
-1

, it was noted that increasing forward speed decreased infiltration 

rate. The minimum value of 6.72 cm h
-1

 was noted under forward speed 1.53 m s
-1

 at tillage 

depth 15 cm.   
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Table 5.4. Effect of tillage practices, tillage depths, and tillage forward speeds on 

infiltration rate (cm h
-1

). 

Tillage 

practices 

Tillage 

depths 

(cm) 

Tillage forward speeds (m s
-1

) 

 

Mean 

  0.69 1 1.25 1.53  

       

MT 15 8.90 (±0.95)
a
 7.63 (±1.10) 6.95 (±0.67) 6.30 (±0.95) 7.45 

RT 
 10.36 (±1.18) 11.07 (±0.75) 10.83 (±0.55) 8.73 (±0.59) 10.25 

CT  7.11 (±0.77) 6.75 (±1.05) 5.05 (±0.69) 5.14 (±0.65) 6.01 

Mean  8.79 8.48 7.61 6.72  

       

MT 
20 8.47 (±0.72) 8.30 (±0.82) 7.63 (±0.90) 7.00 (±0.85) 

7.85 

RT 
 9.83 (±0.56) 11.47 (±0.57) 11.19 (±1.02) 10.25 (±0.77) 

10.69 

CT 
 6.83 (±0.65) 6.94 (±0.58) 5.56 (±1.09) 4.63 (±0.29) 

5.99 

Mean  8.38 8.90 8.13 7.29  

       

MT 
25 6.20 (±0.89) 6.10 (±0.95) 5.83 (±0.99) 5.23 (±0.73) 

5.84 

RT 
 10.75 (±1.09) 10.68 (±0.86) 10.29 (±0.48) 9.41 (±0.96) 

10.28 

CT  7.67 (±0.34) 8.07 (±0.49) 6.38 (±0.69) 5.77 (±0.83) 
6.97 

Mean  8.21 8.28 7.50 6.80  

 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. 
a 

figures in the 

parentheses are the standard deviations. 
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Figure 5.5. a, b, c. Mean infiltration rate (cm h
-1

), under (a) tillage practices, MT: 

minimum tillage; RT: reservoir tillage; CT: conventional tillage, (b) tillage depths, cm, and 

(c) tillage forward speeds, m s
-1

. 
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5.3.2. Runoff and soil loss 

The total rainfall for the growing season was 161.2 mm with eleven rainy days. The total 

depth of rainfall for the six storms was 79.8% of the total rainfall (Table 5.5), and rainfall 

intensities of the storms varied between 6.4 and 13.3 mm h
-1

.  

 

Table 5.5 shows the depth of runoff (mm) and soil loss (t ha
-1

) in a soil without any 

treatments. Data illustrated that the total depth of runoff reached 16.23 mm, indicating that 

the average runoff coefficient reached 10.07%. Additionally, the total soil losses were 3.46 

t ha 
-1

.  

 

Tillage practices would be expected to have a great influence on erosion control. Results in 

Table 5.6, Fig. 5.6 and the analysis of variance table in (Appendix A.2; Table A.2.3) show 

significant differences among tillage practices and their operating parameters on runoff and 

soil loss. Overall, tillage practices affected runoff in the order: CT > MT > RT. The runoff 

coefficient followed a similar pattern. This can be explained by the great effect of soil 

surface indentations created by RT in a loose soil surface that acted as reservoirs or mini-

depressions to increase the soil surface water storage with consequential soil surface water 

runoff and erosion reduction. Additionally, as a direct response to the produced runoff, 

there were significant differences among tillage practices. Soil losses were also consistently 

lower in RT treatment as compared to CT and MT treatments. The maximum reduction in 

soil losses were 60.8% by using RT treatment. This is explained by the fact that, when RT 

was used, rainfall collection in the mini-reservoirs reduced runoff and its great potential to 

detach and transport soil particles. Similarly, Kranz and Eisenhauer (1990) found that 

reservoir tillage reduced runoff by 68% and soil erosion by 92% compared to the 

conventional treatment. This also corroborates the results of many other studies (e.g. 

Rochester et al., 1994; Ventura et al., 2005; Patrick et al., 2007). Detachment and transport 

by the concentrated flow is one of the main processes involved in soil erosion (Foster and 

Meyer, 1975). 

 

Significant differences in runoff and soil loss occurred among tillage depths, except 

between tillage depths of 20 and 25 cm. There were also no significant differences in runoff 

among different tillage forward speeds. Generally, runoff and soil loss grew by increasing 
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forward speed, while the opposite was noticed with the tillage depth. The maximum 

reduction in runoff and soil losses of 11 and 9.2%, respectively, were observed at the tillage 

depth of 20 cm. On the other hand, increasing forward speed from 0.69 to 1.53 m s
-1

 

increased runoff from 8.58 to 9.23 mm and soil losses 1.21 to 1.29 t ha
-1

.  

 

Table 5.5. Effect of rainfall storm event on runoff (mm) and soil loss (t ha
-1

) in a soil 

without any treatments. 

 

Storm 

event No. 

Rainfall Runoff 

(mm) 

Soil loss 

 (t ha
-1

) Depth 

(mm) 

Duration 

(h) 

Intensity 

(mm h
-1

) 

1 9.1 3.5 2.6 - - 

2 10.3 1.6 6.4 0.81 0.31 

3 33.6 3.1 12.0 4.6 0.74 

4 11.6 1.2 9.7 1.02 0.44 

5 41.3 3.5 13.3 5.3 0.91 

6 6.5 2.3 2.8 - - 

7 18.2 1.7 11.4 2.6 0.55 

8 5.3 2.8 1.9 - - 

9 13.6 1.9 7.2 1.9 0.51 

10 5.2 1.5 3.5 - - 

11 6.5 1.6 4.1 - - 

Total 161.2   16.23 3.46 
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Table 5.6. Effect of tillage practices, tillage depths, and tillage forward speeds on runoff 

(mm), runoff coefficient (%), and soil loss (t ha
-1

). 

Treatments Runoff  

(mm) 

Runoff coefficient 

(%) 

Soil loss 

 (t ha
-1

) 

Tillage practices    

MT 10.20 
b
 6.33 

b
 1.44 

b
 

RT 4.91 
c
 3.04 

c
 0.65 

c
 

CT 11.36 
a
 7.05 

a
 1.66 

a
 

SEM ± 0.156 0.097 0.009 

HSD (p < 0.05) 0.529 0.328 0.030 

    

Tillage depths (cm)    

15 9.40 
a
 5.83 

a
 1.31 

a
 

20 8.47 
b
 5.25 

b
 1.20 

b
 

25 8.60 
b
 5.33 

b
 1.22 

b
 

SEM ± 0.156 0.097 0.009 

HSD (p < 0.05) 0.529 0.328 0.030 

    

Tillage speeds (m sec
-1

)    

0.69 8.58 
a
 5.32 

a
 1.21 

b
 

1 8.60 
a
 5.33 

a
 1.22 

b
 

1.25 8.89 
a
 5.51 

a
 1.26 

a
 

1.53 9.23 
a
 5.72 

a
 1.29 

a
 

SEM ± 0.180 0.112 0.010 

HSD (p < 0.05) 0.671 0.416 0.039 

 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. Different letters in the 

same column indicate significant differences (p < 0.05). 
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Figure 5.6. Effect of tillage practices (MT: minimum tillage; RT: reservoir tillage; CT: 

conventional tillage), tillage depths, cm, and tillage forward speeds (a, b, c, and d, which 

correspond with 0.69, 1, 1.25, and 1.53 m s
-1

, respectively), on runoff, mm. (Error bars with 

standard deviations (±SD)). 
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5.3.3. Moisture storage and water harvesting efficiency 

Average values of moisture content at field capacity, permanent wilting point, and the total 

available water (TAW) before tillage are presented in Table 5.1. The moisture content at 

field capacity varied with depth values between 19.56% and 22.05% on volume basis. The 

top 0–20 cm thick surface soils have lower average moisture content at field capacity of 

19.56%. 

 

The moisture content at permanent wilting point also shows variation with depth having 

values between 12.54 % and 13.31 %. The TAW is directly related to variation in moisture 

content at field capacity and permanent wilting point. As a result, there was variation of 

TAW with depth in such a way that the highest value of TAW was found at 40-60 cm, 

whereas the lowest TAW was at the depth range of 0-20 cm. Variations of TAW with depth 

were observed as a result of the variations of moisture contents at field capacity and 

permanent wilting point. 

 

With tillage practice interventions, approximately 18 to 21 mm of unavailable water were 

conserved with slight reduction until the end of the growing season under all investigated 

techniques. Fig. 5.7 represents the rest of the stored water as available for plant use (TAW) 

in different soil layers through the dry period of the growing season (t1, t2, t3, which 

corresponds to 6, 40, and 63 days, respectively) under different tillage practices, tillage 

depths, and tillage forward speeds. The depth of available water under the RT treatment 

was significantly greater than that under MT and CT treatments in all layers, especially at 

(t1). Further, there were significant differences between MT and CT treatments, and the 

lowest TAW was observed under the CT treatment (Fig. 5.7. a), which was clearly due to 

the highest infiltration rate and the more runoff being harvested from using RT. By the end 

of the growing season (t3), it was observed that the depth of available water under RT 

treatment was higher than MT and CT treatments by 44.4 and 74.5%, respectively, in all 

soil layers. The greatest losses were in layers 0-20, and 20-40 cm, mainly due to 

evaporation and plant consummation.  
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The tillage operating parameters had less significant differences on TAW during each 

period (Fig. 5.7. b, c), and it was observed that increasing tillage depth caused slight 

increases in TAW, while the opposite relationship was noticed with forward speed. 

 

Different tillage practices had significantly different impact on the total stored water in the 

soil profile (Se). The RT treatment obtained the highest value, whereas the CT treatment 

had the lowest value (Table 5.7). This can be explained by the fact that the soil has a higher 

infiltration rate in RT, which means that more water infiltrate in the soil, reducing runoff, 

and increasing the amount of water that can be stored in the soil. RT increased Se by 

39.34% more than MT and 115% more than CT. Tillage depth was not a determining factor 

for TAW, nor were there differences observed between the forward speeds of 0.69 and 1 m 

s
-1

. The lowest values of Se were observed under tillage depth of 15 cm and forward speed 

1.53 m s
-1

.  

 

The lowest seasonal water-harvesting efficiency value (WHE) was obtained with the CT 

treatment, while the highest value obtained with the RT treatment (Table 5.7). This can be 

explained by the fact that WHE is directly related to Se. Different tillage practices showed 

significant differences in WHE in a similar pattern to their effects on Se. The analysis of 

variances for stored water in the soil profile and water harvesting efficiency can be found in 

(Appendix A.2; Table A.2.4). 
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Figure 5.7. a, b, c. Depth of available water as distributed in the soil layers (0-20, 20-40, 

and 40-60 cm), through the dry period of the growing season (t1, t2, t3, which correspond 

with 6, 40, and 63 days, respectively, after the last rainfall event); (a) for tillage practices, 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage, (b) for tillage depths (Td) 15, 

20, 25 cm , and (c) for tillage forward speeds (Ts) 0.69, 1, 1.25, and 1.53 m s
-1. 
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Table 5.7.  Effect of tillage practices, tillage depths, and tillage forward speeds on stored 

water in the soil profile (0-60 cm), and water harvesting efficiency (WHE). 

Treatments Stored water in  

the soil profile (mm) 

WHE (%) 

Tillage practices   

MT 66.59 
b
 41.31 

b
 

RT 92.72 
a
 57.52 

a
 

CT 43.39 
c
 26.92 

c
 

SEM ± 0.664 0.412 

HSD (p < 0.05) 2.248 1.395 

   

Tillage depths (cm)   

15 66.39 
a
 41.19 

a
 

20 68.05 
a
 42.22 

a
 

25 68.26 
a
 42.34 

a
 

SEM ± 0.664 0.412 

HSD (p < 0.05) 2.248 1.395 

   

Tillage speeds (m sec
-1

)   

0.69 69.16 
a
 42.90 

a
 

1 68.36 
a
 42.40 

a
 

1.25 67.43 
ab

 41.83 
ab

 

1.53 65.32 
b
 40.52 

b
 

SEM ± 0.767 0.476 

HSD (p < 0.05) 2.852 1.770 

 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. Different letters in the 

same column indicate significant differences (p < 0.05). 
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5.3.4. Precipitation use efficiency and harvest index 

Results in Table 5.8 reveal that there were significant differences in grain yield among 

tillage practices. Overall, tillage practice affected gain yield and precipitation use efficiency 

in the order: RT > MT > CT. In other words, RT increased grain yield 40.9% more than 

MT and 50.6% more than CT. The highest value of precipitation use efficiency of 11.87 kg 

ha
-1

 mm
-1

 was observed under RT, while the lowest value of 7.14 kg ha
-1

 mm
-1

 was 

recorded under CT treatment. This can be explained by the fact that the depressions created 

by RT reduced runoff and retained part of the runoff water in soil. The storage of this 

runoff water and its infiltration in the soil during a longer time would lead to more water 

availability to the crop for an extended period of time. Ventura et al. (2005) studied the 

effect of reservoir tillage on soybean yield in semi-arid environments in Mexico, they found 

that reservoir tillage increased soybean grain yield from 450 kg ha
-1

 to about 900 kg ha
-1

 

compared to conventional tillage which means an increase of about 100%.  

 

In addition to previously addressed reasons, the efficiency of the RT is related to the fact 

that the seeding process was carried out mechanically in a controlled depth and in a 

specified amount of seeds per unit area using the modified seeder unit in the RT. 

Furthermore, it provide proper distance for optimum sunlight penetration for 

photosynthesis and proper depth to roots for uptake of water resulted in good water use 

efficiency. This corroborates the results of many other studies (e.g. Krezel and Sobkowicz, 

1996; Soomro et al., 2009). On the other hand, the seeding processes in the MT and CT 

treatments were carried out by manually spreading the seeds after tillage operations, which 

greatly decreased the germination ratio and consequently, the total yield.  

The biomass yield can be estimated from the harvest index value, and it shows that RT had 

the highest biomass yield compared with MT and CT treatments. There were no significant 

differences in grain yield or precipitation use efficiency between tillage depths of 20 and 25 

cm, and the lowest values were recorded under the tillage depth of 15 cm and forward 

speed of 1.53 m s
-1

. In other words, it was observed that increasing tillage depth increased 

grain yield and precipitation use efficiency, while the opposite was noted with forward 

speed. For example, increasing forward speed from 0.69 to 1.53 m s
-1

 decreased grain yield 

and precipitation use efficiency by 8.6 and 9.1% respectively. Tillage depths and tillage 
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forward speeds did not significantly influence the harvest index. The analysis of variances 

for grain yield, precipitation use efficiency, and harvest index can be found in (Appendix 

A.2; Table A.2.5). 

 

Table 5.8.  Effect of tillage practices, tillage depths, and tillage forward speeds on grain 

yield (kg ha
-1

), precipitation use efficiency (kg ha
-1

 mm
-1

), and harvest index (%).  

 

Treatments Grain yield 

 (kg ha
-1

) 

Precipitation use 

efficiency  

(kg ha
-1

 mm
-1

) 

Harvest index (%) 

Tillage practices    

MT 1323.4 
b
 7.78 

b
 34.96 

a
 

RT 1864.1 
a
 11.87 

a
 33.03 

b
 

CT 1237.8 
c
 7.14 

c
 35.26 

a
 

SEM ± 22.06 0.134 0.512 

HSD (p < 0.05) 74.69 0.454 1.732 

Tillage depths (cm)    

15 1391.6 
b
 8.35 

b
 34.31 

a
 

20 1516.1 
a
 9.22 

a
 34.40 

a
 

25 1517.5 
a
 9.23 

a
 34.53 

a
 

SEM ± 22.06 0.134 0.512 

HSD (p < 0.05) 74.69 0.454 1.732 

Tillage speeds (m sec
-1

)    

0.69 1528.3 
a
 9.23 

a
 34.93 

a
 

1 1521.2 
a
 9.26 

a
 35.03 

a
 

1.25 1453.5 
ab

 8.85 
ab

 33.97 
a
 

1.53 1397.4 
b
 8.39 

b
 33.73 

a
 

SEM ± 25.48 0.155 0.591 

HSD (p < 0.05) 94.76 0.576 2.198 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. Different letters in the 

same column indicate significant differences (p < 0.05). 
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5.4. CONCLUSIONS 

Based on the results of this research, we draw the following conclusions: 

1- Using the combination implement (the integrated reservoir tillage system) to make 

depressions after seeding, these depressions allowed reducing runoff and retaining 

part of the runoff water in soil. The storage of this runoff water and its infiltration in 

the soil during a longer time would lead to more water availability to the crop for an 

extended period of time. The combination implement enhanced infiltration rate by 

47.52 and 64.30%, increased water harvesting efficiency by 28.2 and 53.2%, 

reduced soil loss by 54.9 and 60.8%, and increased wheat grain yield by 40.9 and 

50.6% compared to minimum tillage and conventional tillage respectively.  

2- The proper tillage operating parameters for the combination implement appeared to 

be at tillage depth of 20 cm and forward speed between 1 and 1.25 m s
-1

. Using 

these operating parameters enhanced infiltration rate, reduced runoff and recorded 

the highest plant productivity. 

 

The methodology implemented for the evaluation of the combination implement in this 

study was suitable, adequate and comprehensive, and the results are useful for the 

management of plant establishment under in-situ rainwater harvesting systems in the 

northwestern coastal zone of Egypt and other similar arid regions.  
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6. Effect of reservoir and minimum tillage practices on soil physical properties, soil 

water potential, and rainfed barley yield in semi-arid regions 

This section has been submitted as an article in the journal of Soil and Tillage Research. 

6.1. INTRODUCTION 

In semi-arid areas under rainfed agriculture water is the most limiting factor for crop 

production. Central Spain is a semi-arid region where rainfed crop yields are low because 

of limited precipitation and high evaporation (Sanchez-Giron et al., 2004). The main 

limitation in increasing grain yields in rainfed farming systems is crop water stress caused 

by inefficient use of total available seasonal rainwater. Inefficient use of rainwater is often 

a consequence of low rainfall and uneven distribution throughout the season resulting in 

low root zone soil moisture and poor plant uptake of available soil moisture (Rockstrom 

and Falkenmark, 2000; McHugh et al., 2007). To mitigate that stress it is essential to 

capture and retain the water from rainwater into the soil and to use it efficiently for 

optimum yield production.  

 

In-situ rainwater harvesting and conservation tillage systems are increasingly being 

recognized as one of the strategies of upgrading rainfed agriculture, especially by 

smallholder farmers in semi-arid regions (Ngigi et al., 2006). These systems involve the use 

of methods that conserve soil and water resources in the field and/or increase the amount of 

water stored in the soil profile by trapping or holding the rain where it falls (McHugh et al., 

2007). However, the perceived effect of these systems on soil compaction and soil moisture 

conditions are still a major concern among smallholder farmers considering adopting these 

systems (Licht and Al-Kaisi, 2005). Another concept related to in-situ rainwater harvesting 

and conservation tillage that involves different techniques is known as "Reservoir Tillage".  
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Reservoir tillage is an alternative method defined by different researchers (Hackwell et al., 

1991; Rochester et al., 1994; Patrick et al., 2007; Salem et al., 2014) as a system in which 

numerous small surface depressions are formed to collect and hold water during rainfall or 

irrigation to prevent surface runoff.  

 

This method of harvesting rainwater has the potential to benefit semi-arid environments 

(Kronen, 1994), because the large infiltration surface area created by the depressions and 

the small depth of ponded water in the shallow depressions are likely to result in higher 

infiltration rates and therefore less surface runoff and evaporative loss (Mrabet, 2002; 

Salem et al., 2014). Much reservoir tillage research has been conducted with variations in 

equipment and terminology including basin tillage, micro-basin tillage, furrows diking, 

furrow blocking, soil pitting, and tied-ridging (Baumhardt et al., 1993; Wiyo et al., 2000; 

Brhane et al., 2006; Brhane-Tesfahunegn and Wortmann, 2008; Nuti et al., 2009; Truman 

and Nuti, 2009). 

 

The reservoir tillage approach was developed to provide increased levels of surface storage, 

and it may represent one of the most effective means of controlling both runoff and soil 

erosion. Furthermore, it offers good prospects for infiltrating and storing more rainwater 

which is then available for plant uptake during dry periods.  

 

Minimum tillage practice also, conserves soil and water resources, reduces farm energy 

usage and stabilizes or increases crop production. This practice leads to positive changes in 

the physical, chemical and biological properties of a soil (Bescansa et al., 2006; Mupangwa 

et al., 2007; Alvarez and Steinbach, 2009). Knowledge is limited about the performance of 

reservoir tillage and minimum tillage practices and their effects on soil physical properties, 

soil water retention and crop yield. 

 

Bulk density, porosity, and penetration resistance, are some of the physical properties 

affected by any tillage systems. Changes in soil physical properties due to use of 

conservation tillage depend on several factors including differences in weather conditions, 

soil properties,  history of management, intensity, and type of tillage (Mahboubi et al., 

1993; Fabrizzi et al., 2005). Soil water potential and water content are also basic soil 

properties of great interest when studying the movement of water through the soil profile 
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(Cichota et al., 2006), also, when studying their availability to plants that are affected by 

tillage practices. 

  

Soil water potential monitoring faces challenges of high field data monitoring costs and 

reliability of data acquisition systems in remote and extreme environments (Cardell-Oliver 

et al., 2005). Resistive soil moisture tensiometers like the Watermark soil moisture sensors 

require no field maintenance and are responsive to soil potential in excess of -200 kPa. 

Other desirable properties of the Watermark sensor are its low cost, longevity and the 

minimal power required to sense its physical state. This low-power sensing makes them 

compatible with small solar powered wireless transceivers which can transmit the data 

sampled every few minutes to where it is most useful in real-time. 

 

In recent years, wireless sensor networks (WSNs) have emerged as a promising technology 

in the field of embedded systems. These networks are composed of many autonomous, 

cooperating, battery-powered, small-sized motes usually connected through wireless links 

and a communication gateway with capacity to forward data from the motes to a base 

station with high processing and storing capacities. This makes it possible to monitor a 

wide range of environments with the purpose of providing accurate and up-to-date 

knowledge from the field (Akyildiz et al., 2002; Diaz et al., 2011). 

 

To our current knowledge, there are very few studies comparing these tillage techniques 

that provide daily data of soil water potential at different depths. Such studies are generally 

helpful in the understanding of soil water dynamics throughout the growing season. 

 

We hypothesized that reservoir tillage can minimize risks from crop failure during the 

poorer rainy seasons and can provide an opportunity to increase soil moisture content in 

soils that have lost in some degree, the ability to sustain crop production, as a result of 

decreased physical quality. Therefore, the objectives of this study were: (i) to investigate 

the short-term influences of two tillage practices including minimum tillage and reservoir 

tillage on some soil physical properties, yield and some yield components of barley, and (ii) 

to evaluate the impact of these tillage practices on soil moisture potential monitoring by 

wireless sensors network. Through this analysis, we wanted to quantify the sustainability of 
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reservoir tillage for this semi-arid area, where water is the most limiting factor for crop 

production. 

6.2. MATERIALS AND METHODS 

6.2.1. Site description and experimental design 

A field experiment was carried out during winter season of 2012-2013 at the Experimental 

Fields of the School of Agricultural Engineers (ETSIA) belonging to the Polytechnic 

University of Madrid (UPM), which is located in (40.44695, -3.73924). The soil is a loam 

texture, classified as Vertic Luvisol (FAO, 1988), and in the 0–30 cm depth it contains 450 

g kg
-1

 sand (2000–50 µm), 340 g kg
-1

 silt (50–2 µm) and 210 g kg
-1

 clay (<2 µm), organic 

matter 15 g kg
-1

, and a pH of 6.1. The site is 610 m above sea level with an average annual 

rainfall of 445 mm and an average minimum and maximum temperature of 9.8 and 19.5 °C, 

respectively during a set of records from the 50-year time period between 1962 and 2011 

(Table 6.1).  

 

The total rainfall recorded during the crop growing season of the present study (October-

May 2013) was 402 mm and the highest average rainfall occurred in March 2013 of 104.8 

mm while the lowest average occurred in December of 14.4 mm (Figure 6.1). These 

rainfall events, together with the magnitude of water uptake by crop roots, should have 

influenced soil water status in the growing season.  

At a site previously cropped with winter wheat, we compared two tillage treatments in 

triplicate plots measuring 20 × 3 m according to a randomized complete block experimental 

design. 

The two tillage treatments used in this study were (i) minimum tillage (MT) using a chisel 

plow to a depth of 25 cm, followed by one pass with rototiller to a depth of 10 cm., and (ii) 

reservoir tillage (RT), seedbed preparation identical to treatment (i) except that it was 

followed by the creation of mini-depressions or holes after planting using a hand-pushed 

tool with a truncated square pyramid shape to act as reservoirs tillage tool (Figure 6.2), 

shows the hand-pushed tool and the depressions or reservoirs created on the soil surface. 
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Table 6.1. Monthly average precipitation and air temperatures (1962-2011) at the study 

location. 

Month Rainfall (mm) Temperature (
0
C) 

Minimum Maximum 

January 40.9 2.8 9.7 

February 41.9 3.6 11.7 

March 30.6 5.7 15.3 

April 47.5 7.5 17.9 

May 46.2 11.1 21.9 

June 25.4 15.4 27.3 

July 12.0 18.5 31.4 

August 9.2 18.3 30.7 

September 27.1 15.1 26.0 

October 56.6 10.6 19.2 

November 57.9 5.9 13.1 

December 49.8 3.3 9.8 

Total or average 445.1 9.8 19.5 
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Figure 6.1.  Average monthly rainfall (mm) and temperature (0C) during the crop growing 

season. 

 

 

Figure 6.2. The hand-pushed tool used in reservoir tillage treatment and the depression 

created by using it.  
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Drilling was performed with a reversible tine opener conventional drill (trade mark: Gil- 

GT with 3.0 m working width), the sowing rate used in both treatments was 180 kg ha
-1

 for 

winter barley and the sowing date was 22 October 2012. Weed control was primarily made 

by herbicides (Glyphosate at 0.72 kg ha
-1

) applied before sowing time. Fertilizer was 

broadcasted during the growing season and was applied at the same rate in both treatments, 

with average rate of 16–48–16 kg N–P–K per hectare.  

6.2.2. Measurements 

6.2.2.1. Soil physical properties 

Soil bulk density of the 0–30 cm surface layer was progressively determined using the core 

method (Blake, 1965). Intact soil cores (length 5 cm, diameter 5 cm) were collected from 

six depths in 5 cm increments to a depth of 30 cm. The core samples immediately weighed, 

and then dried at 105 
0
C for 24 hours to a constant weight and reweighed. Volumetric water 

content was calculated as the product of bulk density and gravimetric water content. Soil 

porosity was calculated using the equation based on the relationship between the bulk 

density and particle density (Danielson and Sutherland, 1986). Particle density is 

approximately 2.65 Mg m
−3

 for minerals soils. Therefore, the 2.65 Mg m
−3

 value was used 

in this study because the experiment area had low organic matter. Air-filled porosity was 

calculated as the difference between the porosity and the volumetric water content. 

 

To characterize the degree of soil loosening between the two tillage systems, soil resistance 

to penetration (cone index) was measured down the soil profile to 30 cm, at intervals of 5 

cm, using a soil assessment cone penetrometer (Model A2451). 

 

Soil samples and cone index were performed before tillage, during the growing season, and 

at harvesting time, and each was replicated three times in each plot. Table 6.2 shows some 

physical properties of the soil at different layers before tillage operations. More details 

about the mathematical equations that described the soil physical properties parameters can 

be found in the Appendix A.3 (Eq. A.3.1, 3.2, 3.3, 3.4). 
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Table 6.2. Physical properties of the soil measured at different layers before tillage 

operations. Mean ± standard deviation.  

Soil depth (cm) ρb f ϴv CI 

0-5 1.58 ±0.05 0.40 ±0.02 0.13 ±0.04 1.44 ±0.08 

5-10 1.61 ±0.03 0.39 ±0.01 0.19 ±0.04 1.45 ±0.11 

10-15 1.55 ±0.09 0.42 ±0.03 0.10 ±0.03 1.40 ±0.07 

15-20 1.58 ±0.05 0.40 ±0.02 0.19 ±0.05 1.55 ±0.09 

20-25 1.54 ±0.04 0.42 ±0.01 0.20 ±0.09 1.59 ±0.07 

25-30 1.54 ±0.08 0.42 ±0.03 0.14 ±0.02 1.69 ±0.09 

 

Bulk density ρb  (g cm
-3

); total porosity f (cm
3
 cm

-3
); volumetric moisture content ϴv (cm

3
 

cm
-3

) ; and cone index CI Mpa. 

6.2.2.2. Monitoring of soil water potential by Wireless Sensors Network 

Soil water potential data was gathered during the growing season using a Crossbow ēKo ® 

Pro-Series wireless sensor network (WSN). Figure 6.3 shows the network consisting of a 

base station, two wireless nodes and each node transmitting data every 15 minutes to the 

base. The ēKo node integrates MEMSIC’s IRIS processor/radio board and antenna that are 

powered by rechargeable batteries fed by a solar cell. The node is capable to cover an 

outdoor range up to 2 miles depending on the deployment environment.  

 

Each node was connected to three granular matrix electrical resistance sensors 

(Watermark®) installed in the ground. These soil moisture sensors were placed at 10, 20 

and 30 cm depths in each tillage treatment. Sensors were installed in the soil according to 

the manufacturer’s recommendations: a deep hole was drilled into the root zone of the 

barley to be monitored, the sensors were placed and backfilled with a slurry of the soil 

extracted from the hole to minimize disturbance of the soil and roots. The purpose of these 

measurements was to monitor soil water potential under the two tillage treatments to help 

interpreting plant and soil responses to these treatments. Although readings from granular 

matrix sensors can be somewhat variable among individual sensors (Intrigliolo and Castel, 
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2004), these sensors are considered to be reliable for indicating relative soil wetness 

(Haman et al., 2000; Hanson et al., 2003). 

 

Figure 6.3. Scheme for the wireless sensors network components and the nodes 

deployment in the experimental site.  

 

The WSN which is capable of self-organizing and self-healing (mesh networking) requires 

minimum maintenance. Although the WSN uses low power radios transmitters, mesh 

networking technology enables transmission of data from one node to any other node in the 

network, without using high power radios. The mesh network allows greater flexibility in 

node placement since inability for two nodes to communicate (e.g. due to a physical 

obstruction) is handled by re-routing through any other possible alternative route within the 

network. Another advantage is that a failed node does not disable the network, as the other 

dependent nodes re-route through other available nodes (self-healing). Once the wireless 

sensor nodes are placed in the experiment area and the base station is activated, the sensor 

network is self-formed by allocating unique addresses to each node and defining the most 

efficient communication path to relay data from each node to the base station. The base 

station which processes the data also acts as a web server. Interested parties can access to 
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the real time data by directing a standard web browser to the URL of the web server in the 

base station. The graphical user interface enables one to look at the real time and historical 

data, download required data, backup application data and set alarms for pre-set variable 

values. Alarms send email alerts to notify the interested parties to warn about critical 

conditions. More details about the technical information of ēKo® Pro series wireless sensor 

network system which used in this study can found in (Appendix A.4). 

6.2.2.3. Crop yield measurements 

Yield and yield components of barley were determined from 1 m
2
 middle area of each plot 

with three replications by clipping the plants at the soil surface at the time of harvesting on 

30 May 2013. The following parameters were measured: straw length was determined by 

averaging the heights of 50 randomly selected plants per area from the soil surface to the 

highest point of the ear, ear length, grain per ear, mean grain weight, grain yield and the dry 

weight of the above-ground biomass. Grain was threshed from the straw, cleaned, and 

weighed from three 1 m
2
 areas of each treatment. Precipitation use efficiency was 

calculated by dividing dry weight of grain yield (PUE) and total above-ground biomass 

(PUEt) by growing season precipitation (from October 2012 through May of 2013), 

respectively. Harvest index (HI) was computed by dividing the dry weight of grain yield by 

the above-ground biomass yield. 

6.2.3. Statistical analysis  

Data were analyzed using ANOVA. Significant results are based on a probability level of P 

= 0.05. All statistical analyses were performed using SPSS 17.0 software. 

6.3. RESULTS AND DISCUSSION 

6.3.1. Bulk density, volumetric moisture content and porosity 

The effects of reservoir tillage (RT) and minimum tillage (MT) on soil physical 

characteristics were determined through measurements made (i) after seeding (6 November 

2012), (ii) three months after seeding (10 February 2013) and (iii) at the time of harvesting 

(28 May 2013). 
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Bulk densities generally increased with depth and with time after tillage for both tillage 

treatments as the soil gradually get compacted under the influence of rainfall and particle 

resettlement. There were no significant differences between RT and MT in all soil layers 

(Table 6.3).  After seeding, bulk density under RT was slightly greater than under MT in 

soil layers 0-5, and 5-10 cm, this was perhaps due to the effect of the hand-pushed tool used 

in the RT treatment to create depressions or mini reservoirs on the soil surface. In the 

shallow layers, on the other hand, the bulk density values under RT were slightly lower 

than the MT treatment.  

 

The same effects were observed in the samplings made in February 2013. At the time of 

harvesting in May 2013, there were no significant differences between RT and MT.  

In November 2012, the use of RT significantly increased the soil volumetric moisture 

content of the surface layers 0-5 and 5-10 cm and in shallow layer 20-25 cm. Furthermore, 

using RT caused significant increases in soil moisture content over MT at the 5-10, 10–15, 

15-20 and 25–30 mm depths in the samplings made in February 2013, while no clear effect 

was found in May 2013, except in soil layers 20-25 and 25-30 cm. This can be explained by 

the fact that using RT to make depressions or mini-reservoirs on the soil surface causes 

consolidation of depressions’ internal surfaces in such a way that the water is held to 

percolate into the soil.  

 

Table 6.4, presents the mean values of total porosity and air-filled porosity at different soil 

depths under RT and MT treatments. In the 10-15, and 25-30 cm depths, total porosities in 

RT were slightly higher than in MT treatment, and no significant differences between 

treatments were found during the entire observation periods. At all soil depths, the values of 

RT and MT exhibited the lowest and highest air-filled porosity and significant differences 

between treatments were found in the measurements taken in February 2013 at 5-10, 10-15, 

15-20, and 25-30 cm soil layers. Also, the same effect was only observed at soil layer 5-10 

cm in November 2012. Otherwise, there were no significant differences between treatments 

regarding air-filled porosity.  



121 
 

 

Table 6.3.  Bulk density ρb  (g cm
-3

) and volumetric moisture content ϴv (cm
3
 cm

-3
) under reservoir tillage (RT) and minimum 

tillage (MT). Mean ± standard deviation.  

Soil depth 

(cm) 

Tillage 

treatment 

6 November 2012  10 February 2013 28 May 2013 

ρb ϴv ρb ϴv ρb ϴv 

0-5 RT 1.35 ±0.12 0.32 ±0.05* 1.46 ±0.11 0.27 ±0.04 1.47 ±0.09 0.21 ±0.05 

 MT 1.34 ±0.1 0.23 ±0.03 1.45 ±0.07 0.19 ±0.04 1.49 ±0.05 0.15 ±0.02 

        

5-10 RT 1.38 ±0.06 0.35 ±0.06* 1.48 ±0.13 0.33 ±0.03* 1.58 ±0.05 0.24 ±0.06 

 MT 1.36 ±0.04 0.20 ±0.04 1.49 ±0.05 0.19 ±0.04 1.63 ±0.02 0.19 ±0.04 

        

10-15 RT 1.37 ±0.04 0.29 ±0.08 1.50 ±0.16 0.34 ±0.07* 1.48± 0.09 0.20 ±0.05 

 MT 1.44 ±0.11 0.23 ±0.06 1.53 ±0.1 0.22 ±0.02 1.54 ±0.1 0.16 ±0.04 

        

15-20 RT 1.45 ±0.05 0.28 ±0.12 1.56 ±0.03 0.31 ±0.04* 1.54 ±0.02 0.21 ±0.06 

 MT 1.50 ±0.08 0.21 ±0.04 1.57 ±0.11 0.20 ±0.03 1.56 ±0.06 0.20 ±0.11 

        

20-25 RT 1.47 ± 0.04 0.34 ±0.07* 1.61 ±0.1 0.33 ±0.08 1.62 ±0.08 0.27 ±0.06* 

 MT 1.57 ±0.09 0.23 ±0.01 1.57 ±0.08 0.29 ±0.08 1.62 ±0.09 0.14 ±0.01 

        

25-30 RT 1.43 ±0.09 0.28 ±0.05 1.55 ±0.09 0.39 ±0.04* 1.65 ±0.07 0.24 ±0.06* 

 MT 1.56 ±0.09 0.23 ±0.02 1.59 ±0.04 0.25 ±0.06 1.66 ±0.05 0.11 ±0.03 

 

Values in the same column in each depth followed by asterisk (
*
) are significantly different at P= 0.05 according to ANOVA. 
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Table 6.4.  Total porosity f (cm
3
 cm

-3
) and air-filled porosity fa (cm

3
 cm

-3
) under reservoir tillage (RT) and minimum tillage 

(MT). Mean ± standard deviation.  

Soil depth 

(cm) 

Tillage 

treatment 

6 November 2012  10 February 2013 28 May 2013 

f fa f fa f fa 

0-5 RT 0.49 ±0.05 0.17 ±0.09 0.45 ±0.04 0.18 ±0.07 0.44 ±0.03 0.24 ±0.06 

 MT 0.50 ±0.04 0.27 ±0.01 0.45 ±0.03 0.26 ±0.05 0.44 ±0.02 0.29 ±0.03 

        

5-10 RT 0.48 ±0.03 0.13 ±0.05* 0.44 ±0.05 0.12 ±0.03* 0.40 ±0.02 0.16 ±0.07 

 MT 0.49 ±0.01 0.28 ±0.06 0.44 ±0.02 0.24 ±0.03 0.38 ±0.01 0.19 ±0.04 

        

10-15 RT 0.48 ±0.01 0.20 ±0.08 0.43 ±0.06 0.09 ± 0.01* 0.44 ±0.03 0.24 ±0.06 

 MT 0.46 ±0.04 0.23 ±0.03 0.42 ±0.04 0.20 ±0.03  0.42 ±0.04 0.26 ±0.03 

        

15-20 RT 0.45 ±0.02 0.17 ±0.11 0.41 ±0.01 0.10 ±0.03* 0.42 ±0.01 0.21 ±0.07 

 MT 0.43 ±0.03 0.23 ±0.06 0.41 ±0.04 0.21 ±0.02 0.41 ±0.02 0.21 ±0.11 

        

20-25 RT 0.44 ±0.02 0.11 ±0.06 0.39 ±0.04 0.06 ±0.05 0.39 ±0.03 0.12 ±0.09 

 MT 0.41 ±0.03 0.18 ±0.03 0.41 ±0.03 0.12 ±0.09 0.39 ±0.03 0.25 ±0.04 

        

25-30 RT 0.46 ±0.03 0.18 ±0.07 0.43 ±0.03 0.03 ±0.02* 0.38 ±0.03 0.14 ±0.08 

 MT 0.41 ±0.03 0.18 ±0.05 0.40 ±0.02 0.15 ±0.06 0.37 ±0.02 0.26 ±0.05 

 

Values in the same column in each depth followed by asterisk (*) are significantly different at P= 0.05 according to ANOVA. 
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6.3.2. Penetration resistance 

Soil penetration resistance as measured by cone index at the same time of measuring bulk 

density and soil moisture content, because those factors significantly affect penetration 

resistance (Busscher et al., 1997; Unger and Jones, 1998). Cone index at different depths in 

response to tillage is shown in Fig. 6.4 (a, b, and c).  Generally, the soil cone index was 

increased by increasing soil depth and increased with time after tillage. In November 2012, 

cone index was significantly greater under MT than RT for only 25-30 cm depth. No 

differences were observed for the upper layers. Cone index under RT was a slighter higher 

than under MT in soil layer 0-5 cm, followed the same pattern as bulk density in this layer. 

In February 2013, cone index was significantly greater in the MT than the RT treatment 

only in the 15-20 cm depth. Below and upper 15-20 cm no significant differences were 

found between treatments. In May 2013, they were no statistically significant at all of the 

soil depths between RT and MT on cone index. In conclusion, cone index under RT 

showed a uniform distribution in depth; however under MT it increased considerably 

between 20 and 25 cm. 

6.3.3. Soil water potential 

Figure 6.5 (a) and (b) presents daily mean soil water potential (in absolute values) in 

February and March 2013 under RT and MT in different soil layers. In February 2013, 

under RT treatment, soil water potential for all soil layers increased during the entire 

observation period and the plots exhibited the lowest soil water potential at the beginning of 

this month in response to rainfall events, and after 5 February, the soil water potential 

increased rapidly at 10 and 20 cm depths and the increasing was less pronounced at 30 cm 

depth. On the other hand, under MT treatment, at 10 cm depth the plot exhibited the 

greatest soil water potential and increased rapidly and closely paralleled the trend of 20 cm 

depth. Furthermore, at 30 cm depth, soil water potential increased more rapidly than in RT 

treatment. At the beginning of March 2013, the plots at all soil depths in both RT and MT 

were considerably dry. After 5 March 2013, soil water potential dropped dramatically in 

response to rainfall events.  
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Figure 6.4 (a, b, and c). Effects of tillage on cone index during the growing season in 

November 2012 (a), February 2013 (b), May 2013 (c), RT: reservoir tillage; and MT: 

minimum tillage. Values followed by asterisk (
*
) are significantly different at P= 0.05 

according to ANOVA. Error bars show standard deviation. 
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Figure 6.5 (a and b). Daily soil water potential (in absolute values) during February and March 2013 at different soil depths under RT: reservoir tillage 

(a), and MT: minimum tillage (b).
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Figure 6.6 (a, b, and c) presents weekly mean soil water potential (in absolute values) 

during the entire observation period under RT and MT treatments at 10, 20, and 30 cm 

depths. At all soil depths, the plots of RT and MT exhibited the lowest and highest soil 

water potential, respectively, during most of the period except for weeks (14, 21, and 28 

March) the soil water potential in RT were similar or slightly lower than in MT treatment. 

In conclusion, soil water potential in both treatments at all soil depths dipped significantly 

after most rainfall events in both months. During the whole period, soil water potential 

increased quite steadily and were consistently greatest in MT treatment and irrespective of 

the entire observation period RT treatment decreased soil water potential by 43.6, 5.7, and 

82.3% compared to MT at soil depths (10, 20, and 30 cm, respectively). This can be 

explained by the fact that the large infiltration surface area created by the depressions to 

collect and hold water during rainfall could conserve soil water by increasing infiltration.  

6.3.4. Tillage effects on barley grain yield and yield components 

Barley grain yields and yield components were significantly affected by tillage. The 

average grain yield for RT was significantly greater than MT. In other words, RT increased 

grain yield and biomass yield by 14 and 8.8% more than MT, respectively. The average 

values of straw length, ear length and grains per ear were 9.8, 20.6, and 9.2% greater 

respectively, under the RT than under the MT, and, as a direct response of yields and yield 

components, PUE and PUEt also significantly increased under the RT, while, no significant 

differences were observed in grain weight and harvest index between RT and MT (Table 

6.5). The results were directly related to the improvement of the water availability and soil 

water retention characteristics under RT compared to MT. The higher soil moisture content 

under RT allowed the crop to grow during the drought period and increased the potential 

for a greater yield. The higher efficiency in retaining water in the soil under RT, also 

resulting in a greater barley biomass yield in RT than MT at the time of harvesting. Figure 

6.7 shows the differences in barley growth and biomass yields between RT and MT during 

growing season. 
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Figure 6.6 (a, b, and c). Weekly soil water potential (in absolute values) under RT: 

reservoir tillage, and MT: minimum tillage at soil depth 10 cm (a), 20 cm (b), and 30 cm 

(c). 
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Table 6.5. Yield components, grain yield, biomass yield, precipitation use efficiency (PUE), above-ground biomass per unit of 

precipitation received (PUEt) and harvest index under tillage systems (RT: reservoir tillage; MT: minimum tillage). Mean ± 

standard deviation. 

 

Tillage 

system 

Straw 

length 

(cm) 

Ear 

length 

(cm) 

Grains 

per ear 

Grain 

weight 

(mg) 

Grain yield 

(t ha
-1

) 

Biomass 

yield 

(t ha
-1

) 

PUE 

(kg ha
-1

 

mm
-1

) 

PUE t 

(kg ha
-1

 

mm
-1

) 

 

 

Harvest 

index 

 

RT 71.4 ±7.1* 8.2 ±0.9* 22.6 ±2.6* 27.7 ±3.7 3.59 ±0.17* 8.57 ±0.34* 8.9 ±0.04* 21.3 ±0.85* 0.42 ±0.004 

MT 65.0 ±6.8 6.8 ±1.2 20.7 ±3.9 26.1 ±4.0 3.15 ±0.19 7.88 ±0.24 7.8 ±0.47 19.6 ±0.60 0.40 ±0.036 

 

Values in the same column followed by asterisk (*) are significantly different at P= 0.05 according to ANOVA. 
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Figure 6.7. The differences in barley growth and biomass yields between RT and MT 

during growing season (RT: reservoir tillage; MT: minimum tillage). 

 

6.4. CONCLUSIONS 

Based on the results of this research, we draw the following conclusions: 

1- Using the reservoir tillage tool to perform depressions on the soil surface, the holes’ 

internal surfaces are consolidated in such a way that the water is held to percolate 

into the soil and thus increasing the soil water retention. The results of the 

experiment showed that reservoir tillage offers higher soil moisture content than 

minimum tillage. Soil water potential increased quite steadily and were consistently 

greatest in minimum tillage and irrespective of the entire observation period 

reservoir tillage decreased soil water potential by 43.6, 5.7, and 82.3% compared to 

minimum tillage at soil depths (10, 20, and 30 cm, respectively). In addition, clear 

differences in crop yield and yield components were observed between the two 

tillage systems, barley grain yield (up to 14%) and biomass yield (up to 8.8%) were 

increased by reservoir tillage. 

2- Our analysis shows that reservoir tillage is certainly a viable option for smallholder 

farmers under rainfed conditions in semi-arid regions. The methodology 

implemented for the evaluation of the soil water potential using the wireless sensors 

network in this study was suitable and adequate and can be considered as a helpful 

tool for the evaluation of any management of plant establishment in semi-arid 

regions. 
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CChhaapptteerr  77  

7. Effect of conservation tillage practices on soil physical properties, soil water 

potential, and irrigated maize yield in semi-arid regions 

This section has been submitted as an article in the journal of Geoderma. 

7.1. INTRODUCTION 

Soil moisture is vital to plant growth and is a fundamental ecosystem resource for terrestrial 

vegetation, providing for plant transpiration. Irrigation management practices largely 

depend on accurate and timely characterization of spatial and temporal soil moisture 

dynamics in the root zone, especially in arid and semi-arid regions.  

 

Adoption of in-situ soil moisture conservation systems such as conservation tillage is one 

of the strategies for upgrading agriculture management in these environments (Ngigi, 

2006). Conservation tillage, which includes a variety of reduced and zero tillage techniques 

that leave at least 30% crop residue on the soil surface, has increasingly been adopted as the 

agricultural best management practice to reduce soil erosion. These tillage practices 

dramatically affect surface hydrologic properties, leading to increased infiltration and 

reduced runoff (Singh et al., 2009; Van-Wie et al., 2013). Healthy plant growth and 

development require soil conditions that have adequate soil moisture and minimal root 

penetration resistance. 

 

The perceived effect of conservation tillage on soil compaction, soil moisture conditions, 

and soil temperature, has become a major concern among producers considering adopting 

this tillage system (Licht and Al-Kaisi, 2005). Soil compaction is normally evaluated by 

measuring soil bulk density and cone index. Soil bulk density and cone index are also used 

to predict the depth of soil hardpan (Mehari et al., 2005; Afzalinia and Zabihi, 2014). There 

are some contradictory results of research work conducted on the effect of conservation 

tillage on the soil bulk density and cone index. Results of some studies show that 

conservation tillage methods (reduced and zero tillage) increase the soil bulk density and 
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cone index compared to the conventional tillage (Taser and Metinoglu, 2005; Afzalinia and 

Zabihi, 2014). There are also some research results showing no significant effect of 

conservation tillage on the soil bulk density and cone index (Afzalinia et al., 2011; Rasouli 

et al., 2012). 

 

In conservation tillage, the presence of crop residues on soil surface decreases evaporation 

(Drury et al., 1999; Jalota et al., 2006), erosion (Rhoton et al., 2002) and soil temperature 

fluctuations (Alletto et al. 2011), compared to conventional tillage, generally, soil warming 

under conservation tillage is slower (Drury et al., 1999; Alletto et al., 2011). On the other 

hand, water content in the topsoil is generally higher due to increased soil water holding 

capacity and decreased evaporation (Xu and Mermoud, 2001; Bescansa et al., 2006). Soil 

moisture and soil temperature conditions in the seedbed zone can promote or delay seed 

germination and plant emergence (Kaspar et al., 1990). 

 

During the maize growing season, the effects of water stress occurring at specific stages of 

development, for instance, delaying in irrigation during early growth stages decreased plant 

dry weight (Jama and Ottman, 1993). In other cases, some authors reported that the greatest 

sensitivity of maize yield to water stress occurred during the period bracketing flowering 

(Calvino et al., 2003; Cakir, 2004). Conservation tillage was found to maintain higher soil 

moisture during the growing period of maize (Tan et al., 2002; Alletto et al., 2011). 

Therefore, quantifying the effects of conservation tillage systems on soil moisture, soil 

temperature, and compaction can help to explain some of the differences in plant growth 

and development under different tillage systems (Licht and Al-Kaisi, 2005). 

Soil water status can be obtained by determining soil water content or soil water potential.  

 

Soil water potential is often measured using tensiometers that have a maximum range of –

80 kPa limited by the vapor pressure of water which is significantly below the range where 

many drought tolerant plants grow and it require regular refilling and degassing after a dry 

period (Young and Sisson, 2002; Whalley et al., 2007). In contrast resistive soil moisture 

tensiometers like the Watermark® soil moisture sensors are responsive to soil potential in 

excess of -200 kPa. We decided to use Watermark® sensors because of their low cost, 

ease-of-use, and because they are widely used by the agricultural community for scheduling 
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irrigation. Some researchers have evaluated Watermark® sensors and found them to 

respond well to the wetting and drying cycles for most soil types (Eldredge et al., 1993; 

Shock et al., 1998, 1999; Allen, 2000; Thomson et al., 2002). 

 

Watermark® sensors measurement can be automated allowing them to be easily integrated 

into soil moisture data acquisition systems and wireless data transmission networks. These 

networks are composed of many autonomous, cooperating, battery-powered, small-sized 

motes. They can be connected through wireless links and a communication gateway with 

capacity to forward data from the motes to a base station with high processing and storing 

capacities. This makes it possible to monitor the soil water potential with the purpose of 

providing accurate and up-to-date knowledge of the field. To our current knowledge, there 

are very few studies comparing different tillage techniques that provide daily data of soil 

water potential at different depths. Such studies are generally helpful in the understanding 

of soil water dynamics throughout the growing season. 

 

The objectives of this study were: 

 1- Compare the effects of four tillage treatments on soil water content, soil temperature, 

soil compaction, yield, and some yield components of maize. 

 2- Determine soil water potential during the maize growing season affected by tillage 

treatments. 

7.2. MATERIALS AND METHODS 

7.2.1. Experimental field and different tillage practices tested 

The experiment was performed in spring of 2013 at the Experimental Fields of the School 

of Agricultural Engineers (ETSIA) belonging to the Polytechnic University of Madrid 

(UPM), located in (40.44695, -3.73924). The experimental field used is characterized by a 

semi-arid continental climate. The average long-term annual precipitation for the previous 

50 years was 445 mm and the average temperatures during the growing season of May, 

June, July, August, and September 2013 were (14.5, 21.1, 26.9, 26.1, and 21.8 
0
C), 

respectively. The soils are composed by sand, silt, and clay content of 45, 34, and 21%, 

respectively, the soil is a loam texture, classified as Vertic Luvisol (FAO, 1988) with a low 

inherent fertility, pH of 6.1.  
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The four tillage practices used in this study were: 

(1) CT, conventional tillage; deep ploughing to a depth of 30 cm with the help of 

mouldboard followed by one pass with rototiller to a depth of 10 cm;  

(2) MT, minimum tillage; chisel ploughing to a depth of 20 cm followed by one pass with 

rototiller to a depth of 10 cm;  

(3) RT, reservoir tillage; seedbed preparation identical to MT treatment except that it was 

followed by the creation of mini-depressions or holes after planting using a hand-pushed 

tool with a truncated square pyramid shape;  

(4) ZT, zero tillage; residues of the previously grown crop were left on the soil surface and 

maize seed was directly planted using a two-row pneumatic crop planter. Figure 7.1 

showed the experimental plots after tillage and before planting, and figure 7.2 showed the 

four tillage practices used in this study. 

Maize was planted on 25 April 2013 at a rate of 70,000 plants ha
-1

 in rows 75 cm apart. 

Weed control was primarily made by herbicides (Glyphosate at 5 ml l
-1

) applied at planting 

time. Some plots required additional hand-weeding to ensure that weeds did not affect 

growth and development or depress yields. Each tillage practice carried out in three plots 

and the individual plots measured 2.3 × 30 m. Experimental plots were irrigated using 

sprinkle irrigation for all treatments with the same frequencies. The total amount of water 

from precipitation and irrigation recorded during the growing season from 25 April to 26 

September 2013 was 767.3 mm. 

 

Figure 7.1. The experimental plots before planting and after soil preparation. 
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Figure 7.2. The four tillage practices used in this study. 

   

7.2.2. Measured variables 

7.2.2.1. Bulk density and cone index 

The effects of tillage techniques on soil quality were evaluated on the basis of several 

parameters. Soil bulk density of the 0–30 cm surface layer was progressively determined 

using the core method (Blake, 1965). Intact soil cores (length 5 cm, diameter 5 cm) were 

collected from six depths in 5 cm increments to a depth of 30 cm. The core samples 

immediately weighed, and then dried at 105 
0
C for 24 hours to a constant weight and 

reweighed. Volumetric water content was calculated as the product of bulk density and 

gravimetric water content. Soil porosity was calculated using the equation based on the 

relationship between the bulk density and particle density (Danielson and Sutherland, 

1986). Particle density is approximately 2.65 Mg m
−3

 for minerals soils. Therefore, the 2.65 

Mg m
−3

 value was used in this study because the experiment area had low organic matter. 

Air-filled porosity was calculated as the difference between the porosity and the volumetric 
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water content. To characterize the degree of soil loosening among the tillage systems, soil 

resistance to penetration (cone index) was measured down the soil profile to 30 cm, at 

intervals of 5 cm, using a soil assessment cone penetrometer (Model A2451). Bulk density 

and cone index were performed before tillage, during the growing season, and at harvesting 

time, and each was replicated three times. Table 7.1 shows some physical properties of the 

soil at different soil layers before tillage operations. 

  

Table 7.1. Physical properties of the soil measured at different layers before tillage 

operations. Mean ± standard deviation.  

Soil depth (cm) ρb f ϴv CI 

0-5 1.44 ±0.05 0.46 ±0.02 0.13 ±0.03 1.39 ±0.06 

5-10 1.52 ±0.07 0.43 ±0.03 0.17 ±0.03 1.49 ±0.10 

10-15 1.53 ±0.09 0.42 ±0.03 0.15 ±0.05 1.64 ±0.06 

15-20 1.56 ±0.15 0.41 ±0.06 0.19 ±0.12 1.70 ±0.12 

20-25 1.61 ±0.11 0.39 ±0.04 0.19 ±0.10 1.63 ±0.07 

25-30 1.61 ±0.13 0.39 ±0.05 0.18 ±0.03 1.68 ±0.10 

 

Bulk density ρb  (g cm
-3

); total porosity f (cm
3
 cm

-3
); volumetric moisture content ϴv (cm

3
 

cm
-3

) ; and cone index CI Mpa. 

7.2.2.2 Monitoring of soil water potential by Wireless Sensors Network (WSN) 

Soil moisture potential data was gathered during the growing season using a Crossbow ēKo 

® Pro-Series wireless sensor network (WSN). Figure 7.3 shows the network consisting of a 

base station, two remote nodes wireless connected transmitting data every 15 minutes to the 

base each. The nodes are solar energy powered and backed up by a battery. Each node was 

connected to four granular matrix electrical resistance sensors (Watermark®) installed into 

the ground. These sensors were placed at 20 and 40 cm depths in each tillage treatment. 

Except for conventional tillage, in which the sensor was placed only at 40 cm depth. 

Sensors were implanted in the soil according to the manufacturer’s recommendations: a 
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deep hole was drilled into the root zone of the maize to be monitored. The sensors were 

placed and backfilled with a slurry of the soil extracted from the hole to minimize 

disturbance of the soil and roots. The purpose of these measurements was to monitor soil 

water potential under different tillage systems with the objective of interpreting plant and 

soil responses to different tillage treatments. 

 

 Figure 7.3. Scheme for the wireless sensors network components and the nodes 

deployment in the experimental site.  

The WSN uses low power radio transmitters. The mesh networking technology enables 

transmission of data from one node to any other node in the network, without using high 

power radio transmitters. Once the wireless sensor nodes are placed in management zones 

and the base station is activated, the sensor network is self-formed by allocating unique 

addresses to each node and defining the most efficient communication path to relay data 

from each node to the base station. The base station which processes the data also acts as a 

web server. Interested parties can access to the real time data by addressing a standard web 

browser to the URL of the web server in the base station. The graphical user interface 

enables the access to the real time and historical data, download required data, backup 

application data and set up alarms for pre-set variable values. More details about the 
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technical information of ēKo® Pro series wireless sensor network system which used in 

this study can found in (Appendix A.4). 

7.2.2.3. Soil temperature 

Soil temperature measurements were recorded using K-type temperature thermocouples 

sensors connected to a data logger model HD32MT.1 manufactured by Delta Home. The 

estimated accuracy for each channel was ± 2%. The sensors were installed at 5 and 12 cm 

depths in the soil profile, in a distance of 15 cm from the plant row in each tillage 

treatment. Data logger was installed into a fiberglass enclosure 60 cm above the ground and 

powered by a sole battery of 12 V and 20 Ah. . Measurements were taken every 5 seconds, 

while its mean values were stored each 15 minutes. 

 

Considerable soil temperature data were collected during this study. However, only a 

continuous twelve days soil temperature data of May, June, and July 2013 were selected to 

be presented here and they represent different weather conditions during data collection. 

7.2.2.4. Crop yield measurements 

Maize grain yield and some yield components were determined by harvesting plants 

manually from 4 m
2
 middle rows of each experimental plot at the end of maize growing 

season on 26 September 2013. Water use efficiency was computed by dividing grain yield 

by seasonal water including rainfall and irrigation.  

7.2.3. Statistical analysis 

Data were analyzed by the General Linear Model of ANOVA. The SAS (SAS/STAT, 

1999–2001) procedure was used to test for significant differences, and LSD (Least 

significant difference) test was used to compare treatment means (P < 0.05). 

7.3. RESULTS AND DISCUSSION 

The effects of tillage practices on soil physical characteristics were determined through 

measurements made (i) during the growing season (30 May 2013) and (ii) at the time of 

harvesting (25 September 2013). 
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7.3.1. Bulk density, volumetric moisture content and porosity 

During maize growing season, results of means comparison of soil bulk density in different 

tillage practices in all soil layers showed that there were some significant difference 

between soil bulk densities of ZT method and those of RT, MT, and CT in some soil 

depths, for example, layers (15-20, and 20-25 cm), (Table 7.2). Overall, in most soil layers, 

tillage practice affected bulk density in the order: ZT > RT > MT > CT. The higher soil 

bulk density in zero tillage compared to the conventional tillage method was also reported 

by Taser and Metinoglu (2005), Fabrizzi et al. (2005), and Afzalinia and Zabihi (2014).  

 

Bulk density under RT was slightly greater than under MT in the upper soil layers, this was 

perhaps due to the effect of the hand-pushed tool used in the RT treatment to create 

depressions or mini reservoirs on the soil surface.  

 

At the time of harvesting, there was no remarkable significant difference between tillage 

practices regarding soil bulk density except in soil depths between 5 and 20 cm. 

Generally, means comparison of soil bulk density at different soil layers revealed that soil 

bulk density increased when increasing soil depth and when time passed after tillage. Our 

results agree with previous studies indicated that soil disturbance effect on the soil bulk 

density during maize growing season and after that there is no significant difference 

between CT with high soil disturbance and ZT with zero soil disturbance (Afzalinia et al., 

2012; Afzalinia and Zabihi, 2014). 

 

Results of soil volumetric moisture content indicated that there were no significant 

differences among tillage practices in all soil layers for measurements taken during the 

growing season and at the time of harvesting; however, in most soil layers ZT had the 

greater soil volumetric moisture content compared to the MT, and CT (Table 7.2).  

 

Table 7.3, presents the mean values of total porosity and air-filled porosity at different soil 

depths under different tillage practices. During maize growing season, results indicated that 

there were some significant difference between total porosity of ZT method and those of 

RT, MT, and CT. In general, ZT had the lower total soil porosity compared to the others 

tillage practices. On the other hand, no significant difference between RT, MT, and CT 
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were found in most soil layers. At the time of harvesting, there was no significant 

difference between ZT and the others tillage practices regarding total soil porosity except in 

soil depths between 5 and 20 cm. 

 

During the growing season, the lowest values of air-filled porosity occurred under ZT 

treatment compared to the others tillage treatments, and the significant difference only 

observed in the 0-5, 20-25, and 25-30 cm depths. Otherwise, at the time of harvesting, there 

were no significant differences between tillage treatments regarding air-filled porosity in all 

soil layers (Table 7.3). 

 

The analysis of variances for bulk density, total soil porosity, volumetric moisture content, 

and air filled porosity under different tillage practices at different soil layers for 

measurements taken after planting and harvesting time can be found in (Appendix A.3; 

Table A.3.1and Table A.3.2, respectively). 
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Table 7.2.Tillage treatment effects on soil bulk density ρb (g cm
-3

), and volumetric moisture content ϴv (cm
3
 cm

-3
) applied in May 

and September 2013. 

Tillage 0-5 cm* 5-10 cm 10-15 cm 15-20 cm 20-25 cm 25-30 cm 

ρb ϴv ρb ϴv ρb ϴv ρb ϴv ρb ϴv ρb ϴv 

30 May 2013 

CT 1.19 
b
 0.25 

a
 1.20 

b
 0.29 

a
 1.28 

b
 0.30 

a
 1.27 

b
 0.28 

a
 1.33 

b
 0.30 

a
 1.36 

b
 0.26 

a
 

ZT 1.40 
a
 0.32 

a
 1.49 

a
 0.34 

a
 1.46 

a
 0.32 

a
 1.53 

a
 0.31 

a
 1.55 

a
 0.35 

a
 1.58 

a
 0.38

a
 

MT 1.24 
ab

 0.20 
a
 1.27 

b
 0.19 

a
 1.27 

b
 0.20 

a
 1.29 

b
 0.25 

a
 1.36 

b
 0.26 

a
 1.37 

b
 0.29 

a
 

RT 1.29 
ab

 0.27 
a
 1.31 

ab
 0.31 

a
 1.31 

ab
 0.32 

a
 1.29 

b
 0.33 

a
 1.38 

b
 0.34 

a
 1.39 

ab
 0.31 

a
 

LSD 0.205 0.148 0.188 0.227 0.187 0.234 0.160 0.225 0.201 0.169 0.208 0.158 

25 September 

CT 1.30 
a
 0.15 

a
 1.34 

b
 0.17 

a
 1.42 

ab
 0.18 

a
 1.36 

b
 0.16 

a
 1.34 

a
 0.21 

a
 1.39 

a
 0.20 

a
 

ZT 1.49 
a
 0.18 

a
 1.56 

a
 0.21 

a
 1.60 

a
 0.21 

a
 1.58 

a
 0.24 

a
 1.58 

a
 0.26 

a
 1.62 

a
 0.24 

a
 

MT 1.38 
a
 0.13 

a
 1.39 

b
 0.15 

a
 1.43 

ab
 0.19 

a
 1.47 

ab
 0.22 

a
 1.50 

a
 0.20 

a
 1.52 

a
 0.23 

a
 

RT 1.38 
a
 0.18 

a
 1.38 

b
 0.19 

a
 1.37 

b
 0.24 

a
 1.34 

b
 0.23 

a
 1.38 

a
 0.19 

a
 1.50 

a
 0.24 

a
 

LSD 0.236 0.151 0.129 0.271 0.218 0.173 0.147 0.260 0.283 0.188 0.229 0.141 

*Soil depth. CT: conventional tillage; ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. Different letters in the same 

column indicate significant differences (p < 0.05). 
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Table 7.3. Tillage treatment effects on total porosity f (cm
3
 cm

-3
) and air-filled porosity fa (cm

3
 cm

-3
) applied in May and 

September 2013. 

Tillage 0-5 cm* 5-10 cm 10-15 cm 15-20 cm 20-25 cm 25-30 cm 

f fa f fa f fa f fa f fa f fa 

30 May 2013 

CT 0.55 
a
 0.30 

a
 0.55 

a
 0.26 

a
 0.52 

a
 0.22 

a
 0.52 

a
 0.24 

a
 0.50 

a
 0.20 

ab
 0.49 

a
 0.23 

a
 

ZT 0.47 
b
 0.15 

b
 0.44 

b
 0.10 

a
 0.45 

b
 0.12 

a
 0.42 

b
 0.12 

a
 0.42 

b
 0.06 

b
 0.41 

b
 0.03 

b
 

MT 0.53 
ab

 0.33 
a
 0.52 

a
 0.32 

a
 0.52 

a
 0.32 

a
 0.52 

a
 0.27 

a
 0.49 

a
 0.22 

a
 0.48 

a
 0.19 

a
 

RT 0.51 
ab

 0.24 
ab

 0.51 
a
 0.19 

a
 0.50 

ab
 0.19 

a
 0.51 

a
 0.18 

a
 0.49 

a
 0.15 

ab
 0.48 

ab
 0.17 

a
 

LSD 0.079 0.144 0.070 0.230 0.068 0.257 0.061 0.225 0.077 0.146 0.077 0.111 

25 September 

CT 0.51 
a
 0.36 

a
 0.49 

a
 0.33 

a
 0.47 

ab
 0.28 

a
 0.49 

a
 0.32 

a
 0.49 

a
 0.28 

a
 0.47 

a
 0.27 

a
 

ZT 0.44 
a
 0.25 

a
 0.41 

b
 0.20 

a
 0.40 

b
 0.19 

a
 0.40 

b
 0.16 

a
 0.40 

a
 0.15 

a
 0.39 

a
 0.15 

a
 

MT 0.48 
a
 0.35 

a
 0.48 

a
 0.32 

a
 0.46 

ab
 0.27 

a
 0.44 

ab
 0.22 

a
 0.43 

a
 0.23 

a
 0.43 

a
 0.19 

a
 

RT 0.48 
a
 0.30 

a
 0.48 

a
 0.30 

a
 0.48 

a
 0.25 

a
 0.49 

a
 0.26 

a
 0.48 

a
 0.29 

a
 0.43 

a
 0.20 

a
 

LSD 0.091 0.172 0.048 0.254 0.079 0.164 0.058 0.262 0.109 0.187 0.090 0.175 

* Soil depth. CT: conventional tillage; ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. Different letters in the same 

column indicate significant differences (p < 0.05). 
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7.3.2. Penetration resistance 

Soil penetration resistance as measured by cone index at different depths in response to 

tillage treatments is shown in Fig. 7.4 (a, and b), results of treatments means comparison 

for soil cone index showed that there was a significant difference between ZT method and 

other tillage treatments (RT, MT, and CT), except in the shallow layers from the 

measurements taken at the time of harvesting. On the other hand, the difference among RT, 

MT and CT was not significant in the layers of 0-10 cm from the measurements taken 

during growing season, also, in the layers of 0-5 and 25-30 cm. 

 

ZT had the highest soil cone index and CT had the lowest soil cone index in all the 

measurement stages because of intact soil in ZT compared to the tilled soil in CT treatment. 

Increasing soil cone index in ZT treatment compared to the CT has been already reported in 

the literature (Taser and Metinoglu, 2005; Afzalinia and Zabihi, 2014). Although ZT 

treatment had the maximum amount of soil cone index, the cone index obtained from this 

tillage method was lower than the critical soil cone index for agricultural crops (about 2 

MPa). Soil cone index in RT showed intermediate values between these groups of 

treatments and at the time of harvesting, the plot showing the soil cone index variation 

trend in the RT treatment is close to variation trend in the MT treatment rather than CT 

cone index plot because of similar soil disturbance in the RT and MT operation.  

 

The analysis of variance for cone index under different tillage practices at different soil 

layers for measurements taken after planting and harvesting time can be found in 

(Appendix A.3; Table A.3.1and Table A.3.2, respectively). 
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Figure 7.4 (a, and b). Effects of tillage treatments on cone index during (a) growing season 

(30 May), and (b) at the time of harvesting (25 September). CT: conventional tillage; ZT: 

zero tillage; MT: minimum tillage; RT: reservoir tillage. Values within the same depth 

followed by different letters indicate significant differences (p < 0.05). 
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7.3.3. Soil water potential 

Figure 7.5 (a, b, c, and d) presents daily mean soil water potential (in absolute values) in 

May, June, July, and August 2013, respectively, at soil depth of 20 cm under ZT, MT, and 

RT treatments. There was no measurement taken at this depth under CT treatment. Soil 

water potential under all tillage practices changed during the entire observation periods in 

response to irrigation and climate conditions. From 1 May to 15 June 2013, the plots 

exhibited the lowest soil water potential under all tillage practices due to the sequent 

irrigation at the beginning of maize emergence. Thereafter and due to the increasing in 

temperature, soil water potential began to increase till the end July. Following, a slighter 

decreasing in soil water potential occurred till the end of August. 

 

From 1 to 16 of May, the lowest soil water potential was observed under ZT treatment but 

increased thereafter and closely paralleled the trends of MT and RT treatments. And from 

16 May to 17 June, no clear differences in soil water potential had observed among tillage 

treatments.  

 

From 17 June to the end of July, soil water potential increased rapidly and the plots of ZT 

exhibited the lower soil water potential, while plots of MT exhibited the higher soil water 

potentials, and plots of RT showed intermediate values between these groups of treatments. 

In August, soil water potential in RT treatment began increasing more than in MT; on the 

other hand ZT treatment was still considerably wetter than in all other treatments. 

 

Figure 7.6 (a, b, c, and d) presents daily mean soil water potential (in absolute values) in 

May, June, July, and August 2013, respectively, at soil depth of 40 cm under ZT, MT, RT, 

and CT treatments. From 1 May to 16 June 2013, the plots of all tillage treatments 

exhibited the lowest soil water potential during the entire observation period and no clear 

differences had observed among tillage treatments and soil water potential throughout this 

period ranged from 0.25 to 5.18 kPa, the lower values of soil water potential in response to 

the sequent irrigation at the beginning of maize emergence. After 16 June, soil water 

potential in all tillage treatments increased rapidly except that values in ZT treatment 

showed less increase and in July and August the plots of ZT and MT exhibited the lowest 

and highest soil water potential, respectively, soil water potential in RT was the second 
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lowest among the four treatments. Soil water potential in plots of MT and CT treatments 

were closely paralleled and similar to each other and higher than the other two treatments 

throughout the period. 

 

Irrespective of the entire observation period, soils under ZT and RT treatments usually had 

lower water potential than the other two treatments at both depths (20 and 40 cm). For 

example, compared to CT treatment, ZT and RT decreased soil water potential by 72 and 

23% respectively at soil depth of 40 cm. This can be explained by the fact the presence of 

crop residues on the soil surface which could conserve soil water by decreasing evaporation 

and increasing infiltration. Also, the large infiltration surface area created by the 

depressions to collect and hold water during irrigation in the case of using RT which could 

encourage infiltration but also promote fast evaporation, especially for periods that had a 

high temperature. The difference in soil water potential among tillage treatments could also 

be related to the difference of plant water uptake. This role of plant water uptake was 

consistent with the effect of compaction on soil water potential and maize roots in the ZT 

treatment, and the lower soil water potential in ZT treatment at 40 cm could be due to less 

plant water uptake as root growth was inhibited by compaction. 
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Figure 7.5 (a, b, c, and d). Daily mean soil water potential (in absolute values) in May, 

June, July, and August 2013, respectively, at soil depth of 20 cm. ZT: zero tillage; MT: 

minimum tillage; RT: reservoir tillage. 
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Figure 7.6 (a, b, c, and d). Daily mean soil water potential (in absolute values) in May, 

June, July, and August 2013, respectively, at soil depth of 40 cm. CT: conventional tillage; 

ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. 
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7.3.4. Soil temperature  

Figure 7.7 (a, b, and c) presents soil temperatures at 5 cm depth measured continuously in 

all tillage treatments for selected 36 days from 10 to 21 May, from 1 to 12 June, and from 1 

to 12 July 2013. The plots of ZT and CT exhibited the lowest and highest soil temperature 

during the entire observation period, the average soil temperatures under ZT treatment were 

16.3, 17.6, and 21.2 
0
C, while under CT treatment were 18.2, 20, and 23.7 

0
C, for 

measurements taken in May, June, and July, respectively.  

 

The maximum soil temperature under ZT treatment were 28, 34, 35.7 
0
C, while under CT 

treatment were 31.2, 35.2, and 37.7 
0
C, on the other hand, the minimum soil temperature 

under ZT treatment were 7.2, 7.1, and 12.2 
0
C while under CT treatment were 8.4, 5.8, and 

13.1 
0
C, for measurements taken in May, June, and July, respectively. 

The differences in soil temperature between ZT and CT systems were due to differences in 

residue accumulation on the soil surface. The high solar reflectivity and low thermal 

conductivity of the crop residues prevent an increase of temperature under ZT (Schinners et 

al., 1994; Fabrizzi et al., 2005). Also, under ZT, an increase in bulk density was responsible 

for an enhancement of particle contacts and thus increased thermal conductivity. 

 

Figure 7.8 (a, b, and c) presents soil temperatures at 12 cm depth recorded continuously in 

all tillage treatments for the same days as depth of 5 cm.  

Soil temperatures trends at 12 cm followed the same pattern of temperatures recorded at 5 

cm depth, and generally, soil temperatures at 12 cm were lower than 5 cm by (1 – 1.2 
0
C),   

also, the plots of ZT and CT indicated the lowest and highest soil temperature during the 

entire observation period, otherwise, the differences between the two treatments were 

slightly higher than those at 5 cm depth, Apparently, in the average of soil temperatures 

under ZT treatment were 14.9, 16.7, and 20 
0
C, while under CT treatment were 17.2, 19.1, 

and 22.6 
0
C, for measurements taken in May, June, and July, respectively. 

 

Soil temperatures in the RT were the second lowest among the four treatments, and no clear 

differences were noticed between RT and MT at 5 and 12 cm depths.  
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Overall, at both soil depths, tillage practice affected soil temperatures in the order: CT > 

MT > RT > ZT. For example, compared to CT treatment, ZT and RT decreased soil 

temperature by 1.1 and 0.8 
0
C respectively at soil depth of 5 cm. 

These differences in soil temperature were due to the lower soil water potential (higher 

moisture content) recorded under ZT and RT, also, due to soil disturbance and are highly 

related to changes in soil heat flux. Heat flux in the soil depends on the thermal 

conductivity and heat capacity of soils changed by tillage, which affects water content, soil 

structure, and bulk density (Hillel, 1998), because soil particles have a greater heat 

conductivity and lower heat capacity than water, therefore, dry soils potentially cool and 

warm faster than wet soils (Licht and Al-Kaisi, 2005). This difference in temperature and 

water content behavior, already described in the literature, is due to the presence of residues 

under conservation tillage that limit the penetration of solar radiation and consequent soil 

heating, and reduce evaporation from its surface. 
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Figure 7.7 (a, b, and c). Soil temperature at 5 cm depth recorded during (a) 10 -21 May, 

(b) 1-12 June, and (c) 1-12 July 2013. CT: conventional tillage; ZT: zero tillage; MT: 

minimum tillage; RT: reservoir tillage.  
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Figure 7.8 (a, b, and c). Soil temperature at 12 cm depth recorded during (a) 10 -21 May, 

(b) 1-12 June, and (c) 1-12 July 2013. CT: conventional tillage; ZT: zero tillage; MT: 

minimum tillage; RT: reservoir tillage. 
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7.3.5. Maize yield and water use efficiency 

The differences in maize growth and biomass yields among all tillage practices at different 

periods during growing season are shown in (Figure 7.9).  

At harvesting time, maize grain yield, some yield components, and water use efficiency in 

response to tillage treatments are shown in (Table 7.4), results of treatments means 

comparison for cob length, number of rows per cob, grain yield, and water use efficiency 

showed that there was a significant difference between ZT method and other tillage 

treatments (RT, MT, and CT). Results of maize thousand kernel weight exhibited that there 

were no significant differences among tillage practices. Also, all treatments mean 

comparison indicated that no significant differences were found between RT, MT, and CT. 

Treatments means comparison indicated that ZT method decreased cob length, number of 

rows per cob, and grain yield, compared to the CT method for 18.8, 15.8, and 15.4%, 

respectively. Water use efficiency followed the same trend as in grain yield. Results of this 

study showed that the increasing of soil compaction and decreasing of soil temperature in 

the ZT method is a potential reason for maize yield and yield components reduction in this 

tillage method. Similarity, Afzalinia and Zabihi (2014) found that zero tillage decreased 

maize grain yield and yield component compared to conventional tillage for 18.2 and 

11.1% respectively, they reported that the reason for that decrease in maize yield is the 

higher soil compaction under zero tillage.  
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Figure 7.9. The differences in maize growth at different periods under all tillage practices 

during growing season (CT: conventional tillage; ZT: zero tillage; MT: minimum tillage; 

RT: reservoir tillage).  
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Table 7.4. Means comparison of maize grain yield and some yield components in different tillage 

methods. 

Tillage 

methods 

Cob length 

(cm) 

N. of rows  

per cob 

Weight of 

1000 kernels 

(g) 

Grain yield 

(kg ha
-1

) 

Water use 

efficiency 

(kg ha
-1

 mm
-1

) 

CT 22.3 
a
 19 

a
 292.3 

a
 9508 

a
 12.39 

a
 

ZT 18.1 
c
 16 

b
 273 

a
 8041 

b
 10.48 

b
 

MT 20.8 
b
 18 

a
 281.3 

a
 9183 

a
 11.97 

a
 

RT 21 
ab

 18 
a
 285.2 

a
 9228 

a
 12.03 

a
 

LSD 1.47 2.24 21.47 600 0.78 

CT: conventional tillage; ZT: zero tillage; MT: minimum tillage; RT: reservoir tillage. 

Different letters in the same column indicate significant differences (p < 0.05). 

7.4. CONCLUSIONS 

The short-term effects of different four tillage practices on soil compaction indicators, soil 

water potential, soil temperature, and maize yield were evaluated.   

Results of this research showed that soil compaction increased when zero tillage (ZT) 

method is used compared to the other tillage practices due to the lack of soil disturbance in 

ZT. Also, among tillage methods tested, soil water potential and soil temperature under ZT 

were generally lower than under the other tillage practices at emergence and this difference 

continued during the stages of plant development. For example, compared to CT treatment, 

ZT and RT decreased soil water potential by 72 and 23% respectively at soil depth of 40 

cm, and decreased soil temperature by 1.1 and 0.8 
0
C respectively at soil depth of 5 cm. In 

our case study, water resources for irrigation were not limited, and the combination of 

lower temperature and higher soil compaction were the most important factors that affects 

maize yield. Among tillage methods tested, a significant decreasing in maize yield occurred 

when ZT is used. Compared to CT treatment, ZT treatment decreased maize grain yield by 

15.4%. On the other hand, no significant differences among the other tillage practices on 

maize yield. The higher maize yield was attained with the conventional tillage followed by 

the reservoir tillage and the minimum tillage.  
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CChhaapptteerr  88  

8. GENERAL DISCUSSION 

In this part, a joint presentation of most relevant results is carried out together with a 

discussion regard to international state of the art, about the impact of different tillage 

practices, including conservation tillage and conventional tillage on in-situ rainwater 

harvesting, soil physical properties, and erosion control in both arid and semi-arid regions.  

 

In-situ rainwater harvesting has been recognized as an effective method for controlling soil 

erosion. This has been considered one of the most important threats to the Mediterranean 

region’s agricultural soils due to torrential rainfalls and the arid and semi-arid conditions 

(Jordán et al., 2010). Soils in the Mediterranean region typically have low organic matter 

content, which often entails weak structure. For this reason, conventional intensive tillage 

systems for rainfed crops often lead to soil quality deterioration (Hernanz et al., 2002). This 

increases the soil’s potential for erosion and also induces carbon loss, which weakens the 

soil’s production capacity and stability. These concerns gave rise to the invention of 

conservation tillage practices that improve physical and biological soil properties. 

 

Yield levels in smallholder farming systems in arid and semi-arid regions are generally low. 

Water shortage in the root zone during critical crop development stages is a fundamental 

constraining factor. While there is ample evidence to show that conservation tillage can 

promote soil health, it has recently been suggested that the main benefit in arid and semi-

arid farming systems may in fact be an in situ water harvesting effect. 

 

An alternative method to in-situ rainwater harvesting and conservation tillage is reservoir 

tillage, which has been defined as a system in which numerous small surface depressions 

are formed to collect and hold water during rainfall or irrigation to prevent surface runoff 

(Rochester et al., 1994; Patrick et al., 2007). The volume of water harvested by a depression 

depends on the volume of the depression and its depth and shape, which determines the 

maximum head of water in the depression.  
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In chapter 4 of this thesis we aimed to investigate and quantify water storage from 

reservoir tillage and how it could be adapted to improve infiltration of harvested rainwater 

and reduce soil erosion. For that propose, a laboratory-scale rainfall simulator was designed 

to apply water in a form similar to natural rainstorms. Rainfall characteristics, including 

rainfall intensity, spatial uniformity and raindrop size, confirm that natural rainfall 

conditions are simulated with sufficient accuracy.  

 

The spatial rainfall distribution shows a concentric pattern with the highest rainfall amount 

recorded in the center and the lowest rainfall amount recorded around the rim of the plot. 

This deviation is caused by the physical properties of the nozzle and the applied water 

pressure. In order to create the largest drop size possible, the operating water pressure was 

reduced as much as possible. This caused a decrease in the nozzle’s spray effect and, 

consequently, a higher heterogeneity of spatial rainfall distribution across the plot. The 

major reason to accept this drawback is that the size of simulated drops ranged from 0.8 to 

2.1 mm which closely resembled natural drops. These sizes are slightly smaller than those 

calculated by Martínez-Mena et al. (2001) and Pérez-Latorre et al. (2010). This range is 

narrower than that obtained by Miller (1987) with drops between 1.75 and 2.75 mm. The 

drop diameter of natural rainfall in Spain is usually smaller than 2 mm (Cerdà, 1997), and 

that observed in the experimental site ranged from 0.5 to 2 mm. there was a good 

reproducibility of the spatial rainfall distribution and high values of Christiansen’s 

uniformity coefficient between 83 and 94%. This uniformity was in an acceptable range 

according to Esteves et al. (2000) and Pérez-Latorre et al. (2010) for rainfall simulators 

with plot sizes below 1 m
2
. 

 

To determine the proper shape of depressions to increase rainwater harvesting, hand 

operated scoops were designed in the following three shapes: a) truncated square pyramid, 

b) triangular prism, and c) truncated cone. These depressions were compared to a control 

soil surface with no depression under the rainfall simulator.  

 

Results show that depression treatments reduced runoff rates by about 47 to 61% compared 

to the control treatment. This corroborates the results of many other studies (e.g. Patrick, 

2005; Patrick et al., 2007). These studies reported that the reservoir tillage reduced surface 
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runoff by 54% and 91%, when the depressions were positioned along and across the slopes, 

respectively. 

 

Our results confirm that reservoir tillage was able to reduce soil erosion and significantly 

increase infiltration. It is important to point out that there was significant difference 

between the depressions and the control. Compared to the control, depressions in the form 

of a truncated square pyramid reduced surface runoff about 61% and the sediment yield 

concentration about 79%. Furthermore, the differences between the surface runoff and 

sediment yield in different depression forms were significant, but surface runoff and 

sediment yield were consistently lower in the form of a truncated square pyramid as 

compared to the other depression forms.  

This is explained by the fact that, when the reservoir tillage was used, rainfall collected in 

the depressions. This gave more time for infiltration, which reduced runoff and its potential 

to detach and transport soil particles. Also, this reduction in the amount of sediment yield 

rate is a result of having a geometrically ordered soil surface roughness created with the 

depressions, which reduces the runoff rate and velocity. As we explained, soil surface 

roughness is an important factor in preventing soil erosion (Eltz and Norton, 1997). 

 

Reservoir tillage serves as an agricultural best management practice for enhancing water 

storage in the soil’s profile. While laboratory studies demonstrated that reservoir tillage has 

the ability to increase infiltration and reduce soil erosion when the proper shape of 

depressions has been selected. There is a need for a more thorough understanding of the 

impact of reservoir tillage compared to other conservation and conventional tillage 

practices on agricultural production in arid and semi-arid regions.  

 

In chapter 5, we used Egypt as the focus arid region because it lies in the heart of the water 

scarcity problem. Egypt’s rainfed agriculture is mainly concentrated in the north-western 

coastal zone. Rainfall is particularly important in this region as it is inhabited by an 

indigenous Bedouin population, 85% of which lives off of an extensive dryland production 

system. The area’s geography and hydrology are ideal for effective use of water harvesting 

systems. In this region, soil water management techniques must retain the maximum 

rainfall possible by methods that reduce storm-water runoff, improve infiltration and water 
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storage capacity of the soil. The system must also be cost effective to be affordable for 

farmers. For this purpose, a combination implement (integrated reservoir tillage system 

(integrated RT)) comprised of a single-row chisel plow, single-row spike tooth harrow, 

modified seeder, and spiked roller was developed. The integrated RT behavior was 

compared to the popular tillage practices of minimum tillage (MT) and conventional tillage 

(CT).  

 

The study was conducted to evaluate the impact on the soil physical properties of different 

tillage practices and their operating parameters at different tillage depths (15, 20, and 25 

cm), and different tillage forward speeds (0.69, 1, 1.25 and 1.53 m sec
-1

). The impact was 

measured by bulk density, cone index, and infiltration rate, as well as on runoff, soil losses, 

moisture regime, water harvesting efficiency, and winter wheat productivity. 

 

In this wheat study, we found that tillage practice, tillage depth, and tillage forward speed 

had significant individual effects on bulk density, cone index and infiltration rate for all soil 

layers. Contrarily, the interaction effects between tillage practices, tillage depth and tillage 

forward speed were not significant for bulk density, cone index and infiltration rate for all 

soil layers. In general, the integrated RT increased infiltration rates by 47.52 and 64.30%, 

compared with MT and CT respectively, this can be explained by the fact that the large 

infiltration surface area created by the numerous depressions and the small depth of ponded 

water in the depressions resulting from the integrated RT treatment. Similar findings were 

reported by Mrabet, 2002. Soil physical properties changed not only because of 

constructional properties of soil tillage implements, but also because of their operational 

variables (Taniguchi et al., 1999). In general, a higher forward speeds caused an increase in 

soil bulk density at all soil layers. This is due to the production of fewer breakdowns of soil 

aggregates. On the other hand, lower forward speeds caused a decrease in soil bulk density 

except for in soil layer 0-10 cm, due to the effective working depth among the tillage 

practices (15 to 25 cm). Also, significant differences in infiltration rate occurred among 

tillage forward speed except between 0.69 and 1 m s
-1

. It was noted that increasing forward 

speed decreased infiltration rate. The minimum value of 6.72 cm h
-1

 was noted under 

forward speed 1.53 m s
-1

 at tillage depth 15 cm.    
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Results of soil erosion of the field experiment presented in chapter 5 agreed with the 

results under the rainfall simulator of chapter 4. We found that by using the integrated RT 

the lowest values of runoff and soil losses, 4.91 mm and 0.65 t ha
-1

 respectively, were 

recorded. The highest values, 11.36 mm and 1.66 t ha
-1

 respectively, occurred for the CT 

treatment. This corroborates the results of many other studies (e.g. Hackwell et al., 1991; 

Rochester et al., 1994; Ventura et al., 2005; Patrick et al., 2007). Similarly, Kranz and 

Eisenhauer (1990) found that reservoir tillage reduced runoff by 68% and soil erosion by 

92% compared to the conventional tillage. Also, similar findings with variations in 

terminology including: basin tillage, furrows diking, furrow blocking, soil pitting, and tied-

ridging were reported by other authors (e.g. Wiyo et al., 2000; Brhane et al., 2006; Nuti et 

al., 2009).  

 

As a consequence, reducing runoff and enhancing infiltration rate under the integrated RT, 

water harvesting efficiency as well as wheat yield under the integrated RT were 

significantly greater than that under the MT and CT treatments by 40.9 and 50.6%, 

respectively. This can be explained by the fact that the depressions created by the integrated 

RT reduced runoff and retained part of the runoff water in soil. The storage of this runoff 

water and its infiltration in the soil during a longer time would lead to more water 

availability to the crop for an extended period of time. Ventura et al. (2005) studied the 

effect of reservoir tillage on soybean yield in semi-arid environments in Mexico, they found 

that reservoir tillage increased soybean grain yield from 450 kg ha
-1

 to about 900 kg ha
-1

 

compared to conventional tillage which means an increase of about 100%.  

 

In addition to previously addressed reasons, the efficiency of the integrated RT is related to 

the fact that the seeding process was carried out mechanically in a controlled depth and 

with a specified amount of seeds per unit area. To achieve this, modified seeder unit in the 

integrated reservoir tillage implement. On the other hand, the seeding processes in the 

minimum tillage and conventional tillage treatments were carried out by manually 

spreading the seeds after tillage operations, which greatly decreased the germination ratio 

and consequently, the total yield. This corroborates the results of many other studies (e.g. 

Krezel and Sobkowicz, 1996; Soomro et al., 2009). 



161 
 

In our work, reservoir tillage was evaluated not only in an arid region but also in a semi-

arid central Spain. In chapters 6 and 7, we discussed the short-term effects on some soil 

physical properties and water availability of different tillage practices for rainfed barley and 

irrigated maize crops. To our current knowledge, there are few studies comparing different 

tillage techniques that provide daily data of soil water potential at different depths. Special 

emphasis on the soil water potential monitoring by wireless sensors network under different 

tillage practices has been highlighted in both chapters 6 and 7.  

 

In chapter 6, we compared two tillage practices including reservoir tillage and minimum 

tillage on their effects on soil compaction indicators and soil water potential where rainfed 

barley was being grown. Results exhibited that no significant differences in bulk density 

were observed between reservoir tillage and minimum tillage in all soil layers. 

Additionally, bulk density under reservoir tillage was slightly higher than under minimum 

tillage in the upper layers. Soil penetration resistance was consistent with bulk density data 

in most soil layers. This might be due to the effect of the hand-pushed tool used in the 

reservoir tillage treatment to create depressions or mini reservoirs on the soil surface. 

 

Reservoir tillage decreased soil water potential by 43.6, 5.7, and 82.3% compared to 

minimum tillage at soil depths (10, 20, and 30 cm, respectively). Clear differences in crop 

yield and yield components were observed between reservoir tillage and minimum tillage 

treatments, grain yield (up to 14%) and biomass yield (up to 8.8%) were increased by 

reservoir tillage treatment compared to minimum tillage treatment. This can be explained 

by the fact that the large infiltration surface area created by the depressions collected and 

held water during rainfall which increased infiltration. The difference in soil water potential 

between the both treatments could also be related to the difference of plant water uptake. 

The higher soil moisture content under reservoir tillage allowed the crop to grow during the 

drought period and increased the potential for a greater yield.  

 

The last experiment in chapter 7 discussed also the short-term effect of conservation tillage 

including (reservoir tillage, minimum tillage, and zero tillage) compared to conventional 

tillage on soil compaction indicators, soil water potential and maize yield soil. Also, a 

special emphasis on the impact of these tillage practices on soil temperature has been 
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highlighted in this chapter. The perceived effect of conservation tillage on soil compaction, 

soil moisture conditions, and soil temperature, has become a major concern among 

producers considering adopting this tillage system (Licht and Al-Kaisi, 2005). There are 

some contradictory results of research works about the effect of conservation tillage on the 

soil bulk density and cone index. Our results confirm the statement of several other studies 

in the Mediterranean climate also found similar results in different soils. For example, 

Bescansa et al. (2006) and Fernández-Ugalde  et al. (2009) found that bulk density and 

cone index were significantly greater for the zero tillage compared to conventional tillage. 

 

Results of some of the studies in different climate also found that conservation tillage 

methods (reduced and zero tillage) increased the soil bulk density and cone index compared 

to the conventional tillage (Taser and Metinoglu, 2005; Afzalinia and Zabihi, 2014). 

 

As we mentioned before, in conservation tillage, the presence of crop residues on the soil 

surface decreases evaporation (Drury et al., 1999; Jalota et al., 2006), and soil temperature 

fluctuations (Alletto et al. 2011). Compared to conventional tillage, soil warming under 

conservation tillage is slower (Drury et al., 1999; Alletto et al., 2011).  On the other hand, 

water content in the topsoil is higher due to increased soil water holding capacity and 

decreased evaporation (Xu and Mermoud, 2001; Bescansa et al., 2006). Also, our results 

confirmed the results of these studies; we found that soils under zero tillage and reservoir 

tillage treatments usually had lower water potential than minimum tillage and conventional 

tillage treatments at all soil depths and regardless, the entire observation period, zero tillage 

and reservoir tillage decreased soil water potential by 72 and 23% respectively, at soil 

depth of 40 cm, and decreased soil temperature by 1.1 and 0.8 
0
C respectively, at soil depth 

of 5 cm, compared to conventional tillage. Similarity, Bhattacharyya et al. (2006) observed 

that the soil under zero tillage retained more water than that under minimum tillage and 

conventional tillage.  

 

This can be explained by the presence of crop residues on the soil surface which could 

conserve soil water by decreasing evaporation and increasing infiltration. Also, the large 

infiltration surface area created by the depressions to collect and hold water during 

irrigation in the case of using reservoir tillage could enhance infiltration but also promote 
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fast evaporation, especially for periods that had a high temperature. In addition, results 

exhibited that the soils of zero tillage and conventional tillage presented respectively the 

lowest and highest temperature during the entire observation period. These differences in 

soil temperature were due to the lower soil water potential (higher moisture content) 

recorded under zero tillage. This difference in temperature and water content behavior is 

due to the presence of residues under zero tillage that limit the penetration of solar radiation 

and consequent soil heating, and reduce evaporation from its surface (Alletto et al. 2011). 

 

Results of treatments means comparison for maize yield, and water use efficiency showed 

that there was a significant difference between zero tillage method and the rest of tillage 

treatments considered (reservoir tillage, minimum tillage, and conventional tillage). The 

lowest maize yield was obtained under zero tillage, while, no significant difference 

occurred among the other tillage practices. Treatments means comparison indicated that 

zero tillage method decreased cob length, number of rows per cob, and grain yield, 

compared to the conventional tillage method for 18.8, 15.8, and 15.4%, respectively. Water 

use efficiency followed the same trend as in grain yield. Results of this study showed that 

the increasing of soil compaction and decreasing of soil temperature in the zero tillage 

method is a potential reason for maize yield and yield components reduction in this tillage 

method. Similarity, Afzalinia and Zabihi (2014) found that zero tillage decreased maize 

grain yield and yield component compared to conventional tillage for 18.2 and 11.1% 

respectively, because of higher soil compaction. Also, it was found that decreasing soil 

temperature even by 1 
0
C could affect maize growth and yield (Schneider and Gupta, 

1985). 
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9. GENERAL CONCLUSIONS 

This part summarizes the conclusions of this thesis and explores their implications for an 

effective use of conservation tillage under different conditions. It thereby aims to enrich the 

knowledge about benefits of using conservation tillage in arid and semi-arid regions. 

 

The use of conservation tillage practices has shown promising results. Compared to 

conventional tillage, results of the laboratory and farm experiments demonstrate that 

conservation tillage can be beneficial for improving soil moisture, raising crop yields, and 

reducing runoff and soil loss in the arid and semi-arid regions. However, performance 

varied greatly depending on types and intensity of tillage, seasonal rainfall, climatic 

conditions, soil texture and land slope gradient.  

9.1. The evaluation of different tillage practices used:  

- Reservoir tillage: A depression in the form of a truncated square pyramid was 

considered the most appropriate depression shape, due to its potential to reduce 

surface runoff and to enhance the rainwater harvesting capacity, especially under 

high intensity rainfall and with high soil surface slopes. As a direct response to 

these processes, soil erosion was also consistently lower. Compared to the control 

(soil surface with no depression), depression in the form of a truncated square 

pyramid reduced surface runoff about 61% and the sediment yield concentration 

about 79%. 

 

Under rainfed conditions, reservoir tillage was the most effective at improving 

rainfall partitioning (i.e. less runoff and soil loss). Likewise reservoir tillage has 

shown to increase water storage for draught mitigation, to improve water use 

efficiency, and to increase wheat and barley grain yields up to 40.9 and 14%, 

respectively, compared to minimum tillage. However, reservoir tillage was 

moderately effective at improving maize yield while water resources for irrigation 
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were not limited. Compared to zero tillage, reservoir tillage increased maize grain 

yield about 12.8%.   

 

We, therefore, propose that the short-term benefit for smallholder farmers of 

reservoir tillage is a possibility to increase yields and minimize risks from crop 

failure during the poorer rainy seasons. Our analysis from the economic and the soil 

and water conservation points of view shows that reservoir tillage is certainly a 

viable option for rainfed agriculture in arid and semi-arid regions. 

 

- Minimum tillage: This practice presented a moderately effectiveness in improving 

soil moisture, reducing runoff and soil losses, and improving yield. Compared to 

conventional tillage, minimum tillage reduced runoff about 10.2% and soil losses 

about 13.3%, and increased wheat grain yield about 6.5%. 

 

- Zero tillage: Results of this short-term research showed that soil compaction 

increased under zero tillage method compared to reservoir tillage, minimum tillage 

and conventional tillage practices due to the lack of soil disturbance in zero tillage. 

Among tillage methods tested, soil water potential and soil temperature under zero 

tillage were generally lower than under the other tillage operations at emergence 

and this difference continued during the stages of plant development. Also, zero 

tillage had the lowest maize yield. Compared to conventional tillage, zero tillage 

decreased maize grain yield about 15.4%. 

 

- Conventional tillage: Under rainfed conditions, conventional tillage has shown to 

increase surface runoff, and soil losses. As well as decreases infiltration, soil water 

retention and crop yield. While, under irrigation conditions, where water resource 

was not limited, maize yield per hectare did not show significant differences among 

conventional tillage, reservoir tillage and minimum tillage. However, conventional 

tillage showed a significant maize yield increase compared to zero tillage. This is 

due to that the deep tillage in this practice reduced the negative impact of soil 

compaction which promotes plant emergence and roots growth, especially for maize 

crop production. 
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9.2. The importance of the research tools used:  

1- The developed rainfall simulator used in this thesis can be considered as a helpful 

tool to apply water in a form similar to natural rainstorms, as well as to quantify the 

influence of reservoir tillage on infiltration and runoff generation, and it was 

permitted a rapid collection of reproducible data in laboratory. The simulated 

rainfall characteristics, including rainfall intensity, spatial uniformity and raindrop 

size, confirm that natural rainfall conditions are simulated with sufficient accuracy. 

The simulator provided realistic rainfall intensities (between 33 and 121 mm h
-1

) 

and drop sizes (from 0.8 to 2.1 mm), with uniformities ranging between 83 and 

94%.  

 

2- The developed combination implement (the integrated reservoir tillage system) was 

suitable for conserving rainwater in situ within the root-zone by creating 

depressions in a shape of truncated square pyramid and was able to solve the most 

common problems in the arid region used for this research; include added costs 

related to buying or renting agricultural machines and the necessity for multiple 

machines to fulfill all agricultural processes because the region only receives 

rainfall during a short period of time, and so the farmers must utilize the little 

moisture available before it dries out. The results showed that the combination 

implement enhanced infiltration rate, increased water harvesting efficiency, reduced 

runoff and soil losses, and recorded the highest wheat productivity. The most 

suitable tillage operating parameters for the system appeared to be at tillage depth of 

20 cm and forward speed between 1 and 1.25 m s
-1

. 

 

3- The methodology for the evaluation of the soil water potential using the wireless 

sensors network in this study was suitable and adequate. It can be considered as a 

helpful tool for the evaluation of any tillage management of plant establishment in 

semi-arid regions. To our current knowledge, there are few studies comparing 

different tillage techniques that provide daily data of soil water potential monitoring 

by wireless sensors network at different depths, although such studies are generally 

helpful in the understanding of soil water dynamics throughout the growing season. 



166 
 

However, there is the need for testing the long-term behavior of the systems in for 

example, monitoring both soil water dynamics and soil temperature at the same 

time.  

 

4- The methodology implemented for the evaluation of the different tillage practices in 

this study was suitable, adequate and comprehensive, and can be considered as a 

helpful tool for the management of plant establishment in the arid and semi-arid 

regions.  

9.3. The future recommendations:  

 

 Further work is still necessary to monitor and evaluate these tillage systems over 

several years in arid and semi-arid regions at different conditions to develop models 

for evaluation, in order to improve techniques and provide a solid base for scaling 

out these systems. 

 

 Question marks still remain concerning how to overcome the problem of soil 

compaction especially on the upper soil surface. Therefore, considerable efforts will 

have to be made to accomplish widespread application of reservoir tillage among 

smallholders in arid and semi-arid regions. However, providing that these 

challenges can be handled, this type of technology may, in a long-term perspective, 

provide, an opportunity to shift the critical threshold for crop failure towards lower 

rainfall levels and poorer distribution. 
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AA..  AAPPPPEENNDDIICCEESS  

The following appendices describe the equations, additional results and statistical analysis 

in that have been carried out during the thesis. In addition, the technical information about 

ēKo® Pro series wireless sensor network system. References related with this section are 

included in chapter 10, together with the rest.   

A. 1. This section related to chapter 4 

Rainfall intensity  

Rainfall was simulated for 30 minutes in 3 minutes intervals. Rainfall volume measured in 

(ml) then converted into intensity using Eq. (A.1.1): 

I   
  

     
          (Eq. A.1.1) 

Where; I = rainfall intensity (mm h
-1

), V = rainfall volume (ml), 

S = the cross section area of the tray (58 × 78 cm
2
), (Figure A.1.1). 

t = time (min), and the number 10 is a conversion factor for units. 

 

 

 

 

 

 

 

 

 

Figure A.1.1. The cross section area of the tray used in the experiments. 
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Drop size 

Figure A.1.2 shows the median drop diameter in micrometer of 58.8 mm h
-1

. 

Figure A.1.2. The median drop diameter in micrometer for rainfall intensity 58.8 mm h
-1

. 

Drop velocity  

The drop velocity was calculated according to the Eq.(A.1.2) proposed by (Beard and 

Pruppacher, 1969), and mentioned by (Van Dijk et al., 2002) these works showed that 

under standard conditions of air pressure (1 bar) and air temperature (20 
0
C) and for drop 

sizes of 0.1–7 mm, this equation is approximated very well by the third-order polynomial 

equation: 

VD = 0.0561D
3
 – 0.912D

2
 + 5.03D – 0.254         (Eq. A.1.2) 

This equation agrees to within 3% with the more complex equations of Beard (1976). 

Therefore, it can be considered accurate enough for the purpose of this study. 

http://www.sciencedirect.com/science/article/pii/S0022169402000203#BIB5
http://www.sciencedirect.com/science/article/pii/S0022169402000203#BIB5
http://www.sciencedirect.com/science/article/pii/S0022169402000203#BIB6
http://www.sciencedirect.com/science/article/pii/S0022169402000203#FD3
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Kinetic energy of rain 

As reported by some authors (Rosewell, 1986), the specific kinetic energy of rain can be 

expressed in two ways: i.e. volume-specific and time-specific kinetic energy. Kinetic 

energy of rain is usually expressed as the amount of rain kinetic energy expended per unit 

volume of rain (volume-specific kinetic energy, KEmm; e.g. Salles et al., 2002). KEmm, 

Eq.(A.1.3) can be expressed in units of energy per unit area or per unit rain depth (J m
−2

 

mm
−1

) and is derived from the drop flux by 

          
 

 
 
        

    
        

        
 

 
        (Eq. A.1.3)  

Where ρ (kg m
−3

) is the water density under standard conditions, the drop flux density 

X(Di) (drops m
−2

 s
−1

) is the number of drops with diameter Di (cm) arriving per unit time 

and per unit area and Vt(D) (m s
−1

) is the terminal fall velocity of a raindrop with diameter 

Di. KEmm expresses the ratio between kinetic energy and the volume of rainwater involved 

or as pointed out by (Sempere-Torres, 1994) KEmm expresses the average squared velocity 

of the raindrop population arriving at a surface weighed by the raindrop volume. 

The drop velocity ranged from 3.3 to 6.8 m s
-1 

for intensities from 33.4 to 121.5 mm h
-1

. 

Mean kinetic energy (calculated on the basis of drop size and the corresponding terminal 

velocity) was 17.9 J m
−2

 mm
−1

, in the range (15–23.5 J m
−2

 mm
−1

) obtained by other 

authors (Pérez-Latorre et al., 2010). But, it is lower than that described as usual for natural 

rainfall (Van Dijk, 2002). However, this energy can be such as those described for North 

Spain (Ramos and Martínez-Casanovas, 2006) or those simulated in erosion studies 

(Arnaéz et al., 2007)  in Spain based on an analysis of 25 years of rainfall intensities 

records (30–117 mm h
-1

). Mean kinetic energy provided by this rainfall simulator was more 

similar to that in usual rainfall events in Mediterranean regions, providing a more realistic 

approach to natural rainfall erosivity. 

 

Infiltration rate 

Soil instantaneous infiltration rate ( fi ) was calculated by Eq.(A.1.4): 

 

fi = I      – 
   

  
   

  

 
                (Eq. A.1.4) 

http://www.sciencedirect.com/science/article/pii/S0022169401005558#BIB49
http://www.sciencedirect.com/science/article/pii/S0022169401005558#BIB70
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Where I is rainfall intensity (mm h
-1

),   is slope ( 
0
 ), t is the time interval for collecting 

runoff samples (min), Ri is the  runoff volume collected (ml), S is area of the plot (cm
2
), 60 

and 10  is adjusting coefficients. 

 

A. 2. This section related to chapter 5  
  

Table A.2.1. Effect of tillage practices, tillage depths, and tillage forward speeds on total 

soil porosity (%) in different soil layers. 

Treatments Total soil porosity (%) 

Soil layers (cm) 

0-10 10-20 20-30 

Tillage practices    

MT 51.91 a 49.48 ab  47.31 b  

RT 51.31 ab 49.19 b  47.76 b  

CT 50.59 b 50.44 a  48.95 a  

HSD (p < 0.05) 0.79 1.004 0.80 

Tillage depths (cm)    

15 52.59 a  49.40 a  46.73c 

20 51.20 b  50.34 a  48.21b  

25 50.03 c  49.37 a  49.05a  

HSD (p < 0.05) 0.79 1.004 0.80 

Tillage speeds (m sec-1)    

0.69 52.36 a  51.35 a  49.22 a 

1 52.34 a  50.11ab  48.16 b  

1.25 50.97 b  49.32 b  47.81bc  

1.53 49.42c  48.04 b  46.82 c  

HSD (p < 0.05) 1.008 1.27 1.009 

MT: minimum tillage; RT: reservoir tillage; CT: conventional tillage. Different letters in 

the same column indicate significant differences (p < 0.05). 
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Table A.2.2. F ratio of analysis of variance for total soil porosity under different tillage 

practices, tillage depths, and tillage forward speeds. 

Source of variance d.f. 

F value 

Total soil porosity 

Soil layers (cm) 

0-10 10-20 20-30 

Tillage practices (Tp) 2 8.05 
**

 4.86
 *
 13.09

**
 

Tillage depths (Td) 2 29.77 
**

 3.41
*
 24.89

**
 

Tillage speeds (Ts) 3 26.50 
**

 16.45
**

 13.36
**

 

Tp ×Td 4 1.63 2.73 
*
 5.61

**
 

Tp × Ts 6 0.53 0.16 0.75 

Td × Ts 6 0.21 0.67 1.16 

Tp × Td × Ts 12 0.32 0.17 0.39 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 

 

Table A.2.3. F ratio of analysis of variance for runoff, runoff coefficient, and soil loss   

under different tillage practices, tillage depths, and tillage forward speeds. 

Source of variance d.f. F value 

  Runoff Runoff coefficient Soil loss 

Tillage practices (Tp) 2 485.32 
**

 485.5 
**

 3513.2 
**

 

Tillage depths (Td) 2 10.41
**

 10.36 
**

 44.95 
**

 

Tillage speeds (Ts) 3 2.87 
*
 2.88

*
 14.67 

**
 

Tp ×Td 4 1.35 1.35 9.88 
**

 

Tp × Ts 6 0.87 0.88 0.91 

Td × Ts 6 0.09 0.09 0.15 

Tp × Td × Ts 12 0.27 0.27 0.56 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 
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Table A.2.4. F ratio of analysis of variance for stored water in the soil profile and water 

harvesting efficiency (WHE) under different tillage practices, tillage depths, and tillage 

forward speeds. 

Source of variance d.f. F value 

  Stored water WHE 

Tillage practices (Tp) 2 1380.4 
**

 1380.2 
**

 

Tillage depths (Td) 2 2.36 2.36  

Tillage speeds (Ts) 3 4.67 
*
 4.66 

*
 

Tp ×Td 4 0.28 0.28 

Tp × Ts 6 1.24 1.24 

Td × Ts 6 0.17 0.17 

Tp × Td × Ts 12 0.08 0.08 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 

 

Table A.2.5. F ratio of analysis of variance for grain yield, precipitation use efficiency, and 

harvest index under different tillage practices, tillage depths, and tillage forward speeds. 

Source of variance d.f. F value 

  Grain yield 
Precipitation use 

efficiency  
Harvest index 

Tillage practices (Tp) 2 236.93 
**

 365.90 
**

 5.61
*
 

Tillage depths (Td) 2 10.73 
**

 14.3 
**

 0.05 

Tillage speeds (Ts) 3 5.89 
**

 6.93 
**

 1.25 

Tp ×Td 4 0.93 1.43 0.10 

Tp × Ts 6 0.25 0.67 0.34 

Td × Ts 6 0.27 0.25 0.20 

Tp × Td × Ts 12 0.40 0.43 0.43 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 
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A. 3. This section related to chapter 6 and 7 

Total soil porosity 

f =    
  

  
         (Eq. A.3.1) 

f : total soil porosity (cm
3
 cm

-3
) 

ρb :soil bulk density (g cm
-3

) 

ρs: soil particle density (2.65 g cm
-3

) 

 Air-filled porosity 

fa = f - ϴv             (Eq. A.3.2) 

fa: air-filled porosity (cm
3
 cm

-3
) 

f: total soil porosity (cm
3
 cm

-3
) 

ϴv: volumetric moisture content (cm
3
 cm

-3
) 

Penetration resistance (cone index) 

Cone Penetrometer A2451 (Leonard Farnell & Co. Ltd., North Mymms, Hatfield, Herts, 

England) was used to Penetration resistance in cone Index value that recorded as the rod 

was slowly pushed into the soil (at every 5 cm in depth) 

Cone Index (CI) was converted to kPa using the equations from penetrometer:  

N= 
  

 
  11.12             (Eq. A.3.3) 

kPa = 
 

 
   1000         (Eq. A.3.4) 

(where A= basal area of penetrometer cone = 0.000129 m
2
) then the values converted to 

MPa, 
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Table A.3.1. F ratio of analysis of variance for bulk density, total soil porosity, volumetric 

moisture content, cone index, and air filled porosity under different tillage practices at 

different soil layers for measurements taken after planting (this table related to chapter 7). 

Source of variance 

d.f. 

F value 

(Tillage practices) 

at different soil 

layers (cm) 

Bulk 

density 

Total soil 

porosity 

Volumetric 

moisture  

Cone 

index 

Air filled 

porosity 

0-5 3 2.35 2.46 1.42 14.68
**

 3.56 

5-10 3 5.05 
*
 5.68 

*
 0.90 14.94 

**
 2.19 

10-15 3 2.83 3.15 0.76 17.60 
**

 1.27 

15-20 3 7.17 
*
 7.22 

*
 0.33 6.09 

*
 1.09 

20-25 3 3.17 3.11 0.74 8.81 
**

 2.94 

25-30 3 2.97 2.97 1.17 24.81 
**

 7.42 
*
 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 

Table A.3.2. F ratio of analysis of variance for bulk density, total soil porosity, volumetric 

moisture content, cone index, and air filled porosity under different tillage practices at 

different soil layers for measurements taken at harvesting (this table related to chapter 7). 

Source of variance 

d.f. 

F value 

(Tillage practices) 

At different soil 

layers (cm) 

Bulk 

density 

Total soil 

porosity 

Volumetric 

moisture 

Cone 

index 

Air filled 

porosity 

0-5 3 1.37 1.32 0.29 8.64
**

 0.96 

5-10 3 6.82 
*
 6.90 

*
 0.12 13.75 

**
 0.66 

10-15 3 2.52 2.81 0.26 7.97 
**

 0.85 

15-20 3 6.79 
*
 6.40 

*
 0.21 4.63 

*
 0.81 

20-25 3 1.76 1.73 0.31 1.88 1.40 

25-30 3 1.93 1.73 0.20 1.56 1.05 

Note: 
*
 and 

**
 indicate significant effects at 0.05 and 0.01 levels of probability, respectively. 
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A.4. ēKo® Pro series wireless sensor network system 

ēKo® is a wireless, agricultural and environmental sensing system for crop monitoring, 

microclimate studies and environmental research. ēKo® introduces both a new generation 

of sensor integration and wireless technology. The key features of the ēKo® system 

include:  

 

 Monitoring and Recording Sensor Measurements: the ēKo® records all sensor 

measurements, from many different sensor types, locally in the ēKo® gateway’s 

database to log a complete history of data from different microclimates, topologies 

and soil types. The gateway’s web service, ēKoView, supports remote internet 

access via standard web browsers to present data bar charts, trend charts, and map 

views, allowing users to pinpoint and drill down into data. Users can manage all 

information from a single web browser remotely monitoring one or many ēKo® 

networks.  

 

 Immediate Notification and Alerting: Individual sensor measurements can be setup 

to trigger by threshold or level, and alert unacceptable and out of range conditions 

via email or mobile text message.  

 

 Plug-and-Play for Sensors and Nodes: Each ēKo® wireless node supports up to four 

sensors. Sensors are simply plugged into the unit; there is no additional work 

required such as connecting wires to terminal blocks or changing jumper 

configurations. This operation can be done within a few seconds. Once the ēKo® 

node is reset it scans the sensor ports to auto-identify the sensors. Anytime an ēKo® 

node is reset it will immediately interrogate neighboring units to locate good radio 

connections. After one minute the user is notified if the node is placed correctly.  

 

 Network Scalability: Expanding the network is as simple as turning on another 

ēKo® node, as each ēKo® node has the ability to forward messages from other 

units that are within communications range, with typical ranges from 180 to 450 m 

depending on placement, obstacles, and radio interference. A single ēKo® system 

can support up to 35 ēKo® nodes and 140 sensing points.  
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 Extended Power through Solar Energy: ēKo® nodes are solar-powered with 

rechargeable batteries to ensure that the sensors stay up and running for years on 

out. Nodes can run up to 3 months without sunlight.  

 

 Flexible Sensor Interface: ēKo® nodes are designed to accommodate almost any 

type of low power sensor and allow for future support of many sensors. Two 

different types of sensor interfaces are supported: Simple for standard 2 and 3 wire 

sensors and Smart which uses Crossbow’s ESB (Environmental Sensor Bus) for 

intelligent sensors. As new sensors are introduced users will be able to simply 

connect them to the nodes using the ēKo®’s auto-identification scheme.  

ēKo® Pro Hardware Overview:  

1- ēKo ® Gateway  

The ēKo® gateway is an embedded Sensor Network gateway device. It is based on the Intel 

IXP420 XScale processor running at 266 MHz. It features one wired Ethernet and two USB 

2.0 ports. The device is further equipped with 8MB of program FLASH, 32MB of RAM 

and a 2GB USB 2.0 system disk.  

 

The ēKo® gateway runs the Debian® Linux operating system. It comes preloaded with 

Crossbow’s Sensor Network management and data visualization software packages, 

ēKoView and XServe. Those programs are automatically started when a Sensor Network 

base radio is plugged into the secondary USB port. 

2- ēKo® Base Radio  

The ēKo® base radio provides, in a fully integrated package the connection between ēKo 

sensor nodes and ēKo® gateway. The base radio integrates an IRIS family processor/radio 

board, antenna and USB interface board which is preprogrammed with Crossbow’s XMesh 

low power networking protocol for communication with ēKo® nodes.  

 

The ēKo® base radio provide a direct sequence spread spectrum radio (DSSS) supporting a 

wireless sensor network operating in the 2.4 GHz global ISM band. The USB interface is 
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used for data transfer between the base radio and the ēKo® View application running inside 

the ēKo® gateway. 

3- ēKo® Node  

The ēKo® node (Fig. A.4.1) is a fully integrated, rugged outdoor sensor package that uses 

energy-efficient radio and sensors for extended battery life and performance. 

 

Figure A.4.1. The ēKo® node 

 

The ēKo® node integrates an IRIS family processor/radio board and antenna that are 

powered by rechargeable batteries and solar cell. The ēKo® node provides a direct 

sequence spread spectrum radio (DSSS) supporting the 2.4 GHz global ISM (Industrial, 

Scientific and Medical) band. ēKo® node is capable of outdoor radio range of 180 to 450 m 

depending on deployment. The nodes come preprogrammed and configured with 

Crossbow’s XMesh low power networking protocol. This provides   plug-and-play network 

scalability for wireless sensor network. 
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ēKo® node consists of the following:  

 Four sensor ports (connectors) supporting any combination of eS1101 or eS1201 

sensors.  

 IRIS family 2.4 GHz radios pre-programmed with Crossbow’s XMesh low power 

networking protocol.  

 Dipole 2.4 GHz antenna.  

 Battery holder for 3 NiMH rechargeable AA batteries. These batteries are delivered 

fully charged and should be able to power the unit 3-4 months without sunlight.  

 Solar cell and recharging circuitry.  

 On board internal sensing of temperature, solar cell voltage and battery voltage.  

 On and OFF buttons.  

 Multicolor status LED.  

 Waterproof enclosure with mounting bracket  

 

Multiple ēKo® nodes transmit sensor data back to the ēKo® base radio which then 

forwards the data to the ēKo gateway. The Figure A.4.2 shows a basic ēKo® system 

network. 

 

ēKo®’s radio mesh network is based on Crossbow’s proprietary XMesh technology. The 

nodes extend their radio range by hopping messages. All ēKo® nodes can originate sensor 

data and also forward data from other ēKo® nodes. ēKo® nodes without sensors can be 

placed anywhere to act as repeaters if required. Each node monitors the radio traffic in its 

neighborhood and keeps track of possible alternate radio paths. If one path is blocked or 

degrades it will switch to an alternate path.  

 

The ēKo® gateway stores and forwards data from the sensor network. The ēKoView web 

service allows users to remotely view sensor data via the internet and monitor the network. 

The gateway will connect to any standard Ethernet hub or router. 
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Figure A.4.2. The basic ēKo® system network 

 

 

 

 

 

 

 

 

 

 

 


