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Abstract 

Soil is an important input data in most hydrological modeling. A detailed (1:25000) soil survey 

and soil classification was done using SOTER (SOil and TERrain) approach. Data on both 

morphological (color, structure, mottles e.t.c), physical (texture, bulk density (BD) and saturated 

hydraulic conductivity (Ksat)), and chemical properties (soil organic carbon (SOC), cation 

exchange capacity (CEC), total nitrogen (TN), available phosphorus (Avail.P), carbon-nitrogen 

ratio (C:N) e.t.c) were obtained. 180 surface soil (0-20 cm) samples were collected in a grid 

resolution of 25 m x 25 m and supplemented with additional 116 samples at 5 m x 5 m resolution 

within the grid across three land use types (maize-sorghum cropland (MS), rice field and fallow-

shrub-grassland (FSG)) to evaluate spatial variability of soil properties. These samples were 

analyzed using standard laboratory procedures. Further data analysis using simple statistical and 

geostatistical tools and Pearsons's correlation analysis were performed. The soil map of the 

catchment showed five distinct soil types, belonging to three major soil orders namely: Ultisols, 

Inceptisols and Alfisols (USDA), and four reference soil groups: Plinthosols, Cambisols, 

Luvisols and Gleysols (WRB). More than 55 % of the soils were mainly Plinthosols, highly 

degraded, acidic in nature and low in nutrient with low soil water retention capacity. The 

variability was high for Ksat, moderate for SOC, Avail.P and C:N, but low for TN, BD. SOC 

showed the strongest spatial dependence (0-5.3%) across the three land use. The spatial 

dependence, pattern and distribution of the soil properties were influenced by land use and soil 

management practices but independent of individual property or geology. Six microplots (1m x 

1m) for measuring surface runoff were installed on each of the two slope positions and each of 

the two land use types. Moreso, infiltration runs, soil samples and soil moisture measurements 

were done in triplicates. The suitability of a conceptual model (NRCS-CN) to capture plot-scale 

rainfall-runoff processes was tested. To understand rainfall-runoff processes at the catchment 

scale, WaSiM model was calibrated and validated using the most sensitive and the optimized 

soil, land use and unsaturated zone parameters. Surface runoff coefficient for the microplots and 

the catchment were computed and compared. Soil hydrologic properties (infiltration rate, soil 

moisture, surface runoff and saturated hydraulic conductivity) were influenced by land use and 

slope position though little disparity exists between the laboratory and the in situ determined 

values. Both total and event-based plot scale surface runoff were high and significantly (p < 

0.05) influenced by the land use. Runoff coefficient at plot scale (0.3-0.9 %) compared to the 

catchment scale (0-0.6 %) revealed strong scale issues. NRCS-CN simulation captured the 

dynamics of the plot-scale rainfall-runoff processes (R
2
= 0.84 -0.97; ME= 0.56-0.91) with slight 

over-and-underestimation of peak and low flows. The model WaSiM was successfully calibrated 

(NSE=0.61, R2=0.61, RMSE= 0.63) with acceptable uncertainty range or value (P-factor = 94%; 

r-factor = 0.93), and also validated (NSE=0.68, R2=0.78, RMSE= 0.57) for the Koupendri 

catchment.  The result was satisfactory and showed strong agreement between the modeled and 

the observed data. Direct flow was the dominant runoff (more than 85 % of the total runoff) 

component in the catchment. The water balance reflected the hydro-climatic condition of the 

catchment with real evapotranspiration ranging between 68 % and 75 % of the total annual 

rainfall. 

 

Keywords: Soil classification, geostatistics, microplot, hydrological properties, rainfall-runoff.  
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Résumé 

Le sol est une donnée d'entrée importante dans la plupart des modèles hydrologiques. Une 

enquête détaillée sur les sols (1: 25 000) et la classification des sols ont été effectuées à l'aide de 

l'approche SOTER (sol et TERrain). Des données sur les propriétés morphologique (couleur, 

structure, présence de tâches indicatrice de réaction oxydoréduction etc.), physique (texture, 

densité apparente (DA) et conductivité hydraulique à saturation (Ksat)), et chimique (teneur en 

carbone organique (SOC), capacité d‘échange cationique (CEC), etc.) on été collectées. 180 

échantillons de sol on été prélevés (0-20 cm) à l‘intérieur des mailles de 25m x 25m et complété 

avec 116 par un échantillonnage à une échelle plus fine (5m x 5m) sur trois types d‘occupation 

de terre (champs de mais-sorgho (MS), rizières, et jachères-prairies-formations arbustives (FSG)) 

afin d‘évaluer la variabilite spatiale des propriétés du sol. Ces échantillons ont été analysés au 

laboratoire suivant les procédures conventionnelles. Le traitement des données a été fait à partir 

d‘outils statistiques standards, de méthodes géostatistiques et de la corrélation de Pearson. La 

carte de sol du bassin montre cinq différents types de sols appartenant à trois principaux ordres: 

Ultisols, Inceptisols and Alfisols (USDA) et quatre groupes de sol: Plinthosols, Cambisols, 

Luvisols et Geysols (WRB). Plus de 65% des sols sont Plinthosols, profondément dégradés, 

acides avec de faibles teneurs en nutriments et en capacité de rétention en eau. La variabilite est 

grande pour le Ksat, moyenne pour le SOC, le phosphore disponible et le rapport carbone/azote, 

et faible pour l‘azote totale et la DA. Le SOC est associé à la plus grande dépendance spatiale en 

fonction du type d‘occupation de terre. La dépendance spatiale et la distribution des propriétés de 

sol sont influencés par les pratiques de gestion du sol mais indépendants des propriétés du sol 

elles-mêmes ou de la géologie.Six micro-parcelles (1m x 1m) de mesure du ruissellement de 

surface ont été installés sur chacune des deux positions de pente et sur chacun des deux types 

d'utilisation des terres.  Aussi, les essais d'infiltration, les échantillons de sol et les mesures 

d'humidité du sol ont été effectués en trois exemplaires. L‘adéquation d‘un modèle conceptuel 

(NRCS-CN) pour la simulation de l‘impact de la position des pentes et du type d‘occupations des 

terres sur la relation pluie-débit à l‘échelle de la parcelle a été testée. Afin de comprendre cette 

relation a l‘échelle du bassin, le modèle WaSiM a été calibré et validé avec des paramètres de 

sol, du type d‘occupation des terres et de la zone non-saturée Les écoulements de surface à 

l‘échelle de la parcelle et à l‘échelle du bassin ont été comparés. Bien qu‘une petite disparité 

existe entre les données du terrain et celles du laboratoire, il a été constaté que les propriétés 

hydrologiques du sol (taux d'infiltration, humidité du sol, écoulement superficiel et conductivité 

hydraulique saturée) sont influencées par le type d‘occupations des terres et par la position des 

pentes. A l‘échelle de la parcelle, l‘écoulement de surface total et événementiel est important et 

significativement (p<0.05) influencé par le type d‘occupation des terres. L‘écoulement de 

surface à l‘échelle de la parcelle (0.3-0.9%) et à l‘échelle du bassin (0-0.4 %) soulève la 

problématique liée à l‘échelle spatiale considérée pour analyser les processus hydrologiques. Le 

modèle NRCS-CN reproduit très bien (R
2
=0.84 -0.97; ME=0.56-0.91) la dynamique de la 

relation pluie-débit à l‘échelle de la parcelle mais surestime et sous-estime quelques peu les pics 

et des étiages. Le model WaSiM a été calibré (NSE=0.61, R2=0.61, RMSE= 0.63) et validé 

(NSE=0.68, R2=0.78, RMSE= 0.57) avec succès pour le bassin  du Koupendri. Les incertitudes 

ont été évaluées avec un p-factor de 94% et un r-factor de 0.93 indiquant un intervalle acceptable 

d‘incertitude. Les résultats montrent qu‘il y a une bonne superposition entre les courbes des 

débits simules et des débits observes même si le model sous-estime quelque fois les 

picsL‘écoulement de surface est la principale composante du débit (plus de 85% de l‘écoulement 
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total) indiquant un dépassement de la capacité d‘infiltration du sol ou un écoulement Hortonien 

comme le mécanisme de production du débit dans le bassin 
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Chapter 1 

General Introduction 

One serious challenge confronting hydrologist and water managers around the world has been how 

to sustainably manage and protect catchment resources and the environment (Jones et al., 2001; 

Yasin and Clemente, 2014). Such decisions on sustainable water resources management require 

sound scientific information on rainfall-runoff processes. A rainfall-runoff process which relates 

the amount of discharge produced by a catchment in response to rainfall and catchment 

characteristics play significant roles in the hydrological cycle. Rainfall-runoff process is 

influenced by the increasing climate (rainfall) variability and fluctuations in West Africa where a 

strong decrease (-25%) in rainfall has been reported (Bonell, 2004). Consequently, this has 

resulted to reduced discharge and water shortages for domestic and agricultural purposes and also, 

poses a serious threat to sustainable development (Speth et al., (2010)). River discharge is affected 

by several drivers such as land use changes, water withdrawals and climate variations (Roudier et 

al., 2014). Global hydrological cycle and ecosystem functions are dependent on the complex 

interactions between soil, vegetation, and the atmosphere (Miller et al., 2007).  

Recently, concerns about soil data availability for hydrological modeling have risen due to the 

impact of global warming on water resources. Soil properties and their spatial distribution 

influences most land surface processes and patterns of hydrological processes (Grayson and 

Blöschl, 2001) such as runoff generation, groundwater recharge, and infiltration and water 

retention characteristics. Thus, characterizing the soils will enhance our understanding of the 

complex land surface-atmosphere interactions especially the hydrological processes (Anguela et 

al., 2008). The classification and characterization of soils are done through soil survey involving 

examination and description of the soil in the field. While a detailed soil survey gives the 

inventory of the soils found in an area, their distribution and variability are expressed and 

quantified using both classical and geostatistical tools. These geostatistical tools e.g kriging and 

co-kriging has been a powerful tool for assessing soil spatial variability. Recently, this tool has 

received widespread utilization by soil scientists and agricultural engineers (Webster and Oliver, 

2007; Iqbal et al., 2005). 
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In West Africa, high impact of climate and land use change on hydrological processes has been 

reported (Kasei, 2010, Giertz et al., 2010; Götzinger, 2007, Jung, 2006, Busche et al., 2005). 

Hydrologists always place high consideration on the hydrological consequences of land use 

change, from both monitoring and modeling perspectives (Bosch and Hewlett, 1982; Liu, et al., 

2012; Mendoza et al., 2010; Niehoff, 2002; Nejadhashemi et al., 2011). This is mainly because of 

their influence on the water resources availability and on the different hydrological components 

and processes like interception, infiltration, albedo and evaporation (Scanlon et al., 2007; Rientjes 

et al., 2011) resulting to increased runoff generation and stream flow regime.  Bonell (2004) 

reported decreased infiltrability and increased runoff coefficients due to the destruction of the top 

soil layers caused by forest clearance and increased agricultural activities in sahelo-sudanian areas. 

Also, increased Hortonian runoff caused by the modification of soil properties and infiltration 

capacity as a result of deforestation has been observed (Leblanc et al., 2008). Thus, there is need to 

understand land use and land cover effects on soil (hydraulic) properties and their variability, and 

catchment hydrology for its sustainable management, conservation of ecosystem services and 

reduction of negative downstream impacts.  

1.1 Context and problem statement 

Most hydrological and land use change studies employ multi-modeling approach and only vary the 

spatial distribution of the vegetation cover on basin or in-land valley hydrology (Cornelissen et al., 

2013; Fohrer et al., 2002). However, the key variable such as soil (hydrological) properties that 

drive hydrological processes are sometimes not measured and this limits the applicability of such 

models. The reason is well known and mostly associated with the limited time and high cost of 

field measurements and obtaining soil data. Until now, there is no detailed soil data for 

hydrological modeling in Koupendri catchment. The only available soil map was produced by 

ORSTOM (UNEP-GEF Volta Project, 2008) at scales (1:200.000, 1:250.000 and 1:500.000)  

considered too coarse to capture detail soil distribution needed for understanding the hydrological 

processes of this small catchment (11.8 km
2
). In other to increase our knowledge and reliability of 

conclusions drawn from most hydrological modeling, investigating the hydrological processes 

from the local or point to the catchment scale may reveal some important facts. Such studies 

required detailed investigation and acquisition of soil data at the local scale. This has not been 

considered in the previous studies. Therefore, this study tends to bridge this gap and generate data 

on soil hydrologic properties required for modeling the catchment hydrological processes. 
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1.2 Literature review 

1.2.1: Importance of soil properties and their variability in hydrological modeling 

Hydrological modeling and sound decisions on soil and water resources management require soil 

data as inputs. The catchment soil properties influences the spatial patterns of water flow paths and 

storage (e.g. Grayson and Blöschl, 2001; Uhlenbrook et al., 2004; Weiler and Naef, 2003). Thus, 

the knowledge of the physical and hydrological properties of soils is a necessary for rainfall-runoff 

modeling and hydrological studies (Albertson and Kiely, 2001; Herbst et al., 2006a). Soils exhibit 

vertical and horizontal variability linked to topography or relief, geology and climatic 

characteristics that led to its formation. This in turn determines different management areas, use 

and productivity of soils especially for precision agriculture and natural resource management 

(Mello et al., 2006; Wang et al., 2009). Nearly all distributed hydrological models require input of 

spatially resolved soil properties. Modeling the hydrological processes and land use change is 

highly dependent on the accuracy and the understanding of the soil data. Accurate data on soil 

properties and understanding of its heterogeneity for hydrological modeling can be generated 

through detailed soil survey and described using appropriate soil classification system and/or 

taxonomy. The available soil maps for the catchment were those produced by the ORSTOM at the 

scale of 1:200.000, 1:250.000 and 1:500.000. Also, the recent SOTER map of Benin at a scale of 

1:200.000 (Igue, 2000; Weller, 2002) covered only the south and central part of Benin while the 

Northern part is yet to be completed. Besides not covering the study area, these two soil maps 

were produced on scales considered too coarse and difficult to capture the heterogeneity of soil 

properties at local/catchment scale. It is worthy to note that in view of the high cost of soil survey, 

soil descriptions should be made as detailed and comprehensive as possible so that the information 

can serve multiple purposes (FAO, 2006). This alone underscores the relevance of this study 

aimed at overcoming the above limitation or challenge of the past soil surveys.  

1.2.2 Land use/land cover and soil hydrological properties 

Land cover is defined as the biophysical state of the earth‘s surface and immediate subsurface 

including the type of vegetation (forest, cropland, pastures e.t.c.) that covers the land surface, 

wetlands, soils, biodiversity, surfaces, and groundwater, as well as human structures, such as 

buildings, roads or pavement (Di Gregorio and Jansen, 2000; Turner et al., 1990). Land use 

involves both the manner in which the biophysical attributes of the land are used or manipulated 

by humans and the intent underlying such manipulation i.e. the purpose or function for which land 
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is used by the population (Cihlar and Jansen, 2001; Turner et al., 1990). In other words, land use 

describes the human activities that are directly related to land, making use of its resources or 

having an impact on them.  It has been widely recognized that the vegetation plays an important 

role in the modulation of the earth‘s climate and hydrological system (Dale, 1997). The 

hydrological processes of catchments are strongly regulated by the vegetation and land use or land 

cover (Gao et al., 2009). Vegetation cover is an important variable in the hydrological cycle as it is 

the medium through which rainfall must pass to reach the soil and begin the journey back to the 

sea. The need for new agricultural land was a strong argument for the extensive clearing of natural 

vegetation (Ungaro et al., 2004). Also, the need to provide food, water, fiber, and shelter to more 

than six billion people drives worldwide changes to forests, farmlands e.t.c (Foley, 2005). It has 

been reported that the existing high rate of deforestation and degradation of vegetative cover may 

have a serious effect on soil and water resources (UNEP, 2003). The recurrent droughts, severe 

soil erosion, sedimentation of reservoirs and water bodies, soil quality deterioration, surface- and 

ground-water resource reduction and biodiversity loss are some of the problems related to 

deforestation and vegetation clearance (Asefa et al., 2003; Lemenih et al., 2005). Land cover plays 

a key role in controlling the hydrologic response of watersheds in a number of important ways 

(Schilling et al., 2008; Mao and Cherkauer 2009; Elfert and Bormann, 2010; and Ghaffari et al., 

2010). Changes in land cover can lead to significant changes in leaf area index, evapotranspiration 

(Mao and Cherkauer, 2009), soil moisture content and infiltration capacity (Fu et al., 2000; Costa 

et al., 2003), surface and subsurface flow regimes including base flow contributions to streams 

(Tu, 2009) and recharge, surface roughness (Feddema et al., 2005), runoff (Burch et al., 1987) as 

well as soil erosion through complex interactions among vegetation, soils, geology, terrain and 

climate processes. Evapotranspiration decrease in catchments caused by deforestation results in 

intensified runoff in a short timescale (Eamus et al., 2006). Also, degradation of vegetation cover 

will lead to serious reductions in humidity, soil moisture and retentiveness and groundwater 

recharge. Ultimately, deforestation, especially in the low-medium precipitation and high 

temperature regions, leads to destabilization of the water cycle, increased incidents of droughts and 

floods, and in a long-term perspective to desertification and decrease of water yield (Harper et al., 

2008).  

Soil physical and hydrological properties are related to vegetation type, and vegetation conversion 

can alter these properties. Shukla (2003) reported that changes in land use could affect the 
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physical, chemical and biological characteristics of the soil. Land use type influences the 

infiltration capacity which has a direct influence on surface runoff and on hydrological regime of 

rivers, and lower catchment areas. Yimer et al., 2008 reported a decline in infiltration capacity and 

soil moisture content after conversion of forest to cultivation and grazing land.  Upon conversion 

of natural lands to cultivated fields, water retention capacity is strongly influenced (Schwartz et 

al., 2000; Bormann and Klaassen, 2008; Zhou et al., 2008). The knowledge of water retention 

capacity and land use effects on this property is important for efficient soil and water management. 

Soil water retention characteristics is affected by soil organic matter (SOM) content and porosity, 

which are significantly influenced by land use type (Zhou et al., 2008). Ndiaye et al., (2007) has 

shown that improper soil management decreases the soil macroporosity in the long-term affecting 

the soil moisture (θs).  Agricultural land use reduces the secondary pore system significantly, 

resulting in increased surface runoff (Germer et al., 2010).  

1.2.3: Soil survey and classification 

Soil exist as a mixture of individual separates such as gravel, sand, silt, clay or organic matter  in 

varying proportions which influences their characteristics or behaviour. Soil survey involves 

making inventory of the various kinds of soil that occur on a given landscape or region. Thus, it 

helps to gain the knowledge of the spatial arrangement and distribution of the kinds of soils that 

occur on the landscape which are important for land use planning and management (FAO, 2006). 

Boundaries are drawn around different kinds of soil to produce a soil map of the landscape/region. 

Although, soils within a boundary cannot be homogenous and pure, the purity of a mapped soil 

increases with the intensity (or detail) of the survey. In a soil survey, a detailed description is kept 

of each kind of soil that is mapped. Naturally, soils are organized into layers called horizons which 

differ from each other above or below it. Each horizon is designated by its depth, colour, particle 

size distribution, structure, consistency, pore size distribution, quantity of roots and other features. 

The organization of our knowledge about soils to predict their behavior and performance is termed 

soil classification. This enables us to organize our knowledge about soils and simplify our decision 

making with regard to management and use of different soils. The exchange of soil information 

found in different areas was made possible by the different soil classification systems developed 

by scientists for grouping soils with similar properties into one class. Dokuchaev, a Russian 

geologist initiated the scientific classification of soils by relating soil characteristics to soil 

formation (genetic principle). Other classification systems that evolved afterwards depend on this 
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zonality concept. This concept was later found inadequate for soil description and a new concept, 

US soil Taxonomy was developed (Soil Survey Staff, 1975; Buol et al., 2003).  Other commonly 

used soil classification schemes include; the FAO classification (FAO, 1974; 1986), the world 

reference base (WRB) for soil resources (IUSS Working Group WRB, 2006, 2014) and the French 

(ORSTOM) classification mostly used by the Francophone countries of West Africa (CPCS, 

1967).   

1.2.4 Soil classification systems 

Numerous soil classification systems have evolved for classification of soils. A few of such 

classification systems are considered and reviewed below; 

The U.S. soil taxonomy 

This has been described as the best and most comprehensive soil classification of the world. It 

gained international recognition at the world congress of soil science in 2014 (IUSS Working 

Group, 2006, 2014). It focuses on quantitatively measured soil properties instead of on soil-

forming processes or factors. The U.S. Soil Taxonomy is broadly sub-divided into six levels; 

orders, suborders, great groups, sub-groups, families and series (Soil Survey Staff, 1999). Table 1 

indicates the general structure of Soil Taxonomy with its six Categories – Orders to Series (Pavel 

et al., 2009). The Order may be defined as soils having properties or conditions resulting from, or 

reflecting, major soil-forming processes that are sufficiently stable in a pedologic sense (Arnold 

and Eswaran, 2003). The Suborder category may be defined as soils within an Order class having 

additional properties or conditions that have major controls, or reflect such controls, on the current 

set of soil-forming processes. At this level, more dynamic features are selected as evidence of 

influence on pedogenesis (Pavel et al., 2009). The Great Groups are soils within a Suborder having 

additional properties that constitute subordinate or additional controls, or reflect such controls on 

the current set of soil-forming processes. Consequently, classes of Suborders provide additional 

information useful for interpreting soil behaviour in various landscape settings. The Subgroups are 

more complicated as they are soils within a Great Group having additional properties resulting 

from a blending or overlapping of sets of processes in space and time that cause one kind of soil to 

develop from, or towards another kind of soil. These include; classes of intergrades with linkages 

to other Great Groups, Suborders, or Orders and, extragrades, having sets of processes or 

conditions that had not been recognized as diagnostic for any class at a higher level, including non-
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soil features. Families are soils within a Subgroup having properties that often are indicative of the 

potential for further pedogenic development. Such properties are often chemical and physical 

characteristics with less capacity to change due to use and management e.g. soil textures, 

mineralogy, soil moisture and temperature regime variability and clay activity e.t.c. 

Details of soil series classification are not shown in the primary structure of Soil Taxonomy or its 

Keys as they pertain to many properties not applied in higher level classes, such as horizon 

thickness, colours, structural units, in-place biological features, and other information about the 

parent materials present in the family class. The placement into most taxa is made based on the 

presence of certain diagnostic horizons, materials and properties in a soil profile defined and 

determined quantitatively through both analytical and field observations. The use of quantitative 

criteria allows even a non-specialist to name a soil, if necessary information on the profile is 

available. A peculiarity of the US Soil Taxonomy is that it is climate oriented and thus requires 

measured or estimated information on water and temperature regimes of soils. The USDA soil 

classification system, soil taxonomy, can be said to be a multi-categoric based on soil profile 

properties, with a genetic bias. Each category is an aggregate of taxa defined at about the same 

level of abstraction with the smallest number of classes in the highest category and the largest 

number in the lowest category. For detailed work, the family and series categories are most 

appropriate since both are distinguished on the basis of properties selected to make taxa more 

homogenous for practical uses of soils (Pavel et al., 2009). 

The FAO/UNESCO system 

This system was mainly tool for preparing small-scale soil map of the world and not a 

comprehensive system of soil classification. Like most soil classification systems, it was 

developed to serve as basis for making comparisons between various systems but not to replace 

national classification system (FAO, 1974). It was originally a soil legend correlating the variety 

of soil surveys throughout the world to a common soil map of the world. The initial legend has 

106 units classified into 26 groupings while the revised legend has 28 major soil groupings 

subdivided at the second level into 153 soil units (FAO, 1974; 1988). The soil units correspond 

roughly to great groups from the USDA Soil Taxonomy, while larger main grouping are similar to 

the USDA soil suborder. The soil map of Africa published by FAO in 1986 show that all African 
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soils were grouped into 10 soil associations with Yermosols, Xerosols and Luvisols occupying 

about one-third of Africa's land area.  

Table 1.1: The structure of the US soil taxonomy 

Level Taxon name Taxon 

characteristics 

Borders 

between 

classes 

Diagnostics Terminology 

0 Soils Kingdom    

1 Order  Collective  Formal  Chemico-morphological 

and regimes 

Artificial  

2 Suborder  Collective  Formal  Regimes & morphological Artificial  

3 Great group Generic 1  Formal  Chemico-morphological Artificial  

4 Subgroup  Specific Varietal Formal  Chemico-morphological Artificial  

5 Family  Specific Varietal Formal  Chemico-mineralogical Mixed  

6 Series  Generic 2 Formal  Chemico-morphological Traditional  

Pavel et al., (2009). 

The French system (ORSTOM/INRA) 

This system of classification is a natural, hierarchical system that is based on principle of soil 

evolution and the degree of evolution of soil profile as a whole. In this system, the object of soil 

investigation – soil mantles (Couverture Pédologique) are defined as real natural three-dimensional 

bodies while the soil section (solum) is a conceptual two-dimensional cut of soil mantle (Pavel et 

al., 2009).  The idea of a soil reference is the basic one in French classification, and serves as an 

archetype of certain soil. The four main levels or hierarchies recognized by the French 

classification system are classes, subclasses, groups and subgroups. The classes and subclasses 

were mainly collective levels. The classes partly reflected the stage of soil evolution, and partly 

general trends of soil-forming processes. The subclasses were grouped by various criteria, 

commonly by climatic conditions of soil formation. The level of groups was generic, though some 

groups were more specific particularly about soil structure. This system was later modified and 

adapted for use in the tropical regions by the French pedologists ORSTOM (Office de la 

Recherché Scientifique et Technique d‘Outre-Mer) (Segalen et al., 1979) now Institut français de 

recherche scientifique pour le développement en coopération. However, a new French soil 

classification created by the French association for soil investigation (AFES) and declared non-

hierarchical was published in 1990 under the name Référentiel Pédologique (Pavel et al., 2009). 

This was later reworked and printed in 1993 to suit the classification of the soils of Europe while 
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the latest version suitable for the classification of the soils of the world over was published in 1995 

(AFES, 1998). This new classification system proposes the use of qualifiers which allows naming 

soils in a more precise manner (Pavel et al., 2009). This to a great extent makes the structure of the 

French classification system look very similar to that of WRB (IUSS Working Group WRB, 2014; 

2014). Although the Référentiel Pédologique was declared not to be a hierarchical taxanomy 

(AFES, 1998), the system still put emphasis on climatic zonation rather than lithogenic influences.  

The world reference base for soil resources (WRB) 

This was developed under the auspices of the International Union of Soil Science, by building on 

the foundations of the FAO legend. The aim is to harmonize soil classification systems and 

establish a standard for summarizing and correlating the wealth of soil resources of different 

countries (IUSS working Group, 2006).  Though a comprehensive classification system, it was not 

intended to replace national soil classification systems but to accommodates them and serves as a 

basis for communication at international level (IUSS Working Group, 2006; 2014). The legend of 

FAO-UNESCO Soil Map of the World strongly influenced the structure of WRB (FAO, 1974, 

FAO, 1988; 1991).  It serves both as a correlating, communication, inventory and monitoring tools 

for the world‘s soil resources. One major and most important recent change in the WRB is that the 

sequences of qualifier, including the rules for its usage are now suitable for classifying soils and 

creating map legends (IUSS Working Group, 2014). 

The soil classification is based on measurable and observable soil features or properties in the field 

such as diagnostic horizons; diagnostic properties and diagnostic materials. These features must 

account for their relationship with soil forming processes and thus contribute to a better 

characterization of soils. 

Objective criteria derived from both field inspections and laboratory results of the soil are 

integrated and used for systematic classification of different soil types into a Reference Group with 

specific characteristics denoted through the use of prefixes and suffixes. Thus, it involves a two-

phase soil classification system of soil made up 32 Major Soil Groups or Reference Soil Groups 

(RSGs) and over 120 well defined qualifiers for specific soil characteristics or classification.  The 

structure of WRB list the possible principal and supplementary qualifiers for each RSG from 

which the second level of the classification is constructed. Unlike the supplementary qualifiers, the 
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principal qualifiers are given in a priority sequence. The underlying principles governing the WRB 

class differentiation are: 

At the first level (RSGs), class differentiation are done based on soil characteristic features mainly 

according to characteristic soil features produced by the dominant identifier, except where special 

soil parent materials are of overriding importance. 

At the second level (RSGs with qualifiers); soils are differentiated according to soil features 

resulting from any secondary soil-forming process that has significantly affected the primary 

characteristics. In many cases, soil characteristics that have a significant effect on land use are 

taken into account. 

1.2.5 Hydrological models and modeling in West Africa 

Hydrological models especially the rainfall-runoff models have proven to be a vital tool for 

improved decision making in hydrology and provide solutions to many practical problems such as 

flood forecasting and protection, and water management. West Africa is faced with severe or acute 

water resources and management problem due to its severe rainfall or climate variability 

characterized by large inter-annual fluctuations. Such large fluctuations in the precipitation amount 

cause large inter-annual variability, reduction of discharge quantities and water availability.  

Consequently, this results to increased demands on the scarce water resources. Decisions aimed at 

solving this perennial problem required an understanding of the hydrological processes. This is 

achieved most times through the use of improved hydrological models (Beven, 2001). Such quest 

for hydrological models is primarily driven by the limitation of hydrological measurements since 

models provide a means of extrapolating known measurements in both space and time to areas 

where data is not available in order to assess the likely impact of future hydrological change 

(Beven, 2001). This is true for most tropical West African catchment and especially Benin. A good 

number of hydrological or rainfall-runoff modeling efforts have been initiated in West Africa 

recently in an attempt to find solution to water scarcity problems.  In Benin, these efforts had 

concentrated in the Ouémé catchment in central Benin (e.g., Götzinger, 2007) and its sub-

catchment including the Donga Catchment (Séguis et al., 2011; Le Lay et al., 2008; Varado et al., 

2006), Terou catchment (Cornelissen et al., 2013; Giertz et al., 2010; Hiepe and Diekkrüger, 2007; 

Sintondji, 2005; Busche et al., 2005; Bormann and Diekkrüger, 2004) and the Aguima Catchment 

(Bormann et al., 2005; Giertz et al., 2005).  In these studies, different hydrological models ranging 
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from simple lumped, conceptual to distributed physically based models has been applied for 

different purposes. Some of these models or their combinations investigated the effect of climate 

and land use change on rainfall-runoff or hydrological processes (e.g. Cornelissen et al., 2013; 

Kasei, 2010; Giertz et al., 2010; Hiepe and Diekkrüger, 2007; Sintondji, 2005; Bormann and 

Diekkrüger, 2003; Giertz and Diekkrüger, 2003; Legesse et al., 2003). Although, the ability of 

these models to properly account for the effect of climate and land use change on hydrological 

processes were highlighted in these studies, the need for more data especially field spatial data on 

soils and soil hydrologic properties which is not sufficiently available limit their application. This 

was also buttressed by Andersen et al. (2001) who noted that non-availability of field data was a 

problem for detailed analysis or evaluation of runoff generation processes using a physically-based 

distributed model MIKESHE at a regional scale for the Senegal River Basin (375,000 km²) in 

West Africa. 

At the local, catchment and regional scale, a good number of models have been successfully 

applied in Benin (Bormann et al., 2005; Giertz et al., 2005; Giertz 2004; Cornelissen et al., 2013). 

Recent multi-modeling impact studies of a tropical catchment in Benin identified poor 

representation of the catchment‘s soil characteristics and flow processes as the major weakness of 

all hydrological models considered (Cornelissen et al. 2013). 

Models such as WaSiM, SWAT e.t.c. which simulate the soil-vegetation-atmospheric interactions 

(SVAT), may be more suited for understanding the hydrological processess influenced by land 

management and spatial variability of soil hydraulic properties in complex catchments. However, 

model such as TOPMODEL, which bases its distributed predictions on an analysis of topography, 

might be more suited to assessing the loss of nutrients from grassland as demonstrated by Scanlon 

et al., (2004). It is obvious that the applicability and predictive ability of different model types 

depends on the data requirements of the user, data availability and cost of data acquisition. If a 

detailed database is available, the predictive capacity of process based models is much higher than 

that of a conceptual model. But if data are scarce and uncertain, then a simple, conceptual model 

can lead to better results due to increased robustness with regard to data errors and data gaps 

(Grayson and Blöschl, 2001). In this study, I intend to embark on detailed data (soil data, hydro-

meteorological measurements e.t.c) acquisition. Therefore, WaSiM –a distributed and mainly 
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physically based model was used not only because of its widespread adaptability in tropical 

environments but also, its predictive accuracy with reduced uncertainty. 

1.2.6 Runoff generation processes and mechanisms 

Runoff is defined as the amount of precipitation or portion of precipitation which travels or makes 

its way towards the nearest stream channels, lakes or oceans as surface/overland flow or 

subsurface flow (interflow, base flow) as shown below (Fig. 1.1). This is usually measured at the 

outlets or stream channels in catchment observation. Runoff occurs when the demands of 

evaporation, interception, infiltration and surface retention have been met or satisfied by 

precipitation. However, the process of transformation of rainfall into runoff over a catchment is 

very complex. Runoff generation controls the amount of water that gets into the stream and flows 

outwards through the catchment outlet during and immediately after the storm. Runoff generation 

varies temporally and spatially due to the interplay of wetting and drying phases. Runoff can be 

generated both by an Infiltration excess, partial area infiltration excess or saturation excess 

overland flow mechanisms, and more recently as a subsurface storm flow or perched subsurface 

storm flow mechanism (Beven, 2001). Each of these mechanisms (Fig. 1.2) has a different 

response to rainfall or snowmelt in the volume of runoff produced, the peak discharge rate, and the 

timing of contributions to streamflow in the channel. The relative importance of each process is 

affected by climate, geology, topography, soil characteristics, vegetation and land use. The 

mechanism of runoff generation includes; 

 



13 
 

 

 

Figure1.1: Physical Processes involved in Runoff Generation (Tarboton, D.G., 2003) 

Infiltration excess overland flow: Infiltration excess occurs when the rainfall comes at a rate 

higher than the rate at which the otherwise unsaturated soil can absorb water. It also starts or 

occurs in areas where the soil permeabilities are lowest and gradually expand to areas with higher 

permeabilities since infiltration capacity tends to decrease with increase wetting (Beven, 2012). 

This is also known as hortonian overland flow because it was discovered by Robert E. Horton 

(Horton, 1933) who is a famous American hydrologist. Infiltration excess runoff generation occurs 

when the rate of input of precipitation exceeds the infiltration capacity of soils or where the 

rainfall intensity is higher than the infiltration capacity of the soil (Fig 1.2a). In other words,. Bare 

soil areas will be particularly vulnerable to such infiltration excess runoff generation since the 

energy of the raindrops can rearrange the soil particles at the surface and form a surface crust, 

effectively sealing the larger pores (Beven, 2012). 

Partial area infiltration excess overland flow: This was proposed when information on infiltration 

capacities of the soils and rainfall rates could not support prediction of runoff production in many 
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catchments under the assumption that infiltration excess surface runoff was produced everywhere 

on the hillslopes. Betson (1964) suggested or proposed that more usually; only part of a catchment 

would produce runoff in any particular storm. And that since infiltration capacities tend to 

decrease with increasing soil moisture, the downslope flow of water on hillslopes tends to result in 

wetter soils at the base of hillslopes, the area of surface runoff would tend to start close to the 

channel and expand upslope. This partial area model (Fig 1.2b) is allowed for a generalization of 

the Horton conceptualization (Beven, 2012). It is now realized that the variation in overland flow 

velocities and the heterogeneities of soil characteristics and infiltration rates are important in 

controlling partial area responses. 

Saturation excess overland flow: This occurs when the soil is saturated and cannot take up 

further water or filled with water from a subsoil restriction, such as shallow bedrock (Dunne, 

1978; Ward and Robinson, 2000). This was discovered by the studies of Dunne & Black (1970) 

working in Vermont. They observed that surface runoff produced on soils with high surface 

infiltration capacities, resulted from a saturation excess mechanism (Fig.1.2c)). This type of 

response had been previously suggested by Cappus (1960) who was working in France. According 

to Beven (2006; 2012), such response occurs in valley bottom areas or areas of saturated soil, 

particularly headwater hollows where there is convergence of flow and a gradual decline in slope 

towards the stream. It may also occur on areas of thin soils, where the antecedent soil moisture 

deficit and storage capacity/volume is limited or smallest, or in low permeability and low slope 

areas, which will tend to stay wet during recession periods. They tend to be dynamic, i.e., they 

grow during a rainfall event, and are therefore often referred to as variable (dynamic) contributing 

or source areas (Beven, 2000).  

The subsurface storm flow: This occurs in areas where responses are controlled by subsurface 

flow. This was found to occur in some catchment with relatively deep soil and high soil infiltration 

capacities but have its responses dominated by subsurface stormflow (Hursh and Brater, 1941; 

Hewlett and Hibbert, 1967; Dunne and Black, 1970; Hewlett, 1974; Anderson and Burt, 1978). In 

humid tropics, it occurs in steep terrain with conductive soils but under extreme conditions of high 

rainfall and antecedent soil moisture in drier climates which lead to formation of transient water 

tables that induces lateral flow to the channel (Anderson and Burt, 1990b; Wilcox et al., 1997). 
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For these soils, surface runoff is limited mainly to the channels, so the storm runoff production 

must be controlled by subsurface responses (Fig.1.2 (d)). 

Perched subsurface storm flow:  This occurs in catchment or areas with well-developed soil cover 

but impermeable subsurface layers and thus has its response dominated by throughflow (Weyman, 

1970). Through flow or lateral flow through the soil zone, occurs as shallow perched saturated 

flow in cases where the lateral hydraulic conductivity is higher than the vertical one and a 

sufficiently high slope is present (Wagener et al., 2004). This permeability break within the soil 

perhaps associated with horizon boundary might lead to the generation of a perched water table 

and even to saturation at the surface of a soil that may be unsaturated at depth (Weyman, 1970; 

Beven, 2012) (Fig.1.2 (e)). He noted that the ―quick response‖ of stream discharge to rainfall is a 

result of rapid increases in through flow output as saturated conditions extend upslope.  

In summary, Fig 1.2 below represents a wide spectrum of possible runoff generation mechanisms 

or hydrological responses that may occur in different environments or even in different parts of the 

same catchment at different times due to different antecedent conditions, soil characteristics or 

rainfall intensities. Attempts have been made to suggest which mechanisms might be dominant in 

different environments (Dunne, 1978) but there may still be much to learn from direct observations 

of runoff processes in a catchment of interest (Beven, 2006b; 2012). Traditionally, the use of storm 

hydrograph has been useful in differentiating between different conceptualizations of catchment 

response based on the dominance of one set of processes over another. 
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Fig 1.2: Classification of runoff generation mechanisms [following Beven, 2012; 2006b; 2001; 

2000]. (a) Infiltration excess overland flow (Horton, 1933); (b) partial area infiltration excess 

overland flow (Betson, 1964); (c) saturation excess overland flow (Cappus, 1960; Dunne and 

Black, 1970); (d) subsurface stormflow (Hursh; Hewlett); (e) perched saturation and throughflow 

(Weyman, 1970). With: P = precipitation, qo = overland flow, qs = subsurface flow, f = 

infiltration. 
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1.2.7 Model calibration and validation 

Model calibration involves determining the best parameters of the model parameters by comparing 

the predictions made by the model using a set of assumed conditions with the observed data for 

similar conditions. The quality of the calibration procedure depends on the quality and quantity of 

the time-series data used (Wagener et al., 2004). The quality of the data is a function of the amount 

of information and noise present. The quantity depends on the complexity of the model structure 

and on the quality and characteristics of the data. Short time-series of usually minimum of one 

complete year for continuous modeling might be sufficient if it is of high quality and has a high 

degree of hydrologic variability. Most river basins around the world are ungauged including 

Koupendri catchment. Interestingly, this lack of data often increases with decreasing catchment 

sizes (Blöschl et al., 2013). However, most distributed hydrological and physically based 

hydrological models are more robust and do not require extensive hydrological and meteorological 

data for their calibration (Gayathri et al., 2015). The model has been successfully calibrated using 

short term time series data (Giertz et al., 2006). Calibrating hydrological models involves mainly 

three procedures; manual adjustment by trial and error, automatic model calibration, and the 

combination of both (Refsgaard and Storm, 1996).  

Model validation involves running a model using input parameters measured or determined during 

the calibration process without changing any parameter value for another period. In other words, it 

is a process of demonstrating that a given site-specific model is capable of making sufficiently 

accurate simulations though this may vary based on project goals (Refsgaard, 1997). 

1.2.8 Model uncertainty analysis 

Uncertainty analysis is a very important part of most hydrological or rainfall-runoff modeling 

process. Uncertainty analysis is important because it affects the output of model predictions 

especially the discharge or streamflow. Most uncertainties in hydrological modeling process could 

be due to error in data observation and conditioning, model structure and specification, and 

unknown initial boundary conditions. Others include; prediction of uncertain future, choice of 

model and uncertainty estimation methodology, and uncertainties due to model misconception or 

misrepresentation (Abbaspour, 2008; Pappenberger and Beven, 2006). Although some of these 

sources and components of uncertainties can be reduced or completely removed, uncertainties 

caused or introduced by the randomness in the natural processes usually associated with data 
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uncertainty cannot be reduced (Melching et al., 1990; Wagener et al., 2004). This underscores the 

importance of uncertainty analysis of model predictions. 

1.2.9 Model evaluation and efficiency criteria 

Model evaluation has been an integral part of most hydrological modeling studies as a way of 

comparisons between simulated and observed variables especially streamflow.  It measures how 

well a model simulation fits the available observations (Beven, 2001).  Although, the most 

fundamental approach to assessing model performance in terms of behaviours is through visual 

inspection of the simulated and observed hydrographs (subjective assessment), hydrologists often 

use efficiency criteria to provide an objective assessment of the closeness of the simulated 

behaviour to the observed measurements (Krause et al., 2005). The graphical techniques provide 

mostly a visual comparison of simulated and measured constituent data and a first overview of 

model performance (ASCE, 1993). These are essential for appropriate model evaluation (Legates 

and McCabe, 1999). However, the objective assessment generally requires the use of a 

mathematical estimate of the error between the simulated and observed hydrologic variable(s) i.e. 

objective or efficiency criteria. Some of the efficiency criteria used for evaluating hydrological 

models include but not limited to the coefficient of determination (R
2
), Nash-Sutcliffe efficiency 

(NSE), residual or root mean square error (RMSE), RMSE-observation standard deviation ratio 

(RSR), percent bias (PBias) and Kling-Gupta efficiency (KGE). Details of each of these efficiency 

criteria can be found in Krause et al. (2005). The choice and use of these efficiency criteria in 

dependent on the behavior of the observed streamflow hydrograph one intend to investigate. This 

is because each of these criteria may place different emphasis on different types of simulated and 

observed streamflow behaviours (Krause et al., 2005).  Morias et al., (2007) recommended the use 

of NSE, PBias, RSR, in addition to the graphical techniques for model evaluation of streamflow, 

transport of sediments and nutrients. Legates and McCabe (1999) also concluded that a complete 

assessment of model performance should include one ―goodness of- fit‖ measure (e.g. NSE, R
2
) 

and at least one absolute error measure (e.g., RMSE). Model simulation can be judged as 

satisfactory if NSE > 0.50 and RSR < 0.70, and if PBias ± 25% for streamflow, PBias ±55% for 

sediment, and PBIAS ±70% for N and P. This may form the basis or the baseline for the 

evaluation of most hydrological model simulation including WaSiM.  
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1.3 General Objective 

1.3.1 Main Objective 

This study aimed to understand the distribution of soils, hydrologic properties, and rainfall-runoff 

processes from the local (1 m
2
) to the catchment scale (11.8 km

2
) for adequate utilization of soil 

and water resources, and ecosystem services across the catchment. 

1.3.2 The specific objectives 

 To characterize the soil and develop a soil map of the catchment for sustainable 

management of soil and water resources. 

 To evaluate the spatial distribution of soil properties in the catchment under different land 

use types.   

 To assess the impacts of land use and slope positions on soil hydraulic properties in the 

catchment. 

 To evaluate the variability of plot-scale rainfall-runoff processes and its prediction using 

NRCS-CN approach under different land use and slope positions. 

 To evaluate the rainfall-runoff processes of the catchment using WaSiM model. 

1.4 Research Questions 

 What is the nature and distribution of soils across the Koupendri catchment? 

 Can the distribution of soil properties in the watershed be predicted or interpolated? 

 How does different land use and slope position influence soil hydraulic properties of 

the catchment? 

 What is the nature of plot-scale surface runoff variability under different land use and 

slope position in the catchment and can this surface runoff be simulated? 

 How accurately can the hydrological processes of the catchment be simulated using 

model? 

1.5 The hypothesis includes; 

 The nature and distribution of soils can be obtained through detailed soil survey and 

classification. 

 Spatial variability or distribution of soil properties could be predicted or interpolated using 

simple statistical and geostatistical tools. 
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 Land use and local hillslopes may affect soil hydraulic properties which play key roles in 

controlling the hydrologic response and processes of a catchment. 

 Surface runoff variability may be understood through experimental study and may be 

simulated using simple or conceptual models or equations.  

 Hydrological processes are simulated with different accuracies by different models. 

1.6 Novelty 

Recent hydrological modeling is common in analyzing processes and water availability. Numerous 

studies have discussed the applicability of models to different situations. In Benin, many of these 

studies are performed at a range of scales from the local scale (point of few km
2
) to the larger 

catchment scale (about 50,000 km
2
). For these studies, different model types are applied and the 

applicability of these models is studied by using multi-model ensembles. The disadvantage of 

many of these studies is that they are purely computer based and that there is often a gap between 

understanding of the processes and the analysis using models. Thus, studies that link local scale 

field work with hydrological modeling increases the knowledge and the reliability of the 

conclusions drawn from the results. 

1.7 Scope of the thesis 

This research is focused on understanding the distribution of soils and soil hydrological properties, 

and the hydrological processes of the Koupendri catchment. It involves a combination of field and 

laboratory work as well as hydrological modeling to get a comprehensive picture of the catchment 

hydrological processes. This serves as a prerequisite to perform land use and climate change 

studies. The field work involved detailed soil survey and soil classification to generate data on soil 

distribution within the catchment, spatial soil sampling under different land use, measurement of 

soil hydrological properties e.g. infiltration, soil moisture, runoff or discharge at local and 

catchment scale, and hydraulic conductivity. Soil hydrological properties were measured in-situ 

and in the laboratory and the results were compared. These data on soils and soil hydrological 

properties in combination with land use and short-time series data of climate and discharge were 

used for the calibration and validation of the model. 

1.8 Expected results and benefits 

This research is expected to give detailed and elaborate information on the distribution soils, their 

characteristics and spatial variation within the catchment for sustainable management of soil and 
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water resources. The soil data provided by this study is useful for hydrological modeling, land use 

and climate change studies. Influence of land use and slope position on key soil hydrological 

properties, and point scale or local scale hydrological processes is also provided. These are useful 

information needed not only for future studies in the catchment but also for validation of some 

models to enhance reliable prediction of potential hydrological consequences such as erosion, 

flood, and drought e.t.c in the catchment. Information on soil moisture dynamics provided in this 

study is also valuable for many applications such as; hydrological modeling, weather forecasting, 

flood early warning, drought monitoring, agriculture, and climate change studies.The study also 

provided useful results on point/local-to-catchment scale hydrological processes which enhances 

our knowledge and understanding of hydrological processes and for future climate and land use 

change studies. 

1.9 Thesis structure 

The thesis is made up of eight chapters. The first chapter introduced or highlighted the concept of 

rainfall-runoff modeling including the key roles played by soil, and sustainable water resources 

management issues reported within the region in various studies. The issues of soil spatial 

distribution, soil survey methods, hydrological processes and modeling were also reviewed. Also 

included in chapter one is the objectives and research questions that this research seeks to answer, 

the hypothesis, novelty and scope of the thesis. The study area is presented in chapter two while 

chapter three highlights the data, materials and methods used. The results of the soil survey and 

soil classification of the Koupendri catchment were presented and discussed in Chapter 4. Chapter 

5 focused on the results of the spatial variability of some soil properties using simple statistical and 

geostatistical tools. The results of the influence of land use and slope position on soil hydraulic 

properties were presented and discussed in chapter 6. Local or point scale hydrological processes 

on two slope positions and land use types in the Koupendri catchment north-west of Benin: 

Observation and modeling using NRCS-CN approach was presented and discussed in Chapter 7.  

The distributed and physically based WaSiM model (Schulla, 2007; 2012) was calibrated and 

validated for the catchment and its suitability evaluated in Chapter 8. Chapter 9 gave the general 

conclusions and perspectives. 
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                                                              CHAPTER 2 

                                                         Description of the study area 

2.1 Location   

The study was conducted on 11.8 km
2
 area of Koupendri catchment - a part of Volta basin located 

north-west of Benin (Fig. 2.1). The catchment is located on latitude 1
°
 08

‘
40‘‘ to 1

°
11

‘
0

‘‘ 
N and 

longitudes 10
°
44

‘
30

‘‘ 
to 10

°
46

‘
50

‘‘
E and has a relatively flat physiography with a mean slope of 0.4 

%, and height above sea level of 220 m. 

  

Figure 2.1: Location of Koupendri catchment in Benin. 

2.2 Geology and Geomorphology 

The geology of north-west Benin is made up of the Precambrian superior Proterozoic consisting of 

metamorphic/crystalline rocks e.g. siltstones, sandstones gneisses, including less abundant mica 

schists, quartzites and amphibolites (Faure and Volkoff, 1996; 1998; Wright and Burgess 1992). In 

other words, it encompasses a set of geological substratum made up of more recent 

metamorphic/crystalline and sedimentary formations. The relief consists of two morphological 

units differentiated by their altitude. The first morphological unit is oriented north-north-east and 

south-south-west of the department of Atacora. It has an altitude varying between 400 and 640 
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meters, or even more. The second morphological unit is oriented south-south-east and north-north-

west. The relief is generally low and has an altitude that varies between 150 and 300 meters 

(LSSEE, 2003). Koupendri catchment is located within the second morphological unit and can be 

best described as an undulating pediplain relief overlying a Precambrian basement of sedimentary 

origin and made up of acid metamorphic rocks such as Schist. It is part of the protected area 

(National Park and Hunting Area of Pendjari) located mostly on a floodplain. 

2.3 Climate 

The climate is within the continental dry northern zone (Faure and Volkoff, 1998), mainly dry 

sudanian or semi-arid. It has a unimodal rainfall distribution or pattern with distinct wet (rainy) 

and dry seasons. The rainy season lasts from May to mid-October while the dry season lasts for six 

months, from November to April.  Annual rainfall varies between 900 and 1200 mm, with a yearly 

mean of 950 mm. During the rainy season, temperature varies between 25 and 30
° 

C, with a 

relative humidity that can reach up to 97 percent in August. However, during the dry season, the 

temperature reaches a maximum of between 39 and 42. The relative humidity is between 25 and 

55 percent (Barry et al. 2005).  

2.4 Vegetation and land use 

The catchment is located within the Northern (dry) sudanian or semi-arid region according to the 

vegetation zone classification of Benin by Wezel and Böcker (2000). The Sudanian vegetation is 

dominated by tree/shrub savannah or open savanna i.e. trees interspersed with grasses (Saidou et 

al., 2004) of low density composed of Combretum spp and Acacia gourmaensis Crossopteryx 

febrifuga (Idieti, 2012). Other grasses (Andropogon gayanus, Impérata cylyndrica, Pennisetum and 

hydrophilic grass e.t.c) and shrub trees (Cajanus cajan, Acacia papaya, Guiera senegalensis, 

Terminalia glanscena, Gardenia ternifolia and Acacia maerostachia e.t.c) including sparsely 

dispersed plantation trees (Eucalyptus camaldulensis, Tectona grandis (teak) and Anacardium 

occidentale (cashew tree) e.t.c) can be found. The major land use is agriculture which focuses on 

grain crops such as maize, sorghum, rice etc., tuber crops such as yam, oil and cash crops such as 

cotton, and pastoralism (Forkuor et al., 2014). 

2.5 Soils 

The dominant soils of Koupendri catchment are mostly plinthosols with many gravels and 

plinthites, and shallow depth (Azuka et al., 2015). The soils are slightly acidic, with sandy to 
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loamy topsoil and increasing clayey subsoil (Gaiser et al., 2010; Azuka et al., 2015). Only a small 

amount of the land is suitable for agriculture, livestock, and for dwellings due to poor nutrient 

status of the soil including limited availability of water. Moreso, poor soil moisture and soil 

fertility was identified as major ecological constraints in the area (Challinor et al., 2007; Sanchez, 

2002).  

2.6 Hydrology 

Koupendri catchment is one of the sub-catchments of Dassari catchment that drains into the 

Penjari River. Hydrologically, Koupendri catchment behavior is ephemeral or seasonal and dries 

out during the dry season. It drains over a few kilometers with a water level ranging between 10-

20 m and depth to groundwater of less than 45 m. Due to its characteristic undulating pediplain 

and almost flat relief, runoff generation is assumed to be mainly dominated by the Hortonian 

overland flow that originated as a result of  infiltration excess overland flow.  

2.7 Demography, environmental, social and economic activities 

The population of the Koupendri catchment is made up of peasant farmers and herdsmen mostly 

migrant from neighbouring Bukina-faso and Niger. The population is less than 60 persons/km
2
 and 

made up of different ethnic groups such as Dendi, Djerma, Hausa, Yoruba, Fons, Yom e.t.c. Their 

religious practices are mostly traditional religion with few Islam, Catholicism and Pentecostal 

(Protestants) adherents. Agricultural activities occupy more than 90 % of the economy of the study 

area. Despite the ecological constraints in the area, agricultural activities are rapidly expanding due 

to population growth, migration and accessibility. Thus, there is increase in the demand of arable 

lands and reduction in fallow periods. This brings competition over this finite resources resulting 

to over-exploitation and further land resources degradation which hinders the economic 

development in the region.  
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                                                            CHAPTER 3 

                                                        Data, materials and methods 

Introduction   

Modeling the hydrological processes from point to larger scales require input of large amount of 

observed data in time and space. Basically, WaSiM model requires two types of data sets for 

hydrological simulation (Table 3.1); spatially distributed data (DEM, basin characteristics, soil and 

land use data) and hydro-meteorological data (temperature, rainfall, humidity, wind speed, global 

ra diation, and discharge). The materials and methodologies employed in this research work were 

also highlighted. Detailed soil survey and soil classification for the study location was carried out 

using SOTER approach while the spatial variabilities of soil properties under different land use 

was evaluated using geostatistical tool. To understand the hydrological processes at local or point 

scale, soil hydrologic properties including surface runoff were evaluated under two slope positions 

and two land use types. At the catchment scale, WaSiM model was calibrated and validated to help 

understand the hydrological processes. 

Table 3.1: Data requirement and sources for hydrological modeling 

Data Source 

Climate (Precipitation, temperature, humidity e.t.c) WASCAL climate station (Hydrology 

Research  group) 

Discharge  WASCAL (Hydrology Research group) 

Elavation (DEM 30 m x 30 m resolution) WASCAL  (Hydrology Research group) 

Soil  Detailed soil survey (1:25000) 

Land use/cover map (30 m x 30 m resolution) Chabi et al., 2016. 
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3.1 Data 

3.1.1 Soil data 

The soil data used in this study was obtained through a detailed (scale 1:25,000) soil survey and 

mapping of Koupendri catchment soil using Soil and TERrain (SOTER) digital database approach 

(van Engelen and Ting-tiang, 1995). Soil moisture data was also obtained from the soil moisture or 

soil water station installed on a hillslope of Koupendri catchment at Wanteou by the Hydrology 

Research Group (HRG) supported under the framework of WASCAL.  

3.1.2 Land use data 

One of the most important factors that affect water balance or streamflow components in a 

catchment is land use or land cover. According to IPCC (2010), land cover is the actual 

manifestation of land use (i.e., forest, grassland, crop land). As part of the of the West African 

Science Service Centre on Climate Change and Adapted Land use (WASCAL) campaign, a land 

use map of Dassari catchment (Fig 3.1) was produced at a scale of 30 m resolution by one of the 

PhD students in 2013 (Chabi et al., 2016). The land-use/land-cover map used in this study was 

extracted from this land use map for Koupendri catchment using ArcGIS 10.1. The map was 

georeferenced with ground truth data and the original legend was modified to make it necessary to 

be used by WaSiM for modeling the hydrological processes of the catchment. With this 

modification of legends, six land-use/land-cover classes were identified in the study area (Table 

3.2). The dominant class being is tree savannah (savanna woodland, agroforestry and plantations), 

shrub savanna (shrub savanna), grassland (savanna grassland), water (riparian forest/woodland), 

cropland (cropland and fallow), and urban (settlement and bare land).  
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Figure 3.1: Land use/land cover map of Dassari Catchment, north-west Benin (Chabi et al., 2016). 

Table 3.2: Land use Land cover distribution for Koupendri catchment. 

Land Use/Cover Area (Km
2
) Count Percentage (%) 

Forest-tree savanna 4.59 5,100 38.85 

Shrub-savanna 4.10 4,558 34.72 

Grassland 0.045 50 0.38 

Urban 0.044 49 0.37 

Cropland 2.76 3,059 23.35 

Water 0.259 307 2.34 
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3.1.3 Climate and discharge data 

Most gauging networks in Benin are concentrated in large river basins e.g Ouemé and its 

tributaries. Little or no attention is paid to small catchments considering the high cost of procuring 

and installing hydrometric equipments. The climate and discharge station in Koupendri catchment 

were installed, monitored and maintained by the Hydrology Research Group (HRG) supported 

under the framework of WASCAL.  The climate and discharge stations were installed in 2013. 

Information obtained from the climate station include; temperature, rainfall, humidity, wind speed 

and global radiation. Discharge measurements at Koupendri catchment outlet was made every year 

during the rainy seasons to establish rating curves used to convert measured water levels to 

continuous discharge. At the local scale, runoff or discharge was measured after each rain event 

from six microplots each installed on two slope positions and two land use types. 

3.2 Materials and Methods 

3.2.1 Soil survey and classification 

Field observations were made using toposequence method with clinometer during reconnaissance 

survey of Koupendri catchment. Transects were positioned at an interval of 250 m both along 

tracks or roads across the catchment. With the help of the global positioning system (GPS), about 

200 observations points by auger drillings at 250 m interval and ten (10) profile pits were done in 

the catchment (Fig. 3.2). The soil mapping of the location was carried out using Soil and Terrain 

(SOTER) approach (Igué, 2000; Weller, 2002) with the idea that land in which terrain and soil 

occur incorporates processes and systems of interrelationships between physical and biological 

phenomena evolving through time. Soil profile description was made based on the guidelines for 

soil profile description (FAO, 1991; 2006). The profiles were sampled for determination of both 

physical and chemical properties of the soil. The results of the soil analysis were used for the 

classification and characterization of the soil.  
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Figure 3.2: Map of the Koupendri catchment showing auger sampling and profile points    

3.2.1.1 SOTER approach 

This approach uses the methodology of mapping land characteristics based on the idea that land (in 

which terrain and soil occur) incorporates processes and systems of interrelationships between 

physical and biological phenomena evolving through time. In other words, the SOTER (SOil and 

TERrain) procedure proposes a data structure for land description which offers a more 

heterogeneous view on the structure of land (Weller, 2002). It went further to view land as being 

made up of natural entities consisting of combinations of terrain and soil individuals. SOTER is a 

hierarchical system in which the higher level of classification is based on morpho-metric land form 

criteria and altitude levels. The concept identifies areas of terrain (land units) with distinctive, 

often repetitive pattern of geomorphic or geological elements (land form, lithology, surface form, 
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slope and parent material) together with a corresponding soil pattern (Shield and Coote, 1988; 

Brabant, 1992; and SOTER, 1995). Tracts of land distinguished in this manner are named SOTER 

units with each representing a unique combination of terrain and soil characteristics. Thus, it is 

based on the principle of the soil-landscape paradigm with land form and geology as structuring 

elements and soil as inventory of attribute.  Separation of units is made if it can be mapped at the 

given scale, and then digitized. The elements belonging to the units are stored in two different data 

bases; the geometry in GIS (geographic information system) and attribute information in a RDMS 

(relational database management system).  The attribute information on the elements belonging to 

the units are stored in a database on three main levels: Terrain unit with patterns of land form such 

as elevation, major land form and general lithology; Terrain components containing data for slope, 

surface form and groundwater;  soil components containing soils‘ information and soil profile 

description (Igue, 2000; Weller, 2002). The soil component is not described by a single reference 

profile but by a set of soil profiles for each soil type that can contain a fixed/same number of soil 

descriptions /information in each horizon of the profile (Weller, 2002; Weller and Stahr, 1995). 

The SOTER mapping approach resembles physiographic soil mapping in many respects. However, 

its main difference lies in the stronger emphasis SOTER puts on the terrain-soil relationship when 

compared to what is commonly done in traditional soil mapping. This is true particularly at smaller 

mapping scales. At the same time SOTER adheres to rigorous data entry formats necessary for the 

construction of universal terrain and soil database. 

3.2.1.2 Choice of soil classification system 

Prior to commencement of any soil survey and soil mapping, a reference system had to be selected 

and adopted for soil classification. In 1973, a group of West African soil scientists at an FAO-

sponsored correlation meeting in Ghana recommended the adoption of the FAO/Unesco soil 

legend for West African countries (Okoye, 1995). In this study, the FAO/Unesco soil legend and 

the French classification were used for the soil map of the koupendri catchment. The soil map of 

the sub-basin was produced at the scale of 1:25,000. The description, classification and 

characterization of the soil were done based on the Guidelines for Soil Description (FAO, 2006), 

Field Book for Describing and Sampling Soils (Schoeneberger et al., 2002), Keys to Soil 

Taxonomy (Soil Survey Staff, 2010) and the third edition of the World Reference Base for Soil 
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Resources (IUSS Working Group WRB, 2014), and correlated with the FAO/UNESCO legend and 

French classification system (CPCS, 1967).    

3.2.2 Spatial sampling for geostatistics 

Soils properties are spatially dependent and thus require appropriate sampling design to capture 

such spatial variability. Systematic or random sampling scheme is judged more appropriate than 

random sampling and has been widely used on spatial variability studies (McBratney and Webster, 

1983). Unlike random sampling scheme, grid sampling scheme minimizes generation of very close 

points that limit accurate assessment of spatial variability (Weindorf and Zhu, 2010). Sampling in 

a regular grid pattern also provided more accurate results and a good choice of lag distance when 

determining the semi-variogram compared to random pattern (ESRI, 2010; Wang and Qi (1998). 

Thus, a systematic sampling scheme in a regular grid size was used in this study. Surface soil 

samples were collected from 0-20 cm depth using the systematic sampling approach in a regular 

grid size/pattern at 25 m interval in three selected land use within the catchment for analysis. The 

selected land use includes; Maize-sorghum cropland, Rice field and a fallow shrub land (Fig. 3.3). 

In each of the selected land use, a maximum of 60 points were sampled at 25 m interval, and 

additional 40 points sampled at 5 m interval within the initial sampling points. This was done to 

avoid missing the short-range variation crucial for estimating the most important part of the 

variogram (Oliver and Webster, 2014). To ensure true representation of the site or location, all 

samplings were made in triplicates within 0.5 m radius at each sampling points and mixed together 

to give one sample. About 291 disturbed and undisturbed soil samples were collected across the 

three selected land use for describing the spatio-temporal variation in the soil properties in the 

catchment. 
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Fig 3.3: Sampling pattern for geostatistical study. 

3.2.3 Laboratory analysis/methods 

Soil samples collected for soil classification during soil survey and for geostatistical analysis were 

analyzed using standard laboratory procedures. The particle size distribution of the < 2 mm size 

fraction of soil samples were determined using the hydrometer method described by Gee and Or 

(2002). Bulk density was determined by core method as described by Blake and Hartge, (1986), 

and Anderson and Ingram (1993).  Soil organic carbon (SOC) was determined on the air dried, 2 

mm sieved samples according to the Nelson and Summer (1982) method. The organic matter 

content (OM) was obtained by multiplying values of organic carbon by a factor of 1.724. The pH 

value was determined potentiometrically using a pH meter in a soil: liquid ratio of 1:2.5 

suspensions of soil in 0.1N KCl and distilled water (McLean, 1982). Saturated hydraulic 
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conductivity (Ksat) was measured using the constant head permeameter method. Darcy‘s equation, 

as outlined by Young (2001) was used for the computation of Ksat 

Ksat = QL/(A T ΔH )                                                                                                           (1) 

Where Q = steady state volume of outflow from the entire soil column (cm
3
), L is the length of soil 

column (cm), A is the interior cross-sectional area of the soil column (cm
2
), ΔH is the change in 

hydraulic head or the head pressure difference causing the flow (cm), T is the time of flow (sec). 

Soil water retention characteristics (field capacity (0.33 bars) and wilting point (15 bars)) were 

determined using pressure plate extractors or apparatus (Van Reeuwijk, 2006), then Available 

Water Capacity (AWC) was computed from FC and PWP. 

AWC = FC – PWP                                                                                                            (2) 

Total nitrogen (N) was determined by Kjeldahl method (Bremner, 1996). Available phosphorus 

(P) was determined using Bray II method (Bray and Kurtz, 1945). Cation exchange capacity 

(CEC) was determine using the method described by Lavkulich (1981) or the BaCl2 compulsive 

exchange method by Gillman and Sumpter (1986). Exchangeable Cations (Na, K, Ca, and Mg) 

were extracted using ammonium acetate (NH4OAc). The cations were read on Flame Photometer 

(K, Na, and Ca) and Atomic Absorption Spectrophotometer (AAS) (Mg) respectively. Soil color 

was determined using Munsell colour charts (Munsell Colour Company, 2000). Soil depth was 

determined by measuring the thickness of each soil horizon using a ruler/tape graduated in 

centimeters. Total porosity (%) (Assumed particle density ps = 2.65 kg m
-3

), base saturation (BS), 

exchangeable sodium percentage (ESP) and CEC of clay were computed, using their respective 

equation as follows: 

                                                                                                       (3) 

                                                                                                     (4) 
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                                                                                           (5) 

3.2.4 Descriptive and geostatistical analysis 

Exploratory data analysis was done to get rid of outliers. Descriptive statistics or simple statistical 

analysis was performed. The analysis of Pearson‘s r correlation matrix was done using Stata 

software (version 13.1) to ascertain the relationships that exist between pairs of the variable i.e. the 

soil properties. Besides the exploratory analysis done to get rid of the outliers, the normality of the 

data sets was analyzed using skewness, kurtosis and Shapiro-Wilk test (Shapiro and Wilk, 1965). 

Non-normality data sets distribution has been reported to influence the outcome or results of 

geostatistical analysis (Kerry and Oliver, 2007). Some of the data that exhibited non-normal 

distribution were transformed using a univariate normality or transformation approach such as 

ladder of powers (Table 3.3) by Hamilton (1990) before geostatistical analysis. Logarithm, square 

root, inverse and power function transformations were performed to satisfy the normality 

requirement of geostatistical analysis. 

Table 3.3: Nonlinear transformation for changing distributional shapes 

Power  Transformation  Name Effects  Inverse function 

3 X
3 

Cube  Reduction extreme negative skewness (X
*
)
1/3 

2 X
2 

Square  Reduce negative skewness (X
*
)
1/2 

1 X
1
=X Raw  None X

* 

-0.5 X
1/2 

Square root Reduces mild positive skewness (X
*
)
2 

-1 Log10(X) Log  Reduces positive skewness 10
X* 

-1.5 (X
-1/2

)= -1/SQRT 

(X) 

Negative 

reciprocal root 

Reduces extreme positive skewness (-X
*
)

-2 

-2 -(X
-1

)=-1/X Negative 

reciprocal 

Reduces very extreme positive skewness (-X
*
)

-1 

X
*
: transformed variable; Source: Hamilton (1990). 

Trend analysis was also carried out to check and correct the global trend in the data. The 

characterization of the spatial pattern or structure of spatially dependent soil properties was done 
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using geostatistical tools.  A semi-variogram was used to quantify the spatial patterns of 

regionalized variable. This helps us to derive important input parameters for kriging interpolation. 

The semivariogram is derived as follows; 

 ( )  
 

  ( )
∑  

 ( )

   

(  )   (    )                                                              ( ) 

 z(xi)= measured sample at point xi, z(xi+h)= measured sample at point xi+h, and N(h) = the 

number of pairs separated by lag interval or distance h (Grego et al., 2006;  Wang, 1999; Zhao et 

al., 2010). The fitting of the semivariogram models to the data was done after checking for 

anisotropy. Thereafter, several semivariogram or variogram models were fitted to the data. The 

semi-variogram was fitted or modeled with spherical, exponential, or Gaussian model (equation 7-

9) respectively. 
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The fitted models provided the input parameters for kriging such as nugget effect (C0), partial sill 

or structural variance C1, total variance or sill (C0 +C1, i.e. the total variance and the range or 

correlation length (a). A continuous map of the interpolation or prediction was done or created 

using the weighted interpolation method (ordinary kriging). For the transformed data, the mapping 

of the interpolated data points was done after converting the transformed data points back to their 

original values. All geostatistical analysis and mappings were done using the geostatistical analyst 

extension of the ARCGIS software (version 10.2; ESRI, 2010). 

The degree of spatial dependence (GD) was also calculated as: 

   
  

     
                                                                                                               (  ) 
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Where GD ≤ 25 % = strong spatial dependence, 25 % < GD ≤ 75 % = moderate spatial 

dependence and GD > 75 %. = weak spatial dependence. The proportion of this spatial structure 

determines the ratio of the random factors inducing the spatial variability (cambardella et al., 

1994). 

3.2.5 Hydrological properties of the hillslope soil under different land use and slope position 

3.2.5.1 In situ measurement of soil hydraulic properties using Hood infiltrometer 

In situ measurement of infiltration characteristics was done using Hood infiltrometer (Fig. 3.4) 

(UGT, Müncheberg, Germany), as described by Punzel and Schwärzel, (2007). It consists of three 

main components e.g the hood and the Mariotte water supply with a bubble tower placed inside its 

water reservoir, and a U-tube manometer. The principle involved placing the circular hood 

connected to a Mariotte device within a retaining ring, on the soil surface after cutting down to 

approximately 0.5 cm (5 mm) or removing the litter layer or vegetation cover. No special 

preparation of the soil surface, driven of rings into the soil surface or need for use of sand or a 

special contact layer is required. The gap between the retaining ring and the hood was only filled 

with moist sand to seal the edge and to prevent the water from leaking out of the side.  The bubble 

tower has an adjustable pipe that controls the suction, thereby allowing air entry at varying 

distances below the water table of the tower. This way, constant head is established with a positive 

pressure potential compensated by adjusting to zero total head.  Then, the infiltration 

characteristics were recorded by reading the falling water level directly from the reservoir until 

steady-state flow, which is reached, when the infiltration rate remains the same for three 

consecutive time intervals (Punzel and Schwärzel, 2004, 2007; Wooding, 1968). This was 

repeatedly done for pressure level (tension) from zero up to the air entry or bubbling pressure. 

Bubbling pressure is the pressure head at which the soils start to drain (Mohamed and Sharma, 

2004). The infiltration measurement was replicated thrice in each of the selected land use and 

slope positions. Soil core samples were also collected before and after each infiltration for 

determination of initial and final soil moisture content. The soil samples were weighed before and 

after oven drying in the oven at a temperature of 105⁰C for gravimetric soil moisture 

determination; 

Soil moisture (  )   (
                      

            
)                                                    (11) 
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The soil moisture obtained here is gravimetric soil moisture in grams. To convert to volumetric 

moisture, we multiplied the gravimetric moisture content with the soil bulk density. 

 

 

Figure 3.4: Set-up of hood infiltrometer during the field measurement in Koupendri catchment, a = 

bubble tower, b = water level reservoir, c = u-tube manometer, d = constant water level hood. 

3.2.5.2 Underlying theoretical principles and data analysis 

Hydraulic conductivity (unsaturated) ku (LT
-1

) as a function of water tension h in soils or other 

open-pored materials near saturation can be described according to Gardner (1958): 

        (   )                                                                              (12) 

kf – field saturated hydraulic conductivity (LT
-1

) 

h – Hydraulic pressure head (L) - positive in overpressure range. 

α= inverse capillary length scale (L
-1

) 

Such approach allows an analytical solution for a large number of two- and three dimensional flow 

processes. It is the regular basis for the interpretation of test results with the infiltrometer systems 

common so far. 
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According to Wooding (1968), the following applies to the steady-state infiltration Q from a 

circular infiltration area (radius   ) into the infinite soil: 

             (   
 

       
)                                                                                  (13) 

Q= steady-state infiltration rate (LT
-1

), r = radius of the disc (L), Ku = unsaturated hydraulic 

conductivity (LT
-1

). For experimental determination of kf and α above, the infiltration test can be 

run with different water tensions (hydraulic pressure heads) or the infiltration gets fed from source 

areas with different radii for equal water tensions (Wang, Yates et al. 1998). However, infiltration 

from different source areas makes sense only in largely homogeneous soils. 

For the infiltration test at different water tensions up to the bubble point of the soil, the chosen 

water tensions (h1, h2) applies according to equations (12), (13): 

  

          
(    ) (   

 

      
)                                                                            (14) 

  

          (    ) (   
 

      
)                                                                                   (15) 

By way of division we get: 

   
   (

  
  

)

(     )
                   (       )                                                                      (16). 

3.2.5.3 Laboratory determination of saturated hydraulic conductivity 

Soil core samples of dimensions 8.0 cm x 7.5 cm were collected in triplicates on each of the two 

slope positions under the two selected land use types. The samples were taken to the laboratory 

and saturated for at least 24 hours depending on the soil type before the analysis. Saturated 

hydraulic conductivity (Ksat) was determined by the constant head method using Eijkelkamp 

laboratory permeameter. It operates on the basis or the principle of difference in water pressure on 

both ends of a saturated soil sample and the resulting flow of water is measured for hydraulic 

conductivity determination. Darcy‘s equation for analysis of constant head method, as described or 

outlined by Young (2001) was used for the computation of Ksat 

      
  

(       )
                                                                                                           (17). 
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Where V = steady state volume of outflow from the entire soil column (cm
3
), L is the length of soil 

column (cm), A is the interior cross-sectional area of the soil column (cm
2
), ΔH is the change in 

hydraulic head or the head pressure difference causing the flow (cm), T is the time of flow (sec). 

The saturated weight of the core samples were taken before the analysis and weighed again after 

oven drying in the oven at a temperature of 105
°
C. The result obtained was used to calculate the 

bulk density and porosity. Bulk density was determined by core method as described by Blake and 

Hartge, (1986), and Anderson and Ingram (1993) while total porosity (%) (Assumed particle 

density ps = 2.65 kg m
-3

) was computed from bulk density (Bd), using the equation below: 

    (  
  

  
)                                                                               (18) 

3.2.5.4 Measurement of soil moisture and soil water retention characteristics 

Soil moisture and water retention characteristics was monitored from 2014-2015 under each of the 

two selected land use or land cover types at the soil-moisture station at Wanteou using three Hydra 

sonde moisture probes and three pF-meter probes (Figure 3.5) . During this period, rainfall was 

also measured using the tipping bucket raingauge installed at the location. The soil properties in 

each of the two selected land use were determined. The selected land use or land cover types are; 

Maize-Beans cropland + tillage (TMB) and Fallow Shrub-grassland (FSG). These soil moisture 

sensors were installed at one soil horizon each due to the shallow depth of soils (0-20 cm) of the 

location at the middle or center slope of each land use or land cover during the period of the study. 

The soil moisture sensor made up of a special sensor inside the ceramic membrane 

balances/equilibrates with the soil tension and measure continuously the water content which is 

adapted to hydraulic potential. The soil moisture was measured a 5 minutes timescale and was 

converted and compared at 30-minutes and daily timescales. 
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Figure 3.5: Installation of soil moisture sensors and raingauge at the soil-moisture station at 

Wanteou in Koupendri catchment; (a) Tipping bucket raingauge (b) soil moisture sensors. 

3.2.6 Local scale hydrological processes under different land use and slope positions 

3.2.6.1 Design of microplots and installation process 

Two slope positions; 2.3 % and 5.8 %, and two land use types; tilled-maize-beans intercrop (TMB) 

and fallow shrub-grass land (FSG) were used for the study. To capture the variability in surface 

runoff processes in the catchment, six sets of microplots (1 m x 1m) were installed on each of the 

two selected land use types and two slope positions respectively for surface runoff measurement 

(Figure 3.6). A total of twenty-four microplots were installed. The site selection was based on a 

reconnaissance survey considering slope positions and major land use of the catchment. The six 

sets of the micro plots measuring 1 m x 1 m were installed at 0.5 m interval to capture the 

influence of soil spatial variability on rainfall-runoff response (surface runoff) monitoring. One 

way of achieving this is by installing all six plots in each slope position at the same topographic 

level or position. The microplots are constructed using corrugated metal sheets which were driven 

Fallow Shrub-grassland Maize-Beans 

a 

b 
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20 cm into the soil with a protrusion 20cm above the soil. Each of the microplots was fitted with a 

plastic bucket as a collector (Figure 3.7) at its outlet for collecting surface runoff. After each rain 

event, the total amount of surface runoff in each collector was measured with a graduated cylinder 

and recorded. This was done from 2014 (September-November) to 2015 (July-October). Also 

within this period, discharge was measured at the outlet of the entire catchment.   

 

 

                                                                                                                    OUTLET 

 

 

  

 

 

 

 

 = Soil moisture station  

 = soil moisture sensor 

 = upslope microplot 

 = downslope microplot 

  

Figure 3.6: Experimental set-up of micro plots at the upslope and downslope of the catchment 

    

Tilled maize-
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Flow direction 
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Figure 3.7: Installation of the microplots at the selected site/location, a = microplots, b = outlet, c = 

collectors (plastic buckets). 

3.2.6.2 Computation of surface runoff coefficients at plot and catchment scale 

Surface runoff coefficient for some selected rain event considered in 2014 was calculated for the 

catchment and for the microplots using the relationship (eqn. 19) below; 

                
                (  )

         (  )
                                                                              (19) 

        Where c = runoff coefficient 

3.2.6.3 Determination of Hydrology of Soil Types 

The determination of hydrology of soil types was done using information on soil properties and 

infiltration characteristics of the location. Since the texture of the soil types (Plinthosols) at each 

slope position and land use types are mostly sandy loam (Table 3.4), the hydrologic of soil groups 

were determined using infiltration table according to Mishra and Singh (2003). The infiltration rate 

was obtained from infiltration measurement using a Hood infiltrometer. The measurements were 

made in triplicates on each slope position and land use type. The average of the three minimum 
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infiltration rates obtained were used to determine the hydrology of soil types for each slope 

position and land use type (Table 3.4). 

Table 3.4: Soil texture and hydrology of soil types for the experimental location. 

LandUse/Slope 

Position. 

Sand % Silt % Clay % Texture Infiltration  

(cm/day) 

Hydrologic Soil 

group 

 

TMB-Upslope  60 28  12   SL   102.8       A  

TMB-

Downslope 

 59 30  11   SL   50.6       A  

FSG-Upslope  66 26  8   SL   227.3       A  

FSG-

Downslope 

 63 27  10   SL   202.2       A  

TMB = tilled maize-beans crop land, FSG = fallow shrub-grassland, SL = sandy loam 

3.2.6.4 Determination of the NRCS-CN 

Since the soil type (Plinthosols- mostly Sandy loam) and the hydrological soil group are the same, 

curve numbers (CN) were assigned to each slope position based on land use or land cover types for 

hydrology of soil types A using the standard curve number table (Mishra and Singh, 2003). 

Moreover, it has been reported that land use types explain the differences in runoff CN much 

better than hydrological soil group (Descheemaeker et al., 2008). A curve number of 57 and 66 

were assigned to the FSG and the TMB land use types respectively. The assigned CN-values were 

used to calculate the potential maximum retention or infiltration (S) as shown below (eqn. 20). 

          
    

  
                                                                                                     (20). 

The surface runoff (Q) for each rain event (P) was predicted or simulated using the equation 

below; 

           
(    ) 

(    )  
                                                                                                  (21). 

Where P = Daily total rainfall; Q = direct runoff; Ia = initial abstraction (accounts for all loses 

before runoff begins), and S = potential maximum retention or infiltration.  
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Through studies of many small agricultural watersheds, Ia was found to be approximated by the 

following empirical equation below: 

            Ia=𝝀S = 0.2S (𝝀= 0.2)                                                             (22). 

𝝀 viewed as a regional parameter dependent on geologic and climatic factors (Bosznay, 1989; 

Ramasastri and Seth, 1985). 𝝀 is assumed to be equal to 0.2 for practical applications and this was 

used in this study; 

3.2.6.5 Statistical Analysis 

The observed or measured surface runoff for each rainfall events in 2014 were subjected to 

analysis of variance (ANOVA) in RCBD or two-way ANOVA with blocking using Genstat 

Discovery Edition 10.3 and the mean effects of the land use and slope positions surface runoff was 

compared using the Fischer‘s least significant difference (F-LSD0.05) as described by Obi (2002). 

Surface runoff variability was evaluated using the coefficient of variation. The model efficiency 

(ME) coefficient and root mean square error (RMSE) which were analyzed using the Nash and 

Sutcliffe model efficiency, and the coefficient of determination (R
2
-values) were used to evaluate 

the predictive accuracy of the NRCS-CN equation (Van Rompaey et al., 2001). 

     
∑(          ) 

∑(          ) 
                                                                            (23). 

where ME is the model efficiency, Qobs is the observed runoff value, Qpred is the predicted runoff 

value, Qmean is the mean of observed runoff value. Values for ME range from ∞ to 1. The closer 

ME approximates 1, the better the model prediction. 

      
√ 

 
∑ (          )  

   

 
 

∑      
 
   

                                                                      (24). 

Where RMSE is the root mean square error as an error-measure. The closer RMSE approximates 

to zero, the better the model prediction. 
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3.2.7 Hydrological modeling of Koupendri catchment 

3.2.7.1. Modeling approach: WaSiM.  

To model and understand the hydrological processes of the Koupendri catchment, WaSiM model 

was chosen because it is a basin scale water balance simulation model. Also, it is a deterministic, 

spatially distributed and physically based hydrological model that describe relevant and core 

hydrological processes. The hydrological processes described include; unsaturated flow, saturated 

flow, transport, surface energy balances and stream flow generation or routing. It captures spatial 

variability of the catchment characteristics using spatially distributed data or boundary conditions 

such as vegetation, land use and soil properties, rainfall, topography, and climate among 

others.The model spatial resolution is usually given in a regular grid, which can vary in size from 

meters to kilometers. Previous applications have demonstrated its capability of simulating 

successfully different hydrological processes across various ranges of scales (Schulla, 2007). The 

temporal resolution can range from minutes to days, depending among others on the time 

resolution of the meteorological data. The highest resolution in time, however, for modeling the 

hydrological processes is one minute. Due to the physical basis of many of its components, the 

model can be applied to various basins in a wide range of environmental conditions and scales all 

over the world (Schulla, 2007).  However, because it incorporates both physical and conceptual 

approaches to describe relevant hydrological processes, some of the parameters (e.g., Ksat, LAI, 

discharge e.t.c) can be measured while others must be identified by calibration (Seibert, 2000; 

Beven, 2001; Montanari and Toth, 2007; Singh, 2010). It is recommended to use at least some 

observed runoff data for the model calibration. The observed discharge was measured at the outlet 

of Koupendri catchment. 

3.2.7.2 Model structure 

WaSiM is partly based on physical methods, such as the evapotranspiration model after Penman-

Monteith, but also uses conceptual approaches. The main processes of water flux, storage, and the 

phase transition of water are simulated by physically-based simplified process descriptions 

(Schulla, 1997). Catchment area was divided into grid cells in order to simulate the catchment 

water balance. For each grid cell, WaSiM carries out the spatial interpolation of the meteorological 

input data obtained from the meteorological station. This station can be situated either inside or 

outside the catchment area. The sub-model that adjusts radiation and temperature modifies their 

values according to the exposition and the topographic shading of the grid cells (Schulla, 1997). 
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The spatial interpolation of the meteorological input data is then followed by the simulation of the 

main hydrological processes such as evapotranspiration, interception, infiltration, and the 

separation of the discharge into direct flow, interflow, and baseflow. For each grid cell, WaSiM 

generates the sums as outputs with average, maximum or minimum values of any output data for 

any time period. This output information reveals spatial variations. Postprocessing includes the 

visualization and interpretation of the output data. During postprocessing, the water balance of a 

catchment area is checked and model parameters are calibrated and validated in order to improve 

the simulation results. The catchment water balance simulated by WaSiM, includes the 

components of surface runoff, interflow, baseflow, groundwater flow and channel flow, and the 

storage of water such as interception, snow accumulation, depression storage, and storage of water 

in the unsaturated and saturated soil (Figure 3.8). In this study, groundwater flow and snow 

accumulation were not considered part of the catchment water balance considering the catchment 

size and location.  

Table 3.5: Components of WaSiM model 

Components Function  

Interception  Storage approach; function LAI 

Potential Evapotranspiration Separate calculation of evaporation from vegetated soils considering 

all soil layers 

Soil module Richards equation  

Infiltration  Based on Peschke (1977) and Green and Ampt (1911) 

Overland flow Horton overland flow 

Percolation  Function based on soil saturation and saturated conductivity 

Interflow  Storage approach: comparing maximum and actual rate 

Baseflow Linear storage approach 

routing Kinematic wave approach considering retention and translation 

- Detail description of each component is found in Schulla (2007, 2012).  
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Fig. 3.8: Structure of the WaSiM model (Schulla, 2012) 

3.2.7.3 Data processing 

The spatially distributed data (DEM, basin characteristics, soil and land use data) and hydro-

meteorological data (temperature, rainfall, humidity, wind speed, global radiation, and discharge 

data were processed using WaSiM pre and post processing software or tools (Arc-GIS, 

TANALYS). Since the choice of a suitable grid size depends on the given size of the catchment 

area under investigation, we chose DEM of 30 m resolution for our catchment (11.8 km
2
) 

considering the WaSiM authors‘ recommendation of 10 m grids size for areas smaller than 1 km
2
 

and 5 km
2
 grid size for areas bigger than 10,000 km

2
 (Schulla and Jasper, 1999). Based on the 

DEM, some information on basin characteristics (slope, flow direction, flow accumulation, 

exposition and catchment boundaries or flow time etc) were obtained using TANALYS (Fig. 3.9). 

The spatial interpolation of the sparse meteorological input data (from one station) to the model 

grid resolution was carried out using Thiessen Polygons interpolation method. Land use and soil 

data were prepared in the WaSiM format using DEM and Arc-GIS 10.1. The soil map (1:25000) 
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was resampled with the DEM (30 x 30m resolution) using the Arc-GIS software or tools (ESRI, 

2010).  

 

   Figure 3.9: Topographic analysis of a digital elevation model by TANALYS (Schulla, 2012) 

Soil parameterization 

The parameterization of the soil types in a distributed way requires soil type grids. The soil type 

grid was parameterized with a soil type table that describes each grid cell with a parameter data set 

according to the grid classification. Based on the detailed soil map of the catchment, the catchment 

was discretized into five different soil types with their respective properties. The parameterization 

of the soil type with different number of horizons was done using multiple soil horizon method as 

presented in Table 3.6. Each soil horizon consisting of different number of layers of various 

thicknesses has different hydraulic properties for simulating soil water dynamics. These include; 

the saturated hydraulic conductivity which was obtained directly from laboratory or field 
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measurements (Azuka et al., 2015) and, the van Genuchten parameters obtained from the available 

soil data using the pedotransfer function of Rawls and Brakensiek (1982). The van Genuchten 

parameters describing the soil water retention function of the horizon and the thickness of the 

horizons are also shown in Table 3.6.  

Table 3.6: Parameterization of the soil hydraulic properties 

Soil type Horizon 

no. 

Texture 

     [-] 

    Θs 

[cm
3
/cm

3
] 

     Θr 

[cm
3
/cm

3
] 

α 

[m
-1

] 

    n 

[-] 

Ksat  

[ms
-1

] 

 Krec 

  [-]  

  dz  

  [m] 

lv 

 [-] 

1 1 L 0.236 0.054 4.4 1.39 1.03E-3 7.9 0.12 1 

2 L 0.231 0.076 2.9 1.34 1.75E-3 8.1 0.35 9 

 

2 

 

1 SL 0.244 0.048 4.7 1.42 2.35E-4 7.5 0.10 1 

2 CL 0.297 0.093 1.2 1.21 5.55E-4 8.4 0.12 2 

3 C 0.246 0.081 0.5 1.07 1.44E-5 8.6 0.43 7 

 

3 

1 SiL 0.220 0.055 5.5 1.37 6.91E-4 7.5 0.17 1 

2 SiCL 0.287 0.099 2.2 1.25 1.95E-4 7.8 0.13 2 

3 CL 0.235 0.095 1.7 1.18 5.71E-4 8.7 0.40 7 

 

4 

1 L 0.232 0.048 4.8 1.42 7.16E-4 6.7 0.12 1 

2 SiL 0.235 0.05 3.6 1.40 1.64E-4 7.5 0.12 2 

3 L 0.243 0.047 3.3 1.41 5.85E-5 7.8 0.13 2 

4 CL 0.188 0.089 1.1 1.23 2.73E-5 8.1 0.56 5 

 

5 

1 SiL 0.273 0.068 6.8 1.34 8.12E-4 7.3 0.14 1 

2 SiL 0.218 0.075 0.6 1.26 1.08E-5 7.7 0.13 2 

3 CL 0.284 0.081 0.5 1.17 2.69E-5 8.5 0.25 2 

4 CL 0.179 0.078 0.4 1.12 2.92E-5 8.6 0.45 5 

L= loam, SL= sandy loam, CL= clay loam, SiL= silty loam, SiCL= silty clay loam, C= clay,  Θs= 

Saturated water content, Θr= Residual water content, α= Van Genuchten parameter, n=Van 

Genuchten parameter, Ksat = Saturated hydraulic conductivity, Krec= Ksat – recession with depth, 

dz = Layer thickness,  lv=Number of soil layers. 

Land use parameterization 

A multiple landuse approach describing each land use class was used to parameterize the landuse 

types. All the parameters of each land use types (i.e.height of vegetation, interception capacity 

evapotranspiration resistance, aerodynamic resistance, leaf area index, root depth, root distribution 

and albedo) were all taken from literatures (Bronstert et al., 2001; Cornelissen et al., 2013;  

Güntner, 2002;  Hagemann, 2002; Kasei, 2010, Martin, 2005  and Steyaert and Knox 2008). 

3.2.7.4 Sensitivity Analysis 

Sensitivity analysis is the process of determining the rate of change in model output with respect to 

changes in model input parameters (Moriasi et al., 2007). In other words, sensitivity analysis tells 
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us how a certain change in an input affects the output of a model. Thus, it is a necessary process to 

identify key parameters and parameter precision required for model calibration (Ma et al., 2000).  

In this study, more than 500 multiple simulations from WaSiM model output using the initial 

boundary conditions data sets were used to perform sensitivity analysis for soil, land use and 

unsaturated zone model parameters. Simlab- a program designed for Monte Carlo based 

uncertainty analysis was used to generate sample distributions from input factors or parameters 

using Latin hypercube sampling scheme (Satelli et al., 2004). The ensemble of random variables or 

loops generated from Simlab was fed into the WaSiM model for execution. The output files from 

the model execution were fed to the Matlab which executes automatically, the results of the initial 

calibration process providing information on the runoff components (direct, base and interflow), 

ETpot, ETact, Storage and the efficiency criteria. This information was extracted from the Matlab, 

and in combination with the sample distributions or ensemble of random variables generated with 

the Simlab was used for sensitivity analysis with R-software. The sensitivity analysis focused 

mainly on the unsaturated zone parameters, saturated hydraulic conductivity (Ks) of the different 

soil types, surface resistant of crop (RSC) and surface resistant for soil evaporation (RSE). The 

sensitivity analysis was evaluated at four threshold of sensitivity indices (0.01 (lowest limit), 

0.195, 0.25 and 0.295 (upper limit)) using partial correlation coefficient (PCC). These indices 

represent the levels, magnitude and degree of sensitivity of the runoff components, ETpot, ETact, 

unsaturated zone parameters, storage and the efficiency criteria to each parameter. The most 

sensitive parameters were assumed to be at the upper limit. After several runs with the initial 

boundary condition data sets or parameters, the sensitivity plots generated helped to ascertain or 

identify the most sensitive parameters.  

3.2.7.5 Calibration and validation of WaSiM 

In this study, a combination of both automatic and trial by error methods were used for the model 

calibration processes. The most sensitive parameters obtained during the sensitivity analysis were 

adjusted during the automatic calibration process and  repeatedly ran several times with different 

combinations of model parameter until the best model fit (observed vs simulated streamflow) 

judged by the model efficiency criteria was obtained. For the current work, due to non-availability 

of long-term historical data or gauging station in the catchment prior to the commencement of this 

research, 2014 was considered as the calibration year. Due to same reason of non-availability or 
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scarcity of data, the model was validated for the year 2015. The validation of the model was done 

using similar data obtained from the calibration process. 

3.2.7.6 Model uncertainty analysis 

The uncertainty estimation methodology or algorithm (SUFI-2) of Abbaspour et al. (2007) was 

utilized for optimizing the parameters and analyzing their uncertainties. This uncertainty analysis 

methodology follow a sequence of steps involving progressive reduction of the initial or large 

model parameters uncertainties until a certain calibration threshold or requirements based on the 

prediction uncertainty is reached (Abbaspour et al., 2004). In this algorithm, all uncertainties 

(parameter, model, input, etc.) are mapped onto the parameter ranges, which are calibrated to 

bracket most of the measured data in the 95% prediction uncertainty (95%PU) known as the P-

factor (Abbaspour et al., 2007). The 95%PU is usually calculated at the 2.5% and 97.5% levels of 

the cumulative distribution of the output variables obtained through Latin hypercube sampling, 

excluding 5% of the very bad simulations. The very bad simulations often result from very bad 

parameter combination. This index has been judged to provide a good measure of assessing the 

model‘s ability to capture uncertainties (Arnold et al., 2012; Bossa, 2012).  

The strength of the uncertainty analysis can be measured using the R-factor. R-factor is the ratio of 

average distance between 2.5 and 97.5 percentiles of the cumulative distribution of the simulated 

variable and the standard deviation of the corresponding measured variable calculated as shown 

below (Eqn. 25). Good model simulation tends to bracket most of the measured data with the 

smallest possible uncertainty band. 

         
 

   
∑ (     ) 

 
                                             (25) 

Where k is the number of observed data points, σX is the standard deviation of the measured 

variable X, while XU and XL are respectively the 2.5th and 97.5th percentiles of the cumulative 

distribution of every simulated point.  

Theoretically, the value for P-factor ranges between 0 and 1, while that of R-factor ranges between 

0 and infinity. A P-factor of one and an R-factor of zero is a simulation that exactly corresponds to 

the measured data. The degree to which the factors are different from these numbers can be used to 



52 
 

 

judge the strength of the calibration. A larger P-factor can be achieved at the expense of a larger R-

factor. 

3.2.7.7 Water balance quantification or assessment 

The water balance of Koupendri catchment was calculated to determine the role of various 

hydrological components in the water budget of the catchment. Based on mass conservation or 

continuity equation, the catchment water balance which is the sum of discharge or runoff (Q), Real 

or actual evapotranspiration (ETR), groundwater recharge (GWR) and the change in water stored 

in the saturated and unsaturated zones (ΔS) must equal rainfall (R): 

              R = Q + ETR + GWR + ΔS                                                                            (26) 

However, since groundwater flow or recharge is negligible at the scale of this study considering 

the catchment size, the water balance for Koupendri catchment was calculated thus;  

              R = Q + ETR + ΔS                                                                                         (27) 
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Chapter 4 

Soil survey and soil classification of the Koupendri catchment north-west of Benin, West 

Africa. 
 

Introduction 

Soil is a basic natural resource with widespread utilization ranging from agriculture, forestry, and 

other engineering and environmental purposes such as hydrological modeling. The importance of 

soil data for sound environmental and natural resource management has been reported (e.g., 

McKenzie et al., 2000). Besides being a storage reservoir and source of water supply, soil protects 

groundwater supplies by buffering and transforming pollutants.  It is said that many of the current 

environmental, social, economic, geologic, and human health issues such as heavy metal poison 

can be better addressed if soils are considered important and paid due attention (e.g., Howitt et al., 

2009; Brevik, 2013; McBratney et al., 2014 cited in Brevik et al., 2014). Recently, there is an 

increasing global demand for soil data and information for environmental monitoring due to global 

warming impact on water resources.  An understanding of nature, properties, dynamics, 

distributions and functions of the soil as part of landscapes and ecosystem is paramount especially 

to prevent its continuous degradation and ensure its continuous and sustainable utilization. In land 

evaluation, wise decisions on land use and effective management of soils for improved agronomic 

productivity require an understanding of soil distribution and patterns (McBratney et al., 2000). 

This important data most times is non-existent and sometimes available at a small scale too coarse 

and difficult to use for accurate modeling of hydrological processes. This is particularly true for 

most West African catchments including Koupendri catchment in north western Benin, where the 

impact of climate change is expected to be pronounced. For instance, the existing data on soil 

types and supporting maps for the catchment were those produced by the erstwhile ORSTOM at 

the scale of 1:200.000, 1:250.000 and 1:500.000 and date back to the colonial period. 

Reliable soil data is a prerequisite for hydrological and environmental modeling, as well as for the 

design of appropriate land-use systems and soil management practices. This will help to arrest 

further degradation and rehabilitate the potentials of degraded soils, as well as for a better 

understanding of the environment (FAO, 2006). Such reliable soil information is obtained through 

examination and description of the soil in the field. Most soil surveys result in the preparation of a 

soil map alongside a soil or scientific report which gives the inventory of the soils found in the 
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area, their geographic distribution, physical and chemical characteristics, and climate and land use 

together with interpretations comparing different land use.  

Thorough soil description serves as the basis for soil classification and site evaluation as well as 

for interpretations on the genesis and environmental functions of the soil (FAO, 2006). Thus, the 

aim of this study is to make a detailed soil survey of the Koupendri catchment aimed at providing 

basic soil data appropriate for hydrological modeling, and for making recommendations and 

decisions on the present and future use of the land for planners, agronomists, and other engineering 

uses/purposes. This study tends to characterize and classify the soils of Koupendri catchment, and 

develop a detailed soil map for hydrological modeling and making recommendation for 

sustainable management of soil and water resources. 

4.1 Soil map of the Koupendri catchment 

The soil map of the Koupendri catchment was produced using both field observable features and 

analytical results based on SOTER approach. SOTER approach was originally designed for small 

scale mapping at 1: 1,000,000 considering terrain-soil attribute relationships. However, at larger 

scales of 1:100,000 and beyond, only the soil attributes are retained with little or no terrain 

attributes. The soil attributes obtained from about 200 auger drilling points spaced at 250 m 

intervals were projected on the map of the catchment. Soils with similar attributes based on field 

observable features and analytical results were grouped together and mapped using expert 

knowledge. The soil map of this study was produced at the scale of 1:25,000 showing mainly the 

soil attributes using the FAO/Unesco soil map legend. The soil map showed that Plinthosols are 

the dominant soil type in the catchment. Plinthosols which are characteristic of strongly weathered 

soils (FAO, 1988) consist more than 55% of the catchment soils compared to other soil types; 

Gleysols, Luvisols and Cambisols (Fig. 4.1). 
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Figure 4.1:  Distribution of soils in the Koupendri catchment at a scale of 1:25000 

4.2 Soil description and characteristics of the Koupendri catchment 

The soil colour (moist, dry) value and chroma varied  with depth ranging from dark brown 10 YR 

mostly at the A-horizon to reddish brown 7 YR and yellow 2 YR at the sub-surface horizon except 

at few horizon (AZUKOUP-4 and AZUKOUP-5) with uniform reddish brown 7 YR throughout 

the horizons (Table 4.1). The increase in soil color from dark brown 10 YR to reddish brown 7 YR 

could be attributed to the oxidation of iron oxides responsible for the reddish colour in subsoil 

horizons (Buol et al., 2003) and to a lesser extent, the decrease in SOC with depth. The poor 

variability in the soil colour hue, value and chroma is an indication of the presence of soil 

moisture caused by a high water table due to a shallow aquifer. The presence of mottles in some 

subsoil layers confirms that the soils have moderate to poor drainage conditions. The soil structure 

of the surface horizons of the soil profiles were mostly massive and compact with varying size of 

weak peds except at AZUKOUP-3 that has cubic and platy structure at the surface (Table 4.1). The 
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subsurface horizons were massive and compact with few exception having either platy, prismatic, 

angular blocky or blocky structure. The consistence (dry) of both surface and subsurface horizons 

ranged from friable through hard to very hard. The gravel content of the soils increases with depth 

and ranges from 10 % to more than 60%. 
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Table 4.1: Koupendri catchment soil morphological characteristics and soil description. 

A= A-horizon,    c=concretions or nodules,    B= B-horizon,   h=accumulation of organic matter, V= occurrence of 

plinthite,    Vm= Hardened plinthite (hardpan, iron stone, petroferric or skeletic), g= stagnic conditions,    t=illuvial 

accumulation of silicate clay, n=pedogenetic accumulation of exchangeable Na,   p = ploughing, HB = horizon 

boundary, cons. = consistence, CF = coarse fraction, BA = biologic activity, M/C = massive/compact, BL = blocky, 

Horizon  Depth 
(cm)        

            Color          Structure  HB Cons.     CF       
 (%) 

 BA 
        Moist                  Dry 

AZUKOUP-1 
Apc   0-20  10YR5/3 10YR7/2                  MC Dis   F      20   high 
Btnc  20-30  7.5YR4/6 7.5YR5/6                MC   Dis  vh      60   low 

AZUKOUP-2 
Ac   0-15    10YR4/2  10YR5/2           MC  Dis      F 10   low 
Btnc1  15-47     7.5YR5/3  7.5YR5/6        BL/AB Gr      F 15   low 
Btnc2  47-80     7.5YR8/2  7.5YR8/6       MC  Dis      F 10   low 

AZUKOUP-3 
Agh   0-12  10YR3/2 10YR7/1    Cu/Pl Gr Vh    -   high 

Btgn  12-30  7.5YR3/2 7.5YR8/1    Pri/Pl Dis Vh/C    -   medium 
Btgcn  30-60  10YR4/3 10YR7/2      M/Pl/C Gr Vh   15   low 
Btgc2n  60-100   2.5Y7/2 2.5Y6/2      M/Pl/C Gr Vh   15   low 

AZUKOUP-4 
A  0-12 7.5YR3/2 7.5 YR7/1     M/C Dis   Vh     -      high 
ABg 12-35 7.5YR4/2 7.5YR6/2     M/C Dis   Vh     -      low 

Btg 35-58 10YR4/3 10YR8/1      AB/C Dis   Vh -      low 
Btgc 58-120   2.5Y4/4  2.5Y7/6     BL/C Dis   Vh 10      low 

AZUKOUP-5 
A  0-20 7.5YR5/3 7.5 YR7/2       M/C Dis F    -   high 
Btng  20-56 10YR5/3 10YR7/6    AB Gr F    -   low 

BCng  56-100 10YR4/2 7.5YR8/1     AB Gr F    -   medium 

AZUKOUP-6 
Agn  0-20 7.5YR3/2 7.5 YR7/1      M/C Dis F -    high 

Btng  20-32 7.5YR7/1 7.5YR8/2      M/C Dis S -    low 
Btngc  32-55 7.5YR7/1 7.5YR8/1      M/C Gr S 30    low 

AZUKOUP-7 
Agc     0-17  7.5YR4/2 7.5 YR7/1   AB Gr F 5    high 
Btgc1    17-42 7.5YR5/2 7.5YR6/1   AB Gr F 10    medium 

Btgc2    42-100 7.5YR5/1 7.5YR6/1     M/C Gr S 15    low 

AZUKOUP-8 
Ac   0-12           10YR4/2 10YR5/2          AB Dis F     20       medium 

Btc  12-40 7.5YR4/6 7.5YR58     M/C Dis Vh 50       low 

AZUKOUP-9 
Ac     0-20   7.5YR3/2 7.5YR7/1          M/C    Dis   F     40      high 
Btc     20-52   7.5YR5/6 7.5YR7/8         M/C   Dis   Vh     60      low 

AZUKOUP-10 
Ac  0-15   10YR5/3 10YR7/2       M/C   Dis   F     45      high 
Btc1 15-32   10YR3/3 10YR5/2   AB Dis   F 50      medium 

Btc2 32-60    2.5YR4/4 2.5YR6/1  AB Dis   S     60      low 
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AB = angular blocky, Pl = platy, Gr = gradual, Dis = distinct, F = friable, Vh = very hard, S = sticky, Cu = cubic, Pri = 

prismatic.  

4.3 Soil textural characteristics 

The clay content increased with increasing depth throughout the profiles except at AZUKOUP-4 

and AZUKOUP-5 where it is irregular resulting to abrupt textural change (Table 4.2). The sand 

content decreased with increasing depth throughout the profiles while the silt content was irregular 

with increasing depth. The topsoils were mostly sandy loam with few silty loam and loam.  

The silt/clay ratio and the degree of degradation they reflect are shown in Table 4.2. Generally, the 

silt/clay ratio decreased with depth throughout the profiles contrary to variation in clay contents. 

The highest value (6.1) was obtained in the A-horizon of AZUKOUP-4 while the least value (0.5) 

was obtained at the B-horizon of AZUKOUP-6 and AZUKOUP_10 respectively.  

The gravel content of the soils increases with depth in most horizons with mixture of increase and 

decrease in gravel contents in few horizons (Table 4.2). The gravel content ranges from 9 % in the 

A-horizon (Agn) of AZUKOUP-6 to more than 65% in the B-horizon (Btc1) of AZUKOUP-10.  

4.4 Soil hydraulic/hydrological properties 

The saturated hydraulic conductivity (Ksat), bulk density (BD), porosity (P) and soil water 

characteristics results for the profiles studied were shown in Table 4.3.  The Ksat value was lowest 

(1.68 cm/d) in a clay loam B-horizon (Btgc2n) of AZUKOUP-3, and highest (395 cm/d) in a sandy 

clay loam B-horizon (Btc1) of AZUKOUP-10. The bulk density was relatively high while the 

porosity was moderate to low throughout the profiles studied (Table 4.3). The bulk densities range 

from 1.42 kgm
-3

 at the B-horizon of AZUKOUP-7 to 1.88 Kgm
-3

 at the B-horizon of AZUKOUP-

3. Bulk density increases with depth in some profiles and vice versa in other profiles. The high 

bulk density  (1.42-1.88 Kgm
-3

) above the optimal value of 1.40 Kgm
-3

 and the moderate to low 

porosity (< 50%) below the ideal value (>50%) for healthy root growth in most horizons of the 

profiles studied could be attributed to soil compaction caused by continuous and intensive pastoral 

activities and cultivation for many years, poor soil structure (less inter-ped spaces), low soil OM 

and to a lesser extent the texture especially the silt content as seen in AZUKOUP-3 profile.  

The soil water content at field capacity (FC; 0.33 bars) and at Permanent Wilting Point (PWP; 15 

bars) had shown a slight variation among the studied profiles (Table 4.3).  The highest FC (38.28)  
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Table 4.2: Soil textural properties of Koupendri soils 

L= Loam, SiL= Silty Loam, SL= Sandy Loam, SCL= Sandy Clay Loam, SiCL= Silty Clay Loam, CL= Clay Loam, C= 

Clay, S= sand, TC= textural class, S = sand. 

 

Horizon  Depth (cm) Fine  S  
 (%) 

Coarse  S 
  (%) 

Total  S  
   (%)                

Silt   
(%)    

Clay         Gravel (%)     TC 
 (%)                     

                    
  

Si    Silt/Clay    
        

AZUKOUP-1 
Apc    0-20 32.00    20.00      52 40  8               30.79            SL 5.0 
Btnc   20-30 22.73    25.43      48 35 17              64.07             L 2.1 

AZUKOUP-2 
Ac   0-15 27.70 29.30       57      34  9               14.42            SL   3.8 
Btnc1  15-47 19.02 17.98       37 36  27             17.25             L   1.3 
Btnc2  47-80 19.53 11.87        31 42  27             15.2               L   1.6 

AZUKOUP-3 
Agh   0-12 14.94 9.36 24   59 17              10.2              SiL  3.5 
Btgn  12-30 12.65 8.15 20   57 23              15.04            SiL  2.5 
Btgcn 30-60 11.97 10.73 22   47 31              12.61            CL  1.5 
Btgc2n 60-100 7.08 17.88 24   39  37             22 .88           CL  1.1 

AZUKOUP-4 
A  0-12 20.45 22.55 43  49  8               10.84             L   6.1 
ABg 12-35 21.00 20.00 41  50  9               10.94           SiL   5.6 
Btg 35-58 21.96 18.04 40  42  8               16.93             L   5.3 
Btgc 58-120 16.00 18.00 34  38 28              12.62            CL   1.4 

 AZUKOUP-5 
A 0-20 22.39 33.61 56 36  8                11.21           SL 4.5 
Btng 20-56 15.93 26.07 42 44  14              11.15            L 3.1 
BCng 56-100 21.69 33.31 55 36  9                10.51            SL 4 

AZUKOUP-6 
Agn  0-20    25.22 26.78 52 41   7                9.16             SL   5.9 
Btng  20-32    12.08 16.00 28 41  31              16.79           CL   1.3 
Btngc  32-55     4.57 11.43 16 29  55              35.91           C   0.5 

AZUKOUP-7 
Agc  0-17  12.90   13.10 26 62  12              12.58           SiL   5.2 
Btgc1 17-42  6.08   11.08 17 51  32              16.03           SiCL   1.6 
Btgc2 42-100  5.92   16.08 23 41  36              22.75           CL   1.1 

 AZUKOUP-8 
Ac   0-12 22.65   21.35 44 46 10               10.19           L 4.6 
Btc  12-40 15.00    20.00 35 47 18               22.86           L 2.6 

AZUKOUP-9 
Ac  0-20  14.59 50.41 65 27  8                 53.34           SL 3.4 
Btc 20-52  13.00 36.00 49 31  20               55.12            L 1.6 

 AZUKOUP-10 
Ac 0-15 24.00   35.00    59 26 15                52.93           SL 1.7 
Btc1 15-32 12.79   32.21    45 24 31                64.94           SCL 0.8 
Btc2 32-60  6.19   16.81    23 26 51                58.08           C 0.5 
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Table 4.3: Soil physical/ hydraulic properties of the Koupendri catchment 

BD= bulk density, AWC= available water capacity, por= porosity, Ksat = saturated hydraulic 

conductivity, pF 2.5= water content atfield capacity, pF 4.2 = water content at wilting point 

 

Horizon  Depth (cm)  BD                  Ksat                   Por          pF 2.5            pF 4.2       AWC    
  

 
        (gcm-3)           (cmd-1)                (%) 

AZUKOUP-1 
Apc   0-20  1.50         27.71         43.27     21.46      11.38         10.1  
Btnc   20-30  1.70     26.16         35.85     17.66      9.36          8.3  

AZUKOUP-2 
Ac   0-15  1.57           46.93         40.71     22.45    11.85     10.6  
Btnc1   15-47  1.56          26.11         41.27 28.36    15.03      13.3  
Btnc2   47-80  1.58            6.63         40.52 31.91    16.91      15.0  

AZUKOUP-3 
Agh   0-12 1.74            22.94 34.33     20.11   10.33       9.78  
Btgn  12-30 1.86             5.97 29.81 19.07   10.09      8.98  
Btgcn  30-60 1.87     2.32 29.43 20.32   10.76      9.56  
Btgc2n  60-100 1.88     1.68 29.06 21.45    11.47      9.98  

AZUKOUP-4 
A  0-12 1.63     20.01 38.58 11.03      5.85          5.18  
ABg 12-35 1.54 15.78 41.46 18.53      9.82          8.71  
Btg 35-58 1.57         8.4 40.59 17.43      9.05         8.38  
Btgc 58-120 1.78          7.16 32.73 20.53 10.88         9.65  

AZUKOUP-5 
A  0-20 1.62 60.25 39.00 21.42      11.36      10.07  
Btng  20-56 1.73 70.96 44.01 16.73   8.87       7.86  
BCng  56-100 1.69 21.57 36.69 15.22       8.065      7.16  

AZUKOUP-6 
Agn  0-20  1.57 11.18 40.81 17.70       9.38      8.32  
Btng  20-32  1.68             5.97 36.77 30.41      16.12      14.29  
Btngc  32-55  1.59             21.4 39.94 28.44    15.08      13.37  

AZUKOUP-7 
Agc     0-17  1.56 20.55 41.07 21.05    11.11      9.94  
Btgc1     17-42  1.42 39.83 46.34 31.73   16.43      15.3  
Btgc2     42-100  1.64 18.29 38.09 38.28    20.23     18.05  

AZUKOUP-8 
Ac   0-12  1.49 89.21         43.76 13.44      7.05        6.39  
Btc  12-40  1.54 151.5         41.91 20.05 10.77      9.28  

AZUKOUP-9 
Ac      0-20     1.78      48.79        32.76    11.98 6.35      5.63  
Btc     20-52     1.80      293.5       31.94    16.18 8.58      7.60  

AZUKOUP-10 
Ac  0-15 1.64       190.8 38.01 20.32     10.77     9.55  
Btc1 15-32 1.81           395.6 31.58 19.04     10.10     8.94  
Btc2 32-60 1.86       365.6 29.85 19.71 10.45       9.26  
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and PWP (20.23) were recorded for the sub-surface horizon (Btgc2) of AZUKOUP-7. This could 

be caused by high water table and to a lesser extent due to clay or silt content. 

4.5 Soil chemical properties of Koupendri catchment 

Soil pH 

The soils pH varies from moderately acidic (5.2) in the B-horizon (Btnc1) of AZUKOUP-2 to 

slightly alkaline (7.6-9) in the B-horizon (Btgc2n) of the same profile (Table 4.4). Also shown in 

Table 4.4 is change in pH i.e. ∆pH (pHH2O –pHKCl) which were positive for all profiles and 

horizons studied. The values of ∆pH range from 1.1 in the A-horizon (Apc) of AZUKOUP-1 to 2.1 

in the B-horizons (Btgn and Btgcn) of AZUKOUP-3. 

Total nitrogen (N), available phosphorus (P) and soil organic carbon (SOC) 

The total N ranged from 0.02 in the B-horizon (Btgc) of AZUKOUP-4 to 0.08 in the A-horizon 

(Agh) of AZUKOUP-3 (Table 4.4). The SOC decreases with increasing depth in each profile and 

ranged from 0.048 in the B-horizon (Btc) of AZUKOUP-9 to 2.02 in the A-horizon (Agh) of 

AZUKOUP-3. The available P ranges from 1 mg/Kg in most sub-surface horizons of the soil 

profiles to 6 mg/Kg in the surface or A-horizon (Agn) of AZUKOUP-6.  

The C:N ratio for the profiles and their horizons varied from a narrow range of 4.2 in the B-

horizon (Btngc) of AZUKOUP-6 to the wider range of 24.02 in the A-horizon (Agh) of AZUKOUP-

3 (Table 4.4). Generally, the C:N ratio shows a decreasing trend with increasing depth throughout 

the profiles and their horizons (Table 4.4).  

Base saturation and cation exchange capacity 

Generally, the base saturation (BS) was low to moderate (20-60%) for most soil profiles studied 

with few exceptions (Table 4.4). The exchangeable calcium (Ca) throughout the profiles ranged 

from very low (<2%) to moderately few (2-5%) in some horizons. The exchangeable Mg is low 

throughout the profiles except in some horizons where it is moderately high. The exchangeable K 

was also very low in most profiles and their horizons, although moderate to very high values were 

also recorded in few horizons. The exchangeable sodium (Na) was low throughout the profiles 

ranging from 0.281 in the A-horizon (Agn) of AZUKOUP-6 to 0.545 in the B-horizon (Btc2) of 

AZUKOUP-10. The trend or abundance in decreasing order is Ca
++ 

> Mg
++

 > Na
+
 > K

+
 except at 

AZUKOUP-4.  
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 Table 4.4: Some chemical properties of Koupendri soils                                                           

N=nitrogen, C= carbon, C:N= carbon-nitrogen ratio, Avail.P = available phosphorus, Ca= calcium, Mg= magnesium, K= potassium, Na= sodium, 
CEC= cation exchange capacity, BS= base saturation, ESP= exchangeable sodium percentage, H2O= water, KCl = potassium chloride.   

               Exchangeable Cations 
Ca       Mg           K              Na          CEC 

   

Horizon 
Name  

Depth   pH       pH         ∆pH 
(cm)    (H2O)   (KCl) 

Total                   
    N 

Organic   C:N  
   C               

Avail.  
 P 

     BS    
    (%) 

  ESP    
   (%) 

                                                                             -------(%)------           --mg Kg-1-------------------   Cmol Kg-1-----------------                                                                                                                                  

 AZUKOUP-1 

Apc 0-20 5.8  4.7      1.1  0.05 0.66        13.1  2     2.32         0.85  0.20 0.28  8.00  46  3.53 
Btnc 20-30 5.9  4.4      1.5  0.05 0.49        10.8  2     1.54   1.22  0.18 0.31  7.36  44  4.17 

AZUKOUP-2 
Ac 0-15 5.8  4.4      1.4  0.05 0.46        9.22    4    1.26  0.51  0.11 0.31  7.52   29  4.11 
Btnc1 15-47 5.2  3.9      1.3  0.05 0.35        7.82  5    0.69  0.28  0.07 0.32  6.88   20  4.61 

Btnc2 47-80 5.3  4.0      1.3  0.04 0.20        4.83  2    0.97  0.40  0.11 0.44  8.08   24  5.41 

AZUKOUP-3 

Agh   0-12 6.0 4.6       1.4  0.08 2.02      24.02  2    6.06 4.11   0.23   0.56   16.08   68  3.46 
Btgn  12-30 7.0 4.9       2.1  0.06 0.54       9.07  1    4.43 2.72   0.09   1.21     14.4   59  8.39 

Btgcn 30-60 6.8 4.7       2.1  0.06 0.46       7.81  1    4.38 2.05   0.13   2.24   17.52   50  12.8 
Btgc2n 60-100 9.0 7.4       1.6  0.02 0.20       10.1  2    9.69 15.88   0.11   3.95   22.88 100  17.3 

 AZUKOUP-4 
A  0-12 6.6 5.4      1.2 0.06 0.66      11.79 1   2.48 2.87   0.14   0.31     7.84   74 3.93 
ABg 12-35 6.5 5.0      1.5 0.04 0.24       6.67 1   1.57 3.80   0.08   0.32   10.00   58 3.24 

Btg 35-58 6.7 4.9      1.8 0.04 0.21       5.92 1   1.61 6.40   0.07   0.32 12.48   67 2.56 

Btgc 58-120 7.6 6.0     1.6 0.02 0.20       11.65 1 2.15 14.35   0.10 0.49 19.28   89 2.55 

 AZUKOUP-5 
A 0-20 6.1 4.9     1.2 0.05 0.43        8.96 2 1.72 0.68 0.10 0.32     4.72   60 6.69 

Btng 20-56 5.6 4.0     1.6 0.04 0.17        4.07 2 1.46 0.63   0.11 0.44     6.00   44 7.30 
BCng 56-100 5.8 4.2     1.6 0.03 0.22         6.97 1 0.75 0.44 0.076 0.29     6.08   26 4.80 

AZUKOUP-6 
Agn 0-20 5.4 4.1     1.3 0.05 0.73        14.66 6 0.72 0.21 0.09 0.28 8.24   16 3.41 

Btng 20-32 5.5 4.1     1.4 0.05 0.31         6.35 2 1.56 1.14 0.15 0.37 7.44   43 5.01 
Btngc 32-55 5.6 4.1     1.5 0.06 0.25          4.2 2 3.84 3.03 0.26 0.36 14.48   52 2.47 

 AZUKOUP-7 
Agc 0-17 5.6 4.0     1.6 0.06 0.71        12.02 2 1.89 0.64 0.17 0.37 5.76   53 6.41 
Btgc1 17-42 5.6 4.1     1.5 0.03 0.43        12.62 1 4.46 2.67 0.30 0.35 12.48   62 2.83 

Btgc2 42-100 5.9 4.0     1.9 0.05 0.35        7.02 1 6.18 2.07 0.25 0.42     20.0   45 2.08 

AZUKOUP-8 

Ac 0-12 6.0 4.8     1.2 0.08 1.27       16.71 3 2.71 1.08 0.22 0.32 7.84   55 4.09 
Btc 12-40 5.5 4.1     1.4 0.05 0.63        12.6 2 1.11 0.46 0.22 0.32 9.76   22 3.26 

AZUKOUP-9 
Ac 0-20 6.4 5.0      1.4 0.91 0.07        13.57 3 1.99 0.68 0.26 0.32 7.6   43 4.17 
Btc 20-52 5.4 4.2     1.2 0.64 0.05        13.38 3 0.82 0.57 0.17 0.30 7.12   26 4.24 

AZUKOUP-10 
Ac 0-15 6.8 5.3    1.5 0.10 1.22       12.81 3 4.48 2.43 0.52   0.33     10.8  72  3.05 

Btc1 15-32 6.4 4.8    1.6 0.08 0.87       11.31 1 6.53  4.66 0.31 0.37   16.88  70  2.18 
Btc2 32-60 8.0 6.8    1.2 0.06 0.31        5.27 3    9.29 11.24 0.44 0.55 28.56 100  1.91 
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The exchangeable sodium percentage (ESP) was low throughout the horizons except at the B-

horizon (Btgc2n) of AZUKOUP-3 where it is 17.3, a value that is above the critical level (> 15%) 

that causes deterioration of soil structure and Na toxicity (Landon, 1991). Since the BS indicates 

the degree of leaching of basic cations, most of the soil profiles studied was moderately (43-46%) 

to highly leached (16-29%) except AZUKOUP-3, AZUKOUP-4, AZUKOUP-7 and AZUKOUP-

10 with higher BS values. The A-horizons of AZUKOUP-5 and AZUKOUP-8 also show some 

signs of weak/low leaching. The CEC across the landscapes and profiles ranged from 4.72-28.56 

Cmolkg
-1

 (Table 4.4). The lowest values for the CEC were recorded at AZUKOUP-5 with a range 

of 4.72-6.08 Cmolkg
-1 

and the highest values at AZUKOUP-10 with a range of 10.8-28.56 

Cmolkg
-1

. The CEC of soil profiles followed the trend exhibited by the exchangeable basic cations 

especially exchangeable Ca
++

 reflecting that these basic cations are the main ion contributors in the 

exchange complexes. 

4.6 Soil classification of Koupendri catchment 

Soil classification of Koupendri catchment was done following World Reference Base for Soil 

Resources [WRB] (IUSS Working Group, 2006; 2014) and Soil Taxonomy (Soil Survey Staff, 

2010) classification schemes, and then correlated with the FAO-UNESCO legend and French 

Classification schemes (Table 4.5).  The table showed seven (7) soil types at sub-group level 

classification for Soil Taxonomy and 10 soil types for WRB correlated to five (5) soil types for 

both the FAO-UNESCO legend and the French classification schemes. 

4.7 Discussions 

The soils show indication of poor structure or structural deterioration caused by prolonged and 

intensive cultivation, and compaction through trampling by human and animals that destroy or 

fragments soil aggregates. The soils were less deep with mainly Ap and Bt horizons while C 

horizon was virtually absent. This confirmed why cash crops and plantation agriculture could not 

thrive in the catchment. The soils were mostly gravelly ranging between 10% and above 60%. 

Such soils with gravel contents above 60% are termed gravelly soils (Buol et al; 2003), and affect 

the physical and hydraulic properties of soil (Brakensiek and Rawls, 1994; Sauer and Logsdon, 

2002). The combination of the soil structure and the gravel content also influenced the drainage of 

the catchment which ranged from good through normal to imperfect or very poor drainage. The 

clay increase in most B-horizons especially the kandic horizons confirmed previous reports from 
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other studies.  It has been reported that clay increase in most kandic horizons is as a result of clay 

migration-accumulation or illuviation, clay destruction, selective erosion, sedimentation or 

lithological discontinuity (FAO, 1988; Lal, 1976; Van Wambeke, 1989; Driesen and Dudal, 1991). 

 

Table 4.5: Soil classification and correlation for Koupendri soils. 

 

Soil Profile 

Identity 

                 Soil Classification System              Correlating System 

USDA Soil 

Taxonomy. 

World Reference Base 

for soil Resources 

(WRB). 

FAO/UNESCO 

Legend. 

French System. 

AZUKOUP-1  

 

Typic plinthustults 

Albic Petric Plinthosols 

(Lixic, Dystric) 

 

 

Dystric 

Plinthosols 

 

Sols ferrugineux 

tropicaux peu profonds 

lessivés concrétionné 
AZUKOUP-8  Albic-Petric Plinthosols 

(Loamic, Epi-Dystric) 

AZUKOUP-9  Albic Pisoplinthic 

Plinthosols (Dystric) 

AZUKOUP-2  Plinthic- 

Kandiustults 

Albic-Petric Plinthosols 

(Hyper-Dystric, Loamic) 

 

Endo-dystric 

Plinthosols 

Sols ferrugineux 

tropicaux moyennement  

profonds lessivés peu 

concrétionnés 
AZUKOUP-6  Albi-Petric Plinthosols 

(EndoClayic, Epi-

Dystric) 

AZUKOUP-3  Aquic Haplustepts Eutric Vertic Gleyic  

Cambisols (Petrocalcic,  

Takyric) 

Eutric Cambisol 

 

Sols bruns eutrophes 

tropicaux 

AZUKOUP-4  Aquic kandiustalfs Albic Gleyic Anthraquic 

Abruptic Luvisols  

(Hyper-Eutric) 

 

 

Gleyic Luvisol 

 

Sols ferrugineux 

tropicaux lessivés  

profonds hydromorphes AZUKOUP-5  Typic kandiustalfs Albic Gleyic Abruptic 

Luvisols (Hyper-dystric,  

Profondic) 

AZUKOUP-7 Aquic kandiustalfs Epi-Eutric  Gleysols 

(EndoSiltic, Vertic) 

 

Eutric Gleysols 

 

Sols hydromorphes à 

pseudogley AZUKOUP-10 Typic Plinthustalfs Eutric  Pisoplinthic 

Gleysols (Endoclayic, 

vertic) 

 

The fact that clay minerals are unstable and break down under intense chemical weathering 

especially in humid and sub-humid climates further buttressed the claim. This was also reported in 

Alemayehu et al., (2014) for some Ethiopian soils. This also applied to the Argic B-horizon which 

is similar to kandic horizons since part of the pedon may meet the requirements of both horizons 

when considered at the same classification level (Ngongo and Langohr, 1992).  
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The decrease in silt/clay ratio with depth can be attributed to massive destruction of clay, selective 

erosion, and to a lesser extent illuviation of clay from the surface (Ap) horizon to the sub-surface 

(Bt) horizon. The decrease in silt/clay ratio with depth is in agreement with reports from some 

studies of Nigerian soils (Ezeabasili, 2014; Chukwu, 2013; Lal; 2000) and Benin soils (Igué, 

2000). Lal (2000) reported that the silt/clay ratio of most tropical soils decline with depth and 

widely ranged from soil to soil even within the same toposequence. However, a contrary result of 

an increasing silt/clay ratio with depth was reported for lowland soils in southwestern Ethiopia 

(Alemayehu et al., 2014).  The silt/clay ratio is an index of weathering (Van Wambeke, 1959), and 

one of the most important criteria for the definition of the ferralic horizon. According to FAO 

(1988), the silt/clay ratio for a ferralic horizon should be less than or equal to 0.2. This underscores 

the absence of a ferralic horizon and Ferralsols in all the studied profiles. High silt/clay ratios 

observed in most horizons alongside resistant skeletal composition of the parent material reflect 

that the soil is less weathered and thus, at less advanced stage of development. 

The decreasing Ksat with increasing depth observed has also been reported in some tropical 

studies (Ziegler et al., 2004; Zimmermann & Elsenbeer, 2008; Zimmermann et al., 2006).   Such 

decrease could result to saturation excess overland flow during high-intensity rainfall events 

(Germer et al., 2010; Godsey et al., 2004).  The low values of Ksat at some soil depth can lead to 

formation of an impeding layer and consequently lead to perched water tables, diminished 

groundwater recharge and the development of interflow. This is because, Ksat represent the 

capacity of the soil to drain or transmit water (Klute and Dirksen, 1986) and governs vertical 

percolation of water within the soil profile. The high bulk densities obtained agrees with that 

obtained for similar soils in Terou-Igbomakoro catchment, central Benin (Junge, 2004; Sintondji, 

2005). Such high bulk density may present serious challenge to agronomic and hydrological 

processes.  The available water holding capacity (AWHC) showed a closer relationship with silt 

content than with clay or SOC contents.  

The acidic nature of the soils could be attributed to the parent material which is acid metamorphic 

schists. However, as an indication of soil acidification, soil pH is dependent not only on the nature 

of the parent material but also on the level of soil leaching in the environment. This may suggest 

why some of the soils were moderately alkaline. Based on the soil pH rating of Jones (2003), the 

pHH2O throughout the profiles fall within moderately acidic to moderately alkaline. 
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According to Soil Survey Staff (2006, 2010), ∆pH can be positive, zero or negative depending on 

the net surface charge at the time of sampling. The positive ∆pH which indicates presence of 

negatively charged colloids lends credence to the translocation of clay from the uppermost or 

surface horizon and its accumulation in the B-(illuvial) horizon through illuviation processes.  

Generally, available P shows a decreasing trend with increasing depth for all the profiles. The 

slightly higher values of SOC and total N observed in the A-horizon of AZUKOUP-3 could be due 

to waterlogging of the location which slowed down the turn-over of the surface organic material 

while that of available P could be due to use of phosphate fertilizer for cultivation at the site of the 

profile pit (AZUKOUP-6). Similar decrease in SOC with increasing depth for each profile has 

been reported (Alemayehu et al., 2014; Campos, 2002; Agyare, 2004). There was no clear direct 

association of total N and SOC with increasing depth of the profiles as reported by Alemeyehu et 

al., (2014) for some Ethiopian soils. However, the very low contents of total N, SOC, and 

available P may be attributed to intensive and prolonged cultivation, and the frequent annual bush 

burning and crop residues (a common land clearing practice for cultivation) at the end of the year 

or more explicitly during the dry season. This frequent bush burning practices, coupled with high 

temperature accelerates the rapid turn-over of organic materials in the catchment. This was also 

affirmed by Yilma (2006) who reported that burning of biomass in prevailing‐slash‐and burn 

systems and high temperatures lead to a rapid decomposition of organic matter and consequently, 

poor SOC. Studies in Ethiopia (Habtamu et al., 2009; Alemayehu et al., 2014), west Africa (Lal et 

al., 2003; Yilma, 2006) and other parts of the world had reported significant reduction in SOC and 

Total N caused by burning and removal of crop residue. Low fertility is linked with low CEC and 

low reserves of N and P-availability. The very low contents of available P suggest that it is a 

serious limiting nutrient for crop production in the catchment despite that moderately acidic to 

slightly alkaline soils (5.5-9.0) favour P- availability. This confirms the report that P is considered 

the main limiting nutrient for crop production in drier savanna (Sanchez 1976, Kowal and Kassam 

1978). 

The C:N ratio was low throughout the horizons and fall below the optimal range (10-12:1) 

acceptable for arable soils (Havlin et al., 1999). This could be attributed to high oxidation and loss 

of organic matter as evidenced by the poor or very low SOC in the two profiles. The C:N ratio is 

important because the availability of nitrogen (N) for plant growth is dependent on the ratio. High 
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C:N > 30:1 implies N immobilization due to decomposition of organic residue by microbes while 

C:N < 20:1 implies limited immobilization and release of N into the soil environment for plant 

uptake (Jones, 2003).  

The analytical result of the base saturation (BS) and cation exchange capacity (CEC) revealed that 

exchangeable Ca and Mg were dominant cations at the exchange complex accounting for more 

than 80% of exchangeable bases and between 50-65% of total cations of the exchange site. Both 

BS and CEC were low to moderate and could be due to the predominance of Kaolinite clay 

minerals and also, poor recycling and depletion of basic cations, OM and clay contents due to 

erosional processes and inappropriate management (incessant bush burning) of residues but to a 

lesser extent, soil reaction or pH. Similar reports were made for sub-humid catchment in central 

Benin (Igué, 2000; IMPETUS, 2003). 

4.8 Partial summary and conclusion  

Soil survey and classification for Koupendri catchment in north western Benin, West Africa 

provided soil information for hydrological modeling, future agronomic decisions, soil and water 

management, engineering and other socio-economic purposes. A detailed soil survey was carried 

out using SOTER approach. Soil samples collected during the soil survey were analyzed using 

standard laboratory procedures. The analytical results and the field observable features were used 

for classifying the soils. Field observable features show that the catchment has a relatively flat 

physiography with height above sea level ranging from 215-224 m above sea level, and gently 

slopy (0-6 %). The soil pH ranges from slightly acidic to relatively alkaline with poor fertility 

status evidenced by poor SOC, total N, C:N ratio, low CEC, exchangeable cations, less weathered 

soil with textural characteristics that is prone to crusting, compaction and hinders root growth. The 

study also confirms that P-availability is the major agronomic constraints in drier savanna regions. 

The permeability and the available water capacity of the soil were very low, presenting a serious 

soil water management problem for both agronomic and hydrological purposes. The soil map of 

the catchment produced at a scale of 1: 25000 using FAO/UNESCO legends showed five distinct 

soil types. The classification of the soils reveals seven soil types at sub-group level of 

classification belonging to three major orders: Ultisols, Inceptisols and Alfisols (USDA). The 

WRB gave ten distinct soil types belonging to four major or reference soil groups. These were 

correlated as Plinthosols, Cambisols, Luvisols and Gleysols for FAO-UNESCO legend; and Sols 
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ferrugineux tropicaux peu profonds lessivés concrétionnés, Sols hydromorphes à pseudogley, Sols 

tropicaux moyennement profonds lessivés peu concrétionnés, Sols bruns eutrophes tropicaux and 

Sols ferrugineux tropicaux lessivés profonds hydromorphes for French classification system. The 

WRB gave a more detailed, concise and better soil classification that correlates better with 

FAO/UNESCO legend and French classification scheme than USDA Soil Taxonomy. Soil fertility 

or nutrient assessment for the catchment will provide information for improved soil nutrient 

management. Also, land cover and residue management with appropriate tillage and conservation 

practices is paramount for improved soil productivity and hydrological processes of the catchment.  
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CHAPTER 5 

Spatial variability of soil properties under different land use in the Koupendri catchment, 

north-west of Benin. 

 

Introduction  

Soils is heterogeneous, diverse and dynamic in nature but are characterized by high spatial 

variability ranging from point scale to global scale. Such variability in both natural and managed 

ecosystems has been a major driver of physical, hydrological and, biological processes (Kumar 

and Ramadevi, 2006). In nature, complex pedological processes, their use and management drive 

soil variability at various spatial and temporal scales (Rodenburg et al., 2003; Viera and Gonzalez, 

2003). Generally, soil properties exhibit high heterogeneity at different spatial scales but can vary 

substantially under different land use (Nadrowski et al., 2010). Data availability on soil spatial 

variability is high for temperate soils compared to tropical soils of the savanna region in West 

Africa. Idowu et al., 2003 reported that the West African savanna is one region with limited data 

on soil spatial variability across different land uses of the soil resources. Until now, little or no 

studies have been done on this subject especially in Benin in order to bridge this gap.  

The spatial distribution of soil properties at different sampling scales has been widely evaluated 

using geostatistical tools (Paz-González et al., 2000). The approach is based on the theory of 

regionalized variables of Matheron (1971) that take into consideration the spatial variability of a 

variable e.g soil property as a random function represented by a stochastic model (McBratney et 

al., 2000). Geostatistics is based on the assumption of spatial dependence. Kriging, spline and 

inverse distance weighting (IDW) are three geostatistical tools that are used for making statistical 

inference for unknown data prediction from the known data (Coyne and Thompson, 2006) 

especially soils sampled in grid-like pattern. However, compared to other interpolation methods, 

kriging minimizes unbiased estimation variance and provide the error term or variance for the 

prediction from known variogram and thus has become the most preferred and optimal interpolator 

(Kalivas et al., 2002; Oliver, 2010). The ability of Kriging to predict optimally, values at unknown 

location with minimum variance and without bias has also boosted its popularity (Oliver and 

Webster, 2014). Oliver and Webster (2014) also reported that kriging is now applied with 

increased sophistication in many discipline like petroleum engineering, mining and geology, 

meteorology, hydrology and soil science.  Kriging interpolation and prediction maps serves as 

veritable tools for understanding the variability of soil properties in a given location. This tool may 
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be implemented at different scales in relation to specific data, depending on the resolution desired 

in the study (Webster and Oliver, 2007). The objective of this chapter is to evaluate and 

characterize the structure of spatial variability of some soil properties of koupendri catchment 

under different land use/ land cover.  

5.1 Descriptive statistics for the evaluated soil properties under different land use. 

The basic and classical descriptive statistics of the soil parameters evaluated or assessed are shown 

below (Table 5.1). The average values of Ksat (103.3±50.42 cm/d), BD (1.77±0.135 g/cm
3
), SOC 

(1.25±0.271 %), TN (0.106±0.017 %), Avail.P (4.14±1.14ppm) and C:N (11.91±2.29) were 

highest under the maize-sorghum land use  and lowest under the rice field land use. However, 

porosity, TN, Avail.P and C:N were lowest under the fallow shrub-grassland land use. Similarly, 

the mean values of TN, Avail.P and C:N decreased as follows; maize-sorghum > rice field > 

fallow shrub-grassland (FSG), while that of Ksat, BD and SOC follow the order; maize-

sorghum>fallow shrub-grassland >rice field. The use of NPK fertilizers increased the TN and 

Avail.P levels in the maize-sorghum and rice field land use types respectively compared to the 

FSG. Wang et al., (2009) made similar findings for a small watershed on a loess plateau in China 

under different land use. However, tillage and soil management practices such as manure addition, 

plant and organic matter residue, incessant bush burning and intensive grazing influenced most of 

the soil properties under different land use. Saturated hydraulic conductivity is one soil property 

adjudged to be a sensitive indicator of soil disturbance (Ziegler et al., 2004; Zimmermann et al., 

2006) mainly land use and soil tillage practices. 

Yilma (2006) also observed poor SOC as a result of biomass burning in prevailing‐slash‐and burn 

systems. The index of overall variation (CV) is also shown in Table 4.2. The results showed that 

the variability of BD, porosity, SOC, TN, Avail. P and C:N were mostly low (7 %)  with a few  

moderate (39 %) variability under the different land use types while that of Ksat was mostly high 

(48-75 %). This clearly showed that Ksat which is an important hydraulic property influencing 

flow and transport process is a highly varied property irrespective of land use. Agyare (2004) also 

reported high CV of more than 100 % for Ksat in the Volta basin. Bulk density has the lowest CV 

(7-8.6 %) across the three land use types which fall within the range observed by Warrick and 

Nielsen (1980). Similar low CV for BD was reported by Agyare (2004) for the Volta basin. 

Several other researchers (e.g Wang et al., 2009; Wei et al., 2008; Chen et al., 2006 and Liu et al., 
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2006) have reported moderate variability of TN and Avail.P. The variability of the selected soil 

properties were higher in the fallow shrub-grassland land use compared to the other land use types. 

This clearly showed that apart from variability caused by geology, climate and vegetation type, 

land use and soil management practices such as tillage, fertilizer application etc. also influences 

the spatial structure and variation of these soil properties. It has been reported that addition of NPK 

fertilizers influence and reduces the variability of C:N (Zhang et al., 2015).  

SOC, TN and C:N, BD and porosity are highly skewed and showed non-normal distribution as 

shown by the normality test of skewness and kurtosis under the maize-sorghum land use while 

Avail.P and SOC were under the cultivated rice field. None of the evaluated soil properties was 

normally distributed under the fallow-grassland land use while Ksat was the only soil property that 

is not normally distributed across all the three land use types evaluated. The principal reason for 

some soil properties not having normal distributions may be related to soil management practices 

and temporal effect of tillage practices (Cambardella et al., 1994; Tesfahunegn et al., 2011). 

Zimmermann (2007) reported that agricultural activities may promote spatial Ksat patterns that are 

completely random, with strong and extensive autocorrelations.  In other words, disturbances 

affect the Ksat spatial structure, in particular the correlation length, in the topsoil. Other authors 

have reported that some soil properties (e.g. SOC, TN, Avail.P) did not fulfil the normality 

requirement and transformed them before further analysis (Ferreira et al., 2015; Wang et al., 

2009).   
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Table 5.1: Summary statistics for the soil properties under different land use at the catchment 

Land use Soil property No. Min. Max. Mean S.D. C.V. Skew T.skew Kurt T.Kurt Dist. 

MS SOC (%) 100 0.61 1.91 1.25 0.271 21.71 0.170  0.130  N 

Total N  100 0.07 0.15 0.106 0.017 15.94 0.168  -0.138  N 

Avail.P  100 2.38 6.9 4.14 1.14 27.5 0.585 0.0197 -0.607  -0.79 T
p
 

C/N                                                                                                                                                                                                                                                                               100 6.1 15.93 11.91 2.287 19.2 -0.187  -0.423  N 

Ksat  100 22.43 238.6 103.3 50.42 48.83 0.675 0.152 -0.0724  -0.516  √K/
log 

Por. 100 22.56 45.28 33.24 5.093 15.32 -0.103  -0.425  N 

BD 100 1.45 2.05 1.77 0.135 7.686 0.103  -0.425  N 

 

 

 

 

Rice 

Field 

SOC  91 0.74 1.05 0.891 0.095 10.6 0.436  -1.1144  N
 

Total N  91 0.08 0.097 0.084 0.006 7.021 0.98 0.115 0.252  -0.804 T
p 

Avail.P  91 1.05 4.65 2.644 0.810 30.62 0.235  -0.375  N
 

C/N 91 8.23 13.38 10.68 1.332 12.47 0.425 0.0088 -0.692  -0.736 T
1/CN 

Ksat  91 7.24 46.77 18.69 9.19 49.16 1.221 0.368 0.745  -0.487 T
log

/T
p 

Por. 91 40 53.96 47.56 4.49 9.89 -0.107 0.067 -1.41  -1.42 T
p 

BD  91 1.22 1.59 1.39 0.119 8.57 0.107 0.010 -1.41  -1.42 T
p 

 

 

 

 

FSG 

SOC  100 0.51 1.84 0.987 0.385 38.98 0.872 0.089 -0.52  -0.934 T
p 

Total N  100 0.05 0.109 0.082 0.02 23.78 0.036 -0.0627 -1.439  -1.352 T
p 

Avail.P  100 1.19 4.25 2.332 0.727 31.17 0.588 0.0084 -0.341  -0.900 T
p 

C:N 100 6.16 27.19 12.5 4.327 34.62 1.228 -0.147 1.08  -0.271 T
1/√CN 

Ksat  100 8.28 137.9 40.8 30.4 74.4 1.491 0.127 1.59  -0.487 T
log 

Porosity 100 36.3 50.57 42.12 4.09 8.56 -0.687 0.0917 -0.255  -0.826 T
p 

BD 100 1.31 1.69 1.53 0.108 7.068 -0.687 -0.154 0.255  -0.857 T
P 

Ksat= saturated hydraulic conductivity (cm/d), N= nitrogen (%), SOC= soil organic carbon (%), 

Avail. P= available phosphorus (ppm), C:N= carbon-nitrogen ratio, BD= bulk density (g/cm
3
), 

Min= minimum, Max= maximum, S.D= standard deviation, C.V= coefficient of variation, skew= 

skewness, T.skew= Transformed skewness coefficient, Kurt= Kurtosis, T.Kurt= transformed 

Kurtosis, Dist.= distribution type, N= normal distribution, T
p
= power transformation, √= square-

root transformation. 

5.2 Correlation analysis of some soil properties under different land use. 

The Pearson (r) correlation matrix for the soil properties evaluated under different land use/cover 

is shown in Table 5.2. Significant (P < 0.05) relationships amongst the evaluated soil properties 

were shown or highlighted in bold. Across the three land use/cover types, carbon-nitrogen (C:N) 

ratio shows a significant (P < 0.05) negative correlation with nitrogen but a significant (P < 0.05) 

positive correlation with OC content. In other words carbon-nitrogen (C:N) ratio increases with 
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decreasing nitrogen but increases with increasing OC content. This confirms the already known 

fact that besides the type of organic material involved, the rate of mineralization of organic 

materials is a function of the content of nitrogen in the soil. The low organic matter content of the 

soils under the three land use types may be the reason for its non-significant correlation with BD. 

However, significant (P < 0.05) positive correlation of C:N with BD under the fallow  and maize-

sorghum land use, and significant (P < 0.05) negative correlation with Ksat under maize landuse 

was observed.  Ksat was found to have significant (P < 0.05) negative correlation with BD under 

fallow land use only  

Table 5.2: Pearson r correlation analysis results for the soil properties under different land 

use. 

Fallow land use 
   Ksat      BD  OC TN C.N Avail.P 
Ksat     1       
BD -0.430       1      
OC -0.156    0.270    1    
TN  0.236   -0.152  0.022     1   
C:N -0.255    0.278  0.866 -0.448   1  
Avail.P  0.149   -0.057  0.233  0.339 0.030    1 

Maize-Beans cropland 
Ksat    1            
BD  0.129      1      
OC -0.019   0.088        1    
TN -0.071  -0.186     0.491       1    
C:N  0.027   0.255     0.692    -0.270    1   
Avail.P  0.045   0.210     0.431     0.179 0.344 1 

Rice field 
Ksat   1       
BD  0.176          1      
OC  0.094   0.115         1    
TN  -0.177  -0.013      0.020      1   
C:N   0.164   0.118      0.846    -0.512     1  
Avail.P -0.095  -0.049     -0.053    -0.024 -0.048  1 

In bold, significant values (except diagonal) at p-level of significance =0.050 (two-tailed test) 

5.3 Geostatistical analyses results of some selected soil properties under different land use. 

The semi-variogram models and some geostatistical parameters of Ksat, BD, SOC, TN, Avail.P 

and C:N under different land use types in Koupendri catchment are shown in Table 5.3. The semi-

variance or variogram of their distribution are shown in Figs. 5.1-5.6. The selection or choice of 

the best-fit semi-variogram model for accurate interpolation map was facilitated by cross 

validation. Closer values of the mean standardized error (MSE) to 0, and closer values of the root-
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mean-square standardized errors (RMSSE) to 1, suggested close relationship of the predicted 

values to measured values (Wackernagel, 1995). The model (e.g. spherical, exponential or  

Gaussian) with the lowest or smallest nugget values, RMSSE and MSE or GD % for the evaluated 

parameters were selected.  Most of the soil properties were best fitted with exponential and 

spherical models. Similar findings were reported for the Volta basin (Agyare, 2004). The nugget 

effect C0 of SOC across the three land use types was lowest implying strong spatial dependence. 

The high nugget effect of TN under rice field can be attributed to the variation at spatial scales 

smaller than or not detected at the present sampling scale. However, research has also shown that 

nugget effect could also be the result of soil and crop management practices e.g fertilizer 

napplication (Xu et al., 2013).  Others researchers (Chien et al., 1997; Han et al., 2010b) reported 

that the partial sill or structural variance C1 component of the sill or total variance (C0+C1) is the 

variance caused or contributed by soil parent materials, climate, and terrain characteristics. 

The spatial correlation length (range) of SOC (94-286 m), Ksat (69-133 m), C:N (88-168 m), TN 

(88-180 m), BD (120-198 m) and Avail.P (132- 231 m) was high across the three land use types 

indicating a longer distance over which these soil properties are closely related. Beyond these 

ranges, there is no spatial autocorrelation. The nugget ratios GD % or the spatial dependence of 

each of the parameters differed significantly (P < 0.05) across the three land use types (Table 5.3). 

Most of the soil properties investigated showed strong and moderate spatial dependence except TN 

and BD that showed the weakest spatial dependence under the fallow shrub-grassland. Wang et al., 

(2009) also found a very weak spatial dependence (97.9 %) for soil total phosphorus in a shrub 

land. The higher range or spatial dependency of these soil properties is an indication that the soil 

disturbance is minimal and so did no affect their spatial structure. Zimmermann (2007) also 

reported that spatial dependence of Ksat is most pronounced under natural forest and under a 

regenerating fallow.  He noted that agriculture seems to promote spatial Ks patterns that are 

completely random, but with strong and extensive autocorrelations.  
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Table 5.3: Soil properties and their model parameters 

 

 ε 
=exponential, 

ș
= spherical

 
F= fallow land, MS=maize-sorghum cropland, SOC = soil organic 

carbon (%), Ksat= saturated hydraulic conductivity (cm/d), BD= bulk density (Kgm
-3

), TN = total 

nitrogen (%), C:N = carbon-nitrogen ratio, Avail. P = available phosphorus (ppm), C0 = nugget 

effect, C1 = structural variance or partial sill, C0+C1 = Sill or total variance, GD % = nugget ratio, 

R= range (m), RMSE = root-mean square standardized error, MSE = mean standardized error. 

 

 

Land 
use 

Soil 
properties 

         Model parameters             
     C0                      C1                   C0+ C1   R 

GD % Model estimator            
RMSE           MSE               

 
 
 
 

FSG 

SOC
ε  0.003 0.176 0.179 157.12 1.62 0.25 0.03 

SOC
ș
   0.009 0.145 0.154 94.08 5.80 0.24 0.03 

TN
ε
   0 0.003 0.003 10.109 0 0.05 0.02 

TN
ș
  0.003 0.000 0.003 180 86.33 0.06 0.06 

C:N
ε 0.365 24.393 24.758 139.95 1.47 3.29 0.04 

C:N
 ș
 1.466 20.275 21.742 88.604 6.74 3.21 0.02 

Avail.P
ε
 0.065 0.026 0.091 187 71.58 0.29 0.03 

Avail.P
 ș
 0.068 0.021 0.090 160 76.04 0.29 0.04 

Ksat
ε
 0 0.324 0.324 83.23 0 0.45 0.03 

Ksat
 ș
   0.042 0.268 0.310 69.81 13.61 0.44 0.02 

BD
 ș
   0.600 0.185 0.785 120.33 76.41 0.76 0.00 

BD
ε
  0.563 0.238 0.800 144 70.32 0.76 0.01 

 
 
 
 

MS 

SOC
 ș
   0.004 0.091 0.095 119.41 4.63 0.19 0.01 

SOC
ε
     0 0.106 0.106 180 0 0.19 0.01 

TN
 ș
   0.000 0.000 0.000 128.10 54.06 0.02 0.00 

C:N
ε
 2.167 3.691 5.858 108.2 36.99 1.85 0.02 

C:N
ș
 2.629 3.082 5.711 91.956 46.04 1.87 0.01 

Avail.P
ε
 0.013 0.036 0.049 231 26.52 0.13 0.01 

Avail.P
 ș
   0.017 0.032 0.049 198 34.40 0.14 0.01 

Ksat
ε
  1.360 6.382 7.741 98.64 17.56 2.03 0.00 

BD
 ș
   0.010 0.013 0.023 153.33 43.57 0.12 -0.01 

BD
ε
  0.008 0.015 0.024 198 34.88 0.12 0.01 

 
 
 

Rice 

Field 

SOC
ș
   0.004 0.010 0.014 258.36 27.16 0.08 0.00 

SOC
ε
 0.003 0.010 0.013 286 24.23 0.08 0.00 

TN
ș
   6.39 2.66

 
9.05 90.48 70.61 0.09 0.00 

TN
ș
   6.5

 
2.41

 
8.91

 
64.47 72.95 0.09 0.01 

C:N
ș
   0.000 0.000

 
0.000 168 69.28 0.01 0.00 

Avail.P
ε
 0.300

 
0.472 0.773

 
132.12 38.91 0.73 0.01 

Ksat
ε
  0.008 0.008 0.016 133 51.27 0.12 -0.0108 0.01 

BD
ș
   0.009 0.006 0.016 122.48 59.18 0.11 0.00 
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5.4 Spatial distribution of soil properties under different land use types. 

The interpolated maps clearly show the distribution of the soil properties evaluated in Koupendri 

catchment. The prediction of each soil property at the unsampled location was done using ordinary 

kriging and the observed semi-variogram of the soil properties in ArcGIS as described by Han et 

al.(2010b). The interpolated maps for the spatial distribution of Ksat, BD, SOC, TN, Avail.P and 

C:N ratio under different land use types are shown below (Fig. 5.1-5.6). The maps showed that 

land use and soil management practices may have influenced their distribution. 

The land use and soil management practices includes; the use of NPK fertilizers and manure for 

agricultural activities i.e. cultivation of maize, sorghum and rice e.t.c in the catchment. Also, the 

usual practice of leaving crop residue in the field after harvest and constant bush fires experienced 

during the dry season especially for the fallow shrub-grassland in the catchment influenced the 

quantity of these soil properties and their variability or distribution. Similar findings were made by 

(Tan and Lal, 2005; Wang et al., 2009; Xu and Xu, 2003) across various land use and vegetation 

types. Others (Williams et al., 2005; Cambardella and Karlen, 1999; Kılıç et al., 2004) reported 

fertilization and cultivation practices. Wang et al., (2009) who observed moderate variability of 

TN and total P under different land use types also reported significant change in the spatial 

patterns of TN and total P under the then land use changes in china. 

 

 

 

 

 

 

 

 

 

 



77 
 

 

   

  

 

 

Figure 5.1: Variogram and mapping of soil organic carbon (SOC) under different land use 
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Figure 5.2: Variogram and mapping of carbon-nitrogen ratio (C:N) under different land use 
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Figure 5.3:  Variogram and mapping of total nitrogen (Total N) under different land use. 
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Figure 5.4: Variogram and mapping of available phosphorus (Avail.P) under different land use.  
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Figure 5.5: Variogram and mapping of saturated hydraulic conductivity under different land use 
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Figure 5.6: Variogram and mapping of bulk density (BD) under different land use. 
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5.5 Implication of spatial variability of SOC, N, P, C:N, Ksat and BD for land resources 

management. 

Spatial variability of soil properties provides important information not only about their 

distribution but also their implication for land (soil and water resources) management.The 

magnitude, spatial scale and general form of the variation of the soil properties evaluated in 

Koupendri catchment as shown by the C.V. and the variograms reveal that SOC, Ksat, C:N and 

Avail.P were highly variable and more spatially dependent across the three land use types 

compared to TN and BD. 

The implication is that the spatial structure of these soil properties were captured within the scales 

used in this study and predictions or interpolations made with these variograms may represent 

reality in the field. Moreso, there is an indication that the current land use and soil management 

practices have little or minimal impact on the spatial structure of SOC, Ksat, C:N and avail.P. This 

is because strongly spatially dependent properties are mainly controlled by intrinsic variation in 

soil characteristics such as soil texture and mineralogy. However, TN and BD are purely random 

properties with little variability and weak spatial dependence despite having high autocorrelation 

length. This implies that the degree to which these variables or soil properties become less similar 

at increasing distance is less than proportionate the distance between the variables. In other words, 

the spatial autocorrelation of these soil properties may be revealed at smaller scales other than the 

one used in this study. Thus, interpolations or predictions made with these variograms may not 

represent reality in the field. At the scale used in this study, these soil properties are weakly 

spatially dependent or spatially independent and thus seem to be uniformly distributed under the 

different land use though with little variation. Other factors such as tillage practices and the 

application of NPK fertilizers in the cultivated fields may have affected their variability and spatial 

structure 

5.6 Partial summary and conclusions  

Sustainable use of soil resources and environmental management, developing effective framework 

and efficient experimental designs for research approaches require an understanding of soil spatial 

variability. Soil sampling was carried out across three land use types using systematic sampling 

approach. The laboratory results were further subjected to simple statistical, correlation and 

statistical analysis. The results show that the soil properties varied moderately across the various 
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land use evaluated except Ksat that showed high variability under the different land use types. The 

variability of TN and BD were mostly low across the three land use types. The soil properties 

exhibit normal and non-normal distribution across the three land use types. The Pearson 

correlation analysis showed significant relationships amongst the soil properties which may 

influence their variability. The range values showed considerable variability amongst the measured 

soil properties though TN and BD are weakly spatially dependent across the land use types. SOC 

has the strongest spatial dependence among all the soil properties studied and across various land 

use. Land use and soil management practices such as tillage operations and fertilizer applications 

are assumed to influence the distribution, spatial structure or patterns of the soil properties The 

prediction maps provided useful information on the spatial distribution of the soil properties, 

showing their exact position in the field and thus could serve as an important monitoring and 

evaluation tool especially for improved agricultural productivity and understanding the catchment 

hydrological processes.     
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CHAPTER 6 

The effect of land use and slope position on some hydraulic properties of sandy loam 

hillslope soils of Koupendri catchment, north-west of Benin. 

Introduction  

The knowledge of soil hydraulic properties is required describe for characterizing the catchments 

hydrological behaviour. Soil hydraulic parameters such as soil hydraulic conductivity vary 

significantly in space (Vereecken et al., 1997; Warrick and Nielsen, 1980; Zhu and Mohanty, 

2002) and influenced some hydrological processes such as runoff generation, groundwater 

recharge, and infiltration and water retention characteristics. Soil moisture dynamics and water 

retention capacity is one important hydraulic/hydrologic property that affects flow and transport 

processes, soil productivity and management. The main objective of soil and water resources 

management systems is to enhance water infiltration rather than runoff mainly by improving the 

soils physical and hydro-physical properties (Brady and Weil 1999). This further ensures that crop 

water requirements for the growth and development of crops which are important functions of root 

zone soil moisture are met (Grayson and Western, 1998). 

Soil hydraulic properties especially infiltration capacity and soil water retention are altered or 

influenced by land use and vegetation (Zimmermann et al., 2006; Price et al., 2010). The effect of 

tropical forest conversion to cattle pastures on surface soil hydraulic properties has been reported 

(Martínez and Zinck, 2004; Zimmermann et al., 2006; Zimmermann and Elsenbeer, 2008). 

Research has also shown that agricultural land use and improper soil management reduces the 

macro porosity and secondary pore system significantly, affecting soil moisture content, and 

consequently result in increased surface runoff (Germer et al., 2010; Ndiaye et al., 2007).  

Soil hydraulic properties are measured in-situ or in the laboratory using soil cores. Determination 

of soil hydraulic properties from laboratory experiments on soil cores has been adjudged to be time 

consuming and costly (Oliver and Smettem, 2005). This also does not offer accurate representation 

of the effective soil hydraulic properties that control hydrologic processes at much larger spatial 

scales (Minasny and McBratney, 2002). For such soils, measured hydraulic properties are usually 

poor (Reynolds et al., 2000) due to the dissection of the continuous macropores by the core walls 

(Angulo-Jaramillo et al., 2000). 

Among the several methods used for characterization of surface soil hydrologic or hydraulic 

properties, in situ measurement of infiltration rates has been widespread (Boczko et al., 2006). 
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Compared to other standard tension infiltrometers, hood infiltrometer not only require little 

transportation effort, with little soil disturbance during soil surface preparation, but also eliminate 

the effect of contact layer or materials on measured soil hydraulic properties (Reynolds and 

Zebchuk, 1996). This makes the result more reliable than the results from core methods and other 

tension or pressure infiltrometers. This chaper therefore aims to assess the effect of land use and 

slope position on soil hydraulic properties of local hillslope of Koupendri catchment using 

laboratory and field or in-situ methods. 

6.1 Soil textural characteristics at 0-40 cm depth on two slope position and land use types 

The soil textural characteristics within the root zone (0-40 cm) of the selected slope positions 

under different land use types are shown below (Table 6.1). The results show that sand is the 

dominant particle size (56-62 %), followed by silt (28-31 %) and the least is clay (6-16 %). The 

soils are mostly sandy loam at all depths although sand, silt and clay decreases with depth. The 

textural classes were mostly sandy loam. The soils are also have high (52-71 %) gravel contents 

that increases with depth. This qualifies the soils of the hillslope as gravely sandy loam soil. 

Table 6.1: Soil properties at the two slope positions and land use types. 

Landuse Depth 

(cm) 

Sand 

(%) 

Silt (%) Clay (%) Textural 

class 

O.C. (%) Gravel 

(%) 

FSG Upslope 0-20 61 31 8  SL 1.84 52.8 

FSG Upslope 20-40 56 28 16  SL 1.15 66.5 

FSG Downslope 0-15 60 29 10  SL 1.63 70.99 

TMB Upslope 0-20 62 32 6  SL 1.33 53.4 

TMB Upslope 20-40 59 30 11  SL 1.23 58.9 

TMB Downslpe 0-20 61 30 9  SL 1.41 52.82 

O.C= organic carbon, FSG=fallow-shrub-grassland, TMB= tilled maize-bean, SL=sandy loam 

6.2 Soil hydrological/hydraulic properties of Koupendri catchment hillslope 

The hydrological properties of the hillslope soil of Koupendri catchment under two slope positions 

and land use types are shown in Table 6.2. The results show the soil hydrological properties 

measured were higher upslopes compared to their downslope counterparts under the selected land 

use types. Saturated hydraulic conductivity (Ksat) determined in the laboratory was higher (90-156 

cm/d) upslope but lower (55-110 cm/d) downslope in both of the two selected land use.  This is 
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also similar for the Ksat determined in-situ with higher values (73-247 cm/d) upslope and lower 

values (32-225 cm/d) downslopes for both selected land use types.  Steady state infiltration rate 

followed similar trend with higher values (112-287 cm/d) upslope and vice versa (60-262 cm/d) 

for both land use type. Generally, the result shows that Ksat was higher under the FSG on both 

slope positions compared to the TMB. Similar trend or characteristics was shown by initial and 

final volumetric soil moisture content and bulk density. However, the soil porosity was higher 

under the TMB plot compared to the FSG. The gravel content was high downslope of FSG (Table 

6.2). 

Table 6.2: Mean values of soil hydraulic properties of Koupendri catchment hillslope. 

Land Use/Slope 
Position. 

Ksat 
(cm/day)   
In-situ      

Ksat (cm/day) 
Lab  

Initial     
(cm

3
/cm

3
) 

Final     
(cm

3
/cm

3
) 

BD (Kgm
-

3
) 

Porosity
b
 

(%) 
Infiltration  
(cm/day) 

TMB-Upslope  73.1 90.1 0.084   0.198 1.30 50.92  112.8  
TMB-Downslope  32.3 55.5 0.042   0.258 1.38 48.07  60.6  
FSG-Upslope 247.4 155.5 0.090   0.224 1.36 48.57  287.3  
FSG-Downslope 225.9 101.5 0.088   0.277 1.37 48.42  262.2  

 TMB= tilled maize-bean plot, FSG= fallow shrub-grass land, Ksat = saturated hydraulic conductivity,   = 

volumetric moisture content, BD = bulk density, bEstimated from bulk density values, assuming particle 

density of 2.65 g cm-3. 

6.3 Temporal soil moisture dynamics at two timescales under different land use types  

The temporal variability of soil moisture or soil moisture dynamics at 30-minutes and daily 

timescale for a sandy loam soil under different land use is shown below (Figs. 6.1 and 6.2). The 

dynamics of soil moisture captured the dynamics of the rainfall characteristics. This is an 

indication that rainfall dynamics is a major driver of soil moisture dynamics under the two land 

use types. Generally, soil moisture under FSG land use was higher throughout the period evaluated 

with daily maximum and minimum values of 0.27cm
3
/cm

3
 and 0.1 cm

3
/cm

3
 repectively at daily 

time scale, and 0.392 cm
3
/cm

3
 and 0.096 cm

3
/cm

3
 respectively at 30-minutes timescale. The 

laboratory measurements (Table 6.2) also confirmed this observation having both initial and final 

soil moisture contents higher under FSG land use on both slope positions. 
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Figure 6.1: Temporal variability of rainfall and soil moisture dynamics under different land use at 

30-minutes timescale. 

 

Figure 6.2: Temporal variability of rainfall and soil moisture dynamics under different land use at 

daily timescale. 
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6.4 Discussions 

The high gravel content of the soils is assumed to have significant influence on soil hydraulic 

properties and may explain the high value of Ksat obtained downslope of FSG. Water tends to 

move faster through coarse or large pores than through small pores. Jury et al., (1991) also relates 

soil saturated hydraulic conductivity as a function of pore size; coarser textured soils have larger 

pores and higher saturated conductivity than finer textured soils. This may also explain the high 

steady state infiltration rate recorded in this study. The infiltration rate was observed to be 9-88 % 

higher upslope compared to the downslope position of the hillslope under the two land use types. 

Similar report was made by Brown et al. (1988) who observed 50- 100 % higher infiltration rates 

for a silt loam upstream compared to the downstream furrow. 

The result obviously showed a significant effect of land use on the soil hydraulic properties 

especially soil Ksat. Ksat was adjudged a sensitive indicator of soil disturbance mainly tillage 

practices and soil management practices (Ziegler et al., 2004; Zimmermann et al., 2006). This also 

supports the findings that tropical forest conversion to pasture have great impact on surface soil 

hydraulic properties (Martínez and Zinck, 2004; Zimmermann et al., 2006; Zimmermann and 

Elsenbeer, 2008). This is because; soil tillage destroys macropores, its network continuity and 

prevents formation of larger pores. There is high relationship between soil hydraulic properties and 

soil structural stability and, also macro porosity. Numerous soil stable macropore structure, 

connectivity and continuity as result of high biological activity can be linked to the observed high 

soil hydraulic properties on both slope positions under the FSG compared to TMB. Thus, transport 

and flow processes (both nutrient and contaminant), water balance and the hydrology of the 

hillslope is influenced by the effect of soil management and land use on soil hydraulic properties.  

The differences observed between the Ksat determined in-situ and in the laboratory could be 

attributed to the differences in coverage or size between the tension disc of the Hood infiltrometer 

and the core samples. This could also be attributed to the destruction or creation of artificial 

macropores in core or laboratory determined Ksat resulting to either high or lower values unlike 

in-situ determination that ensure minimal disturbance of soil macropores.  Basile (2003) went 

further to state or argue that the differences observed between the laboratory and in-situ measured 

soil hydraulic properties is due to differences in the hysteretic paths taken during wetting 

procedures. Both in-situ and laboratory determined saturated hydraulic conductivity, initial or 

antecedent soil moisture contents and steady-state infiltration rates were found to increase upslope. 
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However, bulk density values and final soil moisture contents of the soils decreased upslope, thus 

the increased infiltration rate upslopes can be interpreted. 

Assuming the maximum daily soil moisture (Fig. 6.2) value represent field capacity, and minimum 

value represent permanent wilting point, available water capacity (0.16-0.17) of the hillslope soil 

fall within the range for sandy loam soils (Jensen et al., 1990). Joshi et al., (2011) also confirm that 

soil textural characteristics have significant effect on soil water holding capacity or retention 

characteristics and storage. This information is vital for the determination of irrigation water 

requirements especially for effective daily irrigation scheduling and efficient irrigation 

management. The low soil moisture storage observed especially in the dry period (October, 2014-

April, 2015) may be due to the coarseness of the soil including the gravel contents. This is because 

coarse textured lose water easily compared to fine textured soils. It has also been reported that at 

higher soil water potentials, coarse-textured soils are known to lose more water and plants growing 

on such soils tend to exhaust their water supply faster than plants growing in fine-textured soils 

(Hultine et al., 2005).  

In this study, since the texture (sandy loam) and soil particle size distribution (sand, silt and clay 

percent) under the two land use types were almost similar (Table 6.1), the differences in the actual 

soil water or moisture content may not be attributed to soil texture but to the differences in land 

use or land cover type, and soil management practices. It is well known that tillage operation 

reduces the amount of residue, enhance rapid breakdown of soil structure or aggregates and 

organic matter, increases BD, and reduces hydraulic conductivity and infiltration, and 

consequently the soil-water storage capacity and quantity of soil water conserved in the soil. It was 

obvious that the soil moisture content was significantly influenced by land use and soil 

management practices as this remains higher throughout the period evaluated under the FSG 

compared to TMB. This further confirms the above result of the volumetric soil moisture content 

obtained under the two land use types.  

The results also showed that the temporal dynamics of the soil moisture depicted the precipitation 

characteristics. The height and pattern of the peak is dependent on rainfall characteristics such as 

amount, duration and intensity. A high amount of rainfall of low intensity at longer duration leads 

to high amount of soil moisture compared to a high amount of rainfall of high intensity at short 

duration. The soil moisture dynamics peaks during rain events and the response was quick but 
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descends slowly during the cessation of rain. The peaks of the soil moisture dynamics were 

captured better at 30-minutes timescale when compared to daily timescale mainly due to 

differences in timescale. 
 

6.5 Partial summary and conclusion 

This study evaluated the effect of land use and slope positions on soil hydrologic properties on a 

hillslope of Koupendri catchment. The soil hydraulic or hydrological properties were determined 

using both in situ and laboratory methods. Also, steady state infiltration rates were measured in-

situ under different land use types and slope position. The texture of the soils is sandy loam with 

the dominance of sand. The results showed that the soil hydraulic properties were influenced by 

land use and slope positions. Higher values of the soil hydraulic properties were obtained under 

the FSG and upslopes. The study also revealed widespread disparity between in-situ and 

laboratory determined soil hydraulic properties especially hydraulic conductivity, and its inter-

dependency on soil management practices. Soil moisture content was influenced by land use, soil 

management practices and rainfall characteristics irrespective of the soil textural and particle size 

distribution. Soil moisture dynamics is solely driven by the rainfall characteristics. Although soil 

moisture dynamics was captured better at 30-minutes timescale, soil moisture monitoring at daily 

timescale provided realistic information necessary for effective daily irrigation scheduling. 

Although, the determination method or approach has some impact on the measured soil hydraulic 

properties, the information conveyed were similar in terms of land use and slope position effect on 

soil hydraulic properties.  
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CHAPTER 7 

Microplot scale rainfall-runoff processes on two slope positions and land use in Koupendri 

catchment north-west of Benin: observation and modeling using NRCS_CN approach. 

Introduction 

Rainfall over West Africa is mostly convective in nature, heavy and of short duration (Kasei, 

2012) and is characterized by large multiscale variability (e.g. Lebel et al. 2000; Le Barbé et al. 

2002).  This is of great interest in soil and water resources management due to its significant 

contribution to surface runoff and soil erosion by water.  Surface runoffs are mainly studied on the 

plot scale using runoff plots of various sizes (FAO, 1991). The importance of plot-scale runoff and 

soil loss study has been reported, and reliable data from extensive field measurement have played 

a crucial role in the analysis and prediction of soil erosion and hydrological processes at larger 

scales (Licznar and Nearing 2003; Zhang et al. 1996; Nearing et al. 1999). This involves scaling 

up of runoff processes from plots to the entire catchments. This often faces pronounced scale 

effects as observed in different environments (Blöschl and Sivapalan, 1995). In West Africa, van 

de Giesen et al. (2000) observed that runoff from small plots is higher than runoff from their 

corresponding larger plots. Such observed scale effects have been attributed to the spatial 

variability in rainfall (Gómez et al., 2001; Séguis et al., 2002) and recession infiltration (van de 

Giesen et al., 2005). Although scale issues has been addressed (van de Giesen et al. 2011; Leys et 

al. 2010; Cerdana et al. 2004), field measurements from plots of similar dimension often show 

large spatial and temporal variability. This variability has been attributed partly to the variability in 

natural conditions, and disturbances caused by tillage and soil management practices including 

installation of the experimental design. In order to address this consistent and pertinent unresolved 

issue or challenge, there is need to increase the number of these plots to obtain reliable result. 

However, these runoff plots are expensive to install, operate and maintain, thus need to be 

simulated from available rainfall data. One of the simplest or conceptual rainfall-runoff models for 

correlating rainfall to runoff i.e. predicting runoff from rainfall is the Natural Resources 

Conservation Service-Curve Number (NRCS-CN) approach formerly known as Soil Conservation 

Service-Curve Number (SCS-CN) approach (USDA, 1986). As an example, this method has been 

successfully applied in a plot-scale study in northern steep hillslope of Ethiopia for simulating 

surface runoff (Descheemaeker et al. 2006, 2008). The main objective of this chapter was to 

evaluate surface runoff variability and plot scale rainfall-runoff processes using NRCS-CN 
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approach on a hillslope of the Koupendri catchment under different land use and slope positions. 

The results were compared to surface runoff coefficients obtained at the catchment scale to 

analyze scale dependency. This is important for sustainable and efficient management of soil and 

water resources, and for future soil erosion research in the catchment and region.  

7.1 Surface runoff under two land use types and two slope positions 

The effect of land use and slope position on the observed surface runoff is shown in Table 7.1.  

The results reveal that land use has significant effect (p < 0.05) on the event surface runoff in most 

of the events studied. However, the reverse was the case for the slope position and their interaction 

with land use. The surface runoff for the events observed within the study period was lower under 

the FSG compared to TMB plots on both slope positions throughout the events. The result showed 

a significant effect (p < 0.05) of land use on total surface runoff. On the other hand, the slope 

position and their interaction with land use have no significant effect (p <0.05) on the total runoff 

measured (Table 7.2). Out of the total rainfall amount of 448.8 mm recorded for the period, a total 

surface runoff of 339.4 mm was collected under TMB as against 249.2 mm under FSG (Fig 7.1). 
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Table 7.1:  Mean effect of runoff events under different land use and slope positions. 

Rainfall (mm) Slope position Runoff (mm) Land use Runoff (mm) 

 Upslope 4.45 FSG 4.20 

18.2 Downslope 4.87 TMB 5.12 

 LSD0.05 NS LSD0.05 NS 

 CV (%) 33.8 CV (%) 33.8 

 Upslope 26.3 FSG 20.3 

40.5 Downslope 24.0 TMB 29.9 

 LSD0.05 NS LSD0.05 5.81 

 CV (%) 8.70 CV (%) 8.70 

 Upslope 15.29 FSG 12.84 

17.68 Downslope 15.12 TMB 17.58 

 LSD0.05 NS LSD0.05 1.72 

 CV (%) 7.2 CV (%) 7.2 

 Upslope 32.87 FSG 27.87 

39.8 Downslope 31.67 TMB 36.66 

 LSD0.05 NS LSD0.05 1.574 

 CV (%) 2.1 CV (%) 2.1 

 Upslope 20.26 FSG 19.65 

23.75 Downslope 19.98 TMB 20.59 

 LSD0.05 NS LSD0.05 0.736 

 CV (%) 2.2 CV (%) 2.2 

 Upslope 22.13 FSG 20.20 

29.55 Downslope 22.51 TMB 24.40 

 LSD0.05 NS LSD0.05 1.89 

 CV (%) 6.3 CV (%) 6.3 

 Upslope 25.67 FSG 21.05 

32.2 Downslope 23.20 TMB 27.82 

 LSD0.05 NS LSD0.05 2.563 

 CV (%) 7.2 CV (%) 7.2 

 Upslope 13.05 FSG 10.27 

22.5 Downslope 14.20 TMB 17.20 

 LSD0.05 NS LSD0.05 2.245 

 CV (%) 10.2 CV (%) 10.2 

 Upslope 35.15 FSG 32.70 

46.8 Downslope 35.43 TMB 37.88 

 LSD0.05 NS LSD0.05 2.11 

 CV (%) 3.8 CV (%) 3.8 

 

TMB = tilled maize-beans crop land, FSG = fallow shrub-grassland, LSD0.05 =least significant 

difference at 5% probability level, CV %= coefficient of variation, NS =not significant 
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Table 7.2:  Mean effect of the interaction of land use and slope positions on runoff events. 

Rainfall (mm)      Land use                  Upslope               Downslope 

 FSG            4.03                       4.37 

           4.87                       5.37 18.2 TMB 

    LSD0.05             NS                        NS 

            36.1                      36.1     CV (%) 
 FSG             20.0                      20.7 

32.6                           27.3 

NS                        NS 

26.6                      26.6 

40.5 TMB 

    LSD0.05 

   CV (%) 
 FSG             13.12                   12.57 

              17.47                   17.68 

 NS                       NS 

 13                        13 

17.68 TMB 

    LSD0.05 

    CV (%) 
 FSG             27.97                   27.78   

              37.77                   35.55 

  NS                       NS 

  5.6                       5.6 

39.8 TMB 

    LSD0.05 

    CV (%) 
 FSG             20.08                    19.22 

              20.43                    20.75 

  NS                        NS 

  4.2                        4.2 

23.75 TMB 

   LSD0.05 

   CV (%) 
 FSG             20.53                     19.87 

              23.73                     25.15 

             NS                         NS 

             9.7                         9.7 

29.55 TMB 

    LSD0.05 

    CV (%) 
 FSG            22.12                      19.98    

             29.22                      26.42 

 NS                          NS 

12.1                        12.1 

32.2  TMB 

     LSD0.05 

     CV (%) 
 FSG              9.75                       10.78 

              16.35                      18.05 

  NS                          NS 

 18.8                        18.8 

22.5  TMB 

    LSD0.05 

    CV (%) 
 FSG     32.13                                                   33.27 

46.8  TMB     38.17                             37.58 

     LSD0.05               NS                          NS 

              6.9                          6.9     CV (%) 
 

TMB = tilled maize-beans crop land, FSG = fallow shrub-grassland, LSD0.05 =least significant 

difference at 5% probability level, CV %= coefficient of variation, NS =not significant 
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7.2 Surface runoff variability 

The variability in the observed surface runoff depth per event under two land use and slope 

positions respectively were very low (coefficient of variation (CV) <10 %) except for the first 

rainfall event (CV< 40 %). The CV ranged from 2.1 to 33.8 % under the different land use and 

slope positions (Table 7.1). The result showed that the variability was higher and ranged between 

4-36.1 % as a result of the interaction between land use and slope position, with 5 out of 10 events 

exceeding a CV of 10 % (Table 7.1). However, the variability was very low and below 10 % when 

total surface runoff under the two land use and slope positions including their interactions were 

considered (Table 7.3). 

 

Table 7.3: Mean effect of land use/land cover and slope positions on total surface runoff  

TR (mm)    LU TSR (mm)   SP TSR (mm)                            LU x SP 

LU          Upslope   Downslope 

448.76  TMB 339.40  Upslope   290.20 TMB      332.80           346.00 

448.76  FSG 249.15  Downslope  298.35 FSG        247.60           250.70 

  LSD0.05 21.42         LSD0.05      NS                     LSD0.05                 NS 

     5.4                     CV %                    8.4                                                                CV %  5.4              CV % 

 LU = Land use, TMB = tilled maize-beans Crop land, FSG = fallow shrub-grassland, TR = Total 

rainfall, TSR = Total surface runoff,   SP = Slope position, LSD0.05 =least significant difference at 5% 

probability level, CV %= coefficient of variation, NS =not significant.     
 

7.3 Microplot surface runoff modeling or simulation at plot scale  

The assigned CN-values of 57 (FSG) and 66 (TMB) could not reproduce the surface runoff 

observed at the microplot scale. Therefore, the CN-values were calibrated using the observed 

rainfall-runoff data for the selected land use types. The calibration results for each land use and 

slope positions gave CN-values of 96 for FSG and 98 for TMB respectively.  

The results of the simulated rainfall-runoff depth for the microplots using the calibrated CN-values 

are shown in Fig 7.1. Based on the model evaluation criteria used (Table 7.4), the results showed a 

good simulation or prediction using the calibrated curve number values on both slope positions 

and land use types. In addition, the results showed that the surface runoff depth under the TMB 

land use was better simulated or predicted on both slope positions as shown by the evaluation 



97 
 

 

criteria; R
2
–values (0.94-0.95), ME (0.91-0.92) and RMSE (0.20-0.22) compared to the FSG land 

use with R
2
-values (0.85-0.86), ME (0.71-0.75) and RMSE (0.38-0.39).  

Figure 7.1: Observed and simulated runoff using NRCS-CN method for year 2014 and 2015. 

Table 7.4: Evaluation criteria for the observed and NRCS-CN simulated or modeled runoff 

under different land use and slope positions for two-year (2014-2015) period. 

Efficiency Criteria   Upslope TMB         Downslope TMB Upslope FSG Downslope FSG 

R
2 

         0.94            0.95         0.86         0.86 

ME          0.92            0.91         0.75         0.72 

RMSE          0.22            0.21         0.39         0.39 

R
2
= coefficient of determination, ME= model efficiency, RMSE= root-mean square error, TMB= 

tilled-maize beans, FSG= fallow-shrub-grassland 

7.4 Surface runoff coefficient at plot and catchment scale 

The observed surface runoff coefficient at plot and catchment scale did not follow similar trend 

with the event rainfall recorded at the climate station (Fig.7.2). This could be because surface 
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runoff and runoff coefficient is not only influenced by rainfall amount but also by rainfall intensity 

which varies within the storm event. The event runoff coefficient was generally high for the 

microplots reaching a maximum of 0.96 downslope of the hillslope under TMB. The influence of 

land use on runoff coefficient was more obvious compared to that of slope position. The runoff 

coefficient was particularly higher downslope in both land use types for the microplots compared 

to their upslope counterparts. We found lower runoff coefficient for the catchment ranging from 0 

to 0.6% compared to the microplots (0.1 to 0.96) under different land use and slope positions 

throughout the events.  

 

Figure 7.2: Runoff coefficient at the microplot and the catchment scale. 

7.5 Discussions  

There is a strong influence of land use on surface runoff per event and total surface runoff. Lal 

(1981) reported that land use type, forest clearing and tillage practices had significant influence on 

the magnitude of runoff and erosion. The contributions of litter and humus formation, and 

increased surface roughness to decreased runoff generation have also been reported 

(Descheemaeker et al., 2006). However, the lower surface runoff under FSG compared to TMB is 

clearly more of a function of vegetation canopy coverage, land use and soil management practices 

(Zhou et al. 2006; Huo et al. 1996; Lal, 1981)  rather than the key role of litter accumulation and 

organic matter (Xu, 2005; Pizzaro et al. 2006; Boer and Puigdefábregas 2005). The high surface 

runoff downslopes especially under the TMB plots can be attributed to poor soil structure and 
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hydraulic properties, and shallow soils (0-15 cm) downslope of the hillslope compared to deeper 

soils (0-50 cm) upslope. Soil management practices such as tillage leads to breakdown in soil 

structural aggregates reducing the soil hydraulic functions and flow processes within the 

microplots. This may explain the differences in the observed total and event surface runoff 

between the two selected land uses. This result agrees with the findings of Tilahum et al (2013)  

and Poesen (1984) in most of the events. However, this result contradicts the earlier reports by 

some researchers (e.g; Chaplot and Le Bissonnais 2000; Sharma et al. 1983; and Djorovi, 1980) 

that runoff increases with increasing slope steepness in a few events. Differences in vegetation 

coverage which influences rainfall interception, reduces rainfall intensity and hydraulic properties 

such as antecedent soil moisture, soil porosity, hydraulic conductivity and infiltration (Wang et al., 

2013) may have contributed to the disparity in the observed surface runoff depth between the two 

selected land use types. 

The surface runoff variability was very low under the two selected land use and slope positions 

compared to their interactions depending on the rainfall event. This could be attributed to the 

homogeneity in the soil hydraulic and other hydrologic properties within each microplots. Though 

one may not attribute the very low surface runoff variability to the effect of land use or slope 

position, it is obvious that their interaction influenced surface runoff variability resulting to mostly 

moderate variability. The implication is that while six microplots may be enough to resolve 

surface runoff variability and achieve homogeneity under different land use and slope position in 

Koupendri catchment, more may be needed to resolve variability caused by the interaction of land 

use and slope positions. 

The runoff coefficient for the microplots under two slope positions and land use types were high 

and varied throughout the period mainly due to temporal variability in rainfall characteristics. 

Similar high runoff coefficent was reported by Chaplot and Le Bissonnais (2000) on slopes 

ranging from 2-8 % using plot sizes of 1 m
2 

(1m x 1m) and 10 m
2
 (2 m x 5 m) respectively. 

Though Chaplot and Le Bissonnais (2000) attributed the high runoff coefficient to high rainfall 

intensity and slope steepness, Silva and Oliveira (1999) found that the only independent variable 

affecting total runoff and runoff coefficient was total rainfall with a significant level close to 100% 

and R
2
 equal to 0.84. Soil crusting and compaction that characterize West African field conditions, 

often leads to reduction in soil pores and soil water infiltration, and consequently could lead to 
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high surface runoff. Also, land use and soil management through prolonged tillage practices or 

other agricultural disturbances cause soil structure and organic matter deterioration which promote 

soil crusting, sealing or compaction. Consequently, subsurface processes are suppressed at the 

expense of the surface processes leading to increased surface runoff. This apparently may account 

for the significant difference in the surface runoff depth and runoff coefficient between the two 

land use in addition to differences in vegetation coverage.  Descheemaeker et al. (2006) reported 

that the total vegetation cover accounted for more than 80 % of the variability in runoff coefficient. 

Furthermore, the high runoff coefficient observed in the downslope position of mostly the 

cultivated plot could also be due to the soil moisture state of the soil although this was not 

investigated in this study. Moreover, Tilahum et al., 2013 attributed the increased runoff 

coefficient in the downslope compared to its upslope to increased saturation of the watershed at the 

downslope. In such case, the moisture storage reaches maximum while infiltration capacity is 

drastically reduced making the saturation overland flow the dominant runoff mechanism.  

A comparison of runoff coefficient of the microplots and the catchment showed that the runoff 

coefficient at the catchment was lower for most of the periods or events considered. This result 

agrees with the findings in Ajayi et al., (2007) which showed that small plots generally have 

higher unit runoff discharge compared to larger plots. Van de Giesen et al. ( 2011) also reported 

that runoff per metre or unit length of erosion plots and consequently runoff coefficient decreases 

with increasing length and or size of the plots. This was also confirmed by Stomph et al. (2002) 

from his laboratory studies which were extrapolated to West African condition. However, linear 

extrapolation of runoff observed on a small plot usually overestimates actual runoff from larger 

surfaces, especially for short rainfall events (Van de Giesen et al. 2000, 2005). Similar 

observations were made by Yair and Raz-Yassif (2004) in a small semi-arid catchments. Thus, the 

low runoff coefficient at the catchment scale compared to the microplots can be attributed to the 

issue of scale. The scale effect is produced mostly in the build-up and the infiltration-recession 

phases (Stomph et al. 2002). This is because water flow on plots with longer slopes or larger 

surface area has more time to infiltrate due to high surface roughness (Stomph et al. 2002)., 

heterogeneity of infiltation capacity (Yair and Lavee, 1985)  and increased surface retention (Pallis 

et al., 1997) than on plots with shorter slopes or sizes. While the soils, land use and vegetation 

coverage of each microplots location may be homogenous, heterogeneity of soils, land use and 

vegetation coverage across a catchment is common. For instance, the spatial variability of soil 
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hydraulic properties e.g hydraulic conductivity, soil moisture, infiltration e.t.c. within and amongst 

these various soil types determines and control the flow and transport processes, storage and the 

discharge measured at the outlet of the catchment. Land use and vegetation covers which regulate 

the hydrological processes of a catchment (Gao et al., 2009; Gutierrez et al., 1995) also alter the 

soil hydraulic properties including infiltration capacity, hydraulic conductivity and water retention 

(Gutierrez et al., 1995). However, it is important to note that scale effects on runoff can also occur 

along homogeneous hillslopes or landscapes (Stomph et al. 2002). 

The simulation using NRCS-CN approach showed closer values of the estimated to the observed 

under TMB compared to FSG on both slope positions. Tandon and Nimbalkar (2014)  also 

reported closer values of estimated or predicted runoff values to the observed runoff and reiterated 

the need for a statistical proof that estimated runoff adequately agrees with observations. The 

various evaluation criteria (RMSE, ME and R
2
-values) used confirmed that the model simulation 

or prediction was good or satisfactory. The good simulation may be due to the fact that the NRCS-

CN approach was developed for simulation of runoff depth of small catchment, agricultural or 

disturbed watersheds. Descheemaeker et al. (2008) developed and evaluated the CN approach for 

steep hillslopes in northern Ethiopia and found that the CN approach performs much better for 

plots in less well-restored areas with considerable runoff than well restored areas with less runoff. 

They also found that land use type was an important explanatory factor for the variation in curve 

numbers, and possibly the variation in surface runoff. Thus, there is need to develop the CN-values 

from microplot to catchment scales taking into consideration the site soil properties and land 

use/land cover. 

7.6 Partial summary and Conclusions   

The study evaluated the influence of slope positions and land use on surface runoff depth, their 

variability, and the applicability of NRCS-CN approach for simulating or modeling the observed 

plot-scale surface runoff. Our results showed that both total and event surface runoff depths were 

affected by land use. The variability in surface runoff depth does not depend so much on land use 

and slope positions but their interaction. The runoff coefficient for the microplots was generally 

high and attributed to shallow soil depth, soil surface characteristics or soil crusting, and poor 

infiltration characteristics. A comparison of the runoff coefficient at plot and catchment scale 

revealed strong scale issues influenced by spatio-temporal variability of rainfall characteristis and 
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soil hydraulic properties, land use and vegetation coverage. The six microplots helped to reduce 

variability and to achieve a clear picture for the measured surface runoff. Though, the NRCS-CN 

approach was originally developed based on the information obtained from small agricultural land 

and soil charcteristics in the USA, and mainly used in hydrologic design activities, our simulation 

results can be considered good. This could be the base for simulation of surface runoff depth in 

Koupendri catchment. However, this must be used with caution, especially the use of weighted CN 

value determined from local rainfall and runoff data sets. Efforts must be made to develop CN-

values from plot to catchment scale based on the catchment characteristics 
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CHAPTER 8 

Modeling the hydrological processes of Koupendri catchment north-west of Benin. 

Introduction  

West Africa is faced with severe or acute water resources and management problem due to its 

severe rainfall or climate variability characterized by large inter-annual fluctuations. Such large 

fluctuations in the precipitation amount cause large inter-annual variability of discharge quantities. 

Descroix et al., (2009) note that decrease in rainfall in West Africa has led to a greater relative 

decrease of discharges in Sudanian regions. Sérguis et al., (2011) also observed a decreased 

streamflow or discharge in sudanian region against increased discharge in the sahelian region 

despite reduced rainfall in the two regions of West Africa. This could be attributed to the 

differences in the nature of the dominant stream flow generation processes in combination with the 

land surface characteristics.  

Hydrological models have been a veritable tool for understanding the hydrological processes or 

acquiring precise information on a river basin (Tessema, 2011). A good number of hydrological or 

rainfall-runoff modeling efforts have been initiated in West Africa recently in an attempt to find 

solution to water scarcity problems.  In Benin, these efforts had concentrated in the Ouémé 

catchment in central Benin (e.g., Götzinger, 2007) and its sub-catchment including the Donga 

Catchment (Séguis et al., 2011; Le Lay et al., 2008; Varado et al., 2006), Terou catchment 

(Cornelissen et al., 2013; Giertz et al., 2010; Hiepe and Diekkrüger, 2007; Sintondji, 2005; Busche 

et al., 2005; Bormann and Diekkrüger, 2004) and the Aguima Catchment (Bormann et al., 2005; 

Giertz et al., 2005).  There has not been a hydrological or rainfall-runoff modeling attempt in the 

Koupendri catchment which is a sub-catchment of Dassari catchment (a part of White Volta 

catchment in Benin) located in the north-western part of Benin. This region usually has a 

characteristic drier climatic condition than the Ouémé basin and its sub-catchments. Thus, 

understanding the underlying mechanism of the catchment hydrological processes through 

modeling and accurate analysis is important for sustainable management of its soil and water 

resources. This chapter aims only to evaluate rainfall-runoff processes of Koupendri catchment, in 

north-west of Benin considering its unique characteristics using WaSiM model. 
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8.1 Results of the sensitivity analysis of the model parameters.  

The results showed that the storage coefficient for baseflow (KK) and the scaling factor for 

baseflow (Q01) are the most sensitive parameters as expected for base flow (Figure 8.1). However, 

the most sensitive parameters for direct runoff are KsT1H2, KsT3H3, KK, Q01 and RSC1. The most 

sensitive parameters for interflow are KsT1H1, KsT1H2, KsT3H1 and KsT3H3 while KsT1H2, KK, 

and Q01 are the most sensitive parameters for storage. Whereas land use parameters (RSC1, RSC2, 

RSC3, RSE1, RSE2, and RSE3) were the most sensitive parameters for the potential 

evapotranspiration (ETpot), the most sensitive parameters for actual or real evapotranspiration 

(ETR) are KsT1H1, KsT3H3, KK, Q01, RSC1 and RSC2 (Figure 8.2). The most sensitive parameters 

for KGE are KD, KK and Q01, while KsT1H2, KK and Q01 were identified as the most sensitive 

parameter for NSE. The results show that an increase in KK and Q01 increases the baseflow and 

storage but decreases the direct runoff, actual or real evapotranspiration (ETR), KGE and NSE. In 

most cases, an increase in Ks results to a corresponding decrease in storage, interflow, ETR, and 

NSE but an increase in direct runoff. Description for the most sensitive parameters can be found in 

appendix (IV). 
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Figure 8.1: Sensitivity analysis results showing the sensitivity indices for the most sensitive parameters for directflow, interflow, 

baseflow and storage for WaSiM simulation at Koupendri catchment.   
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Figure 8.2: Sensitivity analysis results showing the sensitivity indices for the most sensitive parameters for ETpot, ETR, KGE and 

NSE for WaSiM simulation at Koupendri catchment 
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8.2 Results WaSim Model calibration and validation  

Figure 8.3 provided the plots of the observed versus the simulated daily streamflow series for the 

catchment as calibrated with WaSiM model. The observed streamflow or runoff dynamics 

reflected the pattern of the local precipitation. The streamflow dynamics showed that there were a 

few discharge measurement gaps in the catchment especially at the on-set of rain in 2014. Bossa et 

al., (2014) noted that gaps in discharge measurement of more than 10 days could occur due to 

technical problems. Despite this, it can be observed that the model simulations during the 

calibration captured very well the observed pattern or dynamics, and the magnitude of the 

hydrograph especially the low flows. In particular, the rising and the recession limbs of the 

hydrographs were simulated accurately for the catchment. However, the simulation results showed 

that the model under predicted the peak flows in most of the events.  

 
Figure 8.3: Observed vs simulated streamflow or discharge for the calibration year (2014). 

The calibrated model was also validated for the year 2015 (Figure 8.4). The streamflow pattern 

and magnitude of runoff especially the low flows are also well simulated for the validation year. 

However, the number of peak flows or events under predicted by the model in the validation year 

was more compared to the calibration year. 
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Figure 8.4: Observed vs simulated streamflow or discharge for the validation year (2015). 

8.3 Water balance components and model evaluation  

The water balance components of the catchment for WaSiM simulation alongside the model 

performance evaluation criteria during both calibration and validation are shown below (Table 

8.1). The results show that the catchment annual rainfall is between the range of 1034-1073 mm 

with a mean of 1054 mm, and 68-75 % of this annual rainfall is the real evapotranspiration (ETR). 

The potential evapotranspiration varies from 1971 mm in the calibration year to 2066 mm in the 

validation year with the highest daily value of 10 mm/d (Figure 8.5). The observed and simulated 

total discharge or runoff, and their components were lower in the calibration year compared to the 

validation year despite having almost similar or same annual rainfall total. The hydrograph 

(Figures 8.6 and 8.7) show that surface or direct runoff is the dominant runoff or discharge 

component for the Koupendri catchment contributing 87.7 % and 86.6 % of the total runoff or 

discharge for the calibration and validation year respectively (Table 8.1). The interflow 

contributed only 9.5 % of the total runoff in the calibration year and 10.8 % in the validation year. 

Rainfall, evapotranspiration and runoff constitute 98-99 % of the total water balance of the 

catchment while the variation or changes in the soil moisture storage constitutes only 1-2 %.   

The model evaluation measures used revealed accurate or acceptable model prediction of runoff 

dynamics for the catchment in both calibration and validation years. For the calibration year, the 



109 
 

 

values of NSE, R
2
, RMSE, PBias, KGE are 0.61, 0.61, 0.63, -5.3 and 0.61, respectively for daily 

discharge simulation, and 0.78, 0.68, 0.57, 0.57, 24.2 and 0.49 respectively in the validation year. 

The results show that NSE and R
2
 values were higher in the validation year and vice versa for the 

other efficiency evaluation criteria used.  

Table 8.1: Water balance components and model evaluation criteria 

∆θs= change in soil moisture storage, ETR = real evapotranspiration, ETpot =potential 

evapotranspiration, Qsim= simulated discharge, Qobs=observed discharge, Qdir= direct/surface 

runoff, Qbas=base flow, Qintfl=interflow, NSE = Nash-Sutcliffe efficiency, RMSE = root mean 

square error, R
2
 = coefficient of determination, RSR = RMSE-observations standard deviation 

ratio, PBias = percent bias, KGE = Kling-Gupta efficiency. 

Parameters                Calibration (2014)          Validation (2015) 

Rainfall (mm) 1034 1073 

ETpot (mm) 1971 2066 

ETR (mm) 774 731 

ETR (%) 74.8 68 

Interception storage (mm)  253.3 234.5 

Runoffobs (%) 22.6 39.7 

Runoffsim (%) 23.8 30.1 

Qobs (mm) 233.8 425.6 

Qsim (mm) 246.2 322.5 

Qdir (mm) 213.6 281.5 

Qbas (mm) 6.3 7.5 

Qintfl (mm) 26.2 33.5 

∆θs (%) 1.4 1.9 

Balance (%) 100 100 

NSE 0.61 0.68 

R
2
 0.61 0.79 

RMSE 0.63 0.57 

RSR 0.63 0.57 

PBias -5.3 24.2 

KGE 0.61 0.49 
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Figure 8.5: Daily ETpot of Koupendri catchment for the calibration and the validation year. 

 

Figure 8.6: Hydrograph showing streamflow or discharge components for the calibration year 

(2014). 
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Figure 8.7: Hydrograph showing streamflow or discharge components for the validation year 

(2015). 

8.4 Model Uncertainty 

The final optimized uncertainty for discharge through multiple calibration and validation is shown 

in Table 8.2 while Figure 8.8 presented the final optimized 95% prediction uncertainty (95%PU) 

band for Koupendri catchment discharge during the calibration year (2014). The P-factor of 94 % 

and r-factor of 0.93 values were all within the acceptable range or limits for the simulated 

discharge. This signifies that the model captured or accounted correctly for all the uncertainties in 

the simulation processes. The result showed that 94 % of the measured discharge was bracketed 

within the 95 % prediction uncertainty (95%PU) indicating excellent fits. The implication is that 

the data used were accurately measured and of good quality. Hence, the model was satisfactorily 

and successfully calibrated for Koupendri catchment since the uncertainty analysis revealed that 

there were little or no bad simulations during the model calibration process. A model can be 

considered satisfactorily calibrated if approximately 90% of the measured data are within the 

95%PU (Abbaspour et al., 2004). 
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Figure 8.8: Model predictions uncertainty for the Koupendri catchment showing the measured 

daily discharge enclosed or bracketed by the 95 percent prediction uncertainties (95%PU). 

Table 8.2: Uncertainty analysis for discharge simulation in the Koupendri catchment, Benin.  

Koupendri catchment Calibration period P-factor R-factor 

Discharge 2014 94 (%) 0.93 

8.5 Discussions 

Although Cullmann et al. (2006) reported that the drainage parameter, dr, is the most suitable 

parameter for model calibration, this parameter was not found to be a sensitive parameter for 

Koupendri catchment. However, the baseflow parametes (Q01, KK), surface runoff parameter (KD) 

and Ksat of different soil types controlled most hydrological processes of Koupendri catchment. 

The result revealed the inability of the model to capture the peak and low flows during the 

calibration and validation processes. The shortcoming in the WaSiM simulations or mismatch of 

peak flows for the catchment supports the findings in the Volta basin using the same model (Kasei, 

2010; Martin, 2005). Kasei (2010) attributed this to lateral flows contribution mainly from nearby 

networks not captured by the drainage density during the model calibration. Also, Martin (2005) 
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attributed it to insufficient rainfall capture or measurement by the existing rain gauges. However, 

such  mismatch in terms of peak flows can also be explained by uncertainties in either rainfall or 

stream flow observational data or due to errors in modeling extreme precipitation by the model or 

errors in the rating curve which in most cases does not consider extreme stream flow. According to 

Wagener et al., (2004), studies have suggested poor performance of all models with regards to 

forecasting under extreme conditions or due to structural and the lack of good quality data. Since 

we are not dealing with extremes in the present case study, this error is not of much concern.  

Despite the underestimation or the inability of the model to capture the peak flows, the simulated 

discharge was close to the reality or observation. 

The annual ETR estimated by the model supported the findings of Idieti (2012), Oguntunde et al., 

(2006) and Ahouansou et al. (2015) that reported the annual ETR in the range of 954.4 mm – 

1131m,  690 mm – 1148 mm and 724.86 mm – 1004.55 mm respectively. Similarly, the annual 

ETpot simulated by the model was different compared to Barry et al. (2005) that estimated the 

annual ETpot to 2540 mm (Pan Evaporation) but similar to Oguntunde et al. (2006) that estimated 

the annual ETpot to 2136 mm (Penman-Monteith method) for the northern part of Volta basin. The 

result is also within the range of the ETpot from the coast (1800 mm) to the northern (2500 mm) 

part of the Volta basin (Amisigo, 2005). The maximum daily ETpot reported in this study also 

supported the findings of Martin (2005) in the Volta basin. 

The hydrological budget of the catchment show that about 68-76 % of the total annual rainfall 

turns into green water (interception and evapotranspiration) and 40 % of this amount is used for 

primary productivity of natural vegetation and agricultural ecosystems (Willaarts et al. 2012). This 

rate of green water consumption supports many findings that estimated the ETR at 70-90 % of the 

total rainfall in the Volta basin (Andreini et al., 2000; Martin, 2005; Kasei, 2010; Ahouansou et al., 

2015) which is approximately in the same climatic zone with Koupendri catchment. The high 

amount of the intercepted water observed (21-25 % of the total annual rainfall) might be explained 

by the catchment being part of the protected area of Arly and W National Parks where important 

biomass are conserved. From the land use and land cover map, only about 21 % of the entire 

catchment has been converted to crop land. 

The dominance of surface runoff as the main runoff or streamflow component confirms infiltration 

excess or Hortonian overland flow as the dominant runoff mechanism in the catchment. Similar 
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reports were made for the Volta basin (Martin, 2005; Ajayi, 2004) and the upper Ouémé basin 

(Cornelissen et al., 2013) which share similar characteristics with the catchment. However, other 

studies in the Volta basin (e.g. Kasei, 2010) and the upper Ouémé basin (e.g Giertz et al., 2010) 

showed that interflow was the dominant streamflow component. The high surface runoff observed 

in the catchment can be attributed to the shallow depth of the soils which are mainly plinthosols 

(Azuka et al., 2015) and the rainfall characteristics in the region which are mostly convective with 

high intensity and of short duration (Kasei, 2012). This could also be linked to the type of model 

used and the mode or the underlying processes that it uses to simulate different runoff components. 

A recent multi-model comparative study at upper Ouémé basin showed that SWAT and WaSiM 

models simulated surface runoff as the dominant runoff component, the UHP model simulated 

interflow as the dominant runoff component (Cornellissen et al., 2013). 

The results of WaSiM calibration and validation for simulating the daily discharge of the 

Koupendri catchment was satisfactory according to model performance assessment provided by 

Morias et al., (2007). The uncertainty analysis also revealed that there were little or no bad 

simulations during the model calibration process. Thus, the model can be adjuged to be 

satisfactorily and successfully calibrated for Koupendri catchment. A model can be considered 

satisfactorily calibrated if approximately 90 % of the measured data are within the 95%PU 

(Abbaspour et al., 2004). In this study, 94 % of the measured data are within the 95%PU. 

Therefore, the hydrological parameters adopted for the catchments are representative of the 

catchment characteristics and can adequately mimic the hydrology of the catchment for subsequent 

climate and land use change studies or analysis.  

The model inability to capture the peak flows accurately influenced the model efficiency 

evaluation used. This resulted to the slight differences in their values. There was more peak flows 

events underestimated during the validation year compared to the calibration. Consequently, NSE 

and R
2
 were overestimated during the validation period because they are insensitive to model over-

and-underestimation. Similarly, the KGE and PBias including the error terms were underestimated 

because they are highly sensitive to model over-and-underestimation. 
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8.5 Partial summary and conclusion    

In this study, a distributed and mainly physically-based hydrological model WaSiM was applied at 

Koupendri catchment at 30 m resolution in order to unravel and understand its hydrological 

processes. In order to parameterize the model, good quality data (land use, soil data, and hydro-

meteorological data e.t.c) were gathered and prepared in the format required for running the model 

using 30 m resolution DEM, Arc GIS and TANALYS. A sensitivity analysis was carried out to 

determine the most sensitive and important parameters mostly the soil parameters that affect major 

hydrological processes e.g. runoff generation in the catchment. These parameters were calibrated 

in the model for simulating the catchment hydrological processes in 2014. The magnitude and 

strength of the model uncertainty was quantified using P-and-R factors respectively. The model 

was validated for the year, 2015 using the optimized parameters obtain from the model calibration 

process in 2014. The model performance was evaluated using different efficiency criteria.   

There was satisfactory reproduction of the in situ streamflow measurements by the model with less 

uncertainty although the peak flows were underestimated, and this is common in most 

hydrological models. Runoff generation is mainly by infiltration excess or Hortonian overland 

flow mechanism. There was a good agreement between the simulated and the observed discharge 

during the calibration and validation period. Therefore, the hydrological parameters adopted for 

the catchments are representative of those of the catchment and can adequately mimic the 

hydrology of the catchment. 
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CHAPTER 9 

General conclusion and Perspectives 

9.1 General conclusion 

One of the main challenges faced by sub-saharan or West Africa is scarcity of field data on soil 

hydrological properties and hydrological processes required for sustainable management of soil 

and water resources. The detailed (1:25,000) soil survey and classification for the Koupendri  

catchment using SOTER approach showed five distinct soil types, belonging to three major soil 

orders: Ultisols, Inceptisols and Alfisols (USDA), and four reference soil groups: Plinthosols 

(shallow and deeper Plinthosols), Cambisols, Luvisols and Gleysols (WRB). More than 65 % of 

the soils were mainly Plinthosols, less deep, highly degraded and acidic in nature, low nutrient and 

soil water retention capacity.  This severely limited crop and plantation agriculture in the 

catchment. 

The saturated hydraulic conductivity (Ksat) was the most varied soil property while SOC have the 

strongest spatial dependence among all the soil properties studied and across the the three land use 

type. Significant relationships exist among some of the soil properties across the three land use 

types. The variograms and the kriging revealed the extent of autocorrelation and variability of 

these soil properties at a given range and sampling scale. The information provided by the spatial 

variability of these soil properties could serve as an important monitoring and evaluation tool for 

soil and water resources management and improved agricultural productivity. 

The soil hydraulic properties investigated e.g. Ksat, infiltration rate and soil moisture content were 

influenced by land use/vegetation cover and slope position. There was disparity in the in-situ and 

laboratory determined soil hydraulic properties. The dynamics of soil moisture and its temporal 

variability was driven mainly by rainfall characteristics and influenced by land use types. 

 The hydrological processes or surface runoff at the point or local scale was high and influenced by 

land use and slope position. The conceptual model used captured the runoff dynamics at the plot-

scale and gave satisfactory results based on the evaluation criteria used. A comparison of the 

runoff coefficient at plot and catchment scale revealed strong scale issues influenced by spatio-

temporal variability of rainfall characteristis and soil hydraulic properties, land use and vegetation 

coverage.  
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The hydrological model (WaSiM) was successfully calibrated and validated for the catchment 

using the most sensitive and optimized parameters of land use, soil and unsaturated zone for better 

understanding of the catchment hydrological processes. The calibration and validation results were 

satisfactory based on the model evaluation and efficiency criteria used. Acceptable ranges of 

uncertainties were obtained for the model simulation. Similar to the plot-scale rainfall-runoff 

results, the hydrograph revealed high surface runoff at the catchment scale driven mostly by 

infiltration excess or Hortonian overland flow runoff generation mechanism. The high surface 

runoff characteristics of the catchment and poor infiltration capacity of the soils resulted to poor 

soil moisture storage for the soils of the catchment. This raised serious soil and water resources 

management, and conservation concerns for the catchment. 

9.2 Perspectives  

This work made significant contribution to hydrological modeling by improving our knowledge on 

soil and soil hydrological properties including hydrological processes from local to catchment 

scale. The study unraveled issues that need urgent attention in the catchment for the sustainable 

management of soil and water resources. The issues highlighted include; soil acidity, poor soil 

nutrient status, poor soil water holding or retention capacity, soil degradation mostly due to 

improper and unsustainable soil management practices, and high surface runoff observed at both 

plot and catchment scale. Future works should focus on soil fertility assessment and evaluation, 

soil erosion and water quality assessment for sustainable soil and water resources management for 

the catchment. Also, there is need to quantify the quantity of the catchment available water and 

investigate the effect of land use change on the hydrological processes of the catchment. This will 

help to preserve and conserve the soil and water resources and the ecosystem services provided by 

the catchment. 
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Appendix 

Appendix I: Koupendri Catchment Characteristics and Soil Description  

Profile Name Site 
Characteristics 

Horizon  Depth 
(cm) 

Descriptions 

AZUKOUP-1 

(x) 
300580 
(y) 
1191445 
 

 

Dystric plinthosol, 
peneplain, high 
slope, 221 m 
above sea level, 
cultivated 
(maize), sudan 
savanna, 
Termitarium, 
Mica schist, no 
water table and  
salt, slight/low 
traces of erosion, 
Human influence 
(tillage, pastoral, 
homes), Drainage 
(normal) Dry top 
soil but wet 
below. 

Apc 

albic 
petroplinthic 
umbric  
 
 
 
 
 
 
 
Btnc 

Argic 
Kandic  
chromic 
petroplinthic 
 
 
 
 
 
Bcv 

0-20 
 
 
 
 
 
 
 
 
 
 
20-30 
 
 
 
 
 
 
 
 
 
>30  

Dark Brown (10YR5/3, moist), 
Yellowish brown (10YR7/2, dry), 
sandy loam (clay poor), no mottles, 
few gravels, massive/compact 
structure, friable,  strongly 
developed, no cutans, many macro 
and micro pores, many fine and 
medium roots, 20 % concretions, 
high biologic activity, distinct 
boundary. 
 
Dark Reddish  Brown (7.5YR4/6, 
moist), light brown (7.5YR5/6, dry) 
loam, no mottles, many gravels, 
massive/compact structure, very 
hard, strongly developed no cutans, 
many macro and micro pores, many 
fine and medium roots, 60 % 
concretions, low biologic activity, 
distinct boundary. 
 
Plinthite/Petroferric stones. 

AZUKOUP-2 
(x) 
300580 
(y) 
1190695 
 
 
  

Dystric plinthosol 
Peneplain, mid-
slope, 217 m 
above sea level, 
Fallow, sudan 
savanna, Mica 
schist, no water 
table and salt, 
slight/ low traces 
of erosion, 
Human influence 
(pastoral, bush 
burning), 
Drainage (normal) 
Dry top soil but 
wet below 

AC 

albic 
umbric  
 
 
 
 
 
 
 
Btnc1 
Argic 
Plinthic 
 
 
 
  
 

0-15 
 
 
 
 
 
 
 
 
 
15-47 
 
 
 
 
 
 
 

Dark Brown (10YR4/2, moist), 
Grayish Brown (10YR5/2, dry), sandy 
loam (clay poor), no mottles, few 
gravels, massive/compact structure, 
friable, strongly developed, no 
cutans, few macro and micro pores, 
few fine and medium roots, 5-10 % 
concretions, low biologic activity, 
distinct boundary. 
 
Brown/reddish brown (7.5YR5/3, 
moist), light Brown (7.5YR5/6, dry) 
loam, no mottles, few gravels, 
blocky/angular blocky structure, 
friable, strongly developed no 
cutans, many macro and micro pores, 
many fine and medium roots, 10 % 
concretions, low biologic activity, 
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Btnc2 
Argic  
Plinthic  
Argillic  
 
 
 
 
 
Bcv 

 
 
47-80 
 
 
 
 
 
 
 
 
>80 

gradual boundary. 
 
Gray (Grayish yellow) (7.5YR8/2, 
moist), Yellow (7.5YR8/6, dry), loam, 
no mottles, few gravels, 
massive/compact structure, friable, 
strongly developed no cutans, few 
macro and micro pores, few fine and 
medium roots, 10 % concretions, low 
biologic activity, distinct boundary. 
 
Plinthic/Petroferric stones  

AZUKOUP-3 
(x)     
300580 
(y) 
1189695  

Eutric Cambisol 
Peneplain, mid-
slope, 215 m 
above sea level, 
Fallow, sudan 
savanna, Mica 
schist, no water 
table and salt, 
moderate traces 
of erosion, 
Human influence 
(pastoral, bush 
burning), 
Drainage 
(imperfect) Dry 
top soil but wet 
below 

Agh 
Albic 
Ochric  
 
 
 
 
 
 
 
Btgn  
cambic 
 Argic  
 
 
 
 
 
 
 
 
Btgc1n 

Argic  
Cambic 
Natric 
Vertic 
Petrocalcic  

 

 
 
 
Btgc2n 

Argic 
Natric, vertic  
Petrocalcic 
Kandic 

0-12 
 
 
 
 
 
 
 
 
 
12-30 
 
 
 
 
 
 
 
 
 
 
30-60 
 
 
 
 
 
 
 
 
 
60-100 

Brown/dark brown (10YR3/2, moist),  
pale Brown/Gray (10YR7/1, dry), silty 
loam (clay rich),  few yellowish 
mottles, no gravels, cubic /platy 
structure, very hard, strongly 
developed, no cutans, few micro 
pores, few fine roots, no concretions, 
high biologic activity, gradual 
boundary. 
 
Grayish Brown/Dark brown 
(7.5YR3/2, moist),  Gray /white 
(7.5YR8/1, dry) silty loam (clay rich), 
few yellowish brown mottles, no 
gravels, prismatic/platy structure, 
very hard/compact, strongly 
developed no cutans, few macro and 
micro pores, few fine and medium 
roots, no concretions, medium 
biologic activity, distinct boundary. 
 
Brown/Grayish brown (10YR4/3, 
moist), Gray/pale brown (10YR7/2, 
dry) Clay loam, few reddish/yellow 
mottles, no gravels, massive /platy / 
compact structure, very hard, 
strongly developed, no cutans, few 
macro and micro pores, no roots, 10-
15 % concretions, no/low biologic 
activity, gradual boundary. 
 
Yellow (2.5Y7/2, moist), lighter 
yellow (2.5Y6/2, dry) Clay loam, few 
yellow mottles, no gravels, massive 
/platy / compact structure, very hard, 
strongly developed, no cutans, few 
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 macro and micro pores, no roots, 10-
15 % concretions, no/low biologic 
activity, gradual boundary. 

AZUKOUP-4 
(x) 
300580 
(y) 
1188695  
 

Gleyic Luvisol 
Peneplain, high 
slope, 224 m 
above sea level, 
Fallow, sudan 
savanna, Mica 
schist, no water 
table and salt, 
moderate traces 
of erosion, 
Human influence 
(pastoral, bush 
burning), 
Drainage 
(moderate) Dry 
top soil but wet 
below 

Ap 
Albic/ 
Anthraquic 
Ochric  
 
 
 
 
 
 
ABg 
Albic/ 
Anthraquic 
Abrupt 
textural 
change  
 
 
 
 
 
 
Btg 
Argic 
 
 
 
 
 
 
 
 
Btgc 

Argic 
Kandic 
Gleyic  

0-12 
 
 
 
 
 
 
 
 
 
12-35 
 
 
 
 
 
 
 
 
 
 
 
35-58 
 
 
 
 
 
 
 
 
 
58-120 
 

Grayish Brown/dark brown 
(7.5YR3/2, moist),Gray/ pale brown 
(7.5 YR7/1, dry), loam,  no mottles, 
no gravels, massive/compact 
structure, very hard, strongly 
developed, no cutans, many macro 
and meso pores, many fine roots, no 
concretions, high biologic activity, 
distinct boundary. 
 
Dark Brown/Grayish brown 
(7.5YR4/2, moist),  pale brown/ 
yellowish brown (7.5YR6/2, dry) silty 
loam (clay poor), few yellowish 
brown mottles, no gravels, 
massive/compact structure, very 
hard/compact, strongly developed, 
no cutans, many meso and micro 
pores, many fine and medium roots, 
no concretions, low biologic activity, 
distinct boundary. 
 
Dark Brown/Grayish brown 
(10YR4/3, moist), Light Yellow/Gray 
(10YR8/1, dry) loam, many yellow 
mottles, no gravels, Angular 
blocky/compact structure, very hard, 
strongly developed, no cutans, many 
micro pores, many fine and medium 
roots, no concretions, low biologic 
activity, distinct boundary. 
 
Yellow (2.5Y4/4, moist), Dark yellow 
(2.5Y7/6, dry) Clay loam, no mottles, 
no gravels, Blocky/ compact 
structure, very hard, strongly 
developed, no cutans, few micro 
pores, few fine roots, 10-15 % 
concretions of ferromanganate 
(black),low biologic activity, distinct 
boundary. 

AZUKOUP-5 

(x) 
300330 
(y) 

Gleyic Luvisol 
Peneplain, high 
slope, 222 m 
above sea level, 

Ap 
Albic 
Ochric  
 

0-20 
 
 
 

Brown/Dark reddish  brown 
(7.5YR5/3, moist),  yellowish/pale 
brown (7.5 YR7/2, dry), sandy loam 
(clay poor),  no mottles, no gravels, 
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1191695 
 

Fallow, sudan 
savanna, Mica 
schist, no water 
table and salt,  
Termitarium, 
slight/ low traces 
of erosion, 
Human influence 
(pastoral, bush 
burning), 
Drainage (Good) 
Dry top soil but 
wet below. 

 
 
 
 
 
 
 
Btng1 

Argic 
Abrupt 
textural 
change 
Kandic  
 
 

 

 
Btng2 

Argic 

 
 
 
 
 
 
 
20-56 
 
 
 
 
 
 
 
 
 
56-100 
 

massive/compact structure, friable, 
strongly developed, no cutans, many 
macro and micro pores, many fine 
and medium roots, no concretions, 
high biologic activity, distinct 
boundary. 
 
Dark Brown(10YR5/3, moist),   
yellowish brown/Yellow (10YR7/6, 
dry), loam, few yellowish brown 
mottles, no gravels, Angular blocky 
structure, friable, strongly 
developed, no cutans, many macro 
and micro pores, many fine and 
medium roots, no concretions, low 
biologic activity, gradual boundary. 
 
Dark Brown (10YR4/2, moist), Dark 
Brown (10YR5/3, dry) Sandy loam 
(clay poor), reddish mottles, no 
gravels, Angular blocky structure, 
friable, strongly developed, no 
cutans, many micro pores, many fine 
roots, no concretions, medium 
biologic activity, gradual boundary. 

AZUKOUP-6 
(x) 
300330 
(y) 
1190195 
 

Dystric Plinthosol 
Peneplain, mid- 
slope, 216 m 
above sea level, 
yam cultivation, 
sudan savanna, 
Mica schist, no 
water table and 
salt, slight/low 
traces of erosion, 
Human influence 
(pastoral, bush 
burning),Drainage 
(imperfect) Dry 
top soil but wet 
below. 

Agn 
Anthraquic/ 
Albic 
Umbric  
 
 
 
 
 
 
Btng 
Argic 
Vertic 
Plinthic  
Kandic  
(stagnatic 
properties). 
 
 
Btngc 

Argic   
Vertic 
Plinthic 

0-20 
 
 
 
 
 
 
 
 
 
20-32 
 
 
 
 
 
 
 
 
32-55 
 
 
 

Dark reddish Brown/Grayish brown 
(7.5YR3/2, moist),  Gray/ pale brown 
(7.5 YR7/1, dry), Sandy loam (clay 
poor),  brown/reddish mottles, no 
gravels, massive/compact structure, 
friable, strongly developed, no 
cutans, many macro and micro pores, 
few fine roots, no concretions, high 
biologic activity, distinct boundary. 
 
Gray/pale brown (7.5YR7/1, moist),  
Gray (7.5YR8/2, dry) Clay loam, many 
yellowish brown mottles, no gravels, 
massive/compact structure, sticky, 
strongly developed, no cutans, many 
macro and micro pores, few fine 
roots, no concretions, low biologic 
activity, distinct boundary. 
 
Gray/ Pale Brown(7.5YR7/1, moist), 
Gray (7.5YR8/1, dry), Clay, many 
yellow mottles, many gravels, 
massive/compact structure, sticky, 
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Kandic  
(stagnatic 
properties) 
 
 
Bcv 

 
 
 
 
 
>55 

strongly developed, no cutans, many 
macro and micro pores, few fine 
roots, 30 % concretions, low biologic 
activity, gradual boundary. 
 
Petroplinthic/Petroferric stones 

AZUKOUP-7 

(x) 
300330 
(y) 
1189945 
 
 

Eutric Gleysols 
Peneplain, mid- 
slope, 218 m 
above sea level, 
Fallow, sudan 
savanna 
(Mitragena, 
Terminalia spp.), 
Mica schist, no 
water table and 
salt, no traces of 
erosion, Human 
influence 
(pastoral, bush 
burning),Drainage 
(imperfect) Dry 
top soil but wet 
below. 

Agc 

Albic  
Ochric  
 
 
 
 
 
 
 
 
 
Btgc1 

Argic 
vertic 
kandic 
cambic 
 
 
 
 
 
 
Btgc2 
Argic 
vertic 
kandic 
cambic 
 

0-17 
 
 
 
 
 
 
 
 
 
 
 
17-42 
 
 
 
 
 
 
 
 
 
 
42-100 
 

Dark reddish Brown/Grayish brown 
(7.5YR4/2, moist),  Gray/pale 
brown/yellowish brown (7.5 YR7/1, 
dry), Silty loam (clay rich),  few 
yellow mottles, no gravels, 
massive/compact structure, friable, 
strongly developed, no cutans, many 
macro and micro pores, many big, 
medium and fine roots, very few(5 %) 
concretions, high biologic activity, 
gradual boundary. 
 
 Dark reddish Brown/Grayish brown 
(7.5YR5/2, moist),  Gray/ Pale Brown 
(7.5YR6/1, dry) Silty Clay loam, many 
yellow mottles, no gravels, Angular 
blocky structure, friable, strongly 
developed, no cutans, many macro 
and micro pores, many medium and 
fine roots,  few (5-10 %) concretions, 
medium biologic activity, gradual 
boundary. 
 
 Dark reddish Brown/Grayish brown 
(7.5YR5/1, moist), Gray/Pale brown 
(7.5YR6/1, dry), Clay loam, many 
yellow mottles, no gravels, massive 
/compact structure, sticky/plastic, 
strongly developed, no cutans, few 
macro and many micro pores, few 
fine roots, 10-15 % concretions, low 
biologic activity, gradual boundary. 
 

AZUKOUP-8 
(x) 
300330 
(y) 
1188945 
 
 

Dystric Plinthosol 
Peneplain, High- 
slope, 222m 
above sea level, 
Fallow, sudan 
savanna (Many 
Casia spp.), Mica 
schist, no water 
table and salt, 

Apc 

Albic  
Petroplinthic 
Umbric/ 
ochric  
 
 
 
 

0-12 
 
 
 
 
 
 
 
 

Dark Brown/Grayish brown 
(10YR4/2, moist), Brown (10YR5/2, 
dry),  Loam, no mottles, few gravels, 
Angular blocky structure, friable,  
strongly developed, petroplinthic, no 
cutans, many macro and micro pores, 
many fine and medium roots, 20 % 
concretions, medium biologic 
activity, distinct boundary. 
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slight/low traces 
of erosion, 
Human influence 
(pastoral, bush 
burning),Drainage 
(Good) Dry top 
soil but wet 
below. 

 
Btc/BAc 

Argic  
Petroplinthic 
Chromic  
 
 
 
 
 
 
 
Bcv 

 
12-40 
 
 
 
 
 
 
 
 
 
 
>40 

 
 Dark reddish brown (7.5YR4/6, 
moist),  yellowish brown (7.5YR5/8, 
dry) Loam, no mottles, many gravels, 
massive/compact structure, very 
hard, strongly developed, 
petroplinthic,  no cutans, many 
macro and micro pores, many fine 
and medium roots, 50 % concretions, 
low biologic activity, distinct 
boundary. 
 
Plinthite/Petroferric stones. 

AZUKOUP-9 

(x) 
301080 
(y) 
1191195 
 
 

Dystric Plinthosol 
Peneplain, High- 
slope, 220 m 
above sea level, 
Fallow, sudan 
savanna (Many 
Casia spp.), Mica 
schist, no water 
table and salt, 
slight/low traces 
of erosion, 
Human influence 
(pastoral, bush 
burning),Drainage 
(Good) Dry top 
soil but wet 
below. 

Ac 
Albic 
Pisoplinthic 
Umbric  
 
 
 
 
 
 
 
Btc 
Argic 
Pisoplinthic 
Chromic 
 
 
 
 
 
 
 
Bcv 

0-20 
 
 
 
 
 
 
 
 
 
 
20-42 
 
 
 
 
 
 
 
 
 
 
>42 

 Dark reddish Brown/Grayish brown 
(7.5YR3/2, moist) Gray/Pale brown 
(7.5YR7/1, dry),  Sandy Loam (clay 
poor), no mottles, many gravels, 
massive/compact structure, friable,  
strongly developed, petroplinthic/ 
fragic, no cutans, many macro and 
micro pores, many fine and medium 
roots, 50 % concretions, high biologic 
activity, distinct boundary. 
 
 Dark reddish Brown (7.5YR5/6, 
moist),  Yellowish brown  (7.5YR7/8, 
dry) Loam, no mottles, many gravels, 
massive /compact structure, very 
hard, strongly developed, 
petroplinthic,  no cutans, many 
macro and micro pores, many fine 
and medium roots, 60 % concretions, 
low biologic activity, distinct 
boundary. 
 
Plinthite/Petroferric stones. 

AZUKOUP-10 

(x) 
298580 
(y) 
1189695 
 

 

Eutric Gleysols 
Peneplain, High- 
slope, 228 m 
above sea level, 
Fallow, sudan 
savanna 
(Mitragena, 
Terminalia spp.), 
Termiterium, 
Mica schist, no 
water table and 
salt, moderate 

Ac 

Albic  
Pisoplinthic 
Ochric  
 
 
 
 
 
 
 
Btc1 

0-15 
 
 
 
 
 
 
 
 
 
 
15-32 

Dark Brown/reddish brown (10YR5/3, 
moist),  Gray/Pale Brown (10 YR7/2, 
dry), Sandy loam (clay rich),  no 
mottles, many gravels, 
massive/compact structure, friable, 
strongly developed, no cutans, many 
macro and micro pores, many 
medium and fine roots, 45 % 
concretions, high biologic activity, 
distinct boundary. 
 
Dark Brown (10YR3/3, moist),  Dark 
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traces of erosion, 
Human influence 
(pastoral, bush 
burning),Drainage 
(good) Dry top 
soil but wet 
below. 

Argic  
Pisoplinthic 
vertic 
 
 
 
 
 
 
Btc2 

Argic                    
Pisoplinthic 
vertic 
kandic  
cambic 
 
 
 
Bcvm 

 
 
 
 
 
 
 
 
 
32-60 
 
 
 
 
 
 
 
 
>60 

Brown/Grayish brown (10YR5/2, dry), 
Sandy Clay loam, no mottles, many 
gravels, Angular blocky structure, 
friable, strongly developed, no 
cutans, many macro and micro pores, 
few fine roots,   50 % concretions, 
medium biologic activity, distinct 
boundary. 
 
Brown/reddish brown (2.5YR4/4, 
moist), reddish yellow (2.5YR6/1, 
dry), Clay, many no mottles, many 
gravels, Angular blocky structure, 
sticky, strongly developed, no cutans,  
many micro pores, no roots, 60 % 
concretions, low biologic activity, 
distinct boundary. 
 
Plinthite/Petroferric stones 

NB: A= master horizon designated as A-horizon, B= master horizon designated as B-horizon,  

h=accumulation of organic matter, c=concretions or nodules, V= occurrence of plinthite, Vm= Hardened 

plinthite (hardpan, iron stone, petroferric or skeletic), g= stagnic conditions, t=illuvial accumulation of 

silicate clay. 
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Appendix II: Soil map of Koupendri catchment showing the distribution of soils (FRENCH). 

 

 

 

Dystric plinthosol (DP) 

These soils are dominant in moist tropical environment especially on gentle but relatively flat 

topography or slopes (Plate 3.1). They are made up of shallow but degraded soils with imperfect 

drainage, and are usually found on the lower slopes of undulating landscapes. The soils have high 

gravel content in the topsoil due to topsoil loss caused by soil erosion and abundant concretions or 

plinthites in the subsoil. The plithites developed as a result of continual subjection to wetting and 

drying processes (Embrapa, 2006). The soils are characterized by high erodibility, low soil 

moisture holding capacity and dries out rapidly in the dry season. The soils are also low in nutrient 

and thus, are not useful for agricultural activities. 
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Plate 1: Dystric Plinthosol 

Endo-dystric plinthosol (EDP) 

These soils are similar to Dystric plinthosol described above but are mainly deeper (40-70 cm) 

with massive ironpan outcrop at the eroded surface (Plate 3.2). They support only poor pasture for 

grazing animals but are mostly unsuitable for agricultural productivity except in some areas where 

the topsoil is fairly deep.  

 

Plate 2: Endo-dystric plinthosol 
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Eutric gleysol (EG) 

This is found mainly in the inland valleys and along river boders or low lying river basins as result 

of prolonged wetting (Plate 3.3). They are characterized by reddish-brownish, greenish or 

yellowish mottled colouration, usually porous, sandy or silty textured soils within 50 cm from the 

soil surface. Although, lighter textured form can be found at about 120 cm or deeper, the soils 

mostly have poor drainage and also subject to seasonal water logging or flooding. The soils are 

mostly used for rice, maize and vegetables both in the dry and rainy season mainly due to its high 

fertility status, organic matter content and water holding capacity. 

 

Plate 3: Eutric gleysol 

Cambisol (C) 

These are young soils that developed upland mostly on the summit. These soils are rare in the 

tropics but abundant in temperate regions where low temperature slow down soil formation 

processes. In the tropics, they are found alongside well developed soils especially in areas of active 

erosion (FAO, 2007).  The soils are shallow with hard iron pan or concretions and mostly not 

suitable for cultivation but are better left under natural vegetation. 
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Plate 4: Cambisol 

Luvisol (L):  

These soils are characterized by marked textural differentiation within the soil profile. The soil 

texture vary from sandy to loamy soil usually with few ironstone or concretions (petroplinthite) in 

the top soil overlain by a sandy clay subsoil horizon of tightly packed irregular ironstone gravel 

and ferruginized sandstone (Plate 3.5). The soils are moderately weathered, porous in nature, well 

aerated and drained. They are found most suitable for cereal (e.g. maize, millet, sorghum e.t.c) 

cultivation and occasionally for yam cultivation. 
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Plate 5: Luvisol 
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Appendix III: Shapiro-Wilk test analysis across the land use types 

Shapiro-Wilk W test for normal data (Maize-sorghum) 

Variable         Obs     W   V  z Prob>z 
    Ksat 100 0.94815 4.281 3.226 0.00063 
    BD 100 0.98225 1.466 0.848 0.19823 
    Po 100 0.97998 1.653 1.115 0.13251 
    SOC 100 0.97622 1.964 1.497 0.06721 
    MO 100 0.97624 1.962 1.495 0.06750 
    N 100 0.98617 1.142 0.294 0.38425 
    CN 100 0.97999 1.653 1.114 0.13258 
  Avail.P 100 0.94035 4.925 3.537 0.00020 

Based on the results above, all variable having p > 0.05 are normally distributed.so only K and Pass are not 

normally distributed having p < 0.05. 

  Shapiro-Wilk W test for normal data (Rice_Field) 

    Variable         Obs             W                  V                 z                Prob>z 

           K              91         0.85816          10.827         5.257           0.00000 
          BD            91          0.91694          6.340          4.076           0.00002 
          Po             91          0.94146          4.469          3.304           0.00048 
           C              91          0.90253          7.440         4.429            0.00000 
          MO           91          0.90045           7.599         4.476            0.00000 
           N             91           0.88545           8.744         4.785            0.00000 
          CN            91          0.95821           3.190          2.560           0.00523 
        Avail.P       91          0.97999            1.527         0.935            0.17501 

Only Avail.P is normally distributed with p > 0.05. 
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Appendix IV: Description of the most sensitive parameters 

Q01 Scaling factor for baseflow 

KK Storage coefficient for baseflow 

KD Storage coefficient for surface runoff 

RSC1, RSC2, 

RSC5 

Surface resistance for land use type 1, 2 and 5 

RSE1, RSE2, 

RSE5 

Soil evaporation resistance for land use type 1, 2 and 5 

KsT1H1, KsT1H2 Saturated hydraulic conductivity (Ks) of soil type 1 (T1), first  (H1)and second (H2) 

horizon 

KsT3H1, KsT3H3 Saturated hydraulic conductivity (Ks) of soil type 3 (T3), first  (H1 )and third (H3) 

horizon. 
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Abstract  

Soil is an important input data in most hydrological modeling. A detailed (1:25000) soil survey and soil classification was done using SOTER (SOil 

and TERrain) approach. Data on both morphological (color, structure, mottles e.t.c), physical (texture, bulk density (BD) and saturated hydraulic 

conductivity (Ksat)), and chemical properties (soil organic carbon (SOC), cation exchange capacity (CEC), total nitrogen (TN), available phosphorus 

(Avail.P), carbon-nitrogen ratio (C:N) e.t.c) were obtained. 180 surface soil (0-20 cm) samples were collected in a grid resolution of 25 m x 25 m 

and supplemented with additional 116 samples at 5 m x 5 m resolution within the grid across three land use types (maize-sorghum cropland (MS), 

rice field and fallow-shrub-grassland (FSG)) to evaluate spatial variability of soil properties. These samples were analyzed using standard 

laboratory procedures. Further data analysis using simple statistical and geostatistical tools and Pearsons's correlation analysis were performed. 

The soil map of the catchment showed five distinct soil types, belonging to three major soil orders namely: Ultisols, Inceptisols and Alfisols 

(USDA), and four reference soil groups: Plinthosols, Cambisols, Luvisols and Gleysols (WRB). More than 55 % of the soils were mainly Plinthosols, 

highly degraded, acidic in nature and low in nutrient with low soil water retention capacity. The variability was high for Ksat, moderate for SOC, 

Avail.P and C:N, but low for TN, BD. SOC showed the strongest spatial dependence (0-5.3%) across the three land use. The spatial dependence, 

pattern and distribution of the soil properties were influenced by land use and soil management practices but independent of individual property 

or geology. Six microplots (1m x 1m) for measuring surface runoff were installed on each of the two slope positions and each of the two land use 

types. Moreso, infiltration runs, soil samples and soil moisture measurements were done in triplicates. The suitability of a conceptual model 

(NRCS-CN) to capture plot-scale rainfall-runoff processes was tested. To understand rainfall-runoff processes at the catchment scale, WaSiM 

model was calibrated and validated using the most sensitive and the optimized soil, land use and unsaturated zone parameters. Surface runoff 

coefficient for the microplots and the catchment were computed and compared. Soil hydrologic properties (infiltration rate, soil moisture, surface 

runoff and saturated hydraulic conductivity) were influenced by land use and slope position though little disparity exists between the laboratory 

and the in situ determined values. Both total and event-based plot scale surface runoff were high and significantly (p < 0.05) influenced by the 

land use. Runoff coefficient at plot scale (0.3-0.9 %) compared to the catchment scale (0-0.6 %) revealed strong scale issues. NRCS-CN simulation 

captured the dynamics of the plot-scale rainfall-runoff processes (R2= 0.84 -0.97; ME= 0.56-0.91) with slight over-and-underestimation of peak 

and low flows. The model WaSiM was successfully calibrated (NSE=0.61, R2=0.61, RMSE= 0.63) with acceptable uncertainty range or value (P-

factor = 94%; r-factor = 0.93), and also validated (NSE=0.68, R2=0.78, RMSE= 0.57) for the Koupendri catchment.  The result was satisfactory and 

showed strong agreement between the modeled and the observed data. Direct flow was the dominant runoff (more than 85 % of the total runoff) 

component in the catchment. The water balance reflected the hydro-climatic condition of the catchment with real evapotranspiration ranging 

between 68 % and 75 % of the total annual rainfall. 

Keywords: Soil classification, geostatistics, microplot, hydrological properties, rainfall-runoff.  

 

 


