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The response of geomorphic systems to disturbance has been a major focus of

geographic research. Nevertheless, because the sensitivity of geomorphic systems to

external perturbation is complex, the response of those systems is still poorly understood

for many agricultural systems in various geographic settings. This study investigates

geomorphic sensitivity and soil erosion under traditional slash-and-burn cultivation. The

response of soil erosion to this agricultural practice was investigated in selected plots at

different stages of cultivation, representing a chronosequence of slash-and-burn

cultivation for the study site. Selected physical and hydrological properties were

measured in the field or determined in the laboratory from soil samples obtained from the
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selected plots. Soil erosion was monitored for the selected plots using bounded runoff

plots. Finally, the response of soil erosion to slash-and- burn was assessed at the

watershed scale by adapting the Revised Universal Soil Loss Equation to local field

conditions.

The study results showed that soil’s selected physical and hydrological properties

differed according to the age of cultivation. In general, soil properties, such as organic

matter, aggregate stability, and infiltration, showed signs of deterioration during the

cultivation phase and improvement during the fallow stage of slash-and-burn cultivation.

These differences in turn resulted in differences in the erodibility of the soil and the

response of soil erosion at the plot scale. The soil erosion rate was observed to be higher

during the cultivation stage of slash-and-burn cultivation and lower during the fallow

stage. The lowest rate of erosion was recorded in natural forest plots. Overall, soil erosion

rates were low considering the study site’s mountainous nature. The results of this study

suggest that the response of soil erosion under the practice of slash-and burn cultivation

could be minimal in a potentially sensitive humid tropical mountainous environment

depending on the specific cover produced, the environmental factors, and the specific

cultural management, such as cropping and tilling practices. Maintaining adequate

ground cover through cropping and fallow management is the key to keeping soil erosion

minimal under the practice of slash-and-burn cultivation in the study area.
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Chapter 1

Background

1.1 INTRODUCTION

Human modification of the Earth’s surface is a major contributor to changes in

the sensitivity of geomorphic systems. Although multidimensional, one major

implication of anthropogenic modification of the Earth’s surface is the acceleration of

natural geomorphic processes, such as soil erosion, mass wasting, and flooding in

many regions of the world.

Accelerated soil erosion (accelerated erosion), the removal of soil at a rate far

above that which occurs in the absence of human intervention, has remained at the

forefront of geomorphic research because of worldwide concern for its negative

ecological, economic, and social impacts (Lal 1990, Pimentel 1993, Pimentel et al.

1995, Lal 1998, Pimentel and Kounang 1998, Wiebe et al. 1999, Ananda and Herath

2003).

Accelerated erosion results in physical and chemical deterioration of soil quality

through the selective removal of top soil (Toy, et al. 2002, Morgan 2005) and the

depletion of soil fertility (Lal 1999, Lal 2009), both of which lead to a decrease in

agricultural productivity and long-term sustainability in affected landscapes (Crosson
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and Stout 1983, Lal 1985, Lal 1998, Lal et al. 1999, den Biggelaar et al. 2001, den

Biggelaar et al. 2004, Bakker et al. 2007). The ecological effects of accelerated

erosion transcend the landscape over which it occurs, to downstream areas where

excessive deposition of eroded soils as sediments leads to a host of negative impacts

on the wider environment. For instance, excessive supply of sediment to streams,

rivers, and lakes leads to the alteration of stream capacity, triggering complex stream

channel adjustments, including waves of aggradation and degradation, reservoir

siltation, and flooding (Jantawat 1985, Harden 1993a). In addition, sediment

associated with excessive erosion is a major source of pollutants through the transfer

of agrochemicals such as nitrates, phosphorous, and atrazine (Lal 2001, Toy et al.

2002). Increases in agrochemical loadings to streams, rivers, lakes, and reservoirs

damage aquatic ecosystems (Jantawat 1985, Harden 1993a), degrade water quality

and increases the cost of municipal water treatment (Crosson 1985). In sum,

accelerated erosion leads to considerable environmental damage and undermines

environmental stability, all of which translates to significant social and economic

loss.

Although acknowledged as a worldwide problem, the magnitude of human-

induced accelerated soil erosion is reported to be higher in humid tropical

mountainous regions where traditional agriculture is a common practice because these
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environments are considered to be generally more sensitive to human modifications

(El-Swaify 1990, El-Swaify 1993, Harden 1993a, Harden 1993b, El-Swaify 1997,

Millward and Mersey 1999, Harden 2001, Millward and Mersey 2001). In addition,

high intensity erosive storms prevalent in humid tropics coupled with the

preponderance of highly-weathered, weakly-structured soils make this region

potentially vulnerable to accelerated erosion following alteration or destruction of the

native vegetation cover through farming activities (Ruthenberg 1980, Greenland

1977).

Nevertheless, the soil erosion literature of the humid tropics is replete with

contradictory and often confounding reports on the nature of the magnitude of soil

erosion problems. Rates of erosion reported for different regions of the tropics by

different authors have remained contentious (Lal 1976d, Stocking 1995). In addition,

debate on the soil-conservation effectiveness of traditional agricultural systems and

practices in the humid tropics still resonate in the literature. This state of affairs is not

unrelated to the difficulties associated with assessing the response of landscape to

erosion under different land use scenarios in the humid tropics.
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1.2 STATEMENT OF THE RESEARCH PROBLEM

Landscape response to anthropogenic disturbance has long been a major focus of

investigation in geography, and geomorphology in particular (Knox 2001, Brierley

and Stankoviansky 2002, Brierley and Stankoviansky 2003). Understanding how

geomorphic systems respond to human modification of the environment, such as

land-cover changes associated with different agricultural systems, is a critical

ingredient in the management of associated geomorphic hazards, such as erosion.

Studies have shown that the magnitude of geomorphic response, such as

accelerated soil erosion, to anthropogenic disturbance is dependent on the

geomorphic sensitivity of a landscape. Geomorphic sensitivity is defined by specific

geomorphic thresholds that are influenced by internal and external controls (Patton

and Schumm 1975, Bocco 1991a, Evans 1993, Thomas 2001, Cammeraat 2004).

Despite this general recognition, for many environmental settings, the response of

geomorphic systems to human disturbance remains an inadequately understood topic

(Allison and Thomas 1993, Boardman 1993, Evans 1993). Although land cover

change associated with the conversion of natural vegetation to agricultural land use

has been identified as a major cause of accelerated erosion (Knox 2001), information

on the dynamics of erosion for different agricultural systems is scant for a number of
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reasons. This is especially true for humid tropical mountainous regions where

traditional slash-and-burn agriculture is commonly practiced.

In general, under this agricultural system, a portion of the native forest is slashed

with implements such as machetes. The resultant biomass is allowed to dry, and then

it is burnt. The burnt plot is cultivated for a few years and abandoned to fallow

(Figure1.1). During the fallow stage, the abandoned plot may be colonized by

vegetation through secondary succession. If the fallow period is sufficiently long, the

abandoned plot may develop into a matured secondary forest, which, given further

time, may approach the original forest in terms of physiognomy. However, the

common practice today involves the cultivation of the abandoned plot after a few

years of fallow with the length of fallow varying according to population density

(Nye 1960, Ruthenberg 1980, Doolittle 2004), Figure 1.1).

A substantial body of literature has investigated different aspects of slash-and-

burn agriculture, including its ecological effects particularly as it relates to secondary

succession, changes in soil fertility and nutrient cycling, crop productivity including

the economics of slash-and-burn cultivation, and the long-term sustainability of the

agricultural practice. By contrast, few geomorphological investigations have been

conducted on the practice of slash-and-burn cultivation and fewer studies have
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Figure 1.1 Generalized model of slash-and-burn cultivation

Note: The model is based on synthesis of work of several authors (see for example,

(Ruthenberg 1980, Doolittle 2004). Explanation: slashing-and-burn cultivation may lead

to deterioration of soil and landscape quality causing increased geomorphic sensitivity

and response while reversal to fallow and secondary forest may improve soil quality

leading to possible geomorphic recovery and stability. The dashed arrow suggests a

tendency of secondary vegetation characteristics to approach conditions in primary forest

over time.
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focused on understanding how soil erosion responds to the land cover changes associated

with traditional slash-and-burn cultivation in the humid tropics.

This study investigates the response of soil erosion to the conversion of natural

forest (mountain forest) to traditional slash-and-burn cultivation in the humid, tropical

mountainous region of eastern Mexico. The study is based on the assumption that

landscape changes associated with distinct phases of slash-and-burn cultivation result in

temporal and spatial changes in soil quality and therefore geomorphic sensitivity,

producing varying geomorphic thresholds for different types of land use, which if

exceeded, result in accelerated soil erosion. This hypothesis was investigated for a small

humid tropical mountainous watershed located in the eastern portion of Mexico’s Sierra

Madre Oriental (Figure 3.1). The study addressed the following research questions:

(1) How does soil erosion and soil quality vary with land cover types associated with

the different stages and practice of slash-and-burn cultivation in the study site?

(2) Which key soil physical and hydrological properties control soil erosion for

different stages and land cover types under slash-and-burn cultivation?

(3) What key factor controls the pattern of soil erosion at the watershed scale?
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1.3 RESEARCH GOAL AND OBJECTIVES

This dissertation aims at contributing to our knowledge of soil erosion and

geomorphic sensitivity in slash-and-burn agricultural settings in humid tropical

mountainous environments, which remains understudied in the literature. To accomplish

this broad goal, and in line with the stated research questions, research was directed to

three distinct but related objectives. The three objectives were to:

(1) Identify and quantify changes in key soil physical and hydrological properties in

different stages of slash-and-burn cultivation and associated land-cover types at the

study site,

(2) Quantify the rates of soil erosion for different stages of slash-and-burn cultivation

and associated land-cover types at the study site,

(3) Assess the pattern of soil erosion response to slash-and-burn cultivation at the

watershed scale by extrapolating from field data at the plot scale using soil erosion

prediction models implemented within GIS.

1.4 SIGNIFICANCE OF THE STUDY

This study is significant in a number of ways. First, it seeks to increase our

current theoretical understanding of the dynamics of soil erosion in the humid tropics

with an emphasis on traditional slash-and-burn cultivation. Accelerated soil erosion by
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fluvial processes has been a long-standing focus of investigation in the earth sciences, in

particular geomorphology, hydrology, and soil science, leading to substantial progress in

understanding the mechanics, processes, and impacts of soil erosion. Much of the current

understanding of the erosion processes, however, has been based largely on empirical

studies conducted in the temperate agricultural systems of North America and Europe.

Although the soil erosion literature for the humid tropics has witnessed substantial

growth over the last few decades, the quantity and breadth of erosion research for this

region is still comparatively few (El-Swaify 1990, El-Swaify 1997, Nagle, Fahey and

Lassoie 1999). In particular, the role of traditional agricultural practices on soil erosion

has not been well studied compared to other high-latitude agricultural systems.

Slash-and-burn cultivation is a common agricultural practice in many regions of

the humid tropics. A substantial body of information now exists on the various aspects of

traditional slash-and-burn agriculture and its effect on the environment. A large number

of studies have focused on the pedological, ecological and environmental aspects of

slash-and-burn agriculture, including its effects on soil properties , nutrient cycling and

nutrient dynamics (Aweto 1981b, Ellis and Graley 1987, Aweto 1988, Roder, Calvert and

Dorji 1993, Arunachalam 2002, Arunachalam and Pandey 2003, Kendawang et al. 2004,

Tanaka et al. 2004, Kendawang et al. 2005, Campo, Solis and Valencia 2007, Diekmann,

Lawrence and Okin 2007, Dung et al. 2008), (Toky and Ramakrishnan 1983b, Juo et al.
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1995, Weisbach, Tiessen and Jimenez-Osornio 2002a, Gafur et al. 2003) and vegetation

succession and recovery (Toky and Ramakrishnan 1983a, Biondini, Bonham and Redente

1985, Dargie and Epitawatta 1988, Saldarriaga et al. 1988, Wadsworth et al. 1990, Li,

Wilson and Song 1999, Kennard 2002, Chidumayo and Kwibisa 2003, Read and

Lawrence 2003, Styger et al. 2007, Hartter et al. 2008). With the exception of some

notable studies, e.g., (Soto et al. 1995), few authors have focused primarily on the

geomorphic aspect of slash-and-burn cultivation.

From a regional perspective, this study is significant in that it was conducted in a

region of Mexico where not much previous soil-erosion research has been done. In

Mexico, soil erosion has been recognized as a major ecological problem resulting from

human misuse of the environment. Various qualitative inventories report that accelerated

soil erosion occurs on 65% to 85% of the land, resulting in an estimated loss of about

40% of the topsoil although a survey of literature indicates the problem has received

relatively little attention (Bocco and Garciaoliva 1992). Most studies of modern and

historical erosion processes have focused primarily on gully erosion in the highly eroded

soils of the Trans-Mexican Volcanic Belt of Central Mexico, the semi-arid Northwest of

Mexico and the Yucatan Peninsula (Bocco and Valenzuela 1988 , Bocco 1990, Bocco

1991a, Bocco and Garciaoliva 1992, Descroix et al. 2001, McAuliffe et al. 2001, Tapia-

Vargas et al. 2001, Veihe et al. 2001, Descroix et al. 2002a, Descroix, Nouvelot and
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Vauclin 2002b, Ortega et al. 2002, Cotler and Ortega-Larrocea 2006, Butzer et al. 2008,

Descroix et al. 2008).

In contrast, little is known of the magnitude of soil erosion under traditional slash-

and-burn agriculture in the Eastern Sierra Madre Oriental, which has predominantly

calcareous soils. This dissertation contributes to filling this gap.

1.5 SCOPE OF THE STUDY

The topic of soil erosion can be approached from a variety of perspectives

depending on the stated research questions and the philosophical inclination of the

researcher. This is a geomorphological study. Accordingly, soil erosion is viewed as a

natural geomorphic process that can be accelerated by human use/misuse of the

environment. Therefore, emphasis in this study is on understanding how anthropogenic-

induced changes to the landscape components such as soil and ground cover under the

current practice of slash-and-burn cultivation influences fundamental hydrologic

processes and physical soil characters that govern soil erosion dynamics. In addition, the

study of erosion in any area of interest may be approached over different temporal and

spatial scales. The choice of scale of the investigation is partly dependent on the objective

of the study, availability of resources, and amenability of the study site to a variety of

scale-dependent erosion estimation techniques.
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In line with the stated objectives, this study was concerned mainly with the

contemporary and recent historical effects of slash-and-burn cultivation practices on soil

erosion. Thus, the study involved soil erosion field research over two wet seasons (2003

and 2004). The conceptual framework for the study necessitated that a full range of land

use/land cover scenarios associated with the different stages of slash-and-burn cultivation

be accounted for. The study involved several distinct phases of research, including field

observation, mapping, laboratory, and quantitative analysis. Field research included

constructing and monitoring soil erosion runoff plots, soil sampling, and instrumentation

of precipitation and various hillslope hydrological variables.

The mapping component included an aerial photo interpretation and field

mapping of land use/land cover using a Global Positioning System (GPS) receiver.

Laboratory analysis of field soil samples was carried out in the Department of Geography

and the Environment for quantifying physical and hydrological properties. Lastly, the

data from field research and mapping was quantitatively analyzed using a variety of

statistical methods, which included modeling soil erosion in a GIS framework for

assessing the soil erosion response to various slash-and-burn scenarios at the watershed

scale. This ultimately is used to guide soil management strategies.
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1.6 ORGANIZATION OF THE TEXT

The dissertation is organized into eight chapters. The background to the study,

including the goal and objectives, has been discussed in earlier sections. The remainder

of this chapter presents an overview of subsequent chapters.

In chapter 2, the theoretical underpinnings of the study are discussed to provide

the reader with the body of theory that informs this dissertation and to which the

dissertation intends to contribute by bridging important research gaps. In the first part of

the chapter, the concepts of geomorphic sensitivity and thresholds are explored and

discussed in detail within the context of soil erosion studies. The second part of chapter 2

provides a broad overview of pertinent literature on soil erosion research with an

emphasis on the mechanics, control, and estimation of soil erosion on hillslopes and

watersheds. The role of slash-and-burn cultivation in changing soil quality and the

possible ways this may impact the dynamics of soil erosion is also explored.

Chapter 3 provides broad and specific information on the distinguishing physical

and environmental characteristic of the study area. This includes a detailed description

and discussion of the climatic, geologic, and geomorphic characteristics, vegetation, and

soils at the study site.
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This is followed by a succinct examination of the human impacts, especially

human interactions with the physical environment and the resultant land use, land use

tenure, traditional agricultural system, and their respective geomorphic implications for

the study.

Chapter 4 provides an overview of the research design and methodology,

including field campaigns for data collection, laboratory analytical procedures for soil

samples, and statistical analysis of field and laboratory data. The discussion includes

theoretical considerations in the choice of research design, detailed descriptions of soil

sampling for laboratory characterization of soil properties, and in-situ measurements of

soil properties in the field. The discussion also includes the device and methods

employed in monitoring and quantifying soil erosion rates on hillslopes. Chapters 5, 6,

and 7 present the results of the research findings.

Chapter 5 examines the patterns of some key soil physical and hydrological

properties in relation to the cycle of slash-and-burn cultivation and the associated land

use cover types. The discussion is based on data obtained from field measurement and the

result of laboratory analysis of soil samples. The interesting findings discussed in this

chapter provided the basis for understanding the spatial and temporal response of soil

erosion to the different land use and land cover under the practice of slash-and-burn

cultivation in the study site.
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Chapter 6 addresses the nature and pattern of geomorphic responses of slash-and-

burn cultivation with attention on the spatial pattern of soil erosion under different land

use and land cover associated with slash-and-burn cultivation. Different thresholds for the

initiation of soil erosion under varying stages and land-cover types of slash-and-burn

cultivation are identified and discussed and related to geomorphic controls. In particular,

the role played by tropical rainstorms and soil quality in the dynamics of soil erosion

under slash-and-burn at the study site is emphasized.

Chapter 7 examines the response of soil erosion to slash-and-burn cultivation at

the watershed scale. Local land use and land cover data are combined with digital

elevation models, the Revised Universal Soil Loss Equation (RUSLE), and GIS to assess

the sensitivity of land use and land cover to slash-and-burn cultivation and erosion.

Finally, chapter 8 presents a summary of the research findings, including a major

contribution to theory as well as recommendations for further erosion research at the

study site, eastern Sierra Madre Oriental, and Mexico in general.
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Chapter 2

Conceptual Framework and Literature Review

2.1 INTRODUCTION

This chapter discusses the theoretical underpinnings of the study. The first section

of the chapter explores the concepts of geomorphic sensitivity and geomorphic thresholds

within the context of soil erosion research. This is followed by a detailed analysis of the

physical and hydrological mechanics of erosion processes to establish in clear terms the

system and subsystems to be investigated and the specific environmental variables to be

measured, which facilitates an understanding of the dynamics of soil erosion in response

to slash-and-burn agricultural practices at the study site. The final section of the chapter

presents a review of pertinent studies on soil erosion with emphasis on (1) techniques for

quantifying soil erosion rates on hillslopes and watersheds, (2) the effects of slash-and-

burn cultivation on soil quality (physical and hydrological properties) and erosion.

2.2 GEOMORPHIC SENSITIVITY, GEOMORPHIC THRESHOLDS, AND SOIL EROSION

Accelerated soil erosion on hillslopes and watersheds is a manifestation of the

response of geomorphic units to natural factors, such as climate change and

anthropogenic disturbances. The traditional focus of geomorphology on investigating the
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workings of geomorphic systems has led to the development of several concepts and a

framework for understanding the response of geomorphic systems to natural and

anthropogenic perturbations.

The concepts of geomorphic (landscape) sensitivity (Brunsden and Thornes

1979), and geomorphic thresholds (Schumm 1978, Schumm 1979) are central to the

understanding of the nature, pattern, and magnitude of response of geomorphic systems

to natural perturbations and human modifications (Gordon et al. 2001). Although

acknowledged as a useful conceptual framework for geomorphic investigation, the

concept of geomorphic sensitivity is subject to different definitions and interpretations

because of its application in different types of fluvial investigations over different spatial

and temporal scales (Knox 2001). In addition, the concepts of sensitivity and threshold

have also been widely applied in other disciplines such as landscape ecology with slightly

different contextual connotations.

From a geomorphic perspective, landscape sensitivity may be viewed as the

spatial variation in the propensity of landforms or geomorphic systems to change in

response to external forcing (Brunsden 1990). Viewed from this perspective, a landscape

or geomorphic system that undergoes more change is potentially more sensitive than one

that exhibits little or no change if both landscapes were subjected to a similar magnitude

and frequency of external forcing. Other authors view landscape sensitivity as the ability

of a landscape to resist or absorb impulses of change (Brunsden and Thornes 1979,
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Allison and Thomas 1993). This ability is a function of the temporal and spatial

distribution of the disturbing and resisting forces (Brunsden and Thornes 1979, Brunsden

1990, Brunsden 1993, Burt, Heathwaite and Trudgil 1993, Burt 2001). Geomorphic

sensitivity therefore involves two aspects: (1) the propensity for change and (2) the

capacity of the system to absorb change (Allison and Thomas 1993, Thomas 2001).

Within this broad view, it is possible to identify at least four types of resistance to change

in a geomorphic system. These include strength resistance, morphological resistance, and

filter resistance (Brunsden 2001). Strength resistance in a geomorphic system is due

mainly to the material strength and erodibility of the system fabric, e.g. friability of rock

and soil materials, morphological resistance results from the configuration of the material

components of the geomorphic system e.g. slope forms and configuration, relief, and

elevation, structural resistance is due to the number and complexity of the components

comprising the geomorphic system, and filter resistance, the manner and ease with which

energy and change are transmitted through the system, which depends on whether

component parts are coupled or not. Due to the dynamic nature of these resisting forces,

landscape sensitivity varies through space and time (Brunsden and Thornes 1979, Allison

and Thomas 1993, Knox 2001, Thomas 2001, Usher 2001). This spatial and temporal

variability in geomorphic sensitivity introduces a great deal of complexity in the ways by

which a particular geomorphic system respond to external forcing (Burt 2001), ultimately

leading to considerable diversity of forms (Brunsden and Thornes 1979). Nevertheless,
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the sensitivity of a geomorphic system is also related to its inherent geomorphic

thresholds (Evans 1993, Harvey 2001) (Zehe and Sivapalan 2009).

Roa (Roa 1978) defines a threshold as a point beyond which a stimulus initiates a

geomorphic response within a system. Two basic types of thresholds: intrinsic and

extrinsic thresholds have been recognized within a geomorphic system (Schumm 1978,

Schumm 1979, Schumm 1981). An intrinsic threshold is exceeded without a change in

the external controls of the geomorphic system, rather a progressive change in the

internal system configuration causes the crossing of the threshold (Schumm 1978,

Schumm 1979, Schumm 1981). In contrast, an extrinsic threshold is exceeded by the

application of a force or process external to the system boundaries (Schumm 1978,

Schumm 1979, Schumm 1981). By implication, geomorphic systems will remain stable

as long as their intrinsic and extrinsic thresholds are not exceeded. The crossing of a

threshold depends on the stability state of the system as well as the magnitude and

frequency of the disturbing forces (Zehe and Sivapalan 2009).

Stability can be viewed as existing when the material, process, and geometry of a

system form a self-correcting balance (Howard 1965, Tanner 1968). In a stable system,

the fluctuations caused by a disturbance or external forcing are dampened. In an unstable

system they are amplified. In a neutral system they are neither dampened nor amplified.

Stability is therefore related to geomorphic sensitivity in terms of its response to

fluctuations (Karcz 1978). If the system is close to a threshold, a low magnitude event
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may cause the crossing of the threshold and result in a significant response. High

magnitude events may cause drastic changes even if the system is far from a threshold

(Zehe and Sivapalan 2009).

Despite being recognized as a powerful conceptual tool, the application of the

concepts of sensitivity and geomorphic thresholds to the study of erosion of arable land

has not been fully explored in diverse environments (Boardman 1993). In particular,

information on the effects of traditional agricultural practices on landscape sensitivity to

geomorphic and hydraulic processes such erosion is comparatively scarce for humid

tropical landscapes. By investigating soil erosion in response to slash-and-burn

cultivation in a humid tropical environment, this study aims to contribute to theory by

elucidating how the practice of slash-and-burn contributes to changes in the sensitivity of

the landscape.

In this study, geomorphic sensitivity is used to connote the spatial and temporal

variation of geomorphic response of land use changes under slash-and-burn agriculture.

Geomorphic response is quantified as the amount of erosion (tons/ha/year) generated by

different stages and land-cover types of slash-and-burn under natural rainfall events. To

this effect, the land cover that generates the most erosion is judged to be the most

sensitive under the current practice of slash-and burn cultivation in the study area.

This study is therefore of theoretical importance because identifying the point at

which a landscape or geomorphic systems becomes unstable and specifying the systems
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conditions under which instability becomes dominant under slash-and-burn agriculture is

critical to prescribing an effective soil conservation management program. Obviously,

this requires an understanding of the mechanics of the geomorphic process under

investigation, system specification of the conditions under which it operates, their

connectedness, and the driving mechanisms influencing the system. This is the subject of

discussion in the section that follows.

2.3 SOIL EROSION PROCESSES AND CONTROLLING VARIABLES

On hillslopes, soil erosion operates within two distinct but interacting systems: the

climatic subsystem, which supplies the energy in the form of rainfall, which is an input

into the second subsystem, and the landscape system, which amplifies or offers resistance

and or transmits the input of the energy from rainfall. The interaction of the systems and

their various subcomponents determine the main erosion processes and the magnitude of

their operation in any given spatial context. It is therefore useful to explore the erosion

process within the context of these subsystems in terms of the actual mechanics and the

variables that govern the erosion process in some detail.

Soil erosion resulting from rainfall can be considered a two-phase sequential

geomorphic process that involves the detachment and transportation of soil particles. The

detachment of soil particles is accomplished by the impact of falling raindrops and the

shearing force exacted by surface runoff. On the other hand, transportation of the
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detached soil particles is accomplished mainly by turbulent overland flow and to a lesser

extent by the splash effect generated by raindrops, which propel particles, resulting in a

net downslope movement (Ellison 1947).

When the quantity of soil material supplied by detachment exceeds the transport

capacity of surface flow, deposition of the eroded material occurs (Morgan 1979).

Deposition of material on hillslopes may also occur as a result of a break in slope, a

reduction in the gradient of the slope, or when the surface flow encounters a surface

depression.

The process of soil erosion begins when the impact of raindrops breaks up

natural soil aggregates into smaller micro aggregates, which increase their ease of

transportation by surface flow. The impact of the raindrops and finely dispersed mineral

fractions may seal pore spaces in the soil, leading to the formation of surface crusts. The

formation of surface crusts is common under bare soil surface conditions, especially in

freshly tilled fields. Field observations shows that soil crusts often consist of a thin

(~0.1mm) none permeable layer followed by a zone (~5mm) of in-washed soil particles

with a higher bulk density than the subsoil (Evans 1980). This combination decreases the

soil infiltration capacity and increases surface runoff and the soil’s susceptibility to

erosion. Initially, the formation of a surface crust may lead to an increase in runoff

without a corresponding increase in erosion (sediment), but as the depth of runoff
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increases, water becomes concentrated in rills, which break up the crust and lead to a

rapid increase in sediment yield.

Thus, detached soil particles are transported by overland flow (runoff), which

may occur when the rainfall intensity exceeds soil infiltration rates (infiltration-excess

overland flow) or when soil becomes saturated following prolonged and frequent

rainstorm events (saturation-excess overland flow). The quantity of sediment transported

depends on the volume of runoff and the velocity of flow, both of which are influenced

by soil conditions, the nature of vegetation or ground cover, and the slope angle, length,

and shape (Mccool 1982, Mccool et al. 1987, McCool 1989, Mccool et al. 1989, Mccool

et al. 1993).

Field and laboratory studies suggest that slope has an interactive effect with

rainfall erosivity, soil erodibility, and vegetation cover (Dsouza and Morgan 1976,

Morgan 1979, Morgan 1982, Morgan 1995). The nature of this interaction and its

influence on landscape sensitivity to the soil erosion process is complex; it is controlled

by various components of the erosion system including climate (rainfall erosivity), soil

(soil erodibility), topography (degree and length of slope), vegetation cover, and land use.

The role of each of these factors is considered in detail in the following sections.
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2.3.1 Rainfall Erosivity

Climate provides much of the energy that drives the geomorphic processes on the

earth’s surface. In the context of soil erosion, rainfall erosivity is the most important

climatic variable directly influencing erosion rates on hillslopes. Rainfall erosivity is

defined as the potential of precipitation to cause erosion (Elwell and Stocking 1975,

Stocking and Elwell 1976, Elwell 1978, Wischmeier and Smith 1978, Lal 1990, Renard

et al. 1996). There are two components to this potential. The first involves the detaching

power of a raindrop's impact on the soil surface, and the second involves the

transportation of the detached particles by the turbulent overland flow generated by the

storm (Odemerho 1990, Renard and Freimund 1994, Salako 2006). The amount of

erosion produced by a given storm depends on the combined effects of these two

components and is a function of the properties of the storm and the interaction of many

other factors at the air/soil interface (Elwell and Stocking 1975, Stocking and Elwell

1976). Consequently, rainfall erosivity varies over space in response to differences in the

soil-air interfaces at different localities, and it also varies over time in response to

differences in seasonal rainfall regimes (Odemerho 1990, Millward and Mersey 1999,

Renschler, Mannaerts and Diekkrüger 1999, Nearing 2001, Lu and Yu 2002, Hoyos

2005a, Nyssen et al. 2005, Salako 2006, Capolongo et al. 2008).

For any given storm, the properties that determine its erosivity include raindrop

size (mm), momentum, velocity (m/sec.), intensity (mm/hr.), kinetic energy, and
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frequency and duration (Morgan 1979, Hudson 1995, Obi and Salako 1995, Salles and

Poesen 2000, Salles, Poesen and Sempere-Torres 2002, Salako 2006). Even though these

rainfall parameters correlate highly with soil loss, none of the rainfall parameters alone

adequately explain the temporal (seasonal) and spatial variability of erosivity (Odemerho

1990, Morgan 2005) often observed in different climates, probably because none of the

rainfall alone captured the two components of rainfall erosive power mentioned earlier.

Decades of experimental studies with runoff plots involving over 10,000 plot

years in the U.S. resulted in the development of a compound index, the EI30 index

(Wischmeier and Smith 1978). The EI30 index is the product of the kinetic energy of a

rainstorm and the maximum 30-minute intensity rainfall. The kinetic energy of the

rainstorm is computed using the equation obtained by Wischmeier and Smith

(Wischmeier and Smith 1978). This equation is of the form:

KE = 13.32 + 9.78 log10I

where KE is the kinetic energy (J m-2 mm-1) and I is the rainfall intensity (mm h-

1). Wischmeier and Smith (Wischmeier and Smith 1978) found this compound index to

have a high correlation with soil loss in the U.S. Several other workers have since

confirmed the appropriateness of the index for the temperate climates of North America

and Europe. Its applicability in the tropics has been a subject of debate (Lal 1976d, Lal
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1976b, Morgan 1979, Hudson 1995, Morgan 1995, Obi and Salako 1995, Salako,

Ghuman and Lal 1995, Morgan 2001, Morgan 2005) for a number of reasons.

First, tropical storms are usually of higher intensity and shorter duration than are

temperate storms, which are of lower intensity and longer duration (Lal 1976b, Stocking

and Elwell 1976, Lal 1990, Morgan 2005). Second, rainfall erosivity is generally higher

for tropical than temperate storms (El-Swaify and L. 1983, Lal 1990, Morgan 2005).

Hudson (Hudson 1995) noted that the threshold for the detachment and initiation

of erosion in a tropical rainstorm is different from that during temperate rainstorms. It has

been argued that the maximum rainfall intensity for measuring the prolonged peak

detachment of soil for tropical storms is less than 30 minutes. Lal (Lal 1976d), working

in a humid tropical region of South Western Nigeria, reported a value of 7.5 minutes

while Hudson (Hudson 1995), working in Zimbabwe, reported a value of 15 minutes. In

light of these findings, new indices of erosivity have been developed for the tropics.

Hudson (Hudson 1995) developed the KE >25 for tropical storms. The index is

defined as the total kinetic energy in joules per meter squared received during those time

increments when the rainfall intensity equals 25 mm/hr or greater. The kinetic energy of

each storm was derived from its intensity using the following equation:

KE = 29.8- 127.5/I
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Where KE = kinetic energy in joules per meter squared, and I = rainfall intensity

in millimeters per hour. Hudson (Hudson 1995) found this index to be a better measure of

rainfall erosivity in Zimbabwe. Nevertheless, Lal (Lal 1976d), working in Nigeria,

proposed the AI7.5 index. This index is defined as the product of the total rainstorm (A)

measured in centimeters and the maximum 7.5 minutes intensity (I7.5) in centimeters per

hour. The annual index (AI7.5) is given in the following form:

AI7.5 = 
12

1 1

5.7
n

ai

Where a is the total rainfall (cm) in any one storm, 7.5 is the maximum 7.5-

minute intensity in cm/hr., n is the number of rain events in the month, and 12 represents

the month of the year. Lal (Lal 1976d, Lal 1990b) reports that this index correlated better

with soil loss than the Hudson(Hudson 1995), although the Hudson index also performed

well. It would appear that any of these indices is capable of measuring the erosivity of

tropical storms. Nevertheless, further empirical evidence is required to assess their

application on a pan-tropical basis. This is investigated in Chapter 5.
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2.3.2 Soil Erodibility

Soil erodibility is defined as the resistance offered by the soil to detachment by

raindrop impact and surface runoff (Bryan 1968b, Wischmeier and Smith 1978, Bryan,

Govers and Poesen 1989, Lal 1990, Renard et al. 1996, Bryan 2000b). This resistance is

a function of the inherent physical and chemical properties of the soil, including texture

(defined by the percentage of sand, silt, and clay), aggregate stability (%), compressive

strength (g /cm3), shearing strength, infiltration capacity (mm/hr), organic matter (%),

nitrogen (%) , cation-exchange capacity (CEC), and base saturation (%) (Morgan 1979,

Hudson 1995, Bryan et al. 1989, Bryan 2000a). Because these soil properties vary among

soil types, soil erodibility should also vary according to differences in soil types.

Soil erodibility also depends on a variety of land-use and agricultural practices,

which alter these inherent soil qualities. Therefore erodibility should be expected to vary

not only between different soil types, but also within a given soil type according to

differences in land-use types and practices depending on the degree of alteration imposed

by the particular land-use practice (Cerda 1998, G. et al. 2001, Kukal, Manmeet and

Bawa 2008).

Accordingly, it is expected that the current practice of slash-and-burn cultivation

in the study site would have varying effects on the erodibility of the soil, depending on

the stage and associated land cover types (see Chapter 5).
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Although numerous indices of erodibility have been developed in the field and

laboratory, finding a universally acceptable index has eluded soil erosion modelers

because of the large variation in soil types and the dynamic nature of land use, which

introduces a temporal dimension to soil erodibility. It was therefore necessary to

investigate the efficacy of some commonly used indices of erodibility (Chapter 5).

2.3.3 Landscape Configuration: Degree and Length of Slope

The degree (gradient) and length of slope, collectively referred to as the

topographic factor (McCool 1989, Mccool et al. 1993, Wang et al. 2000a) is another

important variable influencing the rate and process of erosion on the landscape. The

degree of slope influences both the detaching power of raindrops and the velocity of

surface runoff. Thus, the erosive power associated with a particular storm will be

dependent partially on the degree and length of slope. In general, erosion is expected to

increase with increase in slope gradient and slope length because the velocity, depth and

volume of runoff increase as slope gradient and length increase. Several workers have

attempted to establish relationship between topographic factor and erosion rates from

field and laboratory studies (Zingg 1940, Odemerho 1986). In general, early studies

suggest a linear relationship between erosion and topographic factors, which can be

expressed in the equation of the form:
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m ntanθ  E L

Using data from runoff plot studies in the U.S., Zingg (Zingg 1940) found the

exponents in the above equation and expressed the relationship between topography

factors and soil erosion in the following equation:

1.4 0.6tan θ E L

suggesting a linear relationship between erosion, slope angle and slope length.

Although this relationship appears to have some universal validity (see for example,

(Kirkby 1969, Musgrave 1974), several workers have demonstrated that the exponents m

and n are sensitive to a number of interacting factors including rainfall, soil, and

vegetation and land cover types (Morgan 2005). Hudson and Jackson (Hudson and

Jackson 1959) reported an m value of 2.0 from experimental data in Zimbabwe,

suggesting that the effects of slope steepness may be stronger in humid tropical climates

with heavier rainfall while the laboratory experiments of Gabriel et al. (Gabriels, Pauwels

and De Boodt 1975, Gabriels 1999) show that the value of m varies with the texture of

the soil essentially increasing as the texture of the soil increases. Values of m increased

from 0.6 for soils with particle size 0.05mm to 1.7 for particles of 1.0 mm.
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In addition, the often cited linear relationships between topographic factors and

soil erosion rates appear to be valid for a limited range of slopes, a condition that is

recognized but often less accounted for in erosion studies on hillslopes (Morgan 2005).

Beyond a certain threshold, erosion resulting from rain splash and surface runoff may

actually experience a decrease with slope angle suggesting that when all possible ranges

of slopes are considered, the relationship between topographic factors and erosion may

actually be curvilinear, with erosion initially increasing as slope steepness increases from

gentle to moderate reaching a maximum at about 8-10o and then decreasing with further

increases in slope (Morgan, 2005).

The effects of topographic factors may also be modified by the slope shape. On

short slopes, erosion by splash and runoff appears to be greater on concave slopes,

followed by linear slopes and lowest on convex slopes. This is due mainly to the effect of

slope shape modifying raindrop impact and the hydraulic efficiency of surface flow. Few

workers have investigated the moderating effect of land cover types on slope steepness

(Morgan 2005). Nevertheless, the effect of slope steepness on erosion should decrease

with increases in vegetation and ground cover density. Lal (Lal 1976a), working in the

humid tropics of South Western Nigeria, reported a decrease in the effect of slope angle

with an increase in vegetation density.

The effect of slope length on erosion is more complex to determine compared to

slope gradient. Morgan (2005) states that the value of n = 0.6 in equation 1 is only valid
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for overland flow that occurs on slope length between 10-20m long with a steepness

greater than 3o. Wischmeier and Smith (1978) suggest that the value may vary with slope

gradient, with the value of the exponent likely to decrease with decreases in slope

gradient. Morgan argues that in the absence of rills the exponent may assume a negative

number (Morgan 2005). In addition, an increase in erosion rate coupled with an increase

in slope length may not always occur for a number of reasons. First, although the

transport capacity of overland flow increases with slope length, the accompanied increase

in overland flow depth limits the detaching power of rain drop impact and the supply of

sediment in the absence of rills (Gilley, Woolhiser and McWhorter 1985, Morgan 2005).

In the presence of rills, the erosion rate may increase with an increase in slope

length depending on the density of the rill (Meyer, Foster and Nikolov 1975). In addition,

with an increase in slope length, the opportunity for the deposition of sediment also

increases so that soil-loss rate will be dependent on the location along the toposequence

where the measurement was taken. The effect of the topographic factors on the rate of

soil erosion will therefore vary according to climate, soil types, and vegetation and land

use cover.

The complexity of possible field conditions precludes the existence of a single

relationship between soil loss and slope length (Morgan 2005). Under slash-and-burn

cultivation, the effect of the topographic factors on erosion may be modified by the

specific soil management practice in place. Practices such as ridging, mounds, and
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terracing can alter the topographic factor, but such conservation techniques are not

necessary adopted in all regions or communities where slash-and-burn cultivation is

practiced.

2.3.4 Vegetation and Ground Cover

Vegetation and ground cover (the percentage of the soil surface that is protected

from direct rain drop impact) is arguably the most important factor influencing the

process and rate of erosion on hillslopes (Elwell and Stocking 1976, Lopez-Bermudez et

al. 1998, Toy, et al. 2002, de Baets 2006, Morgan and Duzant 2008, Pelacani, Märker and

Rodolfi 2008, Schiettecatte et al. 2008, Wang, Wang and Huang 2008, Zhou et al. 2008).

This is also the factor that is most changed by human activities involving agriculture and

farming. In all cases, when erosion becomes accelerated by anthropogenic activities,

especially agriculture, the alteration of the natural vegetation exposes the surface to the

erosive impact of rainfall. The importance of vegetation and ground cover has long been

recognized as a major influence on the erosion process in a number of interrelated ways.

Trees and shrubs help to protect the soil from the direct impact of raindrops by

dissipating the energy of the falling raindrops. The role of vegetation in preventing soil

erosion depends among other factors relating to the vegetation types and their distribution

over space and time. Although tree canopies may form a protective cover, a number of
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studies have noted that trees may not be totally effective in the absence of additional

ground cover. The level of protection offered by living vegetation against erosion differs

according to their type. Although trees, such as those located in many tropical forest

ecosystems, provide protection via their canopy, raindrops may regain their terminal

velocity falling from tree crowns and may effect further erosion in the absence of

additional ground cover such as litter. In general, grass cover is more effective in

protecting the soil from the detaching impact of raindrops than are trees. Farming

activities lead to the alteration of the natural vegetation as they are often replaced by

planted crops. The effect of the replacement of natural vegetation with planted vegetation

on soil erosion and runoff is complex and depends on the crop type and the cultural

management practices associated with its cultivation. In general, row crops such as corn

are more prone to erosion than other crops. A substantial body of experimental work has

been done to assess the effect of different planted cover types and cultivation on runoff

and soil loss for temperate large-scale farming systems. Under traditional slash-and-burn

agriculture the amount of protective cover provided by planted crops depends not only on

the type but also according to whether they are planted in mixed cropping or

monoculture. In some parts of the world, mixed cropping (the practice of planting several

crops in one plot) ensures that the soil is protected from the impact of raindrops as

different crops mature at different times.
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2.4 REVIEW OF PREVIOUS STUDIES ON SOIL EROSION

2.4.1 Quantifying Soil Erosion on Hill Slopes

Different techniques have been utilized in the estimation of erosion rates on hill

slopes. Comprehensive reviews of various methods of estimating erosion rates have been

provided by various studies (see for example, (Loughran 1989, Lal 1990, Toy et al. 2002,

Collins and Walling 2004, Morgan 2005, Hudson 1993). These techniques vary according

to the specific erosion process of interest, the goal of the investigation, the level of

measurement accuracy desired, and the spatial and temporal scales of measurement. In

general, the existing methods can be grouped into direct and indirect techniques (1988,

Loughran 1989, Lal 1990a, Toy et al. 2002, Collins and Walling 2004, Morgan 2005,

Hudson 1993). Some of these techniques are reviewed in the section that follows.

2.4.1.1 Direct Measurement Techniques

Direct techniques include several devices employed in the estimation of the rate

of erosion by trapping the soil material moving past a point of interest on a hill slope (Lal

1990, Hudson 1993). The trapped soil material is collected over a specified time interval,

weighed, and related to the contributing area of the trap to obtain data on erosion rate per
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unit of area and time. These devices include: (1) splash cups, (2) traps (e.g. Gerlach type),

and (3) runoff plots (Lal 1990, Hudson 1993).

2.4.1.1.1 Splash cups

Splash cups, bottles/funnels, and other similar devices have been used to measure

splash erosion resulting from the detaching impacts of raindrop, especially under bare

soil conditions in the field or laboratory (Morgan 1978, Morgan 1982, Lal 1988). Designs

vary from simple splashboards (Ellison 1947) to receptacles consisting of assemblage of

funnel and bottle buried into the soil (Bollinne 1978), and field splash cups (Morgan

1982).

Field splash cups, receptacles and the like are useful for estimating the quantity,

trajectory, and distance traveled by soil material due to splash erosion. They are equally

useful in the assessment of rainfall characteristics (e.g., drop sizes, momentum, intensity,

and kinetic energy) that most correlate with soil detachment (Morgan 2005). Although

they are generally cheap and easy to construct and install, they are however largely

inappropriate for measuring erosion resulting from overland flow on hillslopes.
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2.4.1.1.2 Gerlach Traps and Unbounded Plots

Erosion traps or troughs of the Gerlach type are commonly installed on hillslopes

to measure the rate of soil movement over time. Although the design varies, the traps

consist essentially of a trough made from metal sheeting or PVC, with a movable lid that

protects the enclosure from direct rainfall, and a drain pipe fitted at the base of the gutter

to channel entrapped runoff into collecting bottles (see Lal 1990, Morgan 2005), for

variations in the design of traps in use). The trap is inserted into the soil so that the

upslope lip is flush with the soil level to facilitate the channeling of runoff and sediment

into the trough.

They have been employed by numerous workers in a variety of environments

within the tropics to measure the movement of soil material on hillslopes (e.g., Lewis and

Lepele 1982, Lewis 1985, Larsen, Torres-Sanchez and Concepcion 1999). They have

been successfully employed in the estimation of wash erosion on hillslopes with different

land use cover in Kenya (Lewis 1985) and Rwanda (Lewis, Clay and Dejaegher 1988),

and under forest canopy in Puerto Rico (Larsen et al. 1999). Because they are cheap to

construct and assemble, several traps can be installed on different positions on the

toposequence in order to define the pattern of sediment movement on hillslopes (Morgan

2005).

The major limitation associated with the use of traps is the problem of defining

the area that is contributing runoff and soil material to the trap. Furthermore, the
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contributing area may extend over different land use cover types, making it difficult to

evaluate the relative contribution of each type to erosion on hillslopes.

2.4.1.1.3 Runoff Plots

By far the most popular direct measurement technique is the use of bounded

runoff plots under natural or simulated rainfall conditions (Lal 1990). The technique

involves using metal or wooden borders to isolate a part of a hillslope. The runoff and

sediment within the bounded area are sent to a collecting device (e.g., gutter) and

sedimentation tanks, which are installed downslope. The amount of runoff and sediment

collected in the sedimentation tanks is measured on a pre-defined time interval (usually

on an event basis) and related to the total area of the plot to give an indication of erosion

rate per unit area and time. The designs for runoff plots varies in their sophistication and

ranges from manually monitored plots to fully automated systems with stage recorders

and data loggers (Lal 1990, Hudson 1993). The use of runoff plots to measure soil erosion

rates on hillslopes has several advantages.

Runoff plots facilitate the evaluation of the relative importance of slope, soil, land

use/ cover (e.g., ground cover), and cultivation management practices on runoff and soil

erosion. Runoff plots are particularly important in experimental and modeling studies of

erosion. Data from plot studies aided the development and validation of erosion models
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such as RUSLE, WEPP, etc. However, the use of runoff plots in erosion measurement

and monitoring has several limitations.

The first issue relates to data reliability, which is associated with errors in

measurement due to several factors, including: the effects of plot boundaries, difficulties

of connection between the hillslope and the collecting gutter, silting of the collection

apparatus, inefficient hydraulic design of the divisor used to sample the runoff, failure to

cover the collecting tanks and gutter from entry of direct rainfall, and the problem of

emptying large amounts of water and sediment from collection tanks (Hudson 1995).

These problems can be eliminated or reduced to the minimum with adequate precautions

during the plot design. In experimental studies, the use of a randomized block design and

replication can also help to minimize the errors associated with measurement (Lal 1999).

2.4.2 Indirect Measurement Techniques

In contrast to the direct techniques of soil erosion measurement, indirect

techniques estimate the amount of erosion indirectly through several approaches that may

include the use of (1) change in soil quality (i.e. changes in physical, chemical

properties, profile characteristics), (2) exposed tree roots, (3) erosion bridges, (profile

meters), (4) erosion pins and stakes, (5) mineral magnetic susceptibility measurement, (6)
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tracers (environmental radionuclides), and (7) photogrammetric methods and remote

sensing. Some of these techniques are discussed in the following section.

2.4.2.1 Soil Profile Changes

This technique involves the examination of a diagnostic soil horizon (e.g.

thickness of the A horizon) within a soil profile for evidence of truncation or burial

(Lewis and Lepele 1982). The thicknesses of the soil horizon in eroded fields are

normally compared to that of adjacent uneroded fields found under natural vegetation,

serving as a benchmark. In general, truncation of the diagnostic horizon indicates erosion

while burial signifies deposition.

The main advantage of this technique is that it facilitates the extension of

estimates of erosion on a hillslope to the historical time scale.

When combined with archival records of cultivation history, the average rate of

erosion for a given hillslope over an extended period of time can be estimated.

Nevertheless, the use of soil profile examination may not always be reliable because of

the great variability in the thickness of soil horizon within a watershed.
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2.4.2.2 Magnetic Susceptibility Measurement

Mineral magnetic measurement has also been used to trace the movement of soil

on a slope and establish the pattern of erosion and deposition (De Jong, Nestor and

Pennock 1998, de Jong, Pennock and Nestor 2000). The approach relies on the use of the

differences in the magnetic response of surface and sub-surface soil in a watershed to

determine where erosion or deposition has occurred and to estimate the volume of

material eroded or deposited over time. Magnetic susceptibility values are difficult to

interpret (Royall 2001) because magnetic readings may be complicated by lithological

differences and other anthropogenic effects, such as burning, associated with cultivation

in a watershed. Nevertheless, when combined with other techniques, such as soil profile

examination, magnetic susceptibility can be effective in assessing soil movement on

hillslopes over an historical time period.

2.4.2.3 Remote Sensing, Photogrammetric and GIScience Methods

Other indirect techniques include the use of remote sensing and photogrammetric

methods (e.g.(Frazier and Mccool 1981, Welch, Jordan and Thomas 1984, Thomas and

Welch 1986, Ritchie et al. 1993). Both aerial photograph and multispectral remote sensing

techniques have been applied to map the extent of gully phenomena (Bocco 1990,

Martinez-Casasnovas 2003). Large- and medium-scale multitemporal aerial
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photographic and videographic techniques have been used for gully and ephemeral gully

growth monitoring and to compute gully retreat and sediment production rates(Palacio

and Lopéz 1994, Nachtergaele and Poesen 1999, Vandekerckhove, Poesen and Govers

2003).

Other authors have also investigated the application of photogrammetric

techniques using multitemporal aerial photographs to map the volumetric changes in

gullies and subsequently to compute the amount of eroded materials and the rate of

concentrated flow (Thomas and Welch 1986, Dymond and Hicks 1986). More recently, the

development of geographic information systems have contributed to the use of

multitemporal digital elevation models (DEMs) to compute sediment production by gully

erosion (Thomas and Welch 1986, Derose et al. 1998, Betts and DeRose 1999, Martinez-

Casasnovas 2003). This later approach involves the use of map algebra in a GIS

environment to perform a change detection of growth patterns and volume of material

eroded in gullies by subtracting the DEM of the gullied site over two time periods.

Their major advantage lies in the fact that they can be used to monitor erosion

over large areas. Furthermore, because they are automated, they can be deployed very

rapidly and cheaply for frequent monitoring, although additional field data is often

required to assess classification accuracy. They are, however, most appropriate for

mapping and monitoring gullies, as the current spatial resolution limitation of commonly

available DEMs precludes their efficient use for monitoring wash or interrill erosion. In
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addition, high resolution DEM (usually 1m2) required for accurate computation

volumetric changes in gullies is generally not available in present conventional sources of

DEM (i.e., USGS DEM or DEM generated from topographic maps). Field-based

approaches of acquiring such DEM using a total station survey is expensive and time

consuming because of the need for repeated field campaigns. However, reduction in the

cost of acquiring high resolution DEM from remote sensing systems such as LIDAR will

make the approach more popular in the future.

2.4.2.4 The Use Environmental Radionuclide (Caesium-137 Technique)

The use of natural and artificial tracers for environmental monitoring and

modeling, including soil erosion, sediment transport, and sedimentation applications, has

drawn the attention of geomorphologists in the past 50 years. Different kinds of materials

have been used as tracers in soil erosion research, including exotic particles such as glass

beads, fluorescent dye-coated particles, magnetic plastic beads, steel nuts and rare earth

element oxides (Tian, Zhou and Lui 1994, Nagle and Ritchie 1999, Plante, Duke and McGill

1999, Kimoto et al. 2006), but the use of radionuclide is more popular.

Caesium-137 is the most widely used radionuclide in soil erosion and

sedimentation research by virtue of its high affinity for fine particles, its relatively long

half-life (~32.4 years) its relative ease of measurement and its well-defined global
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temporal and spatial patterns of fallout input (He and Walling 1997, Walling and He

1997, Di Stefano, Ferro and Rizzo 2000, Walling, He and Whelan 2003a, Poreba 2006).

The presence of Caesium-137 in the environment is a result of atmospheric

thermonuclear weapon tests and releases from nuclear reactors (Wise 1977, Wise 1980).

Once released, Caesium-137 was then distributed globally in the upper atmosphere and

released back to the earth surface as fallout, with fallout rates generally related to latitude

and precipitation depth (Ritchie and McHenry 1990). Detectable concentrations of

Caesium-137 in the landscape can be dated to 1954, with increased deposition during the

late 1950s and early 1960s, with the peak distribution in 1963 and 1965 for the Northern

and Southern Hemispheres respectively(Ritchie and McHenry 1990, Zapata 2002, Zapata

2003). Once Caesium-137 reaches the soil surface, it is usually rapidly and strongly

adsorbed by soil fines and organic matter. Uptake by plants is generally negligible.

Redistribution is mainly by surface runoff and erosion processes.

The use of Caesium-137 in erosion studies involves the measurement of the

activity level (bsq) of Caesium-137 in soil samples collected from eroded sites, which is

then compared to levels in soil samples collected from reference sites (optimum reference

sites are usually located on flat, uneroded areas) in the immediate vicinity of the study

area (Li et al. 2008, Qi et al. 2008, Ruecker et al. 2008, Mabit et al. 2009, Menendez-

Duarte, Fernandez and Soto 2009).
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Excess levels above that of the reference site indicate deposition, while values

lower than those of the reference site indicate erosion. The loss or gain in ceasium-137

levels can then be used in the quantitative estimate of average long-term erosion or

deposition in an area of interest using conversion models. A number of different models

have been developed and validated for the conversion of ceasium-137 activity to soil loss

or gain in different environments (Walling and Kane 1982, Walling and He 1999,

Walling, He and Appleby 2002a). The greatest challenge with the use of this technique is

finding suitable reference sites, especially in a mountainous environment where local

variability of the topography may lead to considerable variability in the reference values

of caesium-137 (Nagle et al. 2000).

2.4.3 Quantifying Erosion at the Watershed Scale

A number of approaches have been used to quantify erosion at the watershed

scale. These techniques include: (1) sediment yield/load data (2) lake sedimentation core,

and (3) simulation and GIS modeling.

2.4.3.1 Sediment Yield

Sediment collected in discharge at drainage basin outlets has been widely used to

estimate the average erosion rate within a basin. This method requires the monitoring of

stream flow together with sampling and analysis of suspended sediment and bed load.
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Sediment load (e.g. tons/ year) divided by the basin area (km2) gives an indication of

average erosion (e.g., tons/year/km2) in a basin.

The major advantage of this approach is that the measurement is made at a single

point (usually at the basin outlet), which makes it less labor demanding. More

importantly, the technique has enabled geomorphologists to gain insight into sediment-

yield dynamics, especially the role played by different transfer mechanisms and

watershed variables on sediment yield at the basin scale. However, the approach suffers

from several limitations.

Firstly, only a limited number of suspended sediment samples are generally

collected on a routine basis at basin outlets because of the non-instrumentation of many

major rivers basins, a problem that is particularly acute in developing countries.

Secondly, uncertainty in using this method to estimate upstream erosion rates is also

increased by the spatial and temporal variability of sediment concentration and runoff

(Loughran et al. 1992, Walling and Collins 2008). The approach may be influenced by

extreme events and thus requires a long period of data measurement to establish average

soil erosion within a basin. Thirdly, due to the “sediment delivery problem” as it relates

to the storage of sediment in sinks (Walling 1983), only a small portion of eroded

sediment is transported to the basin outlet (Trimble 1983, Sutherland and Bryan 1991,

Page, Trustrum and Dymond 1994, Nelson and Booth 2002, Walling et al. 2002b,
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Jackson et al. 2005, Allmendinger et al. 2007, Lancaster and Casebeer 2007, Walling and

Collins 2008), and as a result, net erosion may be grossly underestimated.

However, recent advances in suspended sediment source “finger printing” has

great potential for resolving the problem of sediment source partitioning in

watersheds(Carter et al. 2003, Walling 2005, Collins and Walling 2007). Sediment

source finger printing involves the characterization and quantification of different

chemical species of dissolved and suspended sediment load discharges of rivers, which

are in turn related to upstream basin lithology, soil, and land use in order to identify their

source.

2.4.3.2 Sediment Cores

Sediment cores collected from lakes or reservoirs can also be used to estimate

long-term erosion rates within a basin (Muleta, Yohannes and Rashid 2006, Koroluk and

de Boer 2007, Wren et al. 2007). The technique involves the collection of sediment core

samples from the bottom of a lake or reservoir. The core samples are then used to

compute the volume of material deposited in the lake from its watershed. If undisturbed

core samples are collected, the approach provides an idea of the episodic nature of

erosion within the watershed through the stratigraphic dating of the various core sections.

The technique is therefore suitable for long-term (millennia) measurement of

erosion rates, although it could also be used for short-term studies. However, prior to
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utilizing this method, several problems need to be addressed. These include establishing

the trap efficiency of lakes or reservoirs, the sediment re-suspension problem, and the

separation of autochthonous and allochthonous sources (Walling et al. 2003b). This

technique relies on accurate dating of sediment cores, which depends on the availability

of dateable material (e.g., charcoal, pollen, etc.) to estimate erosion rates over relatively

long-term spans. However, like the sediment collected in the discharge method, it is

generally unable to identify sediment source areas, at least when used alone.

2.4.3.3. Erosion Simulation, Prediction, and Modeling

Over the past nine decades, the limitations of direct field monitoring and

measurement techniques have led to the development of a number of simulation models.

Comprehensive reviews of existing models of soil erosion have been provided by a

number of researchers (Rose and Hogarth 1998, Nearing et al. 2000, Toy et al. 2002,

Merritt, Letcher and Jakeman 2003, Aksoy and Kavvas 2005). Erosion models are

powerful tools for predicting soil erosion as a function of rainfall, topography, soil, and

management factors (Foster 1990, Nearing et al. 2000, Renschler and Harbor 2002,

Nearing et al. 2005) and for designing conservation management strategies (Foster et al.

1981).
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In general, the existing models can be grouped into two types: (1) lumped

parameter models (e.g., RUSLE) (Renard 1991, Renard 1993), which do not account for

the spatial distribution of the input variables or variation in parameters characterizing the

physical process acting upon output and (2) distributed parameter models (e.g., the Water

Erosion Prediction Project, or WEPP (Nearing et al. 1989), and the European Soil

Erosion Model, or EUROSEM (Morgan et al. 1998b, Morgan et al. 1999)), which

incorporate data on the area distribution of parameter variations with computational

algorithms. Though in theory distributed parameter models have a wider scope of

application, their practical application is constrained by the large data and input

requirements.

Recent advances in modeling have resulted in linking soil erosion models with

GIS (Desmet and Govers 1995, Maidment et al. 1996, Millward and Mersey 1999,

Maidment and Djokic 2000, Mendoza, Bocco and Bravo 2002). The RUSLE is one of the

models that have been widely integrated with GIS for erosion simulation and modeling at

the watershed scale. However, for application in humid tropical environments important

modification and calibration is required. First, the rainfall erosivity factor of the RUSLE

model may not always be suited to the high intensity of tropical storms (El-Swaify 1990,

El-Swaify 1993, El-Swaify 1997). Other factors in the RUSLE model, including the soil

erodibility and topographic factors, need to be adapted for local conditions. Significant

progress has been made in this regard (see for example, (Igwe 1999, Millward and
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Mersey 1999, Millward and Mersey 2001, Angima et al. 2003, Igwe 2003, Cohen,

Shepherd and Walsh 2005, Hoyos 2005b, Shamshad et al. 2008a, Yue-Qing et al. 2008)

but further research is required.

2.5 SUMMARY OF THE LITERATURE REVIEW

In summary, the following observations and conclusions are apparent from the

review of the current techniques and methods of soil erosion measurement and

monitoring with regards to humid tropical mountainous regions:

1. Most existing techniques are suitable for measuring and monitoring specific or

combinations of erosion processes over specific temporal or spatial timescales, and

consequently possess several limitations when used alone. Therefore, a combination of

techniques and methods is necessary for studying the magnitude of soil erosion over

different time and spatial scales for a location of interest.

2. Studies of erosion processes in the humid tropics, especially the contribution

of anthropogenic influences, remains relatively poorly understood because most erosion

studies in the humid tropics are conducted over short time periods so published data do

not represent the range of frequency and magnitude of erosion events.

Consequently, existing data may reflect chronic low-magnitude erosion or

massive infrequent events, with the attendant problem that the real magnitude of the
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problem is either underestimated or overestimated, depending on the time frame and

event window under which measurements were made.
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Chapter 3

The Study Area: Environmental Setting and Human Impacts

3.1 INTRODUCTION

The effect of slash-and-burn cultivation or any other agricultural practice on the

dynamics of soil erosion is dependent on the interplay of the prevailing biophysical

environmental characteristics vis-à-vis the land management practices (e.g., crop types

and tillage operation) of the region in which it is practiced. Therefore, a detailed

knowledge of the biophysical environmental characteristics of the study site, including

climate (especially precipitation patterns), geology and geomorphology (especially

lithology and topography), soils, and vegetation is necessary for understanding the

response of soil erosion under the current practice of slash-and-burn cultivation. This

chapter provides pertinent information on the environmental characteristic of the study

site. Information provided here is based on personal observations and interviews of

residents during four field campaigns to the study site conducted between May 2002 and

December 2004 and the analysis of data obtained from secondary sources.
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3.2 THE STUDY SITE: LOCAL AND REGIONAL SETTING

The study was carried out within Ejido (communal land) Pisaflores in the

Municipio (Municipality) of Pisaflores in the state of Hidalgo, Mexico (Figure 3.1). The

town of Pisaflores, after which the Ejido is named, is also the seat of the Municipio

government. The study site is accessible by a dirt road (~ 1km) which links Plan De

Figure 3.1. Location of the study area



54

Ayala, a small community within the Ejido, to the state road that connects Pisaflores to

Mexican Federal Highway 85. Mexican Federal Highway 85 originates from the US-

Mexican border at Nuevo Laredo and runs southeastward, mostly along the foot of the

Sierra Madre Oriental, to Mexico City.

3.3 CLIMATIC CHARACTERISTICS

The climate of the study site has been variously described as Cálido extremoso

(extremely hot or warm climate) and “Climas Calidos y Semi Calidos con lluvias en

verano” (hot/ warm and semi hot/warm climate with summer rainfall) (INEGI 1992). It

falls into what is generally referred to as “Tierra Caliente” (hot country) in Vivo

Escoto’s classification of Mexico’s climate (Vivo Escoto 1964). Under the Köppen

classification scheme it is categorized as an Am climate (INEGI 1992). This climate is

characterized by a mean annual temperature of 25.3oC with a small annual temperature

range (3-5oC), and a mean annual precipitation of 1,380 mm, of which 80% occurs during

the summer months of June to October (INEGI 1992, Figure 3.2).
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Figure 3.2: Mean monthly rainfall for Pisaflores station. Note: Actual data were only
available for 10 years spanning the period 1942-1960. Data is not available
for the station for subsequent years after 1960.

Like most regions of the humid tropics with consistently high temperature and

low annual range of temperature, seasonality in the study area is strongly defined by

annual variation in precipitation (rainfall). In this regards, the study site experiences two

distinct seasons: the wet season, which begins in June and ends in October and the dry

season, which lasts from November to May. The seasonal pattern in the study site

including variation in climatic elements of temperature, humidity, and precipitation is
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dictated by global scale atmospheric circulation of air masses modified by regional and

local climatic controls especially altitude, and proximity to the Gulf of Mexico.

During the wet season, the Inter Tropical Convergence Zone (ITCZ) migrates

north and displaces the well-established Bermuda High (BH), initiating the flow of warm,

moisture laden Easterly Trade Winds (ETW) across the Gulf of Mexico. Precipitation

during the beginning of the wet season (May) is generated by the strengthening of warm,

moisture laden ETW, which originates over the Gulf of Mexico (Hudson 2003b, Hudson

2003a). As the ETW travels inland, it encounters the Sierra Madre Oriental, which serves

as a topographic barrier, resulting in the orographic lifting of the moist air, development

of thunderclouds on the mountain head, and copious rainfall on the windward side

(including the study site) of the mountain range (Conserva and Byrne 2002). During mid-

summer, a high-pressure belt may develop over the Mexican Central Plateau, resulting in

a temporal disruption of the intensity and position of the ITCZ and the dominant ETW

over Eastern Mexico (Mosino Aleman and Garcia 1974, Peralta-Hernandez et al. 2008).

This condition often leads to a brief dry spell (~1-2 weeks) referred to as Canícula and

may occur in July or August (Cavazos and Hastenrath 1990, Cavazos 1997). The

intensity of rainfall-causing mechanisms increases after the brief Canícula. Relative

humidity is generally high (over 80%) between the June and October. September is the

wettest month (Figure 3.2) and also appears to experience the highest number of rain
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days, the greatest rainfall intensity, and a greater number of erosive storm events

(Chapter 6). In late summer (September) and early fall, the study site may experience

tropical cyclones, which occasional impact Eastern Mexico (Hudson 2003b). Accounts

by Ejidatarios (residents of the Ejido) of previous tropical cyclones that recently

impacted the region include Hurricane Gilbert in 1988, which brought with it copious

amounts of rain. During fieldwork in 2003, a similar tropical cyclone threatened to land

on the area but degenerated into a tropical storm, which nevertheless provided copious

amounts of rain (Chapter 6, Section 2). Previous evidence from deposited debris on

arroyo valleys suggests that this type of high magnitude low frequency meteorological

(rainstorm) events can accomplish much geomorphic work of erosion in the study site.

During the dry season, which occurs in the winter and spring months (November

to May), the Bermuda High and ETW weakens and the ITCZ migrates southwards closer

to the equator. Much of northern Mexico including the study site comes under the

dominating influence of the Westerlies (Conserva and Byrne 2002) resulting in drier

weather conditions, with January been the driest month (Figure 3.2). However, the

inversion of continental polar air masses into the Gulf region may provide some

precipitation during winter. These mid-latitude cyclones (nortes) occasionally sweep

south from the U.S. and provide several days of precipitation in eastern Mexico (Hudson

2000, Hudson 2003a) but their effects is felt more on the Gulf costal plane and less on the

eastern slopes of the Sierra Madre Oriental.
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Finally, the Maritime Tropical Air mass delivers additional moisture to the

windward slope of the SMO, leading to the formation of a cloud layer at elevations

between 1,300 and 2,400 m where water condenses on vegetation and drips to the ground

(Conserva and Byrne 2002). This later precipitation, though not recorded and accounted

for in the regular rain gauge (Stadtmuller 1987)increases the soil water moisture by up to

75% during the winter months (Vogelmann 1973). The study site lies at 200m and this is

likely to contribute little to antecedent soil moisture during the winter months. Field

observation of antecedent soil moisture in the study site (Chapter 5) supports this

assertion.

3.4 GEOLOGY AND GEOMORPHOLOGY

From a geologic perspective, various peaks within the SMO are comprised of

sedimentary rocks specifically of the Mesozoic age (Suter 1980). In the vicinity of the

study area, they are made up of early Cretaceous limestone (Muir 1936, Suter 1980,

INEGI 1992). In some portions the cretaceous limestone is interbeded with sandstone.

Because of their dominant limestone constituent, some karstic landform features are

associated with them. Narrow strips of Quaternary alluvial deposits and colluvium are

found along the Moctezuma river valley.
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The SMO is an extensive mountain system that trends southeast to northwest over

a distance of over 1,200 km in length, with an average width of 150 km, and an average

elevation of 1,500 meters a.m.s.l (Valesco-Molina, 1991). In the vicinity of the study site,

the SMO is essentially a foreland thrust-and-fold belt (Suter 1984, Suter 1987, INEGI

1992, Schryer, 1980). Folding and faulting has given rise to a topography characterized

by high ridges and steep narrow valleys in much of the Sierra Madre Oriental (Suter

1980, Clement et al. 2000, Figure 3.3). The present topography at the study site consists

of three parallel ridges and narrow valleys. The elevation ranges from 200 meters

(a.m.s.l) at the Rio Moctezuma valley to 1,100 meters (a.m.s.l) at the upper divide of the

watershed. Although the maximum relief is only 900 meters, folding and the effect of

weathering on the limestone lithology has given rise to a landscape dominated by steep

slopes with gradients ranging between 20-40o (Figure 3.3).
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Figure 3.3: Typical topographic landscape of the study area

3.5 SOILS

The soil of the study area is classified as Rendzina according to the FOA

classification (INIGI, 1992). They are equivalent to Rendols in the U.S.A. Soil Survey

Staff (1984) classification. According to INEGI (1992), Rendzina has a superficial

horizon rich in organic material on top of a layer of limestone or layer rich in calcium.

They are generally developed in areas with moderate to abundant rainfall with a warm to

hot climatic regime. In the study site the soils have been developed on cretaceous
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limestone parent material, which has been weathered in situ under the prevailing warm

humid climate.

Field observation of profiles on different positions along a toposequence

indicates that the soils are generally shallow with the presence of a deposit of a caliche

layer at variable depths (~1.5 m) from the surface, with greater depths occurring on

colluvial footslopes. Laboratory analysis of soil samples indicates that the soils can be

texturally described as silty clay loam (10% sand, 65% silt, and 25% clay). The soil has a

mean pH of 7.3. However, results from a previous investigation indicate a high

coefficient of variability (CV) among other soil properties across land use and slope

gradients. Typical CV values are: Organic carbon (26%), Mg (48%), Na (45%), K (40%),

and CEC (16%). The soil is classified as moderately erodible (INEGI 1980). The

influence of the prevailing land use on soil property variability is discussed in Chapter 5.

3.6 VEGETATION

The study area’s original native vegetation has been described as cloud forest,

mountain forest, seasonal deciduous humid mountain forest, or semi-deciduous forest

(Lepold 1950, Miranda and Sharp 1950, INEGI 1980, Rzedowski 1981, Puig 1991,

Conserva and Byrne 2002). Mexican cloud forests are difficult to characterize because

they contain high diversity of tress although they are generally found between 600 and

3000 meters of elevation (Luna and Alcantara 1994). However the forest is composed of
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three types of floristic elements made up of temperate canopy trees of Nearctic origin,

trees, herbs, epiphytes and shrubs of Neotropical affinities, and endemic species (Luna

and Alcantara 1994, Vega et al. 1999). Altitude, aspect, slope and moisture are major

controls of the dormant vegetation communities and have given rise to a mixture of

tropical and temperate species. The cloud forest occupy just 0.5% of the land area but

account for 10% of the plant species making it the most diverse vegetation type per unit

area in Mexico (Conserva and Byrne 2002).

Common cloud forest communities include mixed Quercus forest, Fagus (beech)

forest, and Weinmammia pinnata forest (Miranda and Sharp 1950). The mixed Quercus

forest is the most common in the vicinity of the study area at a higher elevation. This

forest which is characterized by a mixture of temperate hardwoods, understory, and a

canopy layer of orchids, epiphytes, and bromeliads contains several texa including

Quercus Spp., Symplocos jurgensenii, Phoebe Spp., and Xolisma ferruginea (Conserva

and Byrne 2002).

Nevertheless, because of the study site’s relatively low elevation, its vegetation

is dominated mainly by tropical species. However, most of the natural vegetation has

been altered by farming on the hillslopes and ranching in the valley bottoms.
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3.7 SETTLEMENT, LAND USE HISTORY, AND LAND COVER CHANGE

Prior to the establishment of the Ejido, much of the land in the present day

Municipio of Pisaflores and in the neighboring Municipio of Chapulhucan was under a

large Hacienda (Tampochcocho) owned and managed by a collection of family members,

unlike most Haciendas of the time (Schryer 1980, Rainey 1991).

Much of the land area within the present-day Municipio of Pisaflores, including

the study site, was however not under cultivation until 1817 when one of the co-owners

of Hacienda established his residence in a small valley flanked by three parallel ridges in

what is today the town of Pisaflores (Schryer 1980). At this time, much of the hillslopes

and surrounding valleys were covered by lush forest (Schryer, 1980), as the early settlers

mainly raised cattle in the valley (La Estencia) adjacent to the Moctezuma River (Figure

3.4).

Together with a number of adjoining hamlets, mainly small rancheros, the Ejido

spreads out in an area of approximately 159 km2 (Schryer 1980); the region received

official recognition as a Municipio on February 10, 1872 (Field interview). This

development encouraged the influx of cattle ranchers, petty merchants, share croppers,

and landless peasants who came to settle in the Municipio and worked as waged laborers

for the local rancheros in the Pisaflores valley and the Municipio at large.
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Figure: 3.4. View of part of present-day La Estancia. Note the parallel ridges with rugged
peaks that are visible in the distant foreground.
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The influx of more people, especially landless peasants and laborers, meant that

the steep mountain slopes (which were hither to minimally impacted) became

increasingly used for the cultivation of maize by peasants who obtained permission from

their landlords to use portions of the land. Land owners allowed peasants to cultivate

small parcels with crops like maize and vegetables for personal use. The peasants in turn

allowed cattle belonging to their hosts to graze on maize stalks.

In 1965, following the major land reforms that accompanied the Mexican

revolution, two communal lands, Ejido Pisaflores and Ejido Garabato, were created in the

Municipio of Pisaflores (Schryer 1980). The creation of Ejido coupled with the continued

influx of people opened access to the land on the hillslopes for cultivation. Each

Ejidatarios have been allocated parcels (paceles), which initially cannot be sold. At

present however, Ejidatarios have titles to their plots and the plots can be sold. Today,

most of the parcels have permanent boundaries demarcated with barbed fences. The

fences also serve the purpose of keeping livestock from destroying crops. This has

created a unique opportunity because the land use history of every plot is maintained

locally. This is in contrast to the practice of slash-and-burn cultivation in many regions of

the tropics where field boundaries are not well defined.

The study site has therefore undergone a long period of human environment

interaction involving agriculture, cattle ranching, and exploitation of forest products.
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Today, the native cloud forest that once occupied the hillslopes and valley bottoms has

almost been completely replaced by traditional slash-and-burn cultivation, which is

practiced mainly on the hillslopes. Land preparation is typical of the practice of slash-

and-burn cultivation in the tropics with slight modification adapted to local

environmental conditions. Clearing of the plots of mainly matured secondary forest or the

plots cultivated in the previous year begins in around early May just before the onset of

the wet season (Figure 3.5). The biomass is allowed to dry and then burnt (Figure 3.6)

and maize, beans, and vegetables are planted around late May when rainfall becomes

regular. The planting of maize seed is done with the aid of a digging stick along the

contour of the hillslope with minimal disturbance to the soil (Figure 3.7).
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Figure 3.5. Clearing of plots in preparation for cultivation.
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Figure 3.6. Dry biomass on recently cleared plot ready for burning
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Figure 3.7. Planting operations in a newly burnt plot. Note the use of digging sticks.
The author is in the middle of the two farmers.



70

Unlike in most mountainous regions of the humid tropics where slash-and-burn

cultivation is practiced on steep slopes, the farmers do not use terracing. This is an

interesting observation and was subject of further investigation. The use of upland

terracing as a soil conservation technique is a widespread practice in Mesoamerica dating

back to prehistoric times. It is interesting to note that in much of the eastern piedmont of

the Sierra Madre Oriental including the study site, terracing is not used.

The present landscape is a mosaic of pasture, farm plots, fallow of different ages

in a 10-15 year slash-and-burn cycle (field observations). Maize, beans, and vegetables

are grown in small slash-and-burn plots (0.4ha) located on unterraced steep slopes (20o-

37o). Cash crops including orchards of citrus and mangos, and shaded coffee are also

grown on a smaller scale. Ranching is practiced on a small scale within the Ejido land by

families who use one or two of their parcels for developing pasture for grazing animals.

There are a few communal plots where livestock belonging to members of the Ejido can

graze. To avoid overgrazing each family is restricted to two mules and 15 cows. This

limit on animal population notwithstanding, a few of the pasture plots encountered in the

study area during this study appeared overgrazed judging by the patchy vegetation.

Information obtained from interviews with the owners of such parcels however suggests

that this resulted principally from shortening of the fallow period of pasture plots.
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This mosaic of land use/land cover generated by the practice of slash-and-burn

cultivation superimposed on the soil matrix may introduce considerable variability in the

sensitivity of the soil to erosion in this environment. The variability of the landscape

attributes of the physical setting coupled with the well-documented local history of land-

use covers in this study site provide a unique opportunity to investigate the response of

soil erosion to traditional slash-and-burn agriculture.
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Chapter 4

Methodology: Field Research Design, Data Collection, and Laboratory Analysis

4.1 INTRODUCTION

In order to address the stated research questions and achieve the study objectives

(Chapter 1), it became apparent that a portion of important data and information on the

erosion processes as well as the controlling environmental variables within the current

practice of traditional slash-and-burn cultivation would be required. This includes: 1) data

on soil erosion rates (ton/ha/yr.) and its variability for different land-use and cover types

on hillslopes used for slash-and-burn cultivation and 2) data on environmental variables,

including (a) soil quality (physical and hydrological properties) in relation to the different

land-use cover types of slash-and-burn, (b) landscape variables (slope, ground cover), and

(c) precipitation, especially amount, frequency, and duration of rainstorm events. In order

to assess and model the response of erosion at the watershed scale, data on soil

properties, digital elevation model (DEM), and land use/land cover were also required.

This chapter outlines the field research strategy, including methodology for

collecting the necessary data and monitoring environmental variables as well as

subsequent laboratory analysis of soil samples. Methodology dealing with modeling of

the response of erosion to slash-and-burn cultivation at the watershed scale is



73

appropriately discussed in Chapter 7. In the discussion that follows, some theoretical

consideration of the sampling strategy is discussed, followed by a detailed description

and discussion of the methods employed in the collection of field data, including

sampling techniques and laboratory analytical protocol.

4.2 THE NEED FOR A SPACE-FOR-TIME APPROACH

The main thrust of this dissertation is to gain an understanding of how soil

erosion responds to land use and land cover associated with slash-and-burn cultivation in

Ejido Pisaflores. In a way, the response of soil erosion represents a geomorphic response

of the landscape to the anthropogenic-induced changes within the context of the

prevailing environmental conditions. The response of geomorphic systems to human

modification is often complex, involving negative and positive feedback, which may play

out over a long time span (Schumm 1977). Therefore, an understanding of the nature of

spatial and temporal variability in geomorphic sensitivity and response requires a study of

how the effects of perturbation on the system play out over time.

The ideal way to evaluate the geomorphic sensitivity and response of fluvial

systems to anthropogenic modifications or natural perturbations is to monitor the site and

processes under investigation through time (Powlson 1994, Powlson et al. 1998), starting

from when the systems are disturbed to when they reach full recovery. This is because

hydrogeomorphic adjustment to and recovery from anthropogenic disturbance involving
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land use and land cover change may play out over the full period of vegetation regrowth,

which may last for several decades, potentially longer, even though the most rapid

changes may occur directly following the disturbance (Beschta 1978, Swanson et al.

1982). In the context of the present study, significant changes to soil and other landscape

characteristics, as well as components associated with a plot under the cycle of slash-and-

burn cultivation, may take several years to revert back to pre-cultivation level (pre-

disturbance level). The nature and rate of changes in soil and other landscape

characteristics, such as vegetation and ground cover, during any stage of the cycle of

slash-and-burn cultivation is therefore important in assessing the temporal and spatial

variability of the resistance and resilience of the soil to erosion in the study site (Lal

1994). The main challenge, however, is the length of time required to investigate a

complete cycle of slash-and-burn, from the initial clearance stage, through cultivation, to

abandonment, to fallowing, to secondary forest, to re-cultivation of the same site (Harris

1971), which in the study site will require monitoring a newly cleared plot over a 15-year

period.

The difficulties associated with monitoring environmental change, such as the

response of a fluvial system to human perturbations over many decades, has necessitated

the use of alternative approaches to monitor changes through time. One commonly used

approach is the substitution of space-for-time (Craig 1982, Favis-Mortlock, Boardman
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and MacMillan 2001, Harden and Scruggs 2003, Sparling et al. 2003). In this approach,

sites of different stages (time) of development at separate localities (spaces) are identified

to obtain a chronosequence of representative stages of development of a cycle, which is

then studied to reveal temporal variability. This approach has been widely applied in

fluvial geomorphic investigations, including the study of channel response to

urbanization (e.g., Hammer 1972, Gregory and Park 1974), the effects of changing land

use and land cover on infiltration (Harden and Scruggs 2003), and in soil studies,

especially in the evaluation of the response of soil to deforestation and cultivation over

time (Abubakar 1997, Lemenih, Karltun and Olsson 2005a, Lemenih, Karltun and Olsson

2005b) and the effects of slash-and-burn cultivation on soil properties (Harris 1971,

Weisbach et al. 2002a, Grange and Kansuntisukmongkol 2003, Bravo-Garza and Bryan

2005). Although rarely explicitly acknowledged, it has been applied in a wide range of

soil erosion and hydrological studies (Favis-Mortlock et al. 2001, Sparling et al. 2003).

A major requirement for the effective use of the space-for-time approach within

the context of the present study is that different plots in different places under slash-and-

burn cultivation must have undergone similar disturbance regimes (i.e. similar cultivation

practice, including land preparation and cropping types), the soil in the selected plots

should be similar, that is, formed from the same parent material under identical climatic

and pedological conditions, such that any change in soil quality with time can be safely
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attributed to changes brought about by the different stages of cultivation under slash-and-

burn agriculture. Finally, the plots must be located at comparable positions on the catena

or toposequence to minimize the natural variability of soil quality, due to the catenary

effect. The space-for-time approach was employed as a conceptual framework for the

identification of landscape components for the evaluation of soil sensitivity to erosion.

This approach is considered valid because the study site has uniform geology,

soil, and climatic regime (rainfall); varying land use and land cover result from the cycle

and practice of slash-and-burn cultivation. Using this approach, different plots at different

stages of the slash-and-burn cultivation cycle were identified to provide a

chronosequence for a detailed study of the response of soil erosion. In addition, other

land-cover types resulting from the practice of slash-and-burn cultivation in the Ejido

Pisaflores were also selected for investigation. The approach adopted in identifying and

choosing the plots for investigation is discussed in the section that follows.

4.3 MAPPING AND SELECTION OF SLASH-AND-BURN PLOTS

Identification and selection of the representative farm plots of the different stages

of slash-and-burn cultivation for detailed investigation was achieved through a

combination of field mapping using GPS and GIS, information obtained from interviews

conducted with plot owners (Ejidatarios) and the Comisiarado (the administrative head of

the Ejido), and from archival sources at the municipal government office in Pisaflores.
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First, a large-scale map of the study site showing the boundaries of individual field plots

was compiled from 1998 high-resolution (1: 20,000) digital Orthophoto coverage of the

study area obtained from the office of INEGI in San Louis Potosi. Although the digital

Orthophoto was obtained in 1998, the field boundaries of the individual plots were

clearly visible on the photo and later ground truthing confirmed that the boundaries of

individual plots have not changed remarkably, even though the actual land use within the

plots may have changed over time from when the photos was taken.

The map was taken to the field for updating and verification in the company of a

field assistant, an Ejidatario who is a long-term resident in Plan de Ayala, a small

community located within the Ejido. The UTM coordinates of the centroid point for each

of the plots were generated using a script in ArcView 3.0. The actual location of each plot

was identified physically on the ground using a handheld Garmin GPS 12 by matching

coordinates generated on the map with those of the GPS receiver. The GPS receiver was

read in the field while standing at the approximate center of each plot to minimize

accuracy errors that may arise from taking the reading at plot boundaries.

Once the field was identified, information on the land-use history of the plot was

obtained from an interview of the plot owner. The plot owners were interviewed while

working physically on their plots in some instances. When the plot owner was not

immediately available for interview, the name of the plot owner was supplied by the field
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assistant, who participated in the entire mapping exercise. Those owners, most of who

resided in the Plan De Ayala (where I also resided during field work) and Pisaflores, were

subsequently interviewed in their homes. During the interviews, general and specific

information pertaining to the management of each plot was obtained from the plot

owners.

This includes information on the size (ha) of the plots, when the plot was first

cultivated, the types of crops cultivated, the frequency of cultivation, the length of the

fallow periods, and other management practices such as the application of chemical

fertilizer (tons/ha). Information was also obtained on specific tasks performed on the

farm plots over the course of a calendar year. The information obtained during the

interview was confirmed in the field by personal observation, and sometimes through

actual participation in the activity. In addition, general information on the land use

history in Ejido was obtained from the Comisiarado (the chairman) de la Ejido and

archival sources maintained by the municipal government in Pisaflores and from Schryer

(1980).

The verified map, together with information obtained from field observation,

interviews, and archival documentation was used to develop a GIS database of land use

and land cover of the study site (Chapter 7). The database contained the following

information: identification for each plot, the coordinates of the plots, the name of the plot
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owner, when the plot was first cultivated, the age, and if the plot was under fallow. In

addition, topographic information including elevation, slope angle, position of the plot

within the catena (i.e., whether the plot was located on the lower, middle, or upper slope

segments), slope form (linear, convex, and concave), and aspect (exposure) were also

recoded for each plot. Later information was used to select a set of plots in order to

evaluate the slash-and-burn cultivation on soil quality and erosion. The categories of land

use cover mapped in the study site include: (1) fields planted in the current year, (2)

fields in fallow containing crop residue (especially maize stock) from previous years, (3)

fallow fields of different age series (1 ≤ 15 years), (4) orchards of mango and citrus (1≤ 

30 years), (5) shaded coffee groves, (6) pasture (heavily, moderately and lightly grazed),

and (7) forest.

In all, the land use and land cover types in the study area were classified into four

broad land cover types associated with slash-and-burn cultivation. These cover types

include annual cultivation, fallow, orchards of mango, and groves of shaded coffee, as

well as pastures and native forests. The response of soil erosion to these land cover types

under natural rainfall was investigated in this study (Chapter 6).
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4.4 SOIL SAMPLING

In this study, the characteristics of soil, especially its variation over space, are

critical to understanding the dynamics of soil erosion under the current practice of slash-

and-burn cultivation. Soils vary naturally in their physical, chemical, and hydrological

properties because of the combination of factors that influence pedogenesis. This natural

variability may be further accentuated by anthropogenic impacts, such as those from land

use and land cover changes. Variability in soil properties has been identified as intimately

linked to variations in the landscape’s hydrological response to soil erosion. In any study

of erosion, it is imperative to determine not only the intrinsic soil characteristics but also

how they vary over space and time. An adequate capture of this variability requires a

sampling strategy for the collection of soil properties of interest. Such a strategy must

adequately reflect both the natural and anthropogenic variability of soil quality. A

number of researchers have adopted different sampling approaches, ranging from the

completely random to purposive sampling. The choice of sampling procedure depends on

the objective of the study, the expected statistical technique to be employed for analysis,

and the nature of the variability of landscape elements at the site under investigation. In

this study, a stratified random sampling procedure was considered more appropriate. This

sampling strategy was implemented in the present study as follows. First, the plots were

stratified based on their locations on the catena. Three categories were generated: upper

slope plots, middle slope plots, and lower slope plots.
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Within these strata, the following representative land uses were selected for

detailed studies of soil variability and the measurement of erosion. The plots were also

selected to reflect the aspects and different phases of the slash-and-burn cultivation. The

selected plots include: (1) plots under current cultivation (1, 2, 3 and 4-year cultivation),

(2) plots under fallow (1, 5, 15-year fallow), (3) pasture (slightly grazed, moderately

grazed, and heavily grazed), (4) shaded coffee, (5) mango orchard, and (6) forest.

Soil samples were collected from a predetermined depth of 0-10 cm, hereafter

referred to as top soil. Two types of samples were collected. One set was collected using

an auger and used for the determination of texture, organic matter, soil moisture, and

water holding capacity in the laboratory following standard analytical procedures. In

addition, undisturbed core samples were collected and used for the determination of bulk

density and porosity. Other soil properties including the infiltration rate, soil strength, and

penetration resistance were determined in the field. The discussion that follows provides

some details of the procedures employed in the determination of each of the soil

properties in the field and laboratory.

4.5 DETERMINATION OF SOIL PROPERTIES IN THE FIELD

4.5.1 Infiltration Rates

Infiltration rate (mm/hour) is defined as the rate at which water percolates into the

soil per unit of time, and it is a significant variable that influences surface runoff
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generations and erosion. A soil with high infiltration rates relative to the rainfall intensity

will have a higher threshold for the initiation and generation of runoff resulting from

infiltration excess overland flow. Infiltration rates are therefore a key variable in the way

erosion responds to land use changes. Soil infiltration rates depend on several other soil

properties including texture, organic matter content, bulk density, porosity, electrical

conductivity, and the nature (depth or thickness of soil solum) of the soil profile.

Different techniques have been employed in the estimation of soil infiltration

rates. The standard technique employed in the determination of the soil infiltration rate is

the use of a ring infiltrometer (including single and double ring infiltrometers). Although

the double ring infiltrometer is preferred, it is not always practicable under field

conditions. This was seen in the present study because of the steep slopes characteristic

of the study site. Thus, the infiltration rate was determined in the field using a single ring

infiltrometer. The infiltrometer was an adaptation of the design used by previous workers

and was found to be more suitable in mountainous environments with steep slopes as

there were in the present study (Perez 1997, Harden and Scruggs 2003). It was made

from a thin-walled stainless steel cylinder 15cm long and 30.5mm in diameter. The

infiltrometer was gently turned into the mineral soil to a depth of ~3cm and 50cc as the

water was introduced into the cylinder (Perez 1997). Time of infiltration was measured

with a stop watch. Three replicate measurements were taken for each selected plot. The
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mean of the three measurements was recorded as the infiltration rate for the plot in

question. Since antecedent soil moisture affects the rate of infiltration (Perez 1997), soil

moisture at the time of performing infiltration measurements were determined in the field

using a soil moisture probe and also in the laboratory to ensure identical field conditions

for the different land use and land cover types studied. Field measurement of soil

moisture is discussed below, while the determination of soil moisture in the laboratory is

discussed in the section on laboratory analytical procedures.

4.5.2 Soil moisture

Soil moisture condition plays important role in the initiation and sustenance of

runoff. The antecedent soil moisture condition determines the rate of soil infiltration.

When antecedent soil moisture is high, additional rain may cause the soil to be saturated,

thus lowering the threshold for the initiation of saturation excess-overland flow. At

another level, extremely low antecedent moisture conditions may cause topsoil to dry,

making it less cohesive. Such soil crumbles easily if subjected to intense storms and thus

increases the rate of soil erosion. There is an optimum antecedent soil moisture condition

that allows for the cohesiveness of the soil to be maintained and that does not promote

saturation excess-overland flow. Whether a storm of a given intensity will lead to the

generation of runoff and erosion will therefore depend partly on the antecedent moisture

conditions vis-à-vis the intensity of the storm.
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Soil moisture was measured in the field weekly for all the selected plots during

the wet season and every fortnight during the dry season. Monitoring of the antecedent

soil moisture index in the field was accomplished using two devices. The first device

involves the use of a KELWAY SOIL® ACIDITY AND MOISTURE TESTER MODEL

HB-2. The model HB-2 portable probe measures both pH and soil moisture content (%

relative saturation). The second devise employs a soil moisture probe attached to a data

logger. This latter measurement gave a broader picture of the antecedent soil moisture

condition in the study site. Determination of soil moisture in the laboratory is discussed

under the section on soil laboratory procedures.

4.5.3 Soil Shear Strength

Soil shear strength is an important factor that determines the ease of detachment

of soil particles by raindrop impact and surface runoff. Soil shearing strength is also a

measure of the cohesiveness of a soil body. A soil with higher shearing strength will be

more resistant to detachment and transportation. Shearing strength has therefore been

used as an index of soil erodibility.

Shear strength is related to other soil properties, such as texture, soil moisture, and

organic matter. The presence of silt and clay helps to promote high shear strength. A

number of different techniques have been used in the determination of shear strength. In

this study, soil shear strength was determined using two commonly used procedures.
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The unconfined soil-compressive (penetrating) strength was measured using a

hand-held Durham penetrometer fitted with a foot adaptor sensitive to low-shear strength

(Perez 1997). The tip of the penetrometer was pushed into the soil perpendicular to the

soil surface, while maintaining a constant pressure, until it was lowered to a

predetermined mark, and the value of the shear strength (gm/cm2) was read from the ring

indicator on the calibrated portion. Whenever a reading encountered a rock, it was

discarded and taken again (Perez 1997). Due to the observed high coefficient of variation

during a pilot survey, large samples were taken in proportion to the variability of each

land use. Thus, 15 readings were taken on slash-and-burn plots, 10 on the shaded coffee

and pasture plots, and 12 on the mango plots. The mean of the readings for each land

cover type was taken as the value for that particular cover type. Since antecedent soil-

moisture conditions influence penetrometer readings, all penetrometer measurements

were taken under identical soil-moisture conditions in the field for all the land-cover

types.

Soil shear strength was also measured with a Durham Torvane. The Torvane

driver was fitted with a standard vane (size 1.0), which has a stress range of 0-1kg/cm2,

pressed into the mineral soil to the depth of the blades, and the knob was turned

clockwise while maintaining a constant vertical pressure until failure developed.
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Thereafter the remaining spring pressure was released slowly and the maximum

shear value (kg/cm2) was recorded and the dial set to zero before subsequent

measurement. Both penetrometer resistance and shear resistance using Torvane were

measured under identical field moisture conditions for all the land cover types.

4.6 DETERMINATION OF SOIL PROPERTIES IN THE LABORATORY

4.6.1 Soil texture

Soil texture, which is the relative proportion of sand, silt, and clay particles, is an

important physical property that influences geomorphological and hydrological processes

such as the rate of infiltration, runoff, and erodibility of soils. In addition, texture affects

soil’s structural stability. Both of these qualities determine infiltration and detachment by

raindrop impact. Soil texture was determined in the laboratory by wet sieving and

hydrometer (Gee and Bauder 1997). The soil samples were oven dried at 105oC for 24

hours and the crumbs and aggregates were gently crushed in a crucible with a pestle and

passed through a 2mm sieve. Fifty grams of soil sample was put in a 600ml beaker and

100ml of sodium hexametaphosphate (20% by volume) was added to it as a dispersing

agent. The mixture was stirred thoroughly, and de-ionized water was added to the 600ml

beaker, bringing the water level to the 500ml mark on the beaker and left to sit overnight.

After 24 hours, the mixture was put in milk shaker and stirred between 5-15 minutes
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under low rotation before been put in a sedimentation cylinder. Next, the hydrometer was

introduced and readings taken at predetermined time intervals. At the end of the

hydrometer procedure, the sediment in the cylinder was sieved through a nest of sieves

(0.2-1mm) arranged so that the largest sieve was at the top and the smallest at the bottom.

The soil particles retained in each sieve was then put in a beaker of known weight and

thereafter oven dried at 105oC for 24 hours.

The beakers were weighed after cooling, and the weight of the particles was

determined by subtracting the initial weight of the beaker. This data and the hydrometer

readings were used to determine the particle size distribution using micros in a Microsoft

Excel spreadsheet. The Microsoft Excel spreadsheet was developed by Paul F. Hudson in

the UT Department of Geography.

4.6.2 Bulk Density

Bulk density is defined as the mass of soil per unit of volume (Brady and Weil

2008). Therefore, it is a measure of the degree of soil compaction. High soil bulk density

reduces the infiltration rate and promotes runoff and erosion. Bulk density is influenced

by the particle size distribution, the organic matter of the soil, and anthropogenic
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activities that lead to soil compaction, including grazing and cultivation, especially with

mechanized farm machinery.

The bulk density of fine-textured soil is commonly in the range of 1.1 gm cm3 to

1.3gm cm3, while that of coarse-textured soil is from 1.4 gm cm3 to 1.8 gm cm3. Bulk

density was determined by the core method (Brady and Weil 2008). Undisturbed cores

were obtained from the topsoil with a thin-walled brass core, which had a diameter and

length of 5 cm. Five replicates were taken for each land-use and land-cover type. The

sample was oven dried at 105o C, and the dry weight was divided by the volume of the

core sampler to obtain the bulk density. The value of bulk density for each land-use class

is the mean of the five replicates.

4.6.3 Total Porosity

Total porosity is related to soil texture, as well as inversely related to bulk density.

Total porosity can be partitioned into micro and macro pores; the relative proportion of

each type may be more important in determining the rate of infiltration. In general, sandy

soils have a higher proportion of macro pores and therefore higher infiltration rates

compared to clayey soils, which have higher proportion of micropores. Total porosity

was computed from the relationship between particle density, pore spaces, and bulk

density by using the following equation:

V = (V- d/D)*Cm3
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= V/V * 100 = (1-d/D)* 100

where v = total porosity, V = bulk volume, d = bulk density, and D = particle

density. Total porosity was computed using an assumed particle density of 2.65 g cm3 for

mineral soils (Brady and Weil 2008).

4.6.4 Organic Matter (LOI)

Organic matter (%) is an important soil property that influences other soil

properties that control runoff and erosion. High-soil organic matter decreases soil bulk

density, improves soil structure, increases total porosity, and enhances higher infiltration

rates (Perez 1992, Perez 1995b, Perez 1997, Perez 2001). In addition, the presence of

organic matter encourages high-soil microbial activities, which promote the formation of

stable soil aggregates. It is therefore one of the major factors that directly and indirectly

controls soil erodibility.

In this study, the organic matter content of the soil samples was determined by

loss on ignition (LOI). The procedure was executed as follows: The soil samples were

oven dried at 105oC, and thereafter 50 g of the oven-dried samples were put in a crucible

with a known weight. The sample was then heated in a furnace at 550oC for four hours.

Afterward, the crucible was put in a desiccator to cool and then was weighed again. The
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organic matter was then computed: The difference in weight between the preheated soil

sample and the heated soil sample was multiplied by 100.

4.6.5 Soil moisture Index

In the laboratory, soil moisture was determined by the gravimetric method. Soil

samples were collected in the field and stored in empty film canisters. The canisters were

totally filled so that there was no space for the evaporation of soil moisture to take place.

They were then sealed and stored in a cooler prior to transfer to the laboratory for

analysis. In the laboratory, 50 grams of the soil sample were oven dried at 105oC for 24

hours. The difference in weight between the wet and oven dried soil multiplied by 100

gave the amount of moisture in the soil (Perez 1992, Perez 1995b, Perez 1997, Perez

2001).

4.6.6 Water stable Aggregate

Soil particles in the presence of organic matter and micro-organisms often bond to

form aggregates. The ease with which aggregates are broken down in the presence of

water through raindrop impact, infiltration, and surface runoff is known as aggregate

stability. Aggregate stability influences the erosion processes in a number of ways. First,

well-aggregated soil has high porosity and a high rate of water infiltration. This increases

the threshold for the initiation and generation of runoff. More importantly, the percentage
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of water-stable aggregates is critical in the formation seal. Destruction of soil aggregates

leads to the formation of surface seal as fine particles clog pore space and hence increase

the runoff and erosion potential from such soil.

From the point of view of soil erosion research, aggregate stability yields

information about the erodibility of the soil (Bryan 1968a, Bryan 1971, Bryan 2000a).

Aggregate stability tests provide indirect information about the possibility of the

breakdown of soil structure in the field and direct information on the strength of inter-

aggregate bonds (Grieve 1979, Bergsma and Valenzuela 1981, Imeson and Vis 1984). If

the inter-aggregate bond is low, then the primary particle may be more easily detached

from the soil surface by running water or by rain drop. Hence, a number of authors have

argued that soil aggregate stability can be used as measure of soil sensitivity to erosion

(Barthes and Roose 2002, Yan et al. 2008, Canton et al. 2009).

Because of the importance of aggregate stability in soil structural stability, soil

scientists have devised different techniques for the determination of aggregate stability

(Canasveras et al. 2010). These techniques fall into two general groups: tests that subject

aggregates to forces designed to simulate those occurring in the field, and tests aimed at

measuring the inter-aggregate bond strength by specific chemical procedures. There are

three common methods used in the determination of the percentage of water-stable

aggregate in soil. The first is the wet sieving method originally developed by Yoder
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(Yoder 1936) and modified by several workers (e.g. (Kemper and Rosenau 1986,

Daraghmeh, Jensen and Petersen 2009)). The second method is the rainfall drop test (e.g.

(Perez 1997, Mbagwu and Bazzoffi 1998, Chappell, Ternan and Bidin 1999, Idowu

2003). The third method is the rainfall simulator test (Foster et al. 2000, Duiker, Flanagan

and Lal 2001, Tejada and Gonzalez 2006). For geomorphological work involving the

investigation of soil erosion by rainfall, Grieve (Grieve 1979) recommends the methods

of wet sieving or raindrop testing.

Aggregate stability was determined by the wet sieving method developed by

Yoder (1936) and modified by several workers (Bonifacio et al. 2006, Taboada-Castro et

al. 2006). Soil samples were air dried in the laboratory at room temperature and passed

through a nest of 4.76mm and 0.2 mm sieves so that only aggregates that ranged between

0.2 mm and 4.76mm was retained and used for subsequent aggregate stability

determinations. The samples were thoroughly mixed and a representative 25 grams was

taken. The sample was placed on a filter paper placed on top of sand, with the water table

just below the surface of the sand. It was then allowed to moisten slowly overnight. The

moistened sample was subsequently placed in a 1mm sieve and the sieve placed in a

sieve holder.

In the absence of a wet-sieving machine, wet sieving was done by immersion,

which involve lowering the sieve into a water bath at the rate of 10 times per minute for
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five minutes, each movement being through a distance of 5cm. At the end of the five

minutes, the sieve was removed from the holder and the aggregates and particles retained

in it were washed into a weighing dish with a stream of water from wash-bottle. The

excess water was drained off and the material was oven-dried at a temperature of 105oC.

Since the accumulated material may contain sand particles too large to pass through the

1mm sieve, it was necessary to account for this sand fraction in order to obtain true

estimates of aggregate stability. This was done by dispersing the aggregates with sodium

hexametaphosphates solution and sieving it with a 0.25mm sieve so that only sand

particles larger than 0.25mm remained in the sieve. This sand fraction was oven-dried

and weighed. The percentage-weight of water stable aggregates (W.S.A) in the 25 gram

sub sample was calculated as:

100 (Weight of aggregates Sand) - (Weight of Sand)
% W.S.A

Weight of sample - Weight of Sand




The resultant stable aggregates were then put in different aggregate size fractions.
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4.6.7 Water holding capacity

The water-holding capacity of the soil is an important variable in the erosion

process. The water-holding capacity is a measure of how much water the soil can retain.

A soil with a higher water-retaining capacity will be the last to generate runoff compared

with one with a lower water-retaining capacity. The WHC was determined in the

laboratory following a procedure developed by Perez ((Perez 1997). Fifty grams of over-

dried soil was placed in a Whatman filter paper. The soil was then saturated and allowed

to drain for eight hours at room temperature. Thereafter, the drained soil was oven-dried

for 24 hours and the percentage of water-holding content was calculated as follows:

Weight of dry soil
WHC (%) × 100

Weight of wet soil


4.7 PERCENT GROUND COVER

Percent ground cover is the proportion of the soil surface that is protected from

the direct impact of raindrops. Ground cover is arguably the most important factor in the

variability of soil erosion on hill slopes. Ground cover helps to dissipate the detaching

energy of the raindrops, reducing the runoff and increasing the infiltration rate. In

addition, ground cover helps to reduce the hydraulic efficiency of runoff by reducing the
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shearing power and the detachment of soil by surface flow. Ground cover is provided by

living vegetation (including canopy cover provided by trees and shrubs) and dead

vegetation especially litter. The presence of rock fragments may also provide cover from

direct raindrop impact depending on the position of the rocks within the soil matrix.

Ground cover was estimated for each plot at weekly intervals, especially during the

growing season. The procedure adopted in this study follows a modification of the

method used by Morgan (1979).

4.8 RAINFALL CHARACTERISTICS

Climatic variables are very important in erosion processes because climate

supplies the energy that drives such processes. Previous studies have found a close

correlation between seasonal climatic variables, such as rainfall amount, rainfall duration,

number of months with rainfall, and sediment yield (Gregory and Walling 1973, Walling

1988). The response of soil erosion to landscape will depend partly on the event sequence

of rainfall and the condition of the landscape at the time of the occurrence of the events.

There were no functioning climatic monitoring stations in the immediate vicinity

at the time of this study. In order to measure the climatic variables that could influence

the rate of soil and runoff loss, a temporal weather station was installed in the vicinity of
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the experimental sites. The station consists of: (1) a self-recording rain gauge, (2) a soil

moisture monitor, and (3) an air temperature monitor, all linked to a WATCH DOG®

data logger, (4) LA CROSSE TECNOLOGY WS-7038U® (Wireless 433 MHz miniature

rain monitor) with a measuring resolution of hourly, daily, weekly and monthly total

rainfall. The WS-7038U has a typing bucket technology and has the capacity to store a

daily total for seven days, weekly total for seven weeks, and the monthly total rainfall for

seven months. However, in order to ensure that the rainfall measured was representative

of the conditions in the runoff plots, two additional manual rain gages were installed at

the uppermost and lowermost locations of the study area. After each rainfall event, the

accumulated rain in the manual rain gage was measured. The volume of rainfall was

compared to that measured by the self-recording gage and was found to be representative

(r = 0.99). Furthermore, the rainfall events were representative of the entire study site in

terms of temporal distribution.

From the record of the weather station, the following season dependent climatic

variables were computed: (1) number of days of rainfall (2) total monthly rainfall, and (3)

number of erosive storms.
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4.9 ESTIMATION OF SOIL EROSION SLASH-AND-BURN CULTIVATION PLOTS

In order to compare the response of erosion to the different stages of slash-and-

burn cultivation and associated land use cover, the study employed the use of bounded

runoff plots. The use of bounded runoff plots is a widely accepted technique in the

estimation of soil material loss on hillslopes, especially in the relative comparison of the

effect of different land use practices or crop types on runoff and soil erosion (Lal 1976d,

Lal 1988, Hudson 1995, Hudson 1993). There are no standard plot dimensions for

measuring the runoff and soil material loss on hillslopes. Different authors have used

different plot sizes. The choice of plot size seems to depend on a host of factors,

including the erosion process being measured, the nature of the terrain, the length of the

study, the objective of the study (i.e. whether the plots are being used for experimentation

or for observation purposes), and the financial and human resources available to the

researchers (Lal 1976d, Lal 1988, Hudson 1995, Hudson 1993).

Three criteria were employed in the choice of material for the boundary and the

size of runoff plots: (1) plot size should be small enough to eliminate the need for the use

of multi-divisor devices to manage large runoff volume, yet be large enough to allow the

measurement of sheet wash, rill and interrill erosion processes (these were observed to be

the dominant erosion processes at the study site), (2) plots should be easy to assemble by

one or two persons working in a remote mountainous site where accessibility is limited,
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(3) materials should be inexpensive, locally available, and able to withstand the elements,

and (4) plot construction and assemblage should pose minimal interference with the

farmer’s normal farming operations. Based on these criteria, micro plots (3m2) were used

in the measurement of seasonal soil erosion. Similar plot sizes have been successfully

utilized in the assessment of the effect of different land covers on soil erosion, runoff and

organic matter losses (Francis 1990, Dunjo, Pardini and Gispert 2004). The plots

measured 3 meters in length and 1 meter in breadth. The catchment area of each plot

were hydrologically defined using corrugated steel embedded 20 centimeters into the soil,

and projecting 15 centimeters above the ground surface to avoid runoff from entering or

leaving the defined area (Odemerho and Avwunudiogba 1993, Avwunudiogba 2000,

Vacca et al. 2000). Soil and runoff losses from the plot surface were channeled by steel

troughs installed at the lower end of the plots into 50 liter capacity sedimentation buckets.

The collecting troughs and sedimentation buckets were protected from direct rainfall

using polyethylene sheets.

The plots were installed for selected areas under different stages of cycle of

slash- and-burn cultivation and associated land use. Two replicates were installed for

each land use to control for natural variability in erosion rates associated with the use of

runoff plots (Nearing, Govers and Norton 1999, Hudson 1993). Soil and runoff losses

were monitored for each rainfall event. At the end of each rainfall event, the runoff (cm3)

A
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in the sedimentation bucket was measured with a calibrated bucket. The soil material

deposited in the sedimentation bucket was moved into plastic bags and left to air dry

before it was weighed to determine the quantity of its material loss for each rainfall event.

4.10 ESTIMATION OF EROSION AND GEOMORPHIC SENSITIVITY AT THE WATERSHED

SCALE

The second part of the study focused on the assessment of the response of soil

erosion to the land use/land cover created by the cycle of slash-and-burn at the watershed

scale. The assessment was accomplished by adapting the Revised Universal Soil Loss

Equation (RUSLE) within the GIS to model geomorphic sensitivity at the watershed

scale. The details about the implementation of the GIS modeling of geomorphic

sensitivity are discussed in Chapter 6.
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Chapter 5

Dynamics of Soil Physical and Hydrological Properties under Slash-and-Burn

Cultivation

5.1 INTRODUCTION

Any observed pattern of runoff and erosion under the current practice of

traditional slash-and-burn cultivation is dependent to a large extent on the hydrological

response of the soil in the study site to rainfall events. In general, variability in the

hydrological response of soil to rainfall events is partly influenced by variability in soil

properties. In turn, variability in soil properties results from the natural process of soil

formation and more importantly by changes in soil properties imposed by the current

practice of slash-and-burn cultivation at the study site.

Therefore, understanding the response of soil erosion to the different stages and

land-cover types associated with slash-and burn cultivation in the study site requires a

detailed examination of the nature and direction of changes in key soil physical and

hydrological properties governing infiltration, runoff generation and erosion processes on

hillslopes.

This chapter discusses the results of the investigation of the pattern of some key

soil physical and hydrological properties and how they vary along chronosequence of
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slash-and-burn cultivation, different land-use cover types and representative hillslopes in

the study site. This approach enabled the study to address one of the stated research

questions in Chapter 1: How do soil physical and hydrological properties vary with the

cycle of slash-and-burn cultivation in Ejido Pisaflores? The deliberate emphases on

investigation of variability of soil physical and hydrological properties along a

chronosequence of slash-and-burn cultivation in the study site also provided the means to

evaluate the potential factors controlling the erodibility of soils and the response of

erosion under the different cover types. In addition, while there is a wealth of information

on changes in soil chemical properties and nutrient cycling, comparatively fewer studies

have focused on changes in soil physical and hydrological properties associated with

slash-and burn agriculture in the tropics. The discussion that follows is divided into two

broad sections. The first section discusses the result of the examination of the pattern of

key soil properties along selected hillslopes, while the second section examines the

pattern along a chronosequence and associated land-use cover types of slash-and-burn

cultivation in the study site.

5.2 PATTERN OF KEY SOIL PROPERTIES ON REPRESENTATIVE HILLSLOPES

The effect of topography on soil formation and variability of soil properties is

well recognized in pedology and soil geomorphology (see (Jenny 1941, Birkeland,
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Pedology and geomorphological 1984, Gerrard 1992, Birkeland 1999, Birekland et al.

2003, Brady and Weil 2008).

This influence, often referred to as the catenary effect (Milne 1935) or

toposequence effect (Birkeland 1999) results from the way in which slope elements, such

as angle, orientation, and length, influence the downward and downslope transfer of

weathered parent and soil material under the influence of gravity (both creep and rapid

mass movement), its role in the distribution of soil moisture, and its effects on weathered

minerals in the solution. Although the relative importance of these processes in the

catenary differentiation of soil properties vary with climate and slope types (see Gerrard

1992) for a comprehensive discussion), some general trends in soil properties and slope

segments have been well documented. Irrespective of climatic setting, the upper segment

of a hillslope is typically a zone of net export of soil material resulting from erosion

(splash, surface wash, and rill) and mass wasting; on the other hand, the toeslope is often

an area of predominant deposition or accumulation of upslope soil material in the form of

colluvium. The mid-slope segment, which links the upper and lower slope segment, is a

zone where both transportation and deposition of upslope eroded material may occur

(Leopold 1964, Dunne 1978, Huang, Gascuel-Odoux and Cros-Cayot 2002). This

variation in dominant geomorphic processes along hillslopes invariably leads to the

differentiation of soil properties along the three main segments: the upper slope, mid-
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slope and lower slope segments. This knowledge has been used as a sampling framework

for investigating the variation of soil properties along hillslopes in many studies (Martz

1992, Agbenin and Tiessen 1995, Perez 1995a, Beach 1998, Salako et al. 1999, Tsui,

Chen and Hsieh 2004, Krasilnikova et al. 2005, Kamara, Rhodes and Sawyerr 2007) and

was employed in this study.

In the context of this present study, an examination of the catenary differentiation

of soil properties was necessary because of its influence on surface and near-surface

hydrological processes, especially infiltration, sub-surface flow, and runoff generation

(Smith 1990, Ruprecht 1993, Rubio et al. 1997, Noguchi 2001, Brunner et al. 2004,

Kienzler and Naef 2008) .

In addition, examination of the soil profile (especially the presence of horizon

truncation or burial) in different soil horizons on the toposequence also provided an

opportunity to assess long-term soil erosion and sediment transfer on the hillslopes in the

study area (see, for example, (Beach 1998, De Jong et al. 1998, Hoag 1998, Hussain,

Olson and Jones 1998, Royall 2001, Beach et al. 2006). The goal of this section is to

examine the pattern of variability in some key soil properties along representative

hillslopes and land-cover types associated with the practice of slash-and-burn cultivation.
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5.2.1 Characterization and Soil Morphology on Selected Hillslopes

Soil pits were excavated along a toposequence of selected hillslopes typical of the

land-cover types under slash-and-burn cultivation in the study site. In all, a total of eight

hillslopes were investigated. The soil pits were described following standard Soil Survey

Staff (Staff 1993 ) procedure. Soil color was determined in the field with the aid of the

Munsell Soil Color Chart (Munsell 1994). On the basis of the conceptual framework

described above, three hillslope positions (that is, upper, middle and lower), representing

changes in geomorphology, topographic gradient and soil characteristics, were selected.

At each hillslope position, a soil profile was dug in other to examine, describe and sample

the soil horizons (Agbenin and Tiessen 1995 18549).

5.2.1.1 Hillslope profile 1 (pasture)

The entire hillslope is predominantly used for pasture, mainly for grazing cattle.

According to information obtained from an interview of the plot owners, the hillslope has

been used for grazing cattle over the last 15 years prior to the beginning of this study.

Although occasional rotation between plots located on the crest and mid-slope positions

was practiced as a way of allowing the plots to fallow and to improve the quality of

pasture, there was clear evidence of overgrazing, as indicated by the sparse ground cover

and scrubby vegetation (Figure 5.1).
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A field estimate of ground cover using the technique described in section 5 of

chapter 4 indicates an average of 65% of ground cover.

Figure 5.1. A view of a portion of hillslope 1. Photograph was taken from the opposite
hillslope. Notice the cattle grazing on the patchy vegetation.

The thickness of the soil solum and individual soil horizon increased consistently in the

downslope direction along this hillslope profile (Appendix 1). The differences in soil

thickness and soil color, which increasingly becomes reddish, may be due to the

influence of slope and topography on near surface drainage. A reddish color of soil

horizon has also been observed for Rendzina soils (Terra Rosa) developed on tertiary

limestone on the typical karstic landscape of the Yucatan, Mexico (Weisbach et al.
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2002a). Under a well-drained condition, the weathering of the highly soluble carbonate

parent material from which the soil has developed may result in the deposition of trace

contaminants such as iron and aluminum oxide (sequioxide), which may accumulate in

the profile giving it a distinctive reddishness or reddish color.

5.2.1.2 Hillslope profile 2 (Slash-and-burn cultivation)

This hillslope is basically used for slash-and-burn cultivation. Maize is the main

crop grown on the plots in this hillslope (Figure 2). At the time of the study, the upper

and lower slope segments were under a 5-year fallow while the middle segment was

under a second year cultivation of maize (Figure 5.2). As in previous hillslope profiles

both the depth of soil solum and thickness of the individual soil horizons increased from

the crest of the slope to the toe of the slope but the thickness of the soil solum was

generally greater along this slope compared to the previous one located along a slightly

higher elevation.
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Figure 5.2. A view of hillslope profile 2 with maize plants. Runoff plot is visible in the
foreground while the author looks on. Photograph was taken by Dr. Hudson.
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5.2.1.3 Hillslope profile 3 (coffee)

This hillslope located at an altitude of 240m a.m.l has been devoted to the

cultivation of coffee for the past 30 years prior to this study. The upper segment of the

hillslope is concave but gently sloping with an average gradient of 230. The entire slope

is covered by approximately a 3mm thick litter layer (Figure 5.3 and Figure 5.4) from the

surface to the mineral soil.

Figure 5.3. A view of hillslope 3 with coffee plants. Notice the litter on the surface of
the soil. The green twine marks the boundary of runoff plot under
construction.
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Figure 5.4. Coffee plants with immature green bean on hillslope 3
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5.2.1.4 Hillslope profile 4 (forest)

This hillslope was covered by a patch of forest (Figure 5.5 and Figure 5.6), which

has never been cultivated according to the information gathered from the interview of the

chairman of the Ejido and documents obtained from the Municipio (local government

office). However, the presence of old tree stumps suggests that the mercantile timber may

have been harvested from the forest in the past. In addition, current residents of the Ejido

often extract different forest products for building and fencing purposes. It is therefore

the case that the forest has been occasionally disturbed. However the presence of a thick

layer of litter and organic horizon found throughout the hillslope supports the notion that

the hillslope has not been cultivated, at least in the recent historical past. Therefore the

soil morphology along this profile may be used as an approximate indication of the

baseline environmental condition for the study site.
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Figure 5.5 A view of the hillslope covered by forest
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Figure 5.6. Another view of the hillslope with forest cover. Note the undergrowth
and thick litter layer.
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5.2.1.5 Hillslope profile 5 (15-year fallow)

This hillslope has been previously used for slash-and-burn cultivation. At the time

of the study, it was covered by a 15-year fallow vegetation made up of shrubs and small

trees. The slope is generally linear, with an average gradient of 32 degrees. The trend in

sequence and thickness in soil horizons are similar to those observed in hillslope profile

4, with the exception of a lower amount of litter cover on the surface compared to

hillslope profile 4. An unusually thick (~10cm) buried organic horizon was observed in

the soil pit located at the foot of the hillslope, suggesting the possibility of the transfer of

soil material from the upper slope that may have been deposited as colluvium. It was

necessary to establish whether this was due to long-term deposition as a result of erosion

or down slope movement of material under gravity. Five exploratory cores adjacent to the

profile pit where dug along the contour to ascertain the lateral extent of the buried soil.

The evaluation revealed that the buried horizon did not extend beyond two meters on

either side of the soil pit. It is most likely that this was due to mass movement, rather than

gradual accumulation from the sheet wash from upper slope segments within the hillslope

profile. Information gathered from the interview conducted with the plot owner, a 70-

year-old resident of the Ejido, suggests that cattle frequently grazed on the hillslope when

it was under cultivation.
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Mass movement of the soil material may have resulted from the trampling effect

of cattle, which caused material to dislodge from the upper slopes.

5.2.1.6 Hillslope Profile 6 (Three-year cultivation)

This hill slope has been used for the cultivation of maize for three years prior to this

study. Prior to being used for cultivation, the hill slope was covered by 15-year fallow

vegetation of shrubs and small trees. During this study, only the upper and middle slope

segments were under cultivation, while the lower slope position was under a one-year

fallow (Figure 5.7). The sequences of soil horizons and thickness were observed to be

similar to those observed in the other hill slope profiles.
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Figure 5.7. View of a portion of hill slope profile 6. Notice the maize crop in the
middle portion. The down slope of where Dr. Hudson and Dr. Doolittle are
standing is a one-year fallow plot.
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5.2.1.7 Summary of Findings of Soil Properties and their Variations on Hillslopes

Soil profiles from each of the landform elements along the selected hill slopes had

a generally similar sequence of horizons, but the thicknesses of individual horizons

varied. As expected, profiles on shoulder slopes had the thinnest topsoil and subsoil

horizons above the underlying caliche. The most striking difference in soil morphology is

the over-thickened topsoil horizon in foot slope sites. The relocation of topsoil material

from the upper to lower slopes is attributed mainly to the effects of cultivation, either

directly through the mechanical movement of soil during cultivation operations or

indirectly through soil erosion (Webb and Burgham 1994, Webb and Burgham 1997).

However, because a similar pattern was noted for the horizons in the forest hill slope, it is

most likely that the downward transfer of soil material through the direct effect of gravity

may have played a major role in the study site.

The result of the hillslope profile study indicates the following observations: 1.

Solum thickness consistently increased downslope in all of the profile; 2. Horizon

thickness appears to be consistent for the same landscape position for all of the slope

profile suggesting that the erosion processes leading to truncation and burrier of horizon

are probably uniform in the study site; 3. Organic matter generally decreased from the

surface with depth for all profiles. The trend in organic matter decrease with depth is for

profiles on the same landscape position but also increased from upper slope position to
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lower slope position for the studied slope profile. The changes in organic matter were

more pronounced at the surface suggesting the role of land use cover in organic matter

dynamics in the study area. In the absence of heterogeneity in parent material from which

the soil in the study site was formed, the similarity in texture and other soil characteristics

is not surprising. This suggests that the primary reasons for any catenary differentiation

may then be related to hillslope processes and the consequence of land use in the study

area.

5.3 DYNAMICS SOIL PROPERTIES UNDER A CHRONOSEQUENCE OF SLASH-AND-BURN

CULTIVATION

5.3.1 Soil Texture

Table 5.1 shows the textural properties of the topsoil under a chronosequence of

slash-and-burn cultivation, and associated land cover types in the study site. The topsoil

under the forest plot shows a low amount of sand (9.5%), but higher amounts of silt

(65.3%) and clay (25.2%). Using the textural characteristics of the natural forest plot as

the baseline condition, the soil in the study site can be classified as a silty clay loam

(Table 5.1). The low sand and higher silt and clay content in the top soil of the study area
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Table 5.1. Soil texture properties for chronosequence of slash-and burn and
associated land cover types in the study site

% Sand

(2.0-2000 μm) 

% Silt

 (2-20 μm)

% Clay

(< 2 μm) 

Slash-and-burn Stages and land use cover
types

Mean Mean Mean

1-yr cultivation 9.2± 0.15 62.8±0.20 28.0±0.72

2-yr cultivation 11.5± 0.32 59.9±0.11 28.6±0.68

3-yr cultivation 14.3± 0.55 56.3±0.54 29.4±0.55

4-yr cultivation 14.5± 0.17 55.5±0.32 30.0±0.79

All cultivations (average) 12.4± 0.30 58.6±0.29 29.0±0.69

1-yr fallow 14.2± 0.25 55.6±0.35 30.2±0.77

5-yr fallow 10.7± 0.47 59.5±0.22 28.8±0.91

15-yr fallow 9.1± 0.15 62.6±0.05 29.3±0.88

All fallows (average) 11± 0.29 59.0±0.21 29.4±0.85

Lightly grazed pasture 9.3± 0.15 63.3±0.09 27.4±0.68

Moderately grazed pasture 9.4± 0.38 63.6±0.07 27.9±0.77

Heavily grazed pasture 10.5± 0.15 60.5±0.11 29.0±0.95

All pasture plots (average) 9.7± 0.23 62.5±0.09 28.1±0.77

Mango (30-year) 10.2± 0.15 64.3±0.47 25.5±0.33

Shaded coffee 9.7± 0.15 64.8±0.42 25.5±0.41

Forest 180year (control) 9.5± 0.06 65.3±0.2 25.2±0.25



119

is most likely the result of in situ weathering of the fine textured carbonate dominated

parent material. This type of parent material generally has a low amount of quartz that is

mainly in the form of impurities (Williams and Joseph 1970, Faniran 1983, Osher and

Buol 1998, Brady and Weil 2008) that results in the low amount of sand after weathering.

An examination of the changes in particle size distribution along the

chronosequence of slash-and- burn cultivation shows that the percent sand fraction

increased slightly with the increasing age of cultivation. That is, the longer the length of

cultivation, the higher the percent of sand in the top soil. The mean percent of sand

increased from 9.2 percent during the first year of cultivation to 14.5 percent at the end of

the four-year cultivation (Table 5.1). This represents an increase of 35 percent in the sand

fraction in the four-year cultivation compared to the one-year cultivation and forest plot,

respectively. On the other hand, a decrease in the silt fraction from 62.8 percent during

the first year of cultivation to 55.5 percent at the end of the four-year cultivation was

observed for the top soil (Table 5.1).

The level of the clay fraction remained similar for the topsoil during the first (28.0

%) and second years of cultivation (28.6%), increasing slightly to 29.4% and 30%,

respectively, during the third and fourth years of cultivation.
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During the fallow stage of slash-and- burn cultivation, the level of sand decreased

from 14.2% in the one-year fallow plot to 10.7 % and 9.1% in the five- and 15-year

fallow plots, respectively (Table 5.2). In contrast, the silt fraction increased from 55.6%

under the one-year fallow plot to 62.6% in the 15-year fallow plots. The level of silt in

the 15-year fallow plot was similar to that of the forest plot (Table 5.1). There is no clear

trend in the level of clay fraction as the percentage of clay is more or less uniform for the

one-, five-, and 15-year fallow plots.

With regard to other land-use covers associated with the practice of slash-and-

burn cultivation in the study site, Table 5.1 shows that textural characteristics under

pasture plots with different grazing intensities are similar, with the only noticeable

difference being slightly higher sand (10.2%) and lower silt (60.5%) content in topsoil

under heavily grazed pasture compared to the lightly and moderated grazed pasture plots.

The shaded coffee, mango and forest plots had a similar proportion of sand, silt, and clay

(Table 5.1). In general, textural properties are similar for the different stages of slash-and-

burn cultivation and associated land-cover types.

The similarity in texture of topsoil under the chronosequence of slash-and-burn

cultivation and the associated land use indicates that the soil underneath was formed from

the same parent material in a similar environmental condition (Aweto and Obe 1993).

Additionally, soil texture is one of the fundamental soil physical properties that changes
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the least with cultivation and management practices at the field scale (Aweto and

Adejumobi 1991, Ghuman, Lal and Shearer 1991, Brady and Weil 2008).

This is especially so under slash-and-burn (shifting) cultivation where mechanical

land clearing for agriculture or intensive mechanical tillage is not practiced (Lal 1986,

Ghuman et al. 1991). Nevertheless, where changes in soil texture occur in cultivated

plots, such changes are mostly related to the selective removal of fine soil materials,

especially silt and clay particles, by runoff and soil erosion (Lal 1976c, Ekanade, Adesina

and Egbe 1991). (Lal 1976c) observed an increase in sand and a decrease in silt fraction

in cultivated plots affected by erosion under Alfisols in south western Nigeria, while

(Ekanade et al. 1991) observed a decrease in the silt and clay content of soils under

fruiting tree cover compared to that of the adjacent rainforest and attributed this to

mechanical elluviation caused by runoff and the aggravation of soil erosion caused by

increased human disturbance during the harvesting of fruits. Because soil texture is one

of the controls of soil erodibility (Wischmeier and Mannering 1969, Wischmeier,

Johnson and Cross 1971, El-Assward and Abufaided 1994, Veihe 2002), the slight

differences in the relative composition of sand, silt, and clay fraction under the

chronosequence of slash-and-burn cultivation in the study site may lead to differences in

the erodibility of the soil and differences in the sensitivity to erosion compared to the soil

under forest cover.
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5.3.2 Bulk Density

Bulk density is a measure of the degree of soil compaction, and it directly

influences the rate of water infiltration into the soil during a storm. Bulk density is

naturally influenced by soil texture, organic matter, vegetation, and soil fauna. Fine

textured soils with a higher proportion of clay fractions generally have higher bulk

density values compared to sandy soils (Brady and Weil 2008). Table 5.2 shows the mean

values of soil bulk density (g/cm3) for topsoil under the chronosequence of slash-and-

burn cultivation and associated land-cover types.

The mean values of soil bulk density under forest cover for the study site are 1.10

g cm3 (for all cultivation and 1.40 g cm3 and 1.21 g cm3, respectively, for all fallow plots

under slash-and-burn (Table 5.2). Compared to the forest plot, slash-and-burn cultivation

led to an increase in soil bulk density, but the mean value of soil bulk density was higher

during the cultivation than during the fallow stage (Table 5.2). The trend in bulk density

indicates a gradual increase in the length of cultivation from 1.25 g cm3 in the one-year

plot to a maximum of 1.51 g cm3 in the four-year plot. In contrast, soil bulk density

showed a decreasing trend with the length of fallow from 1.48 g cm3 in the one-year

fallow plots to 1.21g cm3 in the 15-year fallow plots (Table 5.2).

Other land-use covers associated with slash-and-burn cultivation also had an

effect on soil bulk density. The highest average value of soil bulk density was recorded
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Table 5.2 Mean values of soil bulk density (g cm3) and total porosity (%) for the cycle
of slash-and-burn cultivation and different associated land cover types.

Bulk Density (g cm-3) Total Porosity (%)

Slash-and-burn Stages and

land cover types Mean

% of forest

plot Mean

% of

forest plot

1-yr cultivation 1.25 13.6 52.8 -9.7

2-yr cultivation 1.35 22.7 49.1 -16.1

3-yr cultivation 1.48 34.5 44.2 -24.4

4-yr cultivation 1.51 37.3 43.0 -26.5

All Cultivation (average) 1.40 27.3 47.3 -19.1

1-yr fallow 1.48 34.5 44.2 -24.4

5-yr fallow 1.34 21.8 49.4 -15.6

15-yr fallow 1.21 10.0 54.3 -7.2

All fallow plots (average) 1.34 21.8 49.3 -15.7

Lightly grazed pasture 1.41 28.2 46.8 -20.0

Moderately grazed pasture 1.70 54.5 35.8 -38.8

Heavily grazed pasture 1.82 65.5 31.3 -46.5

All pasture plots (average) 1.64 49.1 38.0 -35.0

Mango (30-year) 1.57 42.7 40.8 -30.3

Shaded coffee 1.20 9.1 54.7 -6.5

Forest ~180year (control) 1.10 0.0 58.5 0.0
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under pasture and compared to that of forest plot and other land-use cover types but

varied according to grazing intensity (Table 5.2). The lowest value of 1.41 g cm3 was

recorded for the lightly grazed pasture plot, while the highest value of 1.82 g cm3 was

recorded for the heavily grazed pasture plots. The moderately grazed pasture plot was in

between, with a value of 1.70 g cm3. The mean value of bulk density under the mango

plot was 1.57 g cm3, while that of the shaded coffee was 1.10 g cm3.

In general, the data suggests that the conversion of a native forest to slash-and-

burn cultivation at the study site led to an increase in soil bulk density, which can be

considered a deterioration of this soil’s physical property. When compared to a forest

plot, soil bulk density increased by an average of 27.3% during the cultivation stage and

21.8% during the fallow stage of slash-and-burn cultivation. The highest percentage

increase in soil bulk density occurred under pasture plots, followed by the mango plot,

while the lowest increase of 9.1% was recorded under the shaded coffee plot (Table 5.2).

Change in soil bulk density is mostly induced by anthropogenic activities, such as

tillage and cultivation with heavy machinery leading to soil compaction (Li et al. 2007,

Loss et al. 2009) and the tramping effect of grazing livestock (Bezkorowajnyj, Gordon

and McBride 1993, Greenwood et al. 1998, Hiernaux et al. 1999, Mapfumo et al. 1999,

Daniel et al. 2002, Donkor et al. 2002, Chairez, Perez and Valenzuela 2007, Sharrow
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2007). The observed increase in soil bulk density during the cultivation stage of slash-

and-burn cultivation may be due to a number of processes, including the effect of land

preparation and the method of cultivation, as bulk density increased with the length of

cultivation. In particular, the practice of allowing livestock (cattle) to graze on maize

stock after crop harvest may have contributed to the increased bulk density observed. In

addition, in other communities, such as in the lowland rainforest and savannah

ecosystems of West Africa, where slash-and-burn cultivation is practiced, farmers often

cultivate their crops on ridges or soil mounds made with simple implements, such as

hoes. The process of ridging and mound-making helped to loosen the compacted subsoil,

leading to a reduction in bulk density. In Ejido Pisaflores, farmers did not make ridges or

mounds, but instead they planted with a digging stick to ensure minimal disturbance to

the topsoil. This practice may not help in loosening compacted topsoil.

The value of bulk density was higher during the early fallow stage because cattle

also grazed on the young fallow plots. However, as the fallow increased with age (in

general, by the third year), farmers stopped livestock from grazing, because according to

them, the emerging shrubs were not palatable for livestock. Furthermore, the addition of

organic matter in the form of litter to the soil and the increased biological activities by

soil fauna in older fallow may have contributed to the lowering of the soil bulk density.

Therefore the value of bulk density for the 15-year fallow plot was similar to those of the
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forest plot. The effect of slash-and burn cultivation on soil bulk density would appear to

be dependent on the detailed soil management, as the data for this study suggests.

The higher bulk density values observed in the plots under pasture are likely

related to the trampling impact of the grazing animals, which leads to the compaction of

topsoil (Trimble and Mendel 1995, Manzano and Navar 2000, Greenwood and McKenzie

2001, Martinez and Zinck 2004, Sharrow 2007). This is plausible, as plots with higher

grazing intensities also had the higher soil bulk density values, a trend that has been

reported in other studies (Daniel et al. 2002, da Silva, Imhoff and Corsi 2003). For

example, Charez et al. (Chairez et al. 2007) reported a lower soil bulk density value of

1.41 g cm3 in a pasture used by small ruminant animals under rotation grazing compared

with values of 1.53 g cm3 under continuous grazing in Ejido Panuco, Zacatecas, Mexico.

5.3.3 Total Porosity

Total porosity is a major property that influences soil infiltration rates and surface

runoff. Total porosity is closely related to soil bulk density. The averages of total

porosity during the cultivation and fallow stages of slash-and-burn cultivation at the study

site were 47.3 percent and 54.3 percent respectively (Table 5.2). In general the longer the

length of cultivation the higher the decline in the value of total porosity. Values of total
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porosity fell from 52.8 percent in one-year plots to 43.0 percent in four-year plots (Table

5.2). Conversely, an increase in the length of fallow led to an improvement in the values

of total porosity, from 44.2 percent in the one-year fallow plots to the highest value of

54.3 percent in the 15-year fallow.

Total porosity also differed according to grazing intensity under pasture. The

lowest total porosity value of 31.3 percent was recorded in a heavily grazed pasture,

while the highest value of 46.8 percent was recorded in a lightly grazed pasture (Table

5.2). The values for the mango orchard plot and shaded coffee plot were 40.08 percent

and 54.7 percent respectively, while that of the forest plot was 58.5 percent (Table 5.2).

The conversion of native forest to slash-and-burn cultivation led to a reduction in the

values of total porosity at the study site. On the average, total porosity was reduced by

19.1 percent and 15.7 percent during the cultivation stage and fallow stage respectively

(Table 5.2). The highest reduction of 35.0% was recorded under pasture plots followed

by 30.3% in mango plots. The lowest value of 6.5% was recorded under the shaded

coffee plots when compared to the forest plot (Table 5.2).

In general, the pattern of total porosity mirrors that observed for bulk density

accepts that an inverse relationship was observed. That is, plots with highest bulk density

values also recorded the lowest total porosity (Table 5.2). This observed pattern is

expected because in this study, total porosity was computed using the values of bulk
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density. In addition, porosity is generally reported to be inversely related to bulk density

(Grange and Kansuntisukmongkol 2003, Fares et al. 2008, Jankauskas, Jankauskiene and

Fullen 2008). In this regard, the factors that have influenced the values of soil bulk

density (see section 5.4) in the study site may have equally determined the pattern of

observed total porosity.

5.3.4 Soil strength

Soil strength can be used as an indication of soil erodibility (Hanson 1996). Soil

strength was evaluated using a pocket penetrometer and the Torvane. Penetrometer

resistance measures the compactness of the soil, a factor which influences the soil water

infiltration rate, while the Torvane measures the shearing resistance of the soil to

overland flow (Zimbone et al. 1996).

5.3.4.1 Penetrometer resistance

On the average, the lowest penetrometer resistance value of 0.42 gm cm2 was

recorded in the forest plot, while the highest value of 2.37 gm cm2 was recorded under

pasture plots (Table 5.3), suggesting that the soil under forest cover was the least

compacted in the study site. The penetrometer resistance value was highest for the
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cultivation stage of slash-and-burn cultivation with an average value of 1.89 gm cm2

compared to the fallow stage with an average value of 1.23 gm cm2.

The trend shows an increase in penetrometer resistance with an increase in the length of

years of cultivation from 1.20 gm cm2 in the 1-year plot to 2.43 gm cm2 in the 4-year plot

(Table 5.3). Conversely, penetrometer resistance decreased with an increase in the age of

fallow plots with the lowest value of 0.63 gm cm2 occurring under the 15-year fallow

plot.

With regards to other land cover associated with slash-and-burn cultivation in the

study site, the penetrometer resistance value of 0.42 gm cm2 was recorded in the shaded

coffee plot, while that in the mango plot was 1.42 gm cm2 (Table 5.3). Penetrometer

resistance value in pasture plots varied according to grazing intensity with the lowest

value of 1.75gm cm2 recorded in a slightly-grazed pasture while the highest value of 2.90

gm cm2 occurred in the heavily grazed pasture (Table 5.3). In general, the magnitude of

penetrometer resistant values in the study site is: pasture plots > cultivated plots > mango

plots > fallow plots > shaded coffee >forest.

The trend in penetrometer resistance values combined with those of soil bulk

density as discussed earlier suggests that soil compaction occurs when the natural forest

is converted to slash-and-burn cultivation in the study site. The high penetrometer

resistance value recorded during the cultivation stage of slash-and-burn cultivation may
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be due to a combination of factors including increased human traffic during weeding and

harvesting operation, post-harvest grazing of corn stalk by cattle (Bezkorowajnyj et al.

1993, da Silva et al. 2003), gradual reduction in top soil organic matter, which may

further reduce the population of soil fauna whose activities help to loosen the soil, and the

possible compacting impact of cumulative raindrops on exposed top soil during the early

stage of cultivation when ground cover is sparse.

The lower penetrometer resistance value recorded in older fallow plots, shaded

coffee plots, and forest plots is probably due to the absence of livestock grazing because

these plots are dominated by non-palatable shrubs. In addition, the root systems and

addition of litter to the top soil by shrubs and trees growing in fallow and shaded coffee

plots may have helped to improve the general soil structure over time and reduce soil

compaction (Salako and Tian 2005, Sinnett et al. 2008).

5.3.4.2 Soil-shearing Strength (Torvane)

The highest soil-shearing strength value of 8.0 kg cm2 was recorded in the forest

plots, and the lowest of 3.7 kg cm2 was recorded in the four-year cultivated plot (Table

5.3). The average value of soil-shearing strength during the cultivation stage of slash-and-

burn was 4.3 kg cm2, and the value for the fallow stage was 6.0 kg cm2 (Table 5.3). This

suggests that soil in the study area has a higher resistance to the shearing stress of over-

land flow during the fallow stage of slash-and-burn cultivation compared to the
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Table 5. 3. Penetrometer resistance and soil shearing strength (Torvane) for
chronosequence of slash-and-burn cultivation and associated land use cover

Penetrometer

resistance (gm cm2)

Torvane(kg cm2)

Slash-and-burn Stages and

Land Cover Types

Mean CV Mean CV

1-yr cultivation 1.20±0.67 56.25 5.3±1.2 22.3

2-yr cultivation 1.79±0.73 40.67 4.3±1.0 23.7

3-yr cultivation 2.15±0.80 37.26 3.7±0.8 20.9

4-yr cultivation 2.43±0.65 26.64 3.8±0.8 19.9

All Cultivation (average) 1.89±0.71 40.20 4.3±0.9 21.7

1-yr fallow 1.65±0.24 14.64 5.1±0.8 15.1

5-yr fallow 1.41±0.27 19.34 6.3±0.4 5.7

15-yr fallow 0.63±0.21 32.66 6.8±0.4 5.7

All fallow plots (average) 1.23±0.24 22.21 6.0±0.5 8.8

Lightly grazed pasture 1.75±0.42 24.28 5.3±1.0 18.1

Moderately grazed pasture 2.9±0.61 21.19 5.3±1.6 29.9

Heavily grazed pasture 2.45±0.64 26.26 4.9±1.7 34.0

All pasture plots (average) 2.37±0.56 23.91 5.1±1.4 27.3

Mango (30-year) 1.42±0.19 13.20 6.3±1.8 28.3

Shaded coffee 0.56±0.13 24.11 7.0±0.7 10.1

Forest ~180year (control) 0.42±0.09 21.88 8.0±0.4 5.5
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cultivation stage. It is important to note that the value of shearing strength varies

according to the age of cultivation and fallow plots.

An increase in the length of cultivation lead to a decline in shearing strength from

5.3 kg cm2 in the one-year plot to 3.7 kg cm2 in the four-year plot. In contrast, during the

fallow stage of slash-and-burn cultivation in the study site, a gradual increase in shearing

strength was observed. Shearing strength increased from 5.1kg cm2 in the one-year fallow

to 6.0kg cm2 in the 15-year fallow, although the value was less than that forest plot

(Table 5.3).

The average value of soil shearing strength recorded in other land cover types

associated with slash-and-burn cultivation in the study site were lower compared to that

of the forest plot. However, the highest shearing strength of 7.0 kg cm2 was recorded in

the shaded coffee plot, followed by 6.3 kg cm2 in the mango plot and 5.1 kg cm2 in the

pasture plots (Table 5.3). However, shearing strength also varied with grazing intensity,

with the highest value occurring in the lightly-grazed pasture and the lowest in the

heavily-grazed pasture plot (Table 5.3). When all cover types are compared to the forest

plot, the order of shearing strength is: cultivation plot < pasture plot < fallow plot <

mango plot < shaded coffee < forest plot.

The data suggests that the conversion of the natural forest in the study site to

slash-and-burn cultivation may lead to the deterioration of the soil shearing resistance.
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Although fallowing helps to improve and restore the soil shearing strength, the values of

shearing strength at the end of the 15-year fallow, which marks the beginning of another

cycle of slash-and-burn cultivation in the study site, was still lower than that of the

natural forest. Consequently, soil under slash-and-burn plots is more sensitive to rainfall-

induced runoff and erosion (see Chapter 6 for a discussion).

5.3.5 Infiltration Rates

The rate at which water infiltrates into the soil during a rainstorm by and large

determines the initiation and generation of surface runoff in a landscape. It is therefore an

important factor governing the rate of soil erosion. The soils under the forest cover and

coffee plot had the highest infiltration rates of 516.23mm h-1 and 499.91 mm h-1,

respectively, while the lowest infiltration rate of 103.88 mm h-1 occurred in plots used for

pasture, although significant differences in infiltration rates were observed among the

plots with different grazing intensities (Table 5.4). In addition, the average infiltration

rate is lower (215.21 mm h-1) during the cultivation stage of slash-and-burn compared to

the fallow (374.79 mm h-1) stage.

The practice of slash-and burn cultivation in the study site led to a decline in soil

water infiltration rates as the length of cultivation increased. The infiltration rates

decreased from 242.38 mm h-1 in the one-year plot to 140.87 mm h-1 in the four-year plot.

In contrast, starting from the beginning of the one-year fallow plot, there was a gradual
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Table 5.4 Water holding capacity (%) and infiltration rate (mm h-1) for chronosequence
of slash-and-burn and associated land-cover types

Water Holding capacity

(%)*

Infiltration rate (mm h-1)

Slash-and-burn Stages and land

use cover types

Mean Mean

1-yr cultivation 63.31 242.38

2-yr cultivation 61.19 255.11

3-yr cultivation 58.63 222.47

4-yr cultivation 54.96 140.87

All cultivations (average) 59.52 215.21

1-yr fallow 59.41 238.79

5-yr fallow 64.87 434.63

15-yr fallow 68.31 450.95

All fallows (average) 64.20 374.79

Lightly grazed pasture 72.68 140.87

Moderately grazed pasture 64.00 101.70

Heavily grazed pasture 68.00 69.06

All pasture plots (average) 68.23 103.88

Mango (30-year) 68.38 369.35

Shaded coffee 74.32 499.91

Forest 75.03 516.23
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increase in the infiltration rate from a value of 238.79mm h-1 to 450.95 mm h-1 in the 15-

year fallow plot (Table 5.4). However, the infiltration rate attained at the end of the cycle

of slash-and-burn cultivation in the study site is lower than that observed in the natural

forest plot.

Conversion of natural forest to pasture was also observed to lead to a decline in

infiltration rate, but the magnitude of the decline appears to vary with grazing intensity.

In the lightly grazed pasture plots, the infiltration rate was 140.87 mm h-1, while in the

heavily grazed pasture, the infiltration rate was 69.06 mm h-1. The moderately grazed

pasture was in-between, with an infiltration rate of 101.70 mm h-1 (Table 5.4).

The pattern of infiltration rates observed in the study site can be explained by a

number of interrelated factors. Soil infiltration rates depend on a number of static and

dynamic soil properties as well as land-use practices, which may change soil conditions

over time (Bormann et al. 2005, Giertz, Junge and Diekkrüger 2005, Yimer et al. 2008).

The high infiltration rates observed in the forest plot in this study were expected, as most

tropical soils under natural forest vegetation cover exhibit high-infiltration capacity

(Wilkinson and Aina 1976, Lal 1996, Dykes and Thornes 2000); this is because the

presence of a thick layer of litter on the surface of the soil and high levels of organic

matter in the topsoil (A horizon) promotes activities of soil fauna (such as earthworms,

ants, and termites), which helps to improve soil structure, porosity, and open channels for
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infiltration (Aina 1984, Lee and Foster 1991). The conversion of natural forest to

agricultural purposes reduced these advantages, leading to a gradual decrease in

infiltration rates over time (Lal 1996, Ziegler et al. 2004, Chaves et al. 2008).

Thus, reduced infiltration rates observed during the cultivation stage of slash-

and-burn compared to the forest plots in this study are not unexpected. Reduction in

infiltration rates during cultivation is often related to a variety of factors including tillage

practices. While manual or less intensive/minimum tillage practices may lead to

loosening of compacted subsoil and hence improve soil infiltrate rate (Lal 1997,

Thierfelder, Amezquita and Stahr 2005), conventional tillage practices involving repeated

use of heavy machinery and tillage equipment may lead to increased soil-bulk density,

aggregate breakdown and reduction in soil infiltration rates over time (Skukla, Lal and

Ebinger 2003, Ozgoz et al. 2007, Abid and Lal 2008, Loss et al. 2009). Since neither

manual nor mechanical tillage is practiced at the study site, reduction in infiltration rates

during the cultivation phase of slash-and-burn is probably related more to loss of organic

matter, destruction of soil aggregates, and deterioration of soil structure (Lal 1997, Are et

al. 2009). In addition, the practice of allowing cattle to graze on maize stalk, especially

during the first year of fallow, may have further increased soil-bulk density and reduced

infiltration rates.
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In contrast, the improved infiltration rates recorded during the fallow stage of the

slash-and-burn cycle observed in this study is probably related to increase in organic

matter and the accompanying improvement in soil structure as fallow length increase

with time (Wilkinson and Aina 1976, Bravo-Garza and Bryan 2005, Nyamadzawo et al.

2007, Nyamadzawo et al. 2008). Since the level of organic matter in topsoil is higher

under pasture compared to cultivated plots, the observed pattern in infiltration rate under

pasture plots is more related to the tramping effect of grazing animals, which helped to

compact the topsoil leading to an increase in bulk density, penetrometer resistance, and a

reduction in total porosity. This causes a reduction in infiltration rates (Reiners et al.

1994, Trimble and Mendel 1995, Martinez and Zinck 2004).

In summary, soil properties controlling the rate of infiltration seem to vary in

importance according to different land use cover under slash-and-burn cultivation at the

study site. Under-pasture plot soil compaction resulting in increases of soil bulk density

was a more important factor influencing the rate of infiltration while under cultivation,

the breakdown of soil aggregates due to loss of organic matter and rain drop impact, and

the resultant clogging of the topsoil and sealing, especially during the fourth year of

cultivation, may be the mechanism responsible for the decline in infiltration rates. The

implication of this observation is that the relative importance of the factors responsible
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for the generation of runoff and erosion under the different covert types under slash-and-

burn cultivation at the study area vary from one cover type to another.

5.3.6 Water Holding Capacity (WHC)

Water holding capacity (WHC) is an important soil physical property that governs

the erosion process because of its direct influence on soil saturation and initiation of

runoff. WHC is related to a number of soil properties, most importantly, soil texture, bulk

density, total porosity, and organic matter (Li et al. 2007). Table 5.4 shows the values of

WHC (%) for the chronosequence of slash-and-burn cultivation, and associated land

cover types.

The highest value for WHC of 75.03 % was recorded for the forest plot while the

lowest values were recorded during the cultivation stages of the slash-and-burn but WHC

varied according to the age of the cultivation (Table 5.4). During the cultivation stage of

slash-and burn, the highest WHC value of 63.31 % was recorded for the 1-year

cultivation while the lowest value of 54.96 % was recorded for the 4-year cultivation

(Table 5.4). In contrast, the value of WHC increased during the fallow stage from 59.41

% in the 1-year fallow plot to 68.31 % in the 15-year fallow plot. In general, the trend in

WHC under the chronosequence of slash-and-burn cultivation suggests a decline during

the cultivation stage followed by an increase in WHC during the fallow stage (Table 5.4).
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With regard to other land use covers associated with slash-and-burn cultivation in

the study site, pasture plots also recorded high WHC although there is no clear pattern

between WHC and grazing intensity. Thus the highest WHC of 72.68% was recorded for

the lightly grazed pasture, the lowest (64.0%) for the moderately grazed pasture, and

68.0% for the heavily grazed pasture (Table 5.4). The lack of a clear pattern is probably a

result of differences in organic matter in the top soils in the pasture plots. WHC were

high for the shaded coffee plot (74.32%) and mango plots (68.38%) in comparison to the

forest plot (75.03%). On average, when the land cover types are pooled together, the

order of WHC of the top soil in the study site is: cultivated plots (59.52%) < fallow plots

(64.20%) < pasture plots (68.23%) < mango plots (68.38%) < shaded coffee plot

(74.32%) < forest plot (75.03%).

In general, the WHC of the soil in the study site is high; this may be due to the

texture and relatively high amount of organic matter present in the soil. Fine texture soils

such as the silty loam found in the study site have a high water-holding capacity (Brady

and Weil 2008). Water-holding capacity is further enhanced by the high organic matter

present in the soil, as organic matter has been reported to improve WHC (Felton and Ali

1992, Perez 1992). The fine-textured nature of the soil partially explains the high WHC

observed in the cultivated plots even though organic matter was lower in these plots.
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When compared to the forest plot (control), slash-and-burn cultivation in the

study site results in a gradual decline in WHC (Table 5.4) with the lowest decline

occurring during the fourth year of cultivation. The decline in WHC with increasing age

of cultivation may be more related to the loss of organic matter and the silt and clay

mineral fraction of the topsoil during the cultivation stage.

5.3.7 Organic matter

Organic matter is one of the soil properties that have both a direct and an indirect

influence on the rate of soil erosion on hill slopes. Organic matter exerts positive effects

on other soil properties. High organic matter levels in soil help to bind mineral particles

together into aggregates that increase the resistance of soil to detachment and lower its

erodibility. Overall, the organic matter content of the topsoil was, as expected, highest in

the forest plot (22.1%), followed by the shaded coffee plots (20.9 %). The relative

magnitude of organic matter levels in the topsoil for other land cover types were pasture

(14.7%), fallow plots (14.0%), mango orchard (13.1%) and cultivated plots (12.7%). In

general, compared to many soils of the tropics, soil in the study area has a relatively high

amount of organic matter. The observed high level of organic matter may be partly due to

the high carbonate content of the Rendzina soils, which under natural forest cover are

presumed to protect organic matter against rapid decomposition and mineralization

(Weisbach, Tiessen and Jimenez 2002b, Mendoza-Vega and Messing 2005).



141

When the chronosequence of the slash-and- burn cultivation is examined in detail,

the trend shows a decline in organic matter during the cultivation stage, while organic

matter gradually increases during the fallow stage. Compared to the forest plot, organic

matter fell to 19.2% in the one-year plot and 8.2% in the four-year plot (Table 5.5).

The organic matter in the topsoil in the two-year (11.8%) and three-year (11.6%)

fallows were similar. Considering the fallow stage, the level of organic matter was lowest

(13.1%) in the one-year fallow and highest (14.8%) in the 15-year fallow (Table 5.5).

However, the level of organic matter at the end of the 15-year fallow plot was much

lower than the level recorded for the forest plot (Table 5.5).

In the pasture plots, there is no clear trend in the pattern of organic matter in

response to grazing intensity. The levels of organic matter are 12.5%, 13.6%, and 18.2%

for the lightly, moderately, and heavily grazed pasture plots, respectively (Table 5.5). It

would appear that grazing intensity did not correlate directly with the level of organic

matter in the topsoil in this study, probably because the addition of animal waste during

the grazing period was not uniform. Thus the higher levels of organic matter observed in

the heavily grazed pasture plot are probably a result of the contribution of waste from

grazing animals. The levels of organic matter in the mango and shaded coffee plots were

13.1% and 20.9%, respectively, but they were still below the level of the forest plot

(Table 5.5).
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Table 5.5 Organic matter dynamics along a chronosequence of traditional slash-and-
burn and land-cover types

Organic matter (%)

Slash-and-burn Stages and land

cover types

Mean Standard

Deviation

CV

1-yr cultivation 19.2 1.14 5.9

2-yr cultivation 11.8 1.24 10.5

3-yr cultivation 11.6 1.19 10.3

4-yr cultivation 8.2 2.12 26.0

All Cultivation (average) 12.7 1.4 13.2

1-yr fallow 13.1 1.37 10.5

5-yr fallow 14.1 0.37 2.6

15-yr fallow 14.8 0.73 4.9

All fallow plots (average) 14.0 0.8 6.0

Lightly grazed pasture 12.5 0.32 2.5

Moderately grazed pasture 13.6 0.24 1.8

Heavily grazed pasture 18.2 0.80 4.4

All pasture plots (average) 14.7 0.5 2.9

Mango (30-year) 13.1 0.63 4.8

Shaded coffee 20.9 0.97 4.6

Forest 22.1 5.58 25.3
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The pattern of organic matter observed under slash-and-burn cultivation in the

study site was as expected. The conversion of natural forest to cultivation under slash-

and-burn cultivation has been widely observed to lead to a gradual decline in soil organic

matter (SOM) over time as a result of the disruption of the natural process of SOM

cycling (Aweto 1988, Aweto, Obe and Ayanniyi 1992, Garciaoliva et al. 1994, Funakawa

et al. 1997a, Funakawa et al. 1997b, Tanaka et al. 1998, Weisbach et al. 2002a, Mendoza-

Vega, Karltun and Olsson 2003, Diekmann et al. 2007, Nhantumbo, Ledin and Du Preez

2009). Thus organic matter is expected to decline during the slash-and-burn stage of

cultivation as observed in this study.

However, organic matter dynamics also depend on other activities associated with

the traditional slash-and-burn, such as the method of clearing, burning, cultivation, and

the type and length of fallow. Burning during land preparation for cultivation may reduce

the amount of litter and organic matter, depending on the fire intensity (Kennard and

Gholz 2001, Certini 2005, De Marco et al. 2005, Hatten and Zabowski 2009), although

the process of burning may temporarily increase the level of organic carbon in the soil

(Gonzalez-Perez et al. 2004, De Marco et al. 2005, Knicker 2007). In contrast, organic

matter generally builds up during the fallow stage of slash-and-burn, as observed in this

study. Mendoza-Verga and Messing (Mendoza-Vega and Messing 2005) reported an
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increase in organic matter with an increase in the age of fallow under slash-and-burn

cultivation in Chiapas, Mexico.

The lack of a clear pattern of organic matter with the grazing intensity observed in

the pasture plots in this study suggests that the relationship between organic matter loss

or gain and grazing intensity under slash-and-burn cultivation is complex. Indeed, soil

organic matter/ soil organic carbon in managed or cultivated systems, such as tree

plantations, can be lower than, equal to, or greater than that of a mature tropical forest

(Lugo and Brown 1993).

A number of studies have reported a decline in organic matter or organic carbon

with the conversion of forest to pasture (Buschbacher, Uhl and Serrao 1988, Garciaoliva

et al. 1994, Veldkamp 1994), while others have reported an increase or gain in soil

organic matter or soil organic carbon (SOC) under pasture plots compared with native

forests (Lugo and Brown 1993). It would therefore appear that the impact of forest

conversion to pasture on soil organic matter depends on the soil type (Weisbach et al.

2002b) and detailed cultural management. For example, Garcia-Oliva (Garcia-Oliva,

Sanford and Kelly 1999b) notes that previous studies reporting an increase in SOC with

forest conversion to cultivation were all on clay-rich soils, while depletion of SOC took

place in soils with coarse textures (> 50% sand). Thus, the high percentage of clay found

in the soil at the study site may have contributed to the high amount of organic matter.
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5.3.8 Aggregate Stability (Percentage)

Soil aggregate stability is an important variable controlling the process and rate of

erosion, because the breakdown of soil aggregates is a crucial stage in the detachment

and subsequent transportation of soil material on hillslopes (Deploey and Poesen 1985,

Idowu 2003). Table 5.6 shows the mean value of the mass (percentage by weight of

original soil) of water-stable aggregates of different sizes (<0.25mm, 0.25mm, 0.5mm,

1.0mm, 2.0mm and > 4.75mm), including microaggregate (MI <1.0mm) and

macroaggregate ( MA >1.0mm) sizes, and the erodibility index (percentage of WSA

>0.25 mm) for the chronosequence of slash-and-burn cultivation and different land cover

types at the study site.

Considering the chronosequence of slash-and-burn cultivation, the trend clearly

shows a higher percentage of larger aggregate size fractions under forest and fallow plots

compared with plots under cultivation (Table 5.6). Using a threshold of 1.0 mm to

separate the size classes of aggregates into microaggregates and macroaggregates (Cotler

and Ortega-Larrocea 2006), a clear trend is easily observed. Table 5.6 clearly shows a

declining trend in the percent of macroaggregates and a corresponding increase in the

percent of micro-aggregates during the cultivation stage of slash-and-burn cultivation

with the trend clearly related to the length of cultivation. Thus the percent of

microaggregates increased from 59.0% in the first year of cultivation to 86.1% during the
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Table 5.6 Water stable aggregate for chronosequence of slash-and-burn and associated land cover

(* lightly-grazed pasture, ** moderately-grazed pasture, ***highly-grazed pasture)

% Water Stable Aggregate Stability(mm)
Slash-and-
burn Stages
and land cover
types < 0.25 0.25 0.5 1.0 2.0 >4.75

MI
<1.0

MA
> 1.0

WSA
>0.25

1-yr
cultivation 10.1 20.3 28.6 17.7 12.7 10.6 59.0 41.0 69.6
2-yr
cultivation 23.3 23.6 25.6 13.5 8.5 5.5 72.5 27.5 53.1
3-yr
cultivation 31.1 19.9 24.3 11.3 10.2 3.2 75.3 24.7 49.0
4-yr
cultivation 35.3 28.4 22.4 8.9 2.5 2.5 86.1 13.9 36.3
All Cultivation

25.0 23.05 25.2 12.9 8.5 5.5 73.2 26.8 52.0
1-yr fallow

26.6 26.1 22.3 18 3.5 3.5 75.0 25.0 47.3
5-yr fallow

10.4 18.3 28.5 17.4 13.7 11.7 57.2 42.8 71.3
15-yr fallow

7.7 12.4 23.8 19.6 20.3 16.2 43.9 56.1 79.9
All fallow
plots 14.9 18.9 24.9 18.3 12.5 10.5 58.7 41.3 66.2
L. grazed*
pasture 8.4 11.8 28.5 24.7 16.4 10.2 48.7 51.3 79.8
M. grazed**
pasture 10.4 12.3 29.7 18.5 18.8 10.3 52.4 47.6 77.3
H. grazed***
pasture 7.2 16.2 30.3 22.5 15.8 8 53.7 46.3 76.6
All pasture

8.7 13.43 29.5 21.9 17 9.5 51.6 48.4 77.9
Mango (30-
year) 5.6 8.8 24.7 24.5 19.8 16.6 39.1 60.9 85.6
Shaded coffee

3.2 5.3 25.5 27.2 20.3 18.5 34.0 66.0 91.5
Forest

3.2 7.7 20.7 24.5 22.3 19.6 31.6 66.4 87.1
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fourth year of cultivation (Table 5.6). Conversely, the percent of macro-aggregates

decreased from 41.0% in the 1-year plot to 13.9% in the 4-year plot.

In contrast, during the fallow stage, there is an observable reversal of the trend in

aggregate stability with a general decrease in the proportion of micro-aggregate and a

corresponding gradual increase in the percent of macroaggregates (Table 5.6). The

percent of micro-aggregates decreased from75.0% in the 1-year plot to 43.9% in the 15-

year fallow plot (Table 5.6). This has resulted in a corresponding increase in the percent

of macro-aggregates from 25.0% in the 1-year plot to 56.1% in the 15-year fallow plot

(Table 5.6).

Under pasture, the difference between microaggregates and macroaggregates is

not as pronounced compared to that observed in cultivated plots. In addition, there is no

clear trend between grazing intensity and the distribution of aggregate sizes. The lightly

grazed pasture plot has the lowest percent (48.7%) of microaggregates followed by the

heavily grazed pasture plot (53.7%) while the moderately grazed pasture plot was in

between with a value of 52.4% (Table 5.6). The corresponding values of

macroaggregates for lightly, moderately and heavily grazed pasture were 51.3 %, 47.6%

and 46.3% respectively.



148

Finally, the percentage of macro-aggregates was significantly higher in the mango

orchard, shaded coffee, and forest plots compared to the slash-and-burn and pasture plots.

The percentage of macro-aggregates in the forest and shaded coffee plots were similar

(66.4%) and (66.0%) respectively, while that of the mango plot is slightly lower (60.9%).

The corresponding figures for the micro-aggregate are 39.1%, 36.0% and 31.6% for

mango, shaded coffee, and forest plots respectively (Table 5.6).

In general, the conversion of natural forest to different land use/ land cover under

slash-and-burn cultivation in the study site has resulted in a decline in the percentage of

macro- aggregates and an increase in the percentage of microaggregates. This decline

may be due to a number of processes associated with the conversion of forest to

cultivation. The destruction of soil macroaggregates during the second and third year of

cultivation is probably due to the loss of organic matter and organic carbon in soil

aggregates as a result of combustion during burning associated with land preparation

(Garcia-Oliva et al. 1999b). Garcia-Oliva (Garcia-Oliva, Sanford and Kelly 1999a) noted

that the loss of organic carbon associated with burning lead to a weakening of the

biological stabilization mechanisms, resulting in a 53% decrease in macro-aggregates

during the first growing season under slash-and- burn cultivation in the deciduous forest

ecosystem in Western Mexico. The impact of falling raindrops on exposed soil surfaces

during the cultivation stage of slash-and-burn (Beare et al. 1994a, Beare, Hendrix and
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Coleman 1994b) and slaking (Oades 1984), which is common in areas with seasonal

climates, as in the study site, may also have contributed to the breakdown of soil macro

aggregates.

Previous studies have demonstrated that a multitude of soil properties, including

soil texture, organic matter/organic carbon, clay mineralogy, and the presence of

chemical dispersing agents, influence the stability of soil aggregates (Oades and Waters

1991, Chappell et al. 1999, Williams and Petticrew 2009). Nevertheless, the relationship

between aggregate stability and these soil properties is complex, with conflicting reports

on their relative importance. For example, a high positive correlation between aggregate

stability and iron oxide was reported for Ultisols and Entisols of southeastern Nigeria

(Igwe, Akamigbo and Mbagwu 1995), but the authors found no correlation with

exchangeable cation and cation exchange capacity (CEC). Elsewhere, a high positive

correlation between aggregate stability and organic matter, clay content, and

exchangeable sodium was reported for tropical Ultisols in Malaysia (Chappell et al.

1999). In contrast, no significant correlation between aggregate stability and organic

matter content was reported for surface soils from the Plain of Thessaly in central Greece

(Dimoyiannis, Tsadilas and Valmis 1998). It would appear that aggregate stability is

influenced by the complex interaction of a variety of soils’ physical and chemical

properties, as well as the level of biological activities in the soil. The relative importance



150

of these properties in binding soil aggregates seems to vary from one soil to another and

from one climatic zone to another and probably for different land use systems (Bryan et

al. 1989, Lal 2000, Idowu 2003, Idowu, Aduramigba and Ande 2003).

Because aggregate stability is widely reported to be a critical variable in the

resistance of soil to erosion in the tropics (Bryan 1968b, Chappell et al. 1999), it was

deemed necessary to further investigate the relationship between aggregate stability and

soil properties in the study site. The investigation of the relationship between aggregate

stability and soil properties permitted the isolation of those critical factors that control

aggregate stability, and by extension, soil erosion under slash-and-burn cultivation in the

study site. To achieve this objective, both simple correlation and multiple regression

analysis were performed between aggregate stability and several soil properties.

The simple correlation analysis is a measure of the linear relationship between two

variables. It measures the direction and strength of the interrelationship between two

variables (Cohen and Cohen 1975, Draper and Smith 1981). It was employed in this

study in order to establish the existence of any linear relationship between aggregate

stability and measured soil properties. While the simple correlation helped to establish

the nature of the relationship between soil properties and aggregate stability, it does not

provide information on the relative and combined effects of the measured soil properties
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on the variability of aggregate stability. Thus, a second statistical analysis involving the

use of multiple regression was performed to address this shortcoming.

Multiple regression is a multivariate statistical technique that expresses the

functional relationships between a dependent variable and a set of independent variables.

It involves the specification and identification of the type and nature of dependence of a

single variable upon a set of controlling predictor or explanatory variables (Cohen and

Cohen 1975, Draper and Smith 1981, Allen 1997). Multiple regression also highlights the

relative contribution of each independent variable to the explanation of variations in a

particular dependent variable (Cooley and Lohnes 1971, Hair 1992). It has been widely

applied to establish the relationships between a dependent soil property and several

independent soil properties (see for example (Perez 1992, Perez 1995b, Bernoux et al.

1998, Chowdhury, Kouno and Ando 1999, Hontoria, Rodriguez-Murillo and Saa 1999,

Idowu 2003, Bayat et al. 2008, Blanco-Sepulveda 2009, van Schaik 2009).

In this study, a stepwise multiple regression analysis was carried out between

aggregate stability (dependent variable) and measured soil properties (independent

variables) to determine the most important soil properties (Woolery et al. 2002) and

resolve the problem of multicollinearity (Hair 1992). Table 5.7 shows the summary of the

multiple regression analysis.
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Table 5.7 Summary of multiple regression analysis between aggregate stability greater
than 0.25mm (dependent variable) and selected soil properties (independent
variables) [note (R=0.985), (R2 =0.970)]

Unstandardized

Coefficients

Standardized

coefficients t

Sig

(P-value)

B

Std.

Error Beta

Constant -107.215 75.613 -1.418 0.019

OM 0.992 0.563 0.231 1.764 0.012

Clay 3.578 0.848 0.377 4.218 0.003

Silt 1.349 1.075 0.270 1.255 0.025

The result of the regression analysis indicates that three key soil properties were

significant in the explanation of the variability in aggregate stability in the study site.

These three properties were organic matter (%), clay (%) and silt (%). Together these

three soil properties produced an R2 value of 0.97, indicating that 97% of the variability

in aggregate stability greater than 0.25 mm in the study site is accounted for by the three

variables. This is not surprising since organic matter, clay and silt had a high positive

correlation with aggregate stability in the study site. The values of the standardized beta

(B), which indicates the relative importance (contribution) of variables in the model,

show that clay has a slightly higher impact on the explanation power of the regression
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model, followed by silt and organic matter. All three soil properties were statistically

significant (α= 0.05) in the explanation of variability of aggregate stability. The 

importance of these three soil properties in the formation and stability of soil aggregates

is well documented in the literature. In general, the formation of soil aggregates is

influenced by mineralogy, texture, land use and organic matter inputs (Grant, Dexter and

Oades 1992, Golchin et al. 1995, Feller and Beare 1997).

The occurrence of soil aggregates results from processes of aggregate formation and

stabilization (Boix-Fayos et al. 2001). Physical processes, such as wetting and drying,

temperature changes, cultivation, plant growth and earth worm activity, primarily form

aggregates, while chemical and biological processes are responsible for their stabilization

(Oades 1993, Boix-Fayos et al. 2001, Brady and Weil 2008). The result of the regression

is therefore not surprising, as organic matter is known to be an important factor in the

formation and stabilization of soil aggregates. Similarly, both clay and silt minerals help

in the formation and binding of soil aggregates. As already discussed, the soil in the study

has high amounts of organic matter, clay and silt. This is the main reason for the high

proportion of water-stable aggregates. Since both clay and silt are inherent properties of

soil in the study site, and considering the fact that farmers cultivate the soil without

tillage, organic matter is the soil property that is most likely to change significantly with

the practice of slash-and-burn cultivation. Maintaining a high organic matter content of
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the soil is therefore important in maintaining aggregate stability and hence reducing soil

erosion under the practice of slash-and- burn cultivation in the study area.

5.4 INTERRELATIONSHIP AMONG SOILS’ PHYSICAL AND HYDROLOGICAL PROPERTIES

The changes in soils’ physical and hydrological properties associated with the

conversion of forest to slash-and-burn cultivation in the study area have been discussed in

previous sections. To better understand the possible effects of these changes in soil

properties on soil erosion for the different stages of slash-and-burn cultivation and

associated land cover types, it was deemed necessary to explore the interrelationship

among the soil properties investigated. The structure of the correlation matrix among

selected soil properties, which may influence the variability and pattern of the response of

different land cover to erosion, is summarized in Table 5.8, which shows a large number

of significant correlations between the soil properties.

Several soil properties showed high correlation with aggregate stability. Soil

textural properties are significantly correlated with aggregate stability (AS>0.25). Sand

had a significant negative correlation with aggregate stability (AS>0.25) with a value of -

0.89, whereas silt and clay had significant positive correlations with values of 0.93 and

0.87, respectively (Table 5.8). Other studies (Igwe et al. 1995, Idowu 2003) have reported
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a similar positive correlation between silt and aggregate stability and suggest that very

fine sand and silt in conjunction with clay contribute to the formation of stable

aggregates.

This appears to be the case in the study area as clay had a high significant positive

correlation (r = 0.87) with aggregate stability. Nevertheless, the role of clay in the

formation and stability of soil aggregates is a subject of much debate with some studies

reporting no significant correlation between clay and aggregate stability (Idowu 2003);

however, others have reported a high positive correlation between clay and aggregate

stability (Chappell et al. 1999, Neufeldt et al. 1999). It has been suggested that clay only

becomes an important factor in the stability of soil aggregates if the clay content in the

soil reaches a threshold value of about 15% (Horn et al. 1994). The high positive

correlation recorded between clay and aggregate stability in this study may therefore be

related to the
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Table 5.8 Correlation matrix among selected soil physical and hydrological properties

Note: OM (organic matter), AS0.25 (aggregate stability greater than 0.25 mm), AS1.0 (aggregate stability greater than 1.0
mm), ASL1.0 aggregate stability less than 1.00mm), BD (bulk density), TP (total porosity), INF (infiltration rate),
SM (soil moisture), WH (Water holding capacity), SOSTV (soil shearing strength, Torvane), and SOSPEN (soil
strength penetrometer resistance)
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clay content of soil in the study site. More importantly, the effect of clay on the stability of soil

aggregates depends on the type of clay mineral. In general, soil aggregates are less stable in soil

dominated by dispersing or swelling clay, such as montmorillonite, compared to non-dispersing

or swelling clay, such as kaolinite (Wakindiki and Ben-Hur 2002, Lado and Ben-Hur 2004). The

result of the scanning electron microscope on similar rendzina soils developed under identical

parent material in Chapulhucan, a few miles northeast of the study site, shows that kaolinite (a

non-dispersing clay) is the dominant clay mineral (Rainey 1991), which probably explains the

high level of stable aggregates in the study site.

Organic matter showed significant positive correlation (r = 0.89**) with aggregate

stability. This is expected, as organic matter/organic carbon have been widely reported to aid the

improvement of soil’s physical and chemical properties (Perez 1992), including the process of

soil aggregation and subsequent maintenance of aggregate stability (Bin and Peng 2006, Baez-

Perez et al. 2007, Tahboub, Lindemann and Murray 2008, Wortmann and Shapiro 2008, Zaher

and Caron 2008, Abiven, Menasseri and Chenu 2009). Organic matter plays both a direct and

indirect role in the process of aggregate formation and stability.

Indirectly, the presence of organic matter in the soil encourages soil fauna and flora,

promoting the process of aggregate formation and stability (Celik, Ortas and Kilic 2004,

Oyedele, Schonning and Amusan 2006, Chaudhary et al. 2009). Directly, organic matter plays a

crucial role in aggregate stability through the cementing action of humus in many soils (Tisdall,

Cockroft and Uren 1978, Oades 1984,Tisdall, 1994, Boix-Fayos et al. 2001). Furthermore,
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organic matter may combine with inorganic materials to form complexes that further enhance

aggregate stability (Boix-Fayos et al. 2001).

Other soil properties with significant correlation with aggregate stability include water-

holding capacity (r = 0.71**), infiltration (r = 0.47), soil strength (r = 0.82**), total porosity (r =

0.32), and soil penetrometer resistance (r = -0.51). However, the high correlation recorded

between these properties and aggregate stability must be interpreted with care, as some soil

properties have a direct causal effect on aggregate stability, while others have indirect effects

(Idowu 2003). It will appear that the high correlation recorded for these soil properties is an

indicator of the state of aggregate stability in the soil rather than being a causal factor of

aggregate stability. Thus the positive correlation observed between water-holding capacity,

infiltration, soil strength, and total porosity indicates that the presence of high aggregate stability

in the soil of the study site leads to an increase or improvement in the values of these soil

properties. Similarly, the negative correlation observed between bulk density (r = -0.23), and

penetrometer resistance (-0.51) suggests that the presence of aggregate stability leads to a decline

in the values of these soil properties.

Organic matter is also correlated with several soil properties (Table 5.8). This is not

surprising, as organic matter is known to exert direct and indirect influence on soil properties

(Brady and Weil 2008).

Organic matter is negatively correlated with sand (r = -0.78**) but positively correlated

with silt (r = 0.87) and clay (r = 0.70**), as indicated in Table 5.8. The high correlation between
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clay and organic matter may be due to the fact that clay may offer protection to organic matter

(Dominy, Haynes and van Antwerpen 2002). Therefore the correlation is not necessarily causal

but that of association. Similarly, the high negative correlation between organic matter and sand

(r = -0.89**) is an indication of the state of the soil condition, that is, the possibility of aggregate

breakdown leading to the separation of individual soil mineral particles. Thus this may indicate a

level of soil degradation (Idowu 2003). This line of reasoning is plausible, as aggregate stability

shows high negative correlation with sand (Table 5.8).

The high positive correlation between organic matter and water-holding capacity is

expected, as organic matter is known to improve the water-holding capacity of soil (Brady and

Weil 2008, Golchin and Asgari 2008). As expected, infiltration is positively correlated with

organic matter (r = 0.38), aggregate stability (r = 0.58*), and total porosity (r = 0.78**), as these

soil properties have been widely reported as promoting soil-water infiltration (VandeGenachte et

al. 1996). Similarly, the negative correlation between infiltration and bulk density (r = -0.784**)

is expected, as bulk density is a measure of soil compaction. Soil compaction leads to reduction

in pore spaces in the soil and hence a reduction of the ability of water to infiltrate the soil. Soil

strength is positively correlated with organic matter (r = 0.75**), aggregate stability (r = 0.82**),

silt (r = 0.75**), and clay (r = 0.92**) but negatively correlated with sand (r = -0.68**).

Penetrometer resistance showed positive correlation with bulk density (0.87**), and similar

observations have been reported by another study (Blanco-Sepulveda 2009).
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5.5 SUMMARY AND CONCLUSION

The result of the investigation of the variability of selected soil physical and hydrological

properties governing erosion processes under the present practice of slash-and-burn cultivation in

the study site reveals the following important findings. Organic matter showed a declining trend

during the cultivation stage of slash-and-burn cultivation. This result is consistent with the

findings of organic matter dynamics under maize-based slash-and-burn systems in the dry

deciduous forest of southwestern Mexico (Lambert 1996) and lowland Yucatan (Weisbach et al.

2002b). A similar observation has been reported elsewhere in the tropics, including in the

lowland rainforest ecosystem of West Africa and the Brazilian Amazon. The level of organic

matter in the soil of the study area is relatively high compared to other ecosystems within the

tropics probably because of the high level of clay in the soil, which helps to bind organic matter

and the slightly lower temperature, which reduces the rate of organic matter mineralization.

The percentage of water stable aggregate was generally higher compared to the values

reported by other workers in Mexico. Slash-and-burn cultivation resulted in the degradation of

soil aggregate stability compared to the native forest. However, the level of degradation varied

among the stages and the land cover types. There was no statistically significant difference

between aggregate stability under shaded coffee cover and that of the native forest. Indeed, the

coffee plots recorded higher amounts of macro-aggregate compared to any other land use.

Organic matter, clay, and silt were the most important soil properties influencing aggregate
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stability. The implication of the natural variability and land use/cover induced changes in soil

properties on the response of soil erosion to tropical rainstorms under the current practice of

slash-and-burn cultivation is discussed in Chapter 6.
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Chapter 6

Soil Erosion Response to Slash-and-Burn Cultivation

6.1 INTRODUCTION

This chapter addresses the second research objective, which is to assess the dynamics of

soil erosion response to the current practice of slash-and-burn cultivation in the study site. In

other words, this chapter examines the relative sensitivity of the different stages of slash-and-

burn cultivation and land cover types created by the traditional slash-and-burn cultivation to

erosion from rainfall events. The discussion that follows is based on the analysis of field data

including soil loss data obtained from runoff plots, as well as precipitation quantities monitored

in the field during the two wet seasons (May to September) of 2003 and 2004. The chapter is

divided into two broad sections.

The first section examines the pattern of rainfall events including storm characteristics

and the general trend of soil erosion among the land cover types of slash-and-burn cultivation in

the study site and associated land cover types. The result of this analysis was the ability to

determine the critical variables and establish threshold values for soil quality variables that

control the dynamic of soil erosion under the current practice of slash-and-burn in Ejido

Pisaflores. Extending the analysis further, the relative erodibility of the soil in the different cover

types was established through the correlation of soil erosion data with soil quality variables.
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The second section of the chapter discusses the role of rainfall characteristics, soil quality

(selected soil physical and hydrological properties) and landscape changes associated with the

practice of slash-and-burn cultivation on the observed pattern of soil erosion in the study site.

Simple correlation analysis was used to investigate and establish the magnitude and direction of

the relationship between soil erosion on the one hand and soil quality variables on the other for

the different stages of slash-and-burn and associated land cover types.

The result of this analysis was the ability to determine the critical variables as well as to

establish threshold values for soil quality variables that control the dynamic of soil erosion under

the current practice of slash-and-burn in Ejido Pisaflores. Extending the analysis further, the

relative erodibility of the soil in the different cover types was established through the correlation

of soil erosion data with soil quality variables.

6.2 RAINFALL PATTERN AND STORM CHARACTERISTICS FOR THE DURATION OF THE STUDY

PERIOD

The geomorphic sensitivity of a landscape to external forces depends not only on the

landscape’s intrinsic characteristics but also on the frequency and magnitude of the disturbing

forces (see discussion in Chapter 2, Section 2). Because of its location in a humid tropical

setting, the major external climatic driving force initiating the process of soil erosion on the hill

slopes in the study site is precipitation mainly in the form of rainfall. Therefore the response of

soil erosion to the stages and land cover types created by the practice of slash-and-burn
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cultivation at the study site will depend partly on the characteristics of the rainfall events, in

particular the magnitude and frequency of erosive rainstorm events vis-à-vis the condition of the

landscape (i.e., soil quality and ground cover) at the time of the occurrence of rainstorm events.

Indeed, high magnitude and frequency of erosive rainfall events is widely recognized as a

major factor controlling hill slope erosion and high sediment yield of tropical river basins

(Walling 1988, Walling et al. 1996). Depending on the scale of analysis, different rainfall

properties have been found to correlate with soil erosion. At the basin scale, annual sediment

yield has been correlated with total annual rainfall (Yu and Neil 2000, Krishnaswamy et al.

2001).

At the hillslope scale, different rainstorm characteristics, including (1) monthly rainfall

totals (2) daily rainfall totals (3) number of storm events (4) duration of rainfall events (5)

rainfall intensity, (6) drop-size distribution, and (7) total kinetic energy have been widely

reported as having a major influence on the dynamics of soil erosion (Lal 1976b, Maass, Jordan

and Sarukhan 1988, Lal 1990, Odemerho 1990, Obi and Salako 1995, Salako et al. 1995,

Morgan 2005). However, since these precipitation quantities vary according to climatic types,

their relative importance in the erosion process is likely to vary across space, time and different

ecological zones (Wilkinson 1975, Lal 1976b, Obi and Salako 1995). To fully understand the

dynamics of erosion under the current practice of slash-and-burn cultivation, it is necessary to

examine the pattern of rainfall events in the study site in some detail. The sections that follow

describe some of the rainfall characteristic measured during the period of this investigation.
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6.2.1 Monthly Rainfall Pattern During the Wet Seasons of 2003-2004

The total rainfall recorded during the 2003 wet season (June-December) was 1560 mm,

while that of the 2004 wet season was 1300 mm, and the long-term annual total rainfall obtained

from available published data was 1786 mm (Table 6.1). Excluding the missing months for 2003,

for which no records were made, annual rainfall totals in 2003 and 2004 were within two

standard deviations from the long-term (~35-year) annual mean for the study site. Both years can

therefore be regarded as normal years (wet years) within the context of the available long-term

rainfall record for the locality of the study site, although 2003 appears slightly wetter than the

year 2004 (Table 6.1, Figure 6.1).

The total monthly rainfall pattern during 2003 and 2004 was similar to the available long-

term record for the study site, with a notable exception occurring during September 2003 when

an exceptional amount of rainfall was received (Figure 6.1). Consistent with the available data on

historical rainfall trends, the highest monthly rainfall was received in the summer months (May

to October), while the lowest amount of rainfalls occurred from November to April. The highest

monthly rainfall occurred in September, which also had the highest number of rain days (Table

6.1 and Figure 6.1). The total rainfall for September 2003 is significantly higher than the long-

term mean and that recorded for 2003 because of the contribution of a hurricane, which

downgraded to a tropical storm. This tropical storm provided several days of precipitation lasting

from September 23 to 24 in the study site.
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Table 6.1 Long-term average (1952-1960), 2003, and 2004 total monthly rainfall in the
study area; *data was not recorded for these months.

Month

Rainfall (mm)

Long Term

Average
2003 2004

January 48 * 40.0

February 52 * 38.8

March 48 * 26.3

April 38 * 28.3

May 62 * 102.0

June 198 144.1 154.5

July 273 149.9 352.5

August 209 233.7 263.3

September 430 597.7 346.5

October 265 191.7 196.0

November 91 187.5 121.8

December 71 55.8 64.8

Total 1786 1560 1735
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2003 started in June; therefore no rainfall data was recorded from January to May.



168

Other than this aberration, the monthly trend of rainfalls during the years 2003 and 2004 is

consistent with the available long-term annual rainfall data (Figure 6.1). In addition, a simple

spear man rank correlation between historical rainfall data and rainfall data from the study period

indicates a high positive correlation (r = 9.5) between the monthly patterns of rainfall for the

duration of the study period and the historical rainfall record.

6.2.2 Number of Rain Days per Month (NDR)

The number and sequence of rain days is important because of its effects on antecedent

soil moisture condition, which in turn influences infiltration, runoff and erosion processes. A rain

day is defined as a day in which measurable rainfall occurred irrespective of the number of

events within the day. In other words there may be more than one rainstorm event in any given

rain day. During the duration of this study, a total of 72 rain days were recorded in 2003 and 124

in 2004. The rainfall record for 2003 was however only for the months of June to December and

this partly explains the higher number of rain days observed in 2003 compared to 2004. The

monthly pattern of rainfall days clearly shows that September has the highest number of rain

days while the lowest number occurs in the month of January (Table 6.2). The pattern clearly

reflects the rainfall causing mechanisms already discussed in chapter 2.

6.2.3 Number of Erosive Storms per Month

In addition to the number of rain days, the number of erosive storms per month is an

equally important variable in understanding the seasonal pattern of erosion in the study area
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Table 6.2 Monthly rainfall totals, number of rain days, and number of erosive storms for the
study site for the 2003 and 2004 wet seasons. Note: (- denotes no record)

Months Total monthly rainfall

(mm)

Number of rain

days per month

Number of

erosive storms per

month

2003 2004 2003 2004 2003 2004

January - 40.0 - 4 - 0

March - 38.8 - 4 - 0

April - 26.3 - 5 - 0

May - 28.3 - 13 1 1

June 144.1 102.0 - 15 4 2

July 149.9 154.5 20 24 5 6

August 233.7 352.5 18 20 6 7

September 597.7 263.3 26 24 11 10

October 191.7 346.5 6 10 0 1

November 187.5 196.0 2 5 0 0

December 55.8 121.8 - - - -

Total 72 124 24 27
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because it is the occurrence of erosive storms that lead to potentially higher amounts of erosion.

In this study, a storm is defined following the widely accepted criteria for the tropics as a

rainfall event in excess of 12.70 mm with a minimum stress intensity of 25.0 mm/h (Stocking

and Elwell 1976, Odemerho 1990, Morgan 2005).

In addition, to be considered as a separate storm, there should be at least a two-hour

interval between the previous storm and the next one (Stocking and Elwell 1976). Based on these

criteria, 24 storms, representing 25% of the total rainstorm events, were recorded in 2003, while

in 2004, a total of 27 storms, which represent 21.7% of the rainfall events, were recorded (Table

6.2). Again the highest number of erosive storms occurred in the summer months, with

September recording the highest number. Indeed, 45% of the erosive storms occurred in the

month of September.

The monthly pattern of erosive storms is similar for 2003 and 2004, although fewer

numbers of erosive storms were recorded for 2004 compared to 2003 (Table 6.2). This data and

trend conform to rainfall stations on the eastern Sierra Madre Oriental but differ from those

located further on the adjacent Mexican Gulf Coastal Plain. In general, the duration of the rainy

season is longer on the gulf coastal plain because of the effect of the warm air mass from the

Mexican gulf, which is the main mechanism responsible for the rainfall in the study site.

6.3 SOIL EROSION DYNAMICS

For the purpose of analysis and interpretation, the soil erosion data is organized and

discussed under three major themes, namely: (1) pattern of erosion on a chronosequence of
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slash-and-burn cultivation (i.e. cultivation and fallow phase of slash-and-burn), 2) pattern of

erosion on pasture (grass), and 3) other associated land cover types of slash-and-burn cultivation,

including an orchard of mango and coffee. To provide some common measure of relative

magnitude erosion data, each group is compared with that from the forest plot that is assumed to

be representative of the geologic (natural) rate of erosion in the study area. In addition, the

seasonal trend of soil erosion is also discussed under the three groups by comparing data for the

two wet seasons.

6.3.1 Soil Erosion Dynamics on a Chronosequence of Slash-and-Burn Cultivation

Tables 6.3 shows the total and average soil erosion per rainfall event for the

chronosequence of slash-and-burn cultivation and associated land cover types in the study site

for the 2003 and 2004 wet seasons. For comparative purposes, the data for the chronosequence

of slash-and-burn cultivation is organized into the cultivation (1, 2, 3, 4-year cultivation

following a 15 year fallow) and fallow stage (1, 5, and 15-year fallow) following three years of

consecutive cultivation.

In aggregate terms, the rate of soil erosion was higher during the cultivation phase when

compared to the follow phase of slash-and burn cultivation. The average rate of erosion during

the cultivation phase was 1.25 tons/ha/yr and 0.22 tons/ha/yr during the fallow phase for 2003

(Table 6.3). The corresponding figures for the cultivation phase and fallow phase for 2004 were

1.30 tons/ha/yr and 0.28 tons/ha/yr respectively. The observed trend in the pattern of erosion

between the cultivation and fallow stages were similar for the 2003 and 2004 wet seasons (Table
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6.3, Figure 2). However, erosion under slash-and-burn cultivation (i.e. both the cultivation and

fallow stage) was higher compared to 0.07 metric tons/ha/yr recorded for the forest plot, which is

assumed to be the natural rate of erosion for the study site (Table 6.3 and Figure 2). To facilitate

understanding of how soil erosion varies under a chronosequence of slash-and-burn cultivation

and hence identify response and recovery of the landscape from the effect of cultivation, it is

necessary to examine the erosion across cultivation and fallow of different ages.

During the cultivation phase, soil erosion rates varied according to the length (age) of

cultivation of the plot. The lowest erosion rate, 0.7 metric tons/ha/yr, was recorded for the 1-yr

cultivation, while the highest rate, 1.7 metric tons/ha/yr, was recorded for the plot under 3-year

cultivation (Table 6.3 and Figure 6.2). The rates of erosion for the 2-year cultivation (1.4 metric

tons/ha/yr) and 4-year cultivation (1.2 metric tons/ha/yr) were in between. When the data is

considered over the cultivation age gradient, erosion increased during the second year of

cultivation, peaked in the 3-year plot and then showed a decline during the fourth year of

cultivation (Figure 6.2). This trend was observed for both the 2003 and 2004 wet seasons.

The rate of erosion was expectedly lower during the fallow phase of slash-and-burn

cultivation (Table 6.3, Figure 6.2), but the rate appears to vary with the age of fallow, with

erosion showing a declining trend with the age of fallow. The rate of erosion recorded during the

fallow stage fell from 0.27 metric tons/ha/yr in the 1-year fallow plot to 0.20 metric tons/ha/yr

recorded in the 15-year fallow plot. The rates of erosion for the 5- and 15-year fallows were

similar (Table 6.3, Figure 6.2). With respect to erosion, it would therefore appear that a 5-year

fallow is just as effective as a 15-year fallow in preventing soil erosion in the study site.
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Table 6.3 Soil erosion total for chronosequence of slash-and-burn and associated land cover
types in the study site for 2003 and 2004 wet seasons

Soil erosion (metric
tons/ha/yr.) 2003

Soil erosion (metric
tons/ha/yr.) 2004

Slash-and-burn stages and

land cover types

Total Total

1-yr cultivation 0.7 0.88

2-yr cultivation 1.4 1.55

3-yr cultivation 1.7 1.62

4-yr cultivation 1.2 1.15

All Cultivation (average) 1.25 1.30

1-yr fallow 0.27 0.35

5-yr fallow 0.2 0.28

15-yr fallow 0.2 0.21

All fallow plots (average) 0.22 0.28

Lightly grazed pasture 0.4 0.77

Moderately grazed pasture 1.3 1.45

Heavily grazed pasture 1.2 2.58

All pasture plots (average) 0.97 1.6

Mango orchard (30-year) 0.1 0.12

Shaded coffee 0.1 0.11

Forest 0.07 0.07
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Figure 6.2 Soil erosion for chronosequence of slash-and-burn cultivation and associated
land cover types



175

6.3.2 Soil erosion pattern under other associated land cover types

With regard to other land cover associated slash-and-burn cultivation in the study site,

namely pasture, shaded coffee and mango orchard, Table 6.3 shows that soil erosion rates appear

to vary with grazing intensity. In general, erosion increased with increasing grazing intensity, but

there were differences in trends between the 2003 and 2004 wet seasons. In 2003, the lowest rate

of erosion was recorded in the slightly grazed pasture (0.40 tons/ha/yr) and was highest in the

moderately grazed pasture (1.30 tons/ha/yr), while the heavily grazed pasture was in between

(1.30 tons/ha/yr) (Table 6.3).

However, in 2004 rates of erosion were directly related to grazing intensity. The rates of

erosion were 0.77 tons/ha/yr., 1.45 tons/ha/yr., and 2.58 tons/ha/yr. for the lightly grazed,

moderately grazed, and heavily grazed pasture plots respectively (Table 6.3). The reason why the

moderately grazed pasture had a higher rate of erosion compared to the heavily grazed pasture in

the 2003 wet season is mainly due to the fact that the moderately grazed plot was burnt in the

middle of the 2004 wet season. It is a common practice for farmers to clear their pasture of

shrubs, and other unpalatable weeds as a way of managing and improving the pasture. The

burning of the plot was followed by several rain storm events during the month of June, which

lead to higher erosion in the moderately grazed pasture in 2003 compared to 2004.

With respect to the other land cover types associated with slash-and-burn in the study site

the rate of erosion in the shaded coffee and mango orchard plots were similar (Table 6.3, Figure

6.2). During the 2003 wet season, the rates of erosion were 0.10 tons/ha/yr. and 0.10 tons/ha/yr.
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for the 30-year mango plot and shaded coffee plot respectively. A slight increase in the rate of

erosion was recorded for the 2004 wet season (Table 6.3, Figure 6.2).

The higher rate of soil erosion observed during the cultivation stage of slash-and-burn is

expected as soil erosion often occurs most during cultivation when the soil is exposed to the

impact of erosive storm (Elhassanin, Labib and Gaber 1993). The lesser amount of vegetation

and ground cover seen especially during the early stage of cultivation, combined with changes in

key soil physical and hydrological properties brought about by cultivation, contributed to the

higher rate of soil erosion observed during the cultivation stage of slash-and-burn cultivation.

Conversely, the erosion rate was significantly reduced once the plots reverted back to

fallow. Indeed soil erosion rates were significantly reduced during the first year of fallow,

indicating the importance of ground cover in soil erosion dynamics in the study area. Based

solely on the observation of soil erosion rate, it is plausible to conclude that rapid recovery will

occur in the study area once cultivated plots revert back to fallow. To better understand the main

reasons for the general low rate of soil erosion during the cultivation and rapid decline during the

fallow stages of slash-and-burn in the study area, it is important to explore in some detail the role

played by rainfall, the physical and hydrological properties of the soil, and ground cover.

6.4 THE ROLE OF RAINFALL ON THE TEMPORAL PATTERN OF SOIL EROSION

Because rainfall is the main agent driving the erosion process in the study site, and

considering its role in the erosion process in the humid tropics in general, it was important to

investigate in some detail the role played by rainfall in the temporal (seasonal) dynamic of soil
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erosion under the current practice of slash-and-burn cultivation in the study site. This is

examined in two ways: 1) the effect of rainfall and other seasonal variables (i.e., ground cover

and soil moisture) on soil erosion rates and 2) the effect of rainfall event sequence (timing) on

the rate of soil erosion under the different land use covers. This analysis aided in understanding

why soil erosion rates for the study area during the study period appear generally low.

6.4.1 Number of Rainfall Events Leading to Measurable Soil Erosion

Table 6.4 shows the number of erosive rainstorm events (i.e., the number of rainstorms

generating measurable soil erosion), erosive storms expressed as a percentage of the total number

of rainstorm events, and the cumulative rainfall before the first erosive event for the

chronosequence of slash-and-burn cultivation and associated land use cover types.

The highest number of erosive events was 22, which represents 31% of the total erosive

rainfall events, and was recorded in the plots under the cultivation stage of slash-and-burn during
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Table 6.4 Number of erosive events (NE), erosive events (NE) as a percentage of rainfall
events, Cumulative rainfall (CR) before the first erosive events for chronosequence
of slash-and-burn and associated land use cover types

2003 Wet season 2004 Wet season

Slash-and-burn Stages and
land cover types NE

NE
% CR

NE NE
%

CR

1-yr cultivation
22 31 53.00 26 21

-

2-yr cultivation
22 31 53.00 26 21

-

3-yr cultivation
22 31 53.00 26 21

-

4-yr cultivation
22 31 53.00 26 21

-

All Cultivation (average)
22 31 53.00 26 21

-

1-yr fallow
10 14 305.47 9 7

-

5-yr fallow
9 13 305.47 6 5

-

15-yr fallow
9 13 474.47 6 5

-

All fallow plots (average)
9.3 13.1 361.80 7 5.6

-

Lightly grazed pasture
19 27 152.00 29 24

-

Moderately grazed pasture
19 27 152.00 29 24

-

Heavily grazed pasture
19 27 152.00 29 24

-

All pasture plots (average)
19 27 152.0 29 24

-

Mango orchard (30-year)
8 11 474.47 8 7

-

Shaded coffee
5 7 474.47 5 4

-

Forest
5 7 474.47 5 4

-

the 2004 wet season. By contrast, only 9.3 erosive events, representing 13.1% of total rainfall

events, were recorded for the plots under the fallow stage of slash-and-burn cultivation (Table

6.4). Rainfall was less effective in generating erosion under the other associated land cover, as

only 19 erosive events representing 27% of the rainfall generated erosion under the pasture plots.
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The corresponding values for the mango orchard, coffee plot, and forest plot were 8, 5, and 5

erosive storms respectively (Table 6.4). In general, only a small proportion of the rainfall events

were effective in generating soil erosion under slash-and-burn cultivation in the study area. This

data is consistent with other studies in the humid tropics, which suggest that only small a

precipitation events are effective in generating significant soil loss (Lal 1976d, Lal 1976b, Lewis

1981, Lal 1990).

General data suggests that rainfall is more effective in generating erosion during the

cultivation stage of slash-and-burn cultivation as compared to the fallow stage. This is to be

expected because top soil is exposed more to the detaching impact of falling raindrops during

cultivation. Similar trends were observed for the 2004 wet season (Table 6.4).

6.4.2 Cumulative Rainfall preceding the first measured erosion event

The cumulative rainfall preceding the first measured soil erosion event varied for the

different stages of slash-and-burn and the associated land cover types (Table 6.4, Figure 6.3). In

a way, the cumulative rainfall preceding the erosion event represents antecedent rainfall amount

or the total rainfall threshold required to generate erosion under slash-and-burn cultivation in the

study area for a particular year. The cumulative rainfall threshold required to generate the first
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Figure 6.3 Cumulative rainfall amounts preceding the first soil erosion event for different
stages of slash-and-burn cultivation and associated land cover types
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erosion event was 50 mm in the plots under cultivation, while the value for plots under fallow

was relatively higher with a value of 150 mm for the one-year fallow plots and 300 mm for the

five-year and 15-year fallow plots, respectively (Figure 6.3). The value for the pasture plots were

the same irrespective of grazing intensity. The plots on the mango orchard, coffee, and forest had

the highest threshold of cumulative rainfall required to generate the first erosion event (Table

6.4, Figure 6.3). When combined with the observation of numbers of erosive event recorded for

the different stages of slash-and-burn and associated land cover for the study area, it is obvious

that the cultivation stage of slash-and-burn was more sensitive to the impulse of rainfall, which

hence shows the higher response in terms of amount of erosion. Furthermore, the observed data

on cumulative rainfall preceding the first erosion event also indicates the existence of a lower

threshold value for the initiation of a response to rainfall events.

6.4.3 Rainfall events soil erosion relationship for slash-and-burn and different land cover

types

The role of rainfall events in generating erosion was further explored by examining the

relationship between rainfall and soil erosion for the different plots under slash-and-burn

cultivation and associated land cover types. This was accomplished by fitting regression models

to the data set with rainfall as the independent variable and soil erosion as the dependent

variable. Table 6.5 shows the respective regression models for the different plots. Rainfall had
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the weakest relationship with soil erosion in the 1-year cultivation plot with an R2 of 35%. The

value of R2 varied according to the different stages of slash-and-burn cultivation and associated

Table 6.5 Regression models for different stages of slash-and-burn cultivation and
associated land cover of slash-and burn cultivation with rainfall (X) as an
independent variable and soil erosion (Y) as a dependent variable

Slash-and-burn Stages and
land cover types

Regression Model R2 (%)

1-yr cultivation Y= 0.0009X + 0.0026 17.5

2-yr cultivation Y= 0.0028X - 0.0054 25.7

3-yr cultivation Y= 0.0037X + 0.013 28.4

4-yr cultivation Y= 0.0016X- 0.0054 32.4

All Cultivation (average) -

1-yr fallow Y= 0.0039X -0.081 10.5

5-yr fallow Y= 0.0021X-0.055 10.9

15-yr fallow Y= 0.0029X -0.591 11.5

All fallow plots (average) -

Lightly grazed pasture Y= 0.0014X-0.0076 52.1

Moderately grazed pasture Y= 0.0019X-0.0104 55.1

Heavily grazed pasture Y= 0.0026X-0.012 56.7

All pasture plots (average) -

Mango orchard Y = 0.0147X-0.296 11.53

Shaded coffee Y = 0.0109X-0.2185 12.4

Forest Y = 0.0004x- 0.0081 10.5
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land use. The highest R2 values were recorded for the plots under cultivation compared to those

under fallow (Table 6.5). The level of R2 varied according to the length of cultivation, which

probably reflects differences in ground cover and soil erodibility in the plots under cultivation.

The weakest relationship between rainfall and erosion, as indicated by the R2, was observed in

the forest plot, followed by the shaded coffee plot and orchards of mango respectively (Table

6.5).

With regard to other land use covers associated with the practice of slash-and-burn

cultivation in the study area, there was a slight difference in the R2 according to the grazing

intensity. Thus the heavily grazed pasture plots had the highest R2 value, followed by the

moderately grazed pasture and then the lightly grazed pasture (Table 6.5). The value of the t

statistics used to test whether the soil erosion was statistically different among the different

stages of slash-and-burn cultivation and associated land cover types confirms that the slopes of

the regression models were statistically different (α =0.05) from the common regression model. 

The implication is that soil erosion varied according to the stages and associated land cover types

of slash-and-burn cultivation in the study area.

Furthermore, the R2 value indicates that rainfall alone was not sufficient in explaining the

difference in the response of soil erosion to the different stages and land use cover types

associated with slash-and burn cultivation in the study area. Differences in the response of soil

erosion to the different stages of slash-and-burn cultivation and associated land cover types may

therefore be due partly to the changes in the soil’s physical and hydrological properties and its

erodibility as well as changes in ground cover.
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6.5 THE ROLE OF SOIL PHYSICAL AND HYDROLOGICAL PROPERTIES ON SOIL EROSION

PATTERNS UNDER SLASH-AND-BURN CULTIVATION

The discussion in chapter 5 clearly showed that compared with natural forest soil, the

practice of slash-and-burn cultivation in the study area led to changes in the selected physical

and hydrological properties of soil that govern the process and rate of soil erosion. Changes in

these key soil properties often lead to changes in erodibility, i.e. the resistance of soil to the

detaching impact of rainfall and associated runoff. The objective of this section is to address the

research question: What role does soil quality changes associated with the practice of slash-and-

burn cultivation play in the sensitivity of the landscape to soil erosion? This line of investigation

aided in the identification of critical soil quality variables and their relative importance in the

observed pattern of soil erosion along the chronosequence of traditional slash-and-burn

cultivation at the study site. The correlation between erosion (a dependent variable) and soil

properties (independent variables) is summarized in Table 6.6. The value of the correlation

coefficient indicates the strength of the relationship between the selected soil properties, while

the sign of the correlation coefficient indicates the direction of the relationship.

Several physical and hydrological properties of the soil had a high positive or negative

correlation coefficient with soil erosion. Soil properties with a high negative correlation with soil

erosion include infiltration rate (-0.73), total porosity (-0.53), aggregate stability >1.0 (-0.64),

aggregate stability >0.25 (-0.57), water holding capacity (-0.60), and the percentage of clay (-

0.75). Other soil properties with relatively lower negative correlation coefficients include the

percentages of silt (-0.44) and organic matter (-0.44) (Table 6.6). The high negative correlation
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Table 6.6. Correlation between soil erosion and soil properties for different cover types
associated with slash-and-burn cultivation in the study site.

Soil Properties Pearson Correlation coefficients

Sand (%) 0.43

Silt (%) -0.44

Clay (%) -0.75**

Aggregate Stability > 0.25 -0.57*

Aggregate Stability > 1.0 -0.64**

Aggregate stability < 1 0.65**

Bulk Density (g cm) 0.53*

Total Porosity (%) -0.53*

Infiltration (mm-h) -0.73**

Soil moisture -0.51*

Water Holding Capacity (%) -0.60*

Soil Shearing strength (torvane) -0.85**

Soil Strength (penetrometer resistance) 0.78**
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coefficient recorded between these soil properties and soil erosion is not totally surprising. The

higher the infiltration capacity of a soil, the lower the possibility of runoff (infiltration-excess

overland flow) occurring and, therefore, the lower the soil erosion.

In other words, the higher the infiltration rate the lower the amount of soil erosion.

Similarly, a negative correlation between total porosity and soil erosion is expected because high

soil porosity encourages high infiltration rates. On the other hand, bulk density had a high

positive correlation indicating that soil erosion rates increase with an increase in bulk density.

This is because soil bulk density is a measure of soil compaction. A high value of soil bulk

density reduces soil porosity, which in turn reduces soil infiltration capacity. It is not therefore

surprising that higher soil erosion rates were observed under plots where bulk density was higher

in this study.

6.6 THE ROLE OF GROUND COVER ON SOIL EROSION

To further understand the spatial and temporal pattern of erosion over the season, it is

imperative to examine the role of ground cover. Ground cover is defined as the proportion

(percentage) of the mineral soil that is protected from direct raindrop impact and is a limiting

factor in soil erosion (Wischmeier and Smith 1978, Bautista, Bellot and Vallejo 1996, Grace

2002, Zhou et al. 2008, Tiwari et al. 2009) (see section 2.3 for a discussion of the literature on

the role of ground cover). In general an increase in ground cover leads to a decrease in runoff
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and soil erosion. But, of more critical importance is the state of ground cover at the time when

erosive storm events occur in the study site.

Since ground cover varies according to different land use (crops and cropping

management) and because of the diverse nature of crop combinations found under the practice of

slash-and-burn cultivation in different parts of the world (Nye 1960, Watters 1971, Peters and

Neuenschwander 1988, Lambert 1996), it was necessary to further examine differences in

ground cover under slash-and- burn practices and their role on the pattern of erosion in the study

site.

Maize is the main crop grown under slash-and-burn cultivation practice in the study site.

However, maize is often intercropped with beans and vegetables, such as squash, habanero

peppers, and other greens (Figure 6.4). Furthermore, maize crops are not planted in strict rows

but are planted rather randomly, although farmers are able to maintain the necessary spacing

between plants using their traditional farming experience. Maize and beans are planted in the

same hole made using a digging stick, while other crops, such as vegetables and peppers, are

planted in between the main crop. This practice of mixed cropping ensures the rapid

development of ground cover (Figure 6.4). In addition, because of the presence of live vegetation

cover offered by the plants that were closer to the soil surface compared to the taller maize

plants, the erosivity of the rainstorm was further reduced, as vegetation close to the ground

surface is known to reduce the terminal velocity of falling raindrops’ impact and hence the

erosivity of the rainfall (Hudson 1995, Renard et al. 1996, Morgan 2005).
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Figure 6.4. The pattern of ground cover during the month of September
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Figure 6.5. Trends in rainfall (mm) and ground cover (percentage) over the year

Field observation and estimates of ground cover made during the growing season

indicate that ground cover was highest during the time of the year when erosive storms occurred

more frequently (Figure 6.5). Ground cover gradually increased from the date of planting,

starting in the month of May and continuing to September when ground cover was at its highest

(Figure 6.5)
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As can be observed, ground cover tracked the trends in rainfall such that ground cover

was highest in the month of September when erosive storms most often occurred. Many studies

of erosion under traditional agriculture in the humid tropics have reported that erosion hazards

often occur during the early phase of cultivation when the soil surface is exposed to intense

tropical rainstorms, which occur at the beginning of the wet season (Lal 1990, Odemerho 1990,

El-Swaify 1993). This may be true in seasonally wet tropics where double maxima rainfall

occurs. In other tropical climates with marked seasonality in rainfall, the majority of erosive

storms may be confined to a few months during the season (Yu 1998, Yu and Neil 2000, Hoyos,

Waylen and Jaramillo 2005, Salako 2006). Most of the erosive storms in the study area appear to

occur much later in the year when the soil is under adequate protection from the ground cover

provided by planted crops. This partly accounts for the low amount of erosion observed in this

study.

6.7 CONCLUSION

Soil erosion rates on hillslopes used for slash-and-burn cultivation appear to be low given

the mountainous nature of the study area. The results support the farmers’ assertion in our

interview that soil erosion is not a serious problem in the study area. Although they were aware

of the use of terracing (known locally as tablones) in other mountainous parts of Latin America,

the general consensus among the farmers is that there was no need to plant crops on terraces in
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the study area, because soil erosion is not perceived as a major problem. A number of

interrelated factors account for the observed low rate of soil erosion.

First, most of the erosive rainstorm events occurred late in the wet season (September)

when ground cover resulting from crop development was at its highest. The ground cover

dissipates the rainstorm’s erosive energy, and the reduced hydraulic efficiency of the runoff leads

to a low amount of soil erosion. Second, the soil in the study area is relatively resistant to erosion

because of the high amount of organic matter, water stable aggregates and high infiltration

capacity. Furthermore, the farmers’ practice of planting their crops with minimum disturbance to

the soil can be regarded as a form of minimum or zero tillage. This type of tillage has shown to

be very effective in reducing runoff and soil erosion under large-scale mechanized agriculture.

Overall, soil erosion in the study area has been kept at minimum because of the combination of

cropping and soil management practices adopted by the farmers of Ejido Pisaflores.
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Chapter 7

Spatial Modeling of Soil Erosion Response to Traditional Slash-and-Burn Cultivation at

the Watershed Scale

7.1 INTRODUCTION

The response of soil erosion to land use and land cover change associated with any form

of agricultural practice is scale dependent. Previous studies have demonstrated significant

differences between the amounts of soil material loss estimated at the hill slopes compared to

sediment yield at the watershed outlet (Walling and Collins 2008, Stubblefield, Reuter and

Goldman 2009). Soil material eroded from the hill slopes may fail to reach the channel if there is

opportunity for sediment storage within the interfluves and if the hill slopes are not coupled to

the channel (Trimble 1983, Smith and Dragovich 2008). The pattern of land cover, slope

configuration and other factors will partly determine whether a hill slope is coupled to the

channel. This in turn will influence the sediment delivery and the sensitivity of the landscape to

erosion at the watershed scale.

The goal of this chapter is to assess the response of soil erosion to the practice of slash-

and-burn cultivation at the watershed in the study site, specifically to gain some idea of the

potential amount of soil material that may be generated and transported from the watershed. The

chapter discusses the result of the spatial modeling of the response of erosion to slash-slash-and-

burn land use cover types by combining watershed specific field data within the framework of

the Revised Universals Soil Loss Equation (RUSLE) in GIS environment using ArcGIS.
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7.2 SPATIAL MODELING OF SOIL EROSION RESPONSE WITH GIS

7.2.1 Introduction

The past two decades has witnessed an increasing trend towards the modeling of runoff,

soil erosion, sediment transport, and associated hydrological processes at the watershed scale.

Modeling and simulation studies at the watershed scale provide insight into how hillslope

processes are coupled into watershed scale sediment transfer processes. Much of the progress has

been aided by the development of powerful computer algorithms linked to Geographic

Information Systems (GIS). The refinement of the spatial modeling capabilities of GIS, in

particular the development of various hydrologic modeling tools has enabled modelers and land

managers to estimate the rate of soil erosion under current land use practices, as well as the

impacts of future land use change scenarios on the rate of soil erosion at the watershed scale. The

development of powerful spatial modeling algorithms paralleled by the increasing availability of

digital data at an appropriate resolution has further enhanced hydrologic modeling at the

watershed scale.

The availability of the Digital Elevation Model (DEM) at fine spatial resolution from

Satellite Imageries (Endreny, Wood and Hsu 2000, d'Ozouville et al. 2008, Galiatsatos,

Donoghue and Philip 2008, de Oliveira and Paradella 2009), LIDAR (Hodgson et al. 2003,

Murphy et al. 2008), and the capacity to generate DEM from existing topographic maps

(Mizukoshi and Aniya 2002, Soycan and Soycan 2009) has further facilitated the modeling of

the effect of terrain, in particular the topographic factor on runoff, erosion, sediment transport,

and deposition processes within watersheds (Moore, Grayson and Ladson 1991, Band 1993,
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Wang, Hjelmfelt and Garbrecht 2000b, Lacroix et al. 2002, Olivera et al. 2002, Favalli and

Pareschi 2004, Buis and Veldkamp 2008, Murphy et al. 2008).

In addition, the coupling of previously-existing hydrological models into GIS (Watkins et

al. 1996, Sui and Maggio 1999, Mendoza et al. 2002, Tate et al. 2002), and most recently, the

development of a specific geographic database tailored towards GIS representation of

hydrological information and accompanied hydrological modeling tools, such as ArcHydro GIS

(Maidment and Djokic 2000, Maidment 2002) has helped to overcome the limitations of

hydrologic data representation in traditional GIS and enhanced capabilities to simulate watershed

hydrologic processes, including runoff, erosion, and sediment transfer.

Comprehensive reviews of the capabilities of existing hydrologic and erosion simulation

models coupled into GIS, as well as new GIS-based models have appeared in numerous studies

(see for example, Manrique 1993, Deroo 1996, Deroo, Offermans and Cremers 1996, Toy et al.

2002, Merritt et al. 2003, Aksoy and Kavvas 2005, Novotny, Sven Erik and Brian 2008) and

therefore require no repetition here. It suffices to state that the existing models vary according to

the nature and level of spatial representation of the watershed, watershed processes simulated,

data/input requirement, and model output. In this regard, available models vary from complex

process-based models, such as the Water Erosion Prediction Model (WEPP)(Laflen, Lane and

Foster 1991, Ascough et al. 1997, Flanagan and Laflen 1997), European Soil Erosion Model

(EUROSEM)(Morgan et al. 1998a, Morgan et al. 1998b), Areal Non-point Source Watershed

Environment Response Simulation (ANSWERS)(Beasley, Huggins and Monke 1980), requiring

many input parameters to simple empirical models, such as the Revised Morgan-Morgan and
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Finney(MMF)(Morgan 2001), Revised Universal Soil Loss Equation (RUSLE)(Renard et al.

1991), which requires few key parameters.

There is an ongoing debate within the modeling community on the utility of simple

empirical erosion prediction models compared to complex spatially-distributed process-based

simulation models (Tiwari, Risse and Nearing 2000). While simple erosion prediction models

such as the RUSLE (Renard et al. 1991) have been criticized for simplifying the physical process

involved in the erosion process, distributed models have been criticized for being data hungry

(De Roo 1998, Moehansyah, Maheshwari and Armstrong 2004, Hessel, van den Bosch and

Vigiak 2006). Obviously each model type involves some trade off with the choice of a particular

model residing with the user.

7.2.2 The Choice of a Simulation Model

The choice of a particular model therefore depends on a number of considerations

including: the objective of the simulation exercise, the hydrological processes to be simulated,

and more importantly the availability of quality data that meets the parameter requirements of the

model (de Roo et al. 1998, Moehansyah et al. 2004, Croke and Nethery 2006). In this study the

lumped parameter RUSLE (Renard et al. 1991) was selected for the spatial modeling of the

response of erosion to slash-and-burn cultivation at the watershed scale. Although the RUSLE is

an empirical equation developed to predict long-term annual soil erosion under mid latitude,

large scale mechanized agriculture, its use in the tropics under different agricultural practices

such as slash-and-burn is possible if its parameter can be determined from local data (see for

example (Millward and Mersey 1999, Boggs et al. 2001, Mati and Veihe 2001, Millward and
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Mersey 2001, Moehansyah et al. 2004, Cohen et al. 2005, Hoyos 2005b, Yue-Qing et al. 2008,

Baja, Ramli and Lias 2009). Unlike physically based process models, the data requirement for

the RUSLE is attainable without extensive long-term field experimentation (Millward and

Mersey 2001, Moehansyah et al. 2004).

In addition, with appropriate reformulation of its parameters, the RUSLE can be easily

integrated within a GIS allowing spatial prediction of erosion potential at the watershed scale

(Hoyos 2005b, Bahadur 2009, Baja et al. 2009, Kouli, Soupios and Vallianatos 2009, Lopez-

Vicente and Navas 2009, Xu, Peng and Shao 2009, Ouyang et al. 2010, Boyle et al. 2011).

Furthermore, when properly calibrated, the RUSLE has been reported to yield results that are

comparable to more complex, physically process based models (Tiwari et al. 2000). Finally, the

absence of gullies in the study watershed makes the RUSLE, which was designed for assessing

soil loss resulting from rill and interill erosion, feasible for this study. In the light of the forgoing

considerations, the RUSLE model was chosen for this study.

7.3 THE REVISED UNIVERSAL SOIL LOSS EQUATION (RUSLE)

The Revised Universal Soil Loss Equation (Renard et al. 1991) is one of the most widely

used models to study water erosion. The RUSLE, an empirical model based on the revision of

the Universal Soil Loss Equation (Wischmeier and Smith 1978), was originally designed for

estimating average long-term annual soil loss resulting from rill and inter-rill erosion at the field

scale on cultivated hillslopes in the United States. It has since been adapted for the estimation of

erosion and sedimentation in nonagricultural environments, including construction sites (Toy, et

al. 1999, Kalainesan et al. 2009), forests, and rangeland (Foster et al. 1981, Renard and Simanton
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1990, Linse et al. 2001, Mergen et al. 2001, Bartsch et al. 2002, Miller, Nyhan and Yool 2003,

Gonzalez-Bonorino and Osterkamp 2004, Croke and Nethery 2006, Zhang et al. 2006), military

land and installations (Bartsch et al. 2002, Wang et al. 2007), and mine sites(Evans and Loch

1996, Nicolau 2003, Hancock et al. 2006, Hancock et al. 2008). It has also been adapted and

modified for use at the watershed scale by several workers (Millward and Mersey 1999, Boggs et

al. 2001, Erskine, Mahmoudzadeh and Myers 2002, Fernandez 2003, Shi 2004, Kim, Saunders

and Finn 2005, Schiettecatte et al. 2008).

The RUSLE (Renard et al. 1991) estimates the long-term annual soil erosion from the

product of six erosion control factors represented by the following equation:

A = R x K x LS x C x P where,

A = estimate of annual soil loss (t ha-1 yr-1) caused by sheet and rill erosion,

R = the rainfall erosivity factor (MJ mm ha-1yr-1), which accounts for the energy and

intensity of rainstorms,

K = the soil erodibility factor (t ha-1MJ-1mm-1), which is a measure of the susceptibility of

soil to erode under a standard condition,

LS = the combination of slope steepness (S) and slope length (L) sub factors (unitless),

C = the cover and management factor, which estimates the soil-loss ratio at seasonal

intervals throughout the year, accounting for effects of prior land use, canopy (forest or

crop), surface cover, surface roughness, and soil moisture,
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P = the support practice factor, calculated as a soil-loss ratio, which accounts for tillage

techniques, stripcropping, and terracing (land under cultivation), understory burning,

cattle grazing, and road construction (land under forested canopy).

Values for the individual factors in the RUSLE have been published in nomographs and charts,

which are widely available for the U.S. (Renard 1991). However, the application of the model in

this study meant that two major challenges have to be addressed. First, since the model was

developed for erosion prediction at field scale, to upscale the model for use at the watershed

level means that conceptualization, definition, and representation of some of the factors would

need to be revised to take into account differences in scale. Second, since the RUSLE is an

empirical equation, its effectiveness for soil loss estimation can only be valid within the limit of

the environment and data range in which it was developed. Therefore model data need to be

calibrated to local field condition of the study site. Studies indicate that RUSLE predicted soil

loss values that are closely correlated with sediment yield measured at the watershed when the

model factors are calibrated to local conditions (Erskine et al. 2002, Boyle et al. 2011). The

sections that follow describe and discuss the generation of the RUSLE factors, including the

necessary modifications for application at the watershed scale for the field site.

7.3.1 Generation of the RUSLE factors

7.3.1.1 The Rainfall Erosivity (R) Factor

The rainfall erosivity factor of the RUSLE accounts for the detaching power and

transporting capacity of a rainstorm, one of the most important factors that influence the nature
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and intensity of soil erosion. As discussed in chapter five, the erosivity of a storm depends on

storm properties such as intensity, duration, drop size, and kinetic energy, among others.

Each of these rainfall properties has been found to be positively correlated with soil

erosion, but none of the rainfall properties on their own sufficiently account for erosivity of

rainstorms at the field scale (Wischmeier and Smith 1978, Hudson 1995, Morgan 1995). As a

result, a compound index that combines the effects of the rainfall properties has been developed.

Within the RUSLE, the EI30, (Renard, United States and Agricultural Research Service

1997) a compound index which integrates all of these rainfall properties, is used to determine the

erosivity of rainstorms. The EI30 index was developed based on rainfall data monitored in the

United States. A number of workers have noted that the index may not be appropriate for tropical

climates where low-duration, higher-intensity rainstorms differ from those in temperate climates

experienced in the United States (Hudson 1995, Morgan 1995). However, the EI30 index has

been widely applied in soil erosion studies in many tropical regions (Dias and Silva 2003, Hoyos

2005b, Hoyos et al. 2005).

In Mexico, Wischmeier and Smith’s EI30 rainfall erosivity index has been reported to be

effective at capturing the erosivity of tropical rainstorms on the Pacific coast of Mexico

(Garciaoliva, Maass and Galicia 1995). The EI30 index has been found to be appropriate for soil

erosion modeling with RUSLE in the Zezenoth watershed, a tropical mountainous watershed in

Mexico (Millward and Mersey 1999, Mersey, Millward and Martinez 2002), with similar

climatic characteristics to those experienced in the present study area. It has been recommended

for use in soil erosion assessment in Mexico. Values of EI30 for localities in Mexico can be
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obtained from the isoerosivity map developed by Cortes {Cortes, 1991 #28690} for Mexico.

This map is published in the “Manual de Prediccion de Peridas de Suelo por Erosion”

(SecretariadeAgricultureyRecursosHidraulicos 1991) in which Mexico is divided into 14

erosivity regions with regression equations for estimating the EI30 index based on annual

rainfall. The study area falls within region 13 of the map.

The EI30 index was computed for the study site using the regression model for region 13,

which covers this present study:

Y = 10.7427X-0.001008X2

Where,

Y = EI30 annual (MJ mm/ha hr)

X = annual total rainfall (mm)

The average annual rainfall record during the duration of this study was used in

estimating the EI30 measured during the duration of the study. The rainfall erosivity value was

then entered for the watershed, and a surface was generated by converting to a grid.

7.3.1.2 The Slope Length and Steepness (LS, Topographic) Factor

The slope length and slope steepness are important factors that control the rate of soil

erosion and are therefore critical in the modeling of erosion at the watershed scale. From a

geomorphological perspective, slope length and steepness partly determine the erosive energy of

surface runoff and the depth and velocity of flow, which also influence the transport capacity of

runoff and its ability to transport the eroded sediment (Toy et al. 2002). In the RUSLE, the slope
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length (L) is defined as the horizontal distance between the origin of overland flow to the point

where deposition occurs or where runoff enters a channel (Renard et al. 1991, Renard et al.

1997). It is widely agreed that this conceptual definition of slope length (L) is adequate at the

field scale but inappropriate at the watershed scale, where the contribution of runoff to a point is

determined more by three-dimensional flow (Desmet and Govers 1995, Desmet and Govers

1996b, Maidment and Djokic 2000). Furthermore, the conceptualization of slope length is not

appropriate at the watershed scale, because it does not account for flow convergence and

divergence. This is necessary to predict the actual overland flow characteristics in areas with

complex topography (Desmet and Govers 1995).

In a two-dimensional situation, overland flow and the resulting soil loss depends on the

area per unit of contour length contributing to runoff to that point (Desmet and Govers 1995,

Kinnell 2005). As a result, a number of studies have recommended replacing the LS factors with

the upslope contributing to the area per unit contour, especially in areas with complex

topography (Desmet and Govers 1995, Desmet and Govers 1996b, Desmet and Govers 1996a).

This approach was considered most appropriate for this study given the complex topography in

the watershed. The derivation of the LS factor in this way was carried out as follows.

The topographic factor was generated from the watershed DEM (Wang et al. 2001,

Lewis, Verstraeten and Zhu 2005, Winchell et al. 2008). The DEM used in this study was created

from 25 m interval digital contours of the study site obtained from INEGI using the Arc/INFO

topogrid command. The streams were burned into the DEM during the process to enhance the

actual representation of the topography (Callow, Van Niel and Boggs 2007). A number of



202

algorithms have been developed for computing the upslope contribution area per unit contour

using a DEM (Quinn et al. 1991, Desmet and Govers 1996b, Erskine et al. 2006, Seibert and

McGlynn 2007, Wilson, Lam and Deng 2007, Nardi et al. 2008). In this study, the USLE2D

algorithm (Desmet and Govers 1996b) a public domain program available via the web

(http://www.kuleuven.be/geography/frg/modelling/erosion/usle2dhome/), was used to calculate

the LS factor for a number of reasons. It addresses the limitations inherent in the original

conceptual definition of the slope length (L) factor when applied in areas with complex

topography, such as watersheds, by replacing them with the unit contributing area, which is easy

to integrate within a GIS and offers options for the user to select the appropriate hydrological

flow routing algorithm and a slope length and steepness algorithm depending on the terrain of

the watershed (Desmet and Govers 1996b, Van Oost, Govers and Desmet 2000).

More importantly it has been used with satisfactory results in mountainous tropical

watersheds (Millward and Mersey 1999, Hoyos 2005b). The DEM was prepared and imported

into the USLE2D program. The program presents three options including the steepest descent

(single flow), multiple flow, and flux decomposition as the routing techniques. The single flow

(steepest descent) option routes runoff and soil material from an upslope cell to a downslope cell

in a 3 x 3 matrix window based on the elevation difference between the two cells and allowing

only for parallel and flow convergence into the cell with the lowest elevation (Desmet and

Govers 1996b). The multiple flow algorithm allows for the distribution of runoff and soil

material from a contributing cell into several downslope cells thus allowing for both flow

convergence and divergence that is typical of a complex terrain (Quinn et al. 1991, Kim and Lee
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2004, Pan et al. 2004, Orlandini and Moretti 2009). The flux decomposition algorithm (Desmet

and Govers 1995, Desmet and Govers 1996a) on the other hand is based on the decomposition of

the flux vector whose magnitude is equal to the upslope contributing area to be distributed,

taking into account two ordinal components based on the aspect direction such that the

magnitude of each component is proportional to the sine or cosine of the aspect value and

normalized so that the sum of the two components equals the magnitude of the vector (Desmet

and Govers 1995, Desmet and Govers 1996a). The steepest descent algorithm is one of the most

commonly used routing algorithms (Pan et al. 2004). However, in this study, the multiple flow

algorithm was utilized because it accounts for flow convergence and divergence, which is

suitable for areas with complex topography (Quinn et al. 1991, Kim and Lee 2004, Pan et al.

2004). It was considered best to describe the flow characteristics in the study site based on

several field observations during rainstorms when runoff was generated.

Finally, the LS factor was computed by running the LS algorithm in the USLE2D

program. The algorithm offers the options for a choice of slope length (L) and slope steepness

function (S), including those developed Wischmeier and Smith (Wischmeier and Smith 1978),

McCool (Mccool et al. 1987, Mccool et al. 1989), Govers , and Nearing (Nearing 1997). The LS

factor was computed by using the original USLE slope length function (Wischmeier and Smith

1978) and the slope steepness function developed by Nearing (Nearing 1997), as it has been

found to perform better on steep slopes (up to 60%)(Liu, Nearing and Risse 1994, Liu et al.

2000). In addition, Nearing (Nearing 1997) slope steepness function, developed with empirical
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data from slopes up to 55%, was considered more appropriate for this watershed than the RUSLE

developed with data from slopes up to 25% (Wischmeier and Smith 1978, Mccool et al. 1987).

7.3.1.3 Soil erodibility (K-factor)

The soil erodibility measures the resistance of the soil to erosion. In RUSLE, the soil

erodibility factor (K) measures the average long-term soil and profile response to the erosive

power of rainstorm, as influenced by different soil properties (Renard 1991, Renard and Ferreira

1993). The K-factor represents the combined effect of soil texture, organic matter, permeability,

and structure on average long-term erosion. If these soil properties are known for a given soil

type, then the K-factor can be read from a nomograph (Wischmeier and Smith 1978 8492). An

initial exploration using this approach proved to be unsatisfactory for the study site because the

area was covered entirely by Rendzina and two of the important soil properties, namely texture,

structure and permeability, were more or less uniform for the different stages of slash-and-burn

and associated land use cover. Therefore, the Wischmeier and Smith K-factor as defined in the

RUSLE would not be effective in capturing subtle changes in the erodibility of the soil of the

study site caused by the practice of slash-and-burn cultivation.

In this study the K-factor was computed using the percentage of water stable aggregate.

A number of studies have recommended the use of aggregate stability as an index of soil

erodibility (Bryan 1968a, Bryan 1971, Amezketa 1999, Bryan 2000b, Fufa, Strauss and

Schneider 2002, Gumiere, Le Bissonnais and Raclot 2009). Hoyos (Hoyos 2005b) combined

aggregate stability and soil infiltration data to generate a K-factor for use in the application of the
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RUSLE to model the spatial pattern of erosion in a tropical watershed in the Columbian Andes.

In the current study the percentage of water stable aggregate > 0.2 was found to be highly

correlated with soil erosion. More importantly, aggregate stability varied significantly among the

different stages of slash-and-burn cultivation and associated land cover types (see Chapter 7).

Therefore, it was considered to be more appropriate for this study to derive the K-factor from the

aggregate stability data.

7.3.1.4 Cover management factor (C-factor)

The C-factor is very important in the modeling process because it partly reflects the effect

of ground cover (i.e., the combined effect of vegetation, litter, etc.), which arguably exerts a

critical influence on the rate of erosion because a high percentage of ground cover translates to

lower erosion rates even if all other factors are favorable (Quinton, Edwards and Morgan 1997,

Vanacker et al. 2007, Morgan and Duzant 2008, Vahabi and Mahdian 2008, Vahabi and Nikkami

2008, Wang et al. 2008, Zhou et al. 2008). In the RUSLE, the cover management factor (C-

factor) captures the effect of cropping and management practices on the rate of soil loss (Renard

et al. 1991, Renard et al. 1997). It synthesizes the effect of a number of cultural practices that

affect ground cover such as cropping type, planting preparation, crop growth characteristics,

canopy development, and harvest management practices including the proportion of residue left

behind (Renard et al. 1991, Renard 1993).

In the USLE and RUSLE, the cropping management factor is the ratio of soil loss from

plots under specific crop and cropping management practice to that from a plot clean-tilled,

continuous fallow (Wischmeier and Smith 1978, Renard et al. 1996). Extensive research has
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resulted in the publication of C-factor values for a range of crops and cropping practices in the

United States (See Tables 5, 10, and 11 in (Wischmeier and Smith 1978, Renard et al. 1996).

However, because cropping management practices vary significantly between traditional slash-

and-burn and mechanized agriculture even for the same crop, it was considered more appropriate

to develop C-factor values that reflect local field conditions. This approach has been adopted by

a number of studies involving the adaptations of the RUSLE elsewhere; see, for example, (Jeje,

Ogunkoya and Adediji 1997, Millward and Mersey 1999, Hoyos 2005b).

The main crop cultivated in the study area is maize, which occupies most of the

watershed and some of the coffee plots. Nevertheless, maize is normally inter-planted with beans

and vegetables, making it quite distinct from the largely monoculture practices in large-scale

temperate agriculture. The other prominent land-use type in the watershed includes pasture. For

the purpose of generating the C-factor, a land-cover map (Figure 7.1) showing the different

stages of slash-and-burn cultivation was generated. The procedure used in creating the land-

cover map has been discussed in Section 5 of Chapter 4. The polygons representing the different

land-cover classes were assigned a C-value based on the short-term soil erosion data obtained

during this investigation.
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Figure 7.1. Slash-and-burn cultivation stages and associated land-cover types
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7.3.1.5 Support Management Factor (P)

The support management factor represents the protection offered by the erosion control

structure and practices such as terracing, contouring, ridging, strip cropping, and subsurface

drainage, as well as other runoff and erosion control structures that reduce the rate and amount of

runoff and erosion by modifying gradient, surface flow pattern, and velocity of runoffs (Foster

and Highfill 1983, Renard et al. 1996).

The P-factor varies with the type of support management practice in place, ranging from

0.2 to a maximum value of 1.0 where no support practice exists (Wischmeier and Smith 1978,

Renard et al. 1996). In the study site, the farmers did not employ any support practice to reduce

the runoff and erosion on the hillslopes. The farmers did not use terracing, and the soil was

neither tilled or ridged before planting. Planting was done on the flat soil surface using a digging

stick with minimal disturbance to the soil. Responses obtained from the interviews conducted

with farmers indicate their knowledge of support practices such as terracing (referred by the

farmers as tablones) and their use in other mountainous parts of Mexico, but all the farmers

contend that such conservation support practices were not necessary in the study site as erosion

was not considered to be a problem on the hillslopes. Where no deliberate support management

practice is present, the P-factor is ignored in the prediction of soil loss using the RUSLE model

or assigned a value of 1.0 (Wischmeier and Smith 1978, Renard et al. 1996). The latter approach
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was adopted in this study as it affords the opportunity to evaluate the potential effect of the

introduction of support management practices in the future. The vector layer corresponding to

the shape of the watershed was assigned a value of 1.0 and was then converted to raster (grid)

using a resolution of 30 meters consistent with the land use and land cover layer.

7.4 MODELING ASSUMPTIONS AND LIMITATIONS

In order to implement the use of the RUSLE model to assess the spatial response of

erosion to the land cover types produced by slash-and-burn at the watershed scale in this study,

some assumptions were made in the analysis regarding the relevant RUSLE factors.

First, single values were assigned to erodibility and land-cover management factors; this

does not take into account seasonal variation in these factors. Erodibility changes temporally

over the season depending on a number of interacting factors, including soil temperature,

moisture conditions, cultivation, and cultural practices (Renard et al. 1996, Hoyos 2005b). In the

same way, C values for the cover management factor should vary with time depending on the

amount of ground cover provided by the crop and management practice vis-à-vis the occurrence

of erosive rainstorm events. In accordance, erodibility values should be higher during the early

stages of the growing season when ground cover provided by the crops is less than 100%,

provided such periods also coincide with periods of occurrence of intense erosive storms. These

two assumptions may be more critical if a physical process-based modeling approach were to be

adopted in this study. Considering the way in which the erodibility and cover management

factors were derived for this study, it is most likely that the values fairly represent the average
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and therefore have incorporated the seasonal changes that may influence the variability. Because

the goal of the modeling exercise in this study is to obtain an idea of the average long-term

spatial pattern of erosion, the erodibility and erosivity values are considered adequate for this

study. Finally, from the GIS processing of the factors, it was assumed that the RUSLE factors,

that is, topographic, erosivity, erodibility, and C-factors, were uniform for each cell (30 x 30 m).

It was not possible to model the effect of individual rainstorm events on the spatial pattern of

erosion at the watershed scale because the RUSLE, as used in this investigation, is incapable of

modeling erosion on an event basis.

7.5 MODELING RESULTS

The result of the modeling process, including the generated RUSLE factors and the

potential response of erosion to slash-and-burn, is discussed in the following sections.

7.5.1 Erosivity Surface (R-factor)

Figure 7.2 shows the rainfall erosivity surface for the watershed. The value of rainfall

erosivity is uniform due to the small size of the watershed. The high R-factor reflects the humid

tropical nature of the watershed and the rainfall pattern observed in the study area.
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Figure 7.2 Rainfall erosivity (R-factor) surface for the watershed
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7.5.2 Slope Length and Steepness (LS) Factor Surface

The generated LS factor (Figure 7.3) reflects the complex topography of the watershed. A

visual inspection indicates that, in general, the LS factor reflects the nature of the topography in

the watershed and the expected pattern of stream (flow) network and flow convergence

(accumulation) generated from the DEM of the watershed.

Figure 7.3 Slope length and steepness factor (LS factor)
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7.5.3 Erodibility (K) Factor Surface

The erodibility factor for the watershed (Figure 7.4) indicates variability reflecting the

influence of the different stages of slash-and-burn cultivation on the soil. In

Figure 7.4 Erodibility (K-factor) surface
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General, higher erodibility values were recorded for cultivated plots compared to areas under

fallow or the forest cover. The lowest value of 0.009 t/ha/MJ/mm is observed to occur in areas of

the watershed under the forest cover. This is plausible, as soil under the forest cover is less

susceptible to erosion because of the adequate ground cover that protects it from the detaching

impact of rain drops and surface runoff. In addition, as noted in Chapter 5, soil under forest plots

was characterized by high-organic-matter content, low-bulk density, higher total porosity, and

higher infiltration and water-holding capacity. All these factors ensure a lower amount of

incidence of runoff and hence lower erodibility of the soil. In contrast, cultivated areas in the

watershed exhibited higher erodibility values, ranging from 0.0 29 to 0.064 t/ha/MJ/mm (Figure

7.4). The higher values recorded in these areas are expected, as plots under cultivation are likely

to generate more runoff from rainfall due to lesser ground cover, higher bulk density, and lower

infiltration rates. In general, the observed pattern of generated soil erodibility reflects the

expected relative erodibility under the practice of slash-and-burn cultivation at the study site.

7.5.4 Cropping Management (C) Surface

The cropping management factor surface (Figure 7.5) reflects the pattern of cultivation in

the watershed. Values range from 0.001 for areas under forest to 0.039 for areas under

cultivation. Values for areas under fallow ranged from 0.003 to 0.010 depending on the age of

the fallow. As expected, areas under cultivation within the watershed displayed lower C-factor

values because of the lesser ground cover provided, especially during the early phase of
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cultivation when crops have not been fully established. The C-factor values for the cultivated

portion of the watershed are generally within the range reported for maize cultivation without

crop rotation in Mexico (Millward and Mersey 1999). However, it must be noted that these

values were derived based on field data from two wet seasons for the study site. Perhaps a longer

period of observation will be necessary to derive a finer estimate of C-factor at the study site.
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Figure 7.5 Cover management factor (C-factor) for the watershed.
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7.5.5 Support (P) management Surface

Figure 7.6 shows the support management factor surface for the watershed. Because no

specific support management is implemented under slash-and-burn cultivation in the watershed,

there is only one class of support management practice within the entire watershed that has a

value of 1.

Figure 7.6 Support management practice factor (P-factor) for the watershed
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7.5.6 Erosion Potential Surface

The generated RUSLE factors were multiplied according to the RUSLE equation using

the map algebra in Arc GIS. The result of the modeling process is the generation of the final

erosion potential surface (Figure 7.7), which represents the potential spatial pattern of the

response of soil erosion to the practice of slash-and-burn cultivation at the watershed scale in the

study area. The erosion surface was classified into four ordinal classes representing different

levels of erosion potential (Table 7.1). In general, soil erosion rates range from 0 tons/ha/year to

> 3.5 tons/ha/year in the watershed. The highest rate of erosion of > 3.5 tons/ha/year exceeds the

rates measured in runoff plots for any of the stages of slash-and-burn cultivation and associated

land-cover types. Hence it seems the model over-predicted the potential response of soil erosion

at the watershed scale.

Table 7.1 Ordinal classes of erosion potential and the area of each category

Erosion (t/ha/yr.) Ordinal Erosion Classes Area (ha) %

0-1.5 Minimal 370.74 56.3

1.5-2.5 Low 214.01 32.5

2.5-3.5 Medium 47.4 7.2

>3.5 High 26.3 4.0

Total 658.5 100.0
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Overall, 56.3% of the watershed experienced minimal erosion potential, while 32.5% of the area

could potentially experience low erosion (Table 7.1). Only a small proportion, 7.2% and 4.0%,

could potentially experience moderate and high erosion potential (Table 7.1). In general, the

modeling suggests potential soil erosion in watershed resulting from slash-and burn cultivation

appears to be low, although values derived here are higher than those obtained from the runoff

plot study.

In general, the pattern of soil erosion indicates that the highest rate of soil erosion was

observed in areas under cultivation. In particular, cultivated areas that coincided with areas with

higher slope recorded higher amounts of erosion. This pattern indicates the importance of slope

steepness in the spatial pattern of erosion response in the watershed. In contrast, the lowest rates

of erosion were recorded in areas under forest cover and were followed by areas under coffee

cultivation and in mango orchards. This highlights the importance of the protective effects of

ground cover associated with these uses of land. The results of the analysis show that while areas

with steep slopes may be potentially sensitive to erosion, the limiting factor is that of ground

cover. In watersheds with highly sloping land, maintaining adequate vegetation cover will help

reduce the amount of erosion resulting from land use changes. Given that rainfall erosivity (R)

and the conservation management factor (P) are more or less uniform for the watershed, the

spatial pattern of erosion response to slash-and-burn cultivation in the study site at the watershed

was found to be influenced more by the pattern of land use, land cover, the soil quality resulting

from the practice of slash-and-burn cultivation and the nature of the complex topography.
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Figure 7.7 Potential soil erosion surface generated for the watershed
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Although the modeling process indicates high potential erosion in cultivated portions of

the watershed, it will be useful to access how much of the potential soil material is actually

transferred into the river channel. Field observation during rainfall events suggests that much of

the soil material generated from cultivated plots by erosion might not be transferred into the river

channel, despite the steep slopes. The patterns of land cover and land use associated with slash-

and-burn cultivation in the watershed clearly show a lack of complete connectivity of the

cultivated portions of hillslopes with the channel. Plots under cultivation were always in

juxtaposition with fallow plots. Thus in most cases, hillslopes are not completely coupled to the

stream channel.

The decoupling of hillslopes from the stream channel suggests that materials lost from

the current cultivated plots are likely to be stored along the buffer provided by the fallow plots

along hillslopes. In addition, the upslope area contributing runoff to the cultivated plot is

effectively reduced, thus possibly reducing the cumulative effect of runoff on erosion and

sediment transfer along hillslopes. Further research is required to determine the actual amount of

soil material that will eventually enter the stream channel as sediment.

7.6 VALIDATION OF MODEL RESULT

An important component of any erosion modeling investigation is the validation of model

result. The result of simulation modeling can be validated in different ways. The best way to

validate the result of a model is to compare the output of the model with observed or measured
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field data and to establish how much simulated values deviate from measured data (Quinton

1997, Folly, Quinton and Smith 1999, Wachal et al. 2008).

Previous workers have adopted different approaches and procedures in the validation of

erosion simulation results. This includes comparing simulated results with existing erosion

severity maps (Shamshad et al. 2008b, Xu et al. 2009) as well as comparing model results with

estimates of erosion obtained in the field, for example comparing radionuclide, such as cesium

137(Quine 1999), with suspended sediment data measured in the field (Wilkinson et al. 2009) or

comparing simulated results with soil erosion measured from runoff plots (Mati et al. 2000,

Veihe et al. 2001). The last approach was used in this study because of the availability of runoff

plot data. The goal of the validation in this present study is not to assess the absolute values of

erosion rates for the land cover associated with the slash-and-burn model but to investigate if the

model was able to rank the relative sensitivity of each of the cover types to erosion.

Twenty-five points were randomly generated from the erosion potential surface. The

coordinate and erosion rates for each point were noted. This data was then compared to erosion

estimates from runoff plots in the same land use class. The result showed that the modeling

process adequately ranked the land cover types associated with slash-and-burn cultivation in the

study area in terms of magnitude of generate erosion when compared to runoff plot data.

However, as indicated, earlier soil erosion rates obtained in the modeling process were higher

than those obtained in runoff plots. Other studies have noted that the RUSLE often overestimated

erosion, especially when applied at the watershed scale (Abu Hammad, Lundekvam and

Borresen 2004). This could be attributed to a number of possible reasons including the spatial
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resolution of the impute parameters such as the DEM (Zhao et al. 2010), and the calibration of

the factors with local data.

7.6.1 Source of Error and Assessment

The utility of the result of any erosion modeling endeavor, as used in this study, depends

to some extent on the knowledge of the level of error associated with the modeling process and

the efforts made to minimize them. Modeling with GIS often involves dealing with a variety of

errors that may be introduced at any phase in the modeling process (Goodchild 1994, Desmet

1997). While these errors cannot be totally eliminated, minimizing them would improve overall

model performance. The inherent limitation associated with the choice of the RUSLE as the

modeling tool for assessing the spatial response of soil erosion to slash-and-burn cultivation was

discussed in the earlier section. Procedures adopted to minimize the errors and shortcomings

involved in the application of the model at the watershed scale were also discussed in the

previous section.

In addition to these limitations, there are possible errors that might be associated with

each of the GIS data layers used in this modeling investigation, including errors associated with

data source, data resolution and the various geostatistical techniques employed for interpolation

from vector to raster GIS data layers.

Where errors exist in individual GIS data layers, their combined effect on the model

result is often multiplicative (Hoyos 2005b). In this study, the potential erosion surface was

generated through the multiplication of the data layers representing each of the RUSLE factors,
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and therefore any error in the data layers might likely be propagated if adequate precaution is not

taken to address this during the analysis. Therefore, a number of steps were taken to minimize

overall error by focusing on minimizing and quantifying errors associated with the processes of

generating the individual GIS data layers.

In the first place, the accuracy of the topographic surface, that is, the slope length and

steepness factor, depends partly on the accuracy of the DEM and the USLE-2D algorithms used

to generate the topographic factor. The DEM was generated from the interpolation of digital

contours obtained from INEGI using the ArcInfo topogrid command. The stream network was

burnt into the DEM. In order to assess the accuracy of the DEM, 20 points with coordinate

information were randomly chosen from the DEM surface. The elevation of the 20 points was

also determined from spot heights obtained from the topographic map of the study site. The

mean error was computed to be 5.5 meters, which was adjudged to be adequate for the purpose

of modeling. In addition, since the digital contours were originally produced from the 1:50,000

topographic map covering the study area, possible planimetric error associated with the process

of digitizing was also assessed by overlying the digital contour on the topographic map, which

had been georeferenced to the same coordinate system.

Three 2 x 2 rectangular windows representative of the topography was extracted from the

digital contour coverage and superimposed on the topography map (Millward and Mersey 1999),

the overall planimetric error introduced by digitizing was determined to be 4.5 m, which was

considered adequate for the purpose of this study. In the light of these possible errors and

limitations, the model results should be interpreted as representing the relative potential
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response, and therefore the sensitivity of each land cover produced by slash-and-burn cultivation

in the study area. The result of the modeling investigation demonstrates that potential soil

erosion is generally low under the practice of slash-and-burn cultivation in the study site.

7.8 CONCLUSION

The result of the modeling investigation clearly shows that land use cover is the limiting

factor in the spatial pattern of erosion to slash-and-burn cultivation in the study site. Field

observation of the arroyo that flowed through the watershed indicates that the water was

generally clear even after a major rainstorm event. It would appear that only a small amount of

soil material loss in the fields on the hillslopes eventually made it to the arroyo, which drains the

study site. A number of possible reasons may be responsible for this observation. In the first

place, considering the watershed location in a mountainous terrain, the arroyo is essentially a

bedrock stream with little or no opportunity for the development of an alluvial flood plain.

Therefore, the possibility of sediment storage within the channel flood plain is limited. It is most

likely that eroded material generated from plots under cultivation were deposited on the

hillslopes given that the spatial pattern of cultivation where current plots are juxtaposed with

plots under fallow means that entire hillslopes are not completely hydrologically coupled with

the arroyo channel.

Given the limitation inherent in the RUSLE, it was not possible to model the effect that

this land cover pattern has on the deposition of soil material loss on the hill slopes. Information

on the pattern of deposition in conjunction with erosion pattern will provide a better picture of
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the response of erosion to the practice of slash-and-burn cultivation in the study site. This should

definitely be a subject for further investigation. The use of Caesium-137 could also be explored

in future studies in order to understand the pattern of erosion and deposition at the watershed

level.

Because the erosion surface map was grouped into ordinal classes, the spatial pattern of

erosion on the watershed can be viewed as representing the relative sensitivity of each landscape

position to erosion at the watershed scale. Whether a point displays high sensitivity depends on

the combination of the landscape characteristics of the position in the watershed. The spatial

pattern of the response of slash-and-burn cultivation shows that no simplistic rule can be

assumed. The areas with the steepest slopes are not necessarily the areas with a high amount of

erosion potential.
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Chapter 8

Summary, Conclusion and Further Research

8.1 SUMMARY

The response of geomorphic systems to natural or anthropogenic disturbance has been a

major focus of geographic research. The nature, direction, and magnitude of geomorphic

response to disturbance are in part determined by the sensitivity of the system to external

changes. The sensitivity of a system to external disturbance in turn depends on the internal

configuration of the system components, its ability to propagate or dampen the impulse of

change, and the magnitude and frequency of the disturbance. Consequently, the response of

geomorphic systems to disturbance can be complex and confounding.

Despite this challenge, the knowledge of how geomorphic systems respond to

anthropogenic activities is of practical importance when designing mitigation measures to

manage the undesirable environmental consequences of human use or misuse of the earth. It is

well established that the major anthropogenic drivers in the responses of geomorphic systems

include land use, land cover, and the landscape changes and modifications associated with

different agricultural practices.
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This study investigated geomorphic sensitivity and the response of soil erosion to

landscape changes under traditional slash-and-burn cultivation. In general, slash-and-burn

cultivation is acknowledged as an agricultural system that is well suited to the humid tropical

environment where it is practiced. Nevertheless, ongoing changes in this agricultural system,

including increased population pressure, a shortening of the fallow period, and a shift from

mixed cropping to monocropping in some localities, called into question the survival and long-

term sustainability of slash-and-burn agricultural practices.

The response of soil erosion to slash-and burn methods was studied in selected plots at

different ages of cultivation and fallow, representing a chronosequence of the slash-and-burn

cycle. Selected physical and hydrological properties were measured in the field or determined in

the laboratory from soil samples obtained from the selected plots. The soil erosion rate was

monitored for the plots under cultivation and fallow using bounded runoff plots. Lastly, the

response of soil erosion to slash and burn was accessed at the watershed scale by adapting the

Revised Universal Soil Loss Equation for local field conditions.

With regards to the research question how does soil erosion and soil quality vary with

land cover types associated with the different stages and practice of slash-and-burn cultivation?

The study showed that selected physical and hydrological properties differed according to the

age of cultivation. In general, deterioration of key soil properties such as organic matter,

aggregate stability, and infiltration were observed during the cultivation stage of slash and burn.

In contrast, significant improvement in the aforementioned properties was observed during the

fallow stage of slash-and-burn cultivation. These differences in soil properties resulted in
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differences in the erodibility of the soil and the response of soil erosion at the plot scale. Soil

erosion rates were observed to be higher during the cultivation stage of slash-and-burn

cultivation and lower during the fallow stage. The lowest rate of erosion was recorded in the

forest plot. Overall, the soil erosion rate appears to be low considering the mountainous nature of

the study site, which would be regarded as a sensitive environment. Slash-and-burn cultivation as

practiced in the study area resulted in comparatively lower erosion rates. While soil erosion

occurred during the cultivation phase, the result indicates that erosion becomes negligible once

cultivated plots revert back to fallow. Indeed, the rate of erosion under a five-year fallow was not

significantly different from that under a 15-year fallow plot. In other words, the system quickly

reverts back to stability during the fallow phase.

However, recovery of the soil’s physical and hydrological properties once the plot reverts

to fallow does not appear to be as rapid compared with the response of soil erosion. It might

require a considerably longer time for soil properties to attain levels comparable to those found

in forest soil. This study suggests that the response and recovery of geomorphic systems to

human disturbance should be viewed within the context of the process being investigated. In this

study, the recovery and attainment of landscape stability was faster for the soil erosion process,

whereas a longer recovery time was needed for soil properties because of the different landscape

factors influencing these processes under slash-and-burn cultivation. With regards the question

which key soil physical and hydrological properties control soil erosion for different stages and

land cover types associated with slash-and-burn? The result of the study indicates that organic

matter (%), infiltration rates (mm h1), aggregate stability (%) are important soil properties
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controlling the variability of soil erosion. Nevertheless, in this study, it was observed that the

limiting factor to soil erosion is ground cover; hence, erosion was considerably reduced during

the first year of fallow because of the rapid development of ground cover. On the other hand,

although improvement in the soil’s physical and hydrological properties was observed during the

first year of fallow, a longer time period is required for soil properties to attain those found in

forest soil. This is because improvement in soil properties, such as aggregates, infiltration rates,

porosity, and bulk density, require the buildup of organic matter in the soil over a long period of

time (Aweto 1981b, Aweto 1981a, Perez 1992, Arunachalam and Pandey 2003). At the

watershed scale, the key factor which influenced the pattern of erosion was observed to be

ground cover.

8.2 CONCLUSION

From a geomorphological perspective, the results of this study suggest that the response

of soil erosion to slash-and burn cultivation will vary depending on the specific land cover

produced, site soil characteristics, pattern of rainfall, and the specific cultural management, such

as cropping and tillage practices. Given the diversity of environment and culture, it should be

expected that the level of changes in the practice of slash-and- burn cultivation may not be

uniform across the tropics. In this study, where the goal of the farmer is mainly the production of

food for family and domestic consumption, the system is still environmentally benign from the

perspective of soil erosion. Indeed, despite the concern about the long-term sustainability and

environmental stability of slash-and-burn cultivation (Pollini 2009), there is little empirical

evidence of the complete breakdown of the system. On the contrary, a change from traditional
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slash-and-burn cultivation to more permanent cultivation is reported to lead to an increase in

runoff, soil erosion, and other geomorphic responses (Bruun et al. 2009, Ziegler et al. 2009).

8.3 FUTURE RESEARCH

This study suggests that the conservation role of traditional agriculture depends on the

sensitivity of the landscape, which in turn is a reflection of the driving forces. Although the data

suggest that erosion is expectedly low in the study site, the fact that the study only covered two

seasons is a major limitation. Future study should focus on assessing the response of soil erosion

over a longer time scale. In addition, a study of sediment yield at the watershed in the study area

will provide a better picture of the amount of soil material transferred from slash-and- burn plots

in the study area.



232

References

Abid, M. & R. Lal (2008) Tillage and drainage impact on soil quality - I. Aggregate stability,
carbon and nitrogen pools. Soil & Tillage Research, 100, 89-98.

Abiven, S., S. Menasseri & C. Chenu (2009) The effects of organic inputs over time on soil
aggregate stability - A literature analysis. Soil Biology & Biochemistry, 41, 1-12.

Abu Hammad, A., H. Lundekvam & T. Borresen (2004) Adaptation of RUSLE in the eastern
part of the Mediterranean region. Environmental Management, 34, 829-841.

Abubakar, S. M. (1997) Monitoring land degradation in the semiarid tropics using an inferential
approach: The Kabomo basin case study, Nigeria. Land Degradation & Development, 8,
311-323.

Agbenin, J. O. & H. Tiessen (1995) Soil properties and their variations on 2 contiguous
hillslopes in northeast Brazil. Catena, 24, 147-161.

Aina, P. O. (1984) Contribution of earthworms to porosity and water infiltration in a tropical soil
under forest and long-term cultivation. Pedobiologia, 26, 131-136.

Aksoy, H. & M. L. Kavvas (2005) A review of hillslope and watershed scale erosion and
sediment transport models. Catena, 64, 247-271.

Allen, M. P. (1997) Understanding Regression Analysis. New York: Plenum Press.

Allison, R. J. & D. S. G. Thomas. 1993. The Sensitivity of Landscape. In Landscape Sensitivity,
eds. D. S. G. Thomas & R. J. Allison, 1-4. Chichester: Jonh Wiley & Sons.

Allmendinger, N. E., J. E. Pizzuto, G. E. Moglen & M. Lewicki (2007) A sediment budget for an
urbanizing watershed, 1951-1996, Montgomery County, Maryland, U. S. A. Journal of
the American Water Resources Association, 43, 1483-1498.

Amezketa, E. (1999) Soil aggregate stability: A review. Journal of Sustainable Agriculture, 14,
83-151.



233

Ananda, J. & G. Herath (2003) Soil erosion in developing countries: a socio-economic appraisal.
Journal of Environmental Management, 68, 343-353.

Angima, S. D., D. E. Stott, M. K. O'Neill, C. K. Ong & G. A. Weesies (2003) Soil erosion
prediction using RUSLE for central Kenyan highland conditions. Agriculture,
Ecosystems & Environment, 97, 295-308.

Are, K. S., G. A. Oluwatosin, O. D. Adeyolanu & A. O. Oke (2009) Slash and burn effect on soil
quality of an Alfisol: Soil physical properties. Soil & Tillage Research, 103, 4-10.

Arunachalam, A. (2002) Dynamics of Soil Nutrients and Microbial Biomass During First Year
Cropping in an 8-Year Jhum Cycle. Nutrient Cycling in Agroecosystems, 64, 283-291.

Arunachalam, A. & H. N. Pandey (2003) Ecosystem restoration of jhum fallows in northeast
India: Microbial C and N along altitudinal and successional gradients. Restoration
Ecology, 11, 168-173.

Ascough, J. C., C. Baffaut, M. A. Nearing & B. Y. Liu (1997) The Wepp Watershed Model .1.
Hydrology and Erosion. Transactions of the Asae, 40, 921-933.

Avwunudiogba, A. (2000) A comparative Analysis of Soil and Nutrient Losses on Maize Plots
with diffrent Tillage Practices in the Ikpoba River Basin of Southwestern Nigeria.
Nigerian Geographical Journal (New Series), 3&4, 199-207.

Aweto, A. O. (1981a) Organic-matter buildup in fallow soil in a part of Southwestern Nigeria
and its effects on soil properties. Journal of Biogeography, 8, 67-74.

--- (1981b) Secondary succession and soil fertility restoration in Southwestern Nigeria .2. Soil
fertility restoration. Journal of Ecology, 69, 609-614.

--- (1988) Effects of shifting cultivation on a tropical rain-forest soil in southwestern nigeria.
Turrialba, 38, 19-22.

Aweto, A. O. & D. O. Adejumobi (1991) Impact of Grazing on Soil in the Southern Guinea
Savanna Zone of Nigeria. Environmentalist, 11, 27-32.

Aweto, A. O., O. Obe & O. O. Ayanniyi (1992) Effects of Shifting and Continuous Cultivation
of Cassava (Manihot-Esculenta) Intercropped With Maize (Zea-Mays) on a Forest Alfisol
in South-Western Nigeria. Journal of Agricultural Science, 118, 195-198.



234

Aweto, A. O. & O. A. Obe (1993) Comparitive Effects of a Tree Crop(Cocoa) and Shifting
Cultivation on Forest Soil in Nigeria. The Environmentalist, 13, 183-187.

Baez-Perez, A., J. D. Etchevers-Barra, C. Prat & C. Hidalgo-Moreno (2007) Formation of
aggregates and carbon sequestration in ameliorated tepetates in the Rio Texcoco basin,
Mexico. Revista mexicana de ciencias geologicas, 24, 487-497.

Bahadur, K. C. K. (2009) Mapping soil erosion susceptibility using remote sensing and GIS: a
case of the Upper Nam Wa Watershed, Nan Province, Thailand. Environmental Geology,
57, 695-705.

Baja, S., M. Ramli & S. A. Lias. 2009. Spatial-based assessment of land use, soil erosion, and
water protection in the Jeneberang valley, Indonesia. Biologia, 64(3), 522-526.

Bakker, M. M., G. Govers, R. A. Jones & M. D. A. Rounsevell (2007) The effect of soil erosion
on Europe's crop yields. Ecosystems, 10, 1209-1219.

Band, L. E. (1993) Extraction of Channel Networks and Topographic Parameters from Digital
Elevation Data. In Channel Network Hydrology, eds. K. Beaven & M. J. Kirkby, 13-42.
Chichester: John Wiley & Sons Ltd.

Barthes, B. & E. Roose (2002) Aggregate stability as an indicator of soil susceptibility to runoff
and erosion; validation at several levels. Catena, 47, 133-149.

Bartsch, K. P., H. Van Miegroet, J. Boettinger & J. P. Dobrowolski (2002) Using empirical
erosion models and GIS to determine erosion risk at Camp Williams, Utah. Journal of
Soil and Water Conservation, 57, 29-37.

Bautista, S., J. Bellot & V. R. Vallejo (1996) Mulching treatment for postfire soil conservation in
a semiarid ecosystem. Arid Soil Research and Rehabilitation, 10, 235-242.

Bayat, H., M. R. Neyshabouri, M. A. Hajabbasi, A. A. Mahboubi & M. R. Mosaddeghi (2008)
Comparing neural networks, linear and nonlinear regression techniques to model
penetration resistance. Turkish Journal of Agriculture and Forestry, 32, 425-433.

Beach, T. (1998) Soil Catenas, Tropical Deforestation, and Ancient and Contemporary Soil
Erosion in the Peten, Guatemala. Physical Geography, 19, 378-405.



235

Beach, T., N. Dunning, S. Luzzadder-Beach, D. E. Cook & J. Lohse (2006) Impacts of the
ancient Maya on soils and soil erosion in the central Maya Lowlands. Catena, 65, 166-
178.

Beare, M. H., M. L. Cabrera, P. F. Hendrix & D. C. Coleman (1994a) Aggregate-protected and
unprotected organic-matter pools in conventional-tillage and no-tillage soils. Soil Science
Society of America Journal, 58, 787-795.

Beare, M. H., P. F. Hendrix & D. C. Coleman (1994b) Water-stable aggregates and organic-
matter fractions in conventional-tillage and no-tillage soils. Soil Science Society of
America Journal, 58, 777-786.

Beasley, D. B., L. F. Huggins & E. J. Monke (1980) Answers - a Model for Watershed Planning.
Transactions of the Asae, 23, 938-944.

Bergsma, E. & C. R. Valenzuela (1981) Drop testing aggregate stability of some soils near
merida, spain. Earth Surface Processes and Landforms, 6, 309-318.

Bernoux, M., D. Arrouays, C. Cerri, B. Volkoff & C. Jolivet (1998) Bulk densities of Brazilian
Amazon soils related to other soil properties. Soil Science Society of America Journal, 62,
743-749.

Betts, H. D. & R. C. DeRose (1999) Digital Elevation Model as a Tool for monitoring and Measuring

Gully Erosion. International Journal of Applied Earth Observation and Geoinformation, 1, 91-

101.

Bezkorowajnyj, P. G., A. M. Gordon & R. A. McBride (1993)The effect of cattle foot traffic on
soil compaction in a silvo-pastoral system. Agroforestry Systems, 21, 1-10.

Bin, Z. & X. H. Peng (2006) Organic matter enrichment and aggregate stabilization in a severely
degraded ultisol after reforestation. Pedosphere, 16, 699-706.

Biondini, M. E., C. D. Bonham & E. F. Redente (1985) Secondary Successional Patterns in a
Sagebrush (Artemisia-Tridentata) Community as They Relate to Soil Disturbance and
Soil Biological-Activity. Vegetatio, 60, 25-36.

Birekland, P. W., R. R. Shroba, S. F. Burns, A. B. Price & P. J. Tonkin (2003) Integrating soils
and geomorphology in mountains - an example from the Front Range of Colorado.
Geomorphology, 55, 329-344.



236

Birkeland, P. W (1999) Soils and geomorphology.New York: Oxford University Press.

Blanco-Sepulveda, R. (2009) Relationship between bulk density and mechanical resistance as an
indicator of soil compaction. Ag rociencia, 43, 231-239.

Boardman, J. (1993) The Sensitivity of Downland Arable Land to Erosion by Water. In
Landscape Sensitivity, eds. D. S. G. Thomas & A. R.J., 211-228. Chichester: John Wiley
& Sons.

Bocco, G. (1989) Analisis estadistico de datos hidrometeorologicos en estudios de erosion
acelerada. Un estudio de caso en la cuenca del rio Tlalpujahua, Mexico. Instituto de
Geografia, Universidad Nacional Autonoma de Mexico, 20, 9-27.

---. 1990. Gully erosion analysis using remote sensing and GIS. Amsterdam.: University of Amsterdam.

--- (1991a) Gully Erosion - Processes and Models. Progress in Physical Geography, 15, 392-
406.

Bocco, G. & F. Garciaoliva (1992) Researching Gully Erosion in Mexico. Journal of Soil and
Water Conservation, 47, 365-367.

Bocco G. & C, R. Valenzuela (1988) Integration of GIS and image processing in soil erosion
studies using ILWIS. ITC Journal, 4, 309-319.

Bocco, G., Palacio, J.L. & C. R. Valenzuela (1991b) Erosion en carcavas en el Sistema
Volcanico Transmexicano. Un modelo utilizando percepcion remota, sistemas de
informacion geografica y analisis geomorfologico. Investigaciones Geograficas: Boletin
del Instituto de Geografia, Universidad Nacional Autonoma de Mexico, 22, 1-24.

Boggs, G., C. Devonport, K. Evans & P. Puig (2001) GIS-based rapid assessment of erosion risk
in a small catchment in the wet/dry tropics of Australia. Land Degradation &
Development, 12, 417-434.

Boix-Fayos, C., A. Calvo-Cases, A. C. Imeson & M. D. Soriano-Soto (2001) Influence of soil
properties on the aggregation of some Mediterranean soils and the use of aggregate size
and stability as land degradation indicators.Catena 44, 47-67.

Bollinne, A. (1978) Study of importance of splash and wash on cultivated loamy soils of hesbaye
(belgium). Earth Surface Processes and Landforms, 3, 71-84.



237

Bonifacio, E., S. Santoni, G. Falsone & E. Zanini (2006) Wet aggregate stability of some
Botswana soil profiles. Arid Land Research and Management, 20, 15-28.

Bormann, H., T. Faß, S. Giertz, B. Junge, B. Diekkrüger, B. Reichert & A. Skowronek (2005)
From local hydrological process analysis to regional hydrological model application in
Benin: Concept, results and perspectives. Physics and Chemistry of the Earth, 30, 347-
356.

Boyle, J. F., A. J. Plater, C. Mayers, S. D. Turner, R. W. Stroud & J. E. Weber (2011) Land use,
soil erosion, and sediment yield at Pinto Lake, California: comparison of a simplified
USLE model with the lake sediment record. Journal of Paleolimnology, 45, 199-212.

Brady, N. C. & R. R. Weil. (2008). The Nature and Properties of soils. Upper Saddle River, NJ:
Pearson/Prentice Hall.

Bravo-Garza, M. R. & R. B. Bryan (2005) Soil properties along cultivation and fallow time
sequences on vertisols in northeastern Mexico. Soil Science Society of America Journal,
69, 473-481.

Brierley, G. & M. Stankoviansky (2002) Geomorphic Responses to Land Use Change: Lessons
From Different Landscape Settings. Earth Surface Processes and Landforms, 27, 339-
341.

--- (2003) Geomorphic Responses to Land Use Change. Catena, 51, 173-179.

Brunner, A. C., S. J. Park, G. R. Ruecker, R. Dikau & P. L. G. Vlek (2004) Catenary soil
development influencing erosion susceptibility along a hillslope in Uganda. Catena, 58,
1-22.

Brunsden, D. (1990) Tablets of stone: towards the ten commandments of geomorphology.
Zeitschrift Fur Geomorphologie, 79, 1-37.

---. 1993. Barries to Geomorphological Change. In Landscape Sensitivity, eds. D. S. G. Thomas
& R. J. Allison, 7-12. Chechester: John Wiley & Sons Ltd.

--- (2001) A Critical Assessment of the Sensitivity Concept in Geomorphology. Catena, 42, 99-
123.



238

Brunsden, D. & J. B. Thornes (1979) Landscape Sensitivity and Change. Transactions of the
Institute of British Geographers, 4, 463-484.

Bruun, T. B., A. de Neergaard, D. Lawrence & A. D. Ziegler (2009) Environmental
Consequences of the Demise in Swidden Cultivation in Southeast Asia: Carbon Storage
and Soil Quality. Human Ecology, 37, 375-388.

Bryan, R. B. (1968) Development use and efficiency of indices of soil erodibility. Geoderma, 2,
5-26.

Bryan, R. B. (1971) Efficiency of aggregation indices in comparison of some english and
canadian soils. Journal of Soil Science, 22, 166-178.

Bryan, R. B. (2000) Soil Erodibility and process of water erosion on hillslope. Geomorphology, 32, 385-

415.

Bryan, R. B., G. Govers & J. Poesen (1989) The Concept of Soil Erodibility and Some Problems
of Assessment and Application. Catena, 16, 393-412.

Buis, E. & A. Veldkamp (2008) Modelling dynamic water redistribution patterns in arid
catchments in the Negev Desert of Israel. Earth Surface Processes and Landforms, 33,
107-122.

Burt, T. P. (2001) Integrated management of sensitive catchment systems. Catena, 42, 275-290.

Burt, T. P., A. L. Heathwaite & S. Trudgil. 1993. Catchment Sensitivity to Land Use Controls. In
Landscape Sensitivity, eds. D. S. G. Thomas & R. J. Allison, 229-240. Chechester: John
Wiley & Sons Ltd.

Buschbacher, R., C. Uhl & E. A. S. Serrao (1988) Abandoned Pastures in Eastern Amazonia .2.
Nutrient Stocks in the Soil and Vegetation. Journal of Ecology, 76, 682-699.

Butzer, K. W., J. T. Abbott, C. D. Frederick, P. H. Lehman, C. E. Cordova & J. F. Oswald. 2008.
Soil-geomorphology and "wet" cycles in the Holocene record of North-Central Mexico.
237-277. Geomorphology, 101, 237-277.

Callow, J. N., K. P. Van Niel & G. S. Boggs (2007) How does modifying a DEM to reflect
known hydrology affect subsequent terrain analysis? Journal of Hydrology, 332, 30-39.



239

Cammeraat, E. L. H. (2004) Scale Dependent Thresholds in Hydrological and Erosion Response
of a Semi-Arid Catchment in Southeast Spain. Agriculture Ecosystems & Environment,
104, 317-332.

Campo, J., E. Solis & M. G. Valencia (2007) Litter N and P dynamics in two secondary tropical
dry forests after relaxation of nutrient availability constraints. Forest Ecology and
Management, 252, 33-40.

Canasveras, J. C., V. Barron, M. C. del Campillo, J. Torrent & J. A. Gomez (2010) Estimation of
aggregate stability indices in Mediterranean soils by diffuse reflectance spectroscopy.
Geoderma, 158, 78-84.

Canton, Y., A. Sole-Benet, C. Asensio, S. Chamizo & J. Puigdefabregas (2009) Aggregate
stability in range sandy loam soils Relationships with runoff and erosion. Catena, 77,
192-199.

Capolongo, D., N. Diodato, C. M. Mannaerts, M. Piccarreta & R. O. Strobl (2008) Analyzing
temporal changes in climate erosivity using a simplified rainfall erosivity model in
Basilicata (southern Italy). Journal of Hydrology, 356, 119-130.

Carter, J., P. N. Owens, D. E. Walling & G. J. L. Leeks. 2003. Fingerprinting suspended
sediment sources in a large urban river system. Science of the Total Environment, 314,
513-534.

Cavazos, T. (1997) Downscaling large-scale circulation to local winter rainfall in north-eastern
Mexico. International Journal of Climatology, 17, 1069-1082.

Cavazos, T. & S. Hastenrath (1990)Cconvection and rainfall over mexico and their modulation
by the southern oscillation. International Journal of Climatology, 10, 377-386.

Celik, I., I. Ortas & S. Kilic (2004) Effects of compost, mycorrhiza, manure and fertilizer on
some physical properties of a Chromoxerert soil. Soil & Tillage Research, 78, 59-67.

Cerda, A. (1998) Soil aggregate stability under diffrent Mediterranean vegetation types. Catena,
32, 73-86.

Certini, G. (2005) Effects of fire on properties of forest soils: a review. Oecologia, 143, 1-10.



240

Chairez, F. G. E., A. S. Perez & R. B. Valenzuela (2007) Influence of small ruminant grazing
systems in a semiarid range in the State of Zacatecas (Mexico): II Soil changes. Tecnica
Pecuaria En Mexico, 45, 177-194.

Chappell, N. A., J. L. Ternan & K. Bidin (1999) Correlation of physicochemical properties and
sub-erosional landforms with aggregate stability variations in a tropical Ultisol disturbed
by forestry operations. Soil and Tillage Research, 50, 55-71.

Chaudhary, V. B., M. A. Bowker, T. E. O'Dell, J. B. Grace, A. E. Redman, M. C. Rillig & N. C.
Johnson (2009) Untangling the biological contributions to soil stability in semiarid
shrublands. Ecological Applications, 19, 110-122.

Chaves, J., C. Neill, S. Germer, S. G. Neto, A. Krusche & H. Elsenbeer (2008) Land
management impacts on runoff sources in small Amazon watersheds. Hydrological
Processes, 22, 1766-1775.

Chidumayo, E. N. & L. Kwibisa (2003) Effects of deforestation on grass biomass and soil
nutrient status in miombo woodland, Zambia. Agriculture Ecosystems & Environment,
96, 97-105.

Chowdhury, M. A. H., K. Kouno & T. Ando (1999) Correlation among microbial biomass S, soil
properties, and other biomass nutrients. Soil Science and Plant Nutrition, 45, 175-186.

Clement, B. M., E. Poetisi, T. J. Bralower, E. CoBabe & J. Longoria (2000) Magnetostratigraphy
of mid-Cretaceous limestones from the Sierra Madre of northeastern Mexico.
Geophysical Journal International, 143, 219-229.

Cohen, J. & P. Cohen. (1975). Applied Multiple Regression/Correlation Analysis for the
Behavioral Sciences. Hillsdale, N.J. : Lawrence Erlbaum Associates: New York.

Cohen, M. J., K. D. Shepherd & M. G. Walsh (2005) Empirical reformulation of the Universal
Soil Loss Equation for erosion risk assessment in a tropical watershed. Geoderma, 124,
235-252.

Collins, A. L. & D. E. Walling (2004) Documenting catchment suspended sediment sources:
problems, approaches and prospects. Progress in Physical Geography, 28, 159-196.

--- (2007) Sources of fine sediment recovered from the channel bed of lowland groundwater-fed
catchments in the UK. Geomorphology, 88, 120-138.



241

Conserva, M. E. & R. Byrne (2002) Late Holocene Vegetation Change in the Sierra Madre
Oriental of Central Mexico. Quaternary Research, 58, 122-129.

Cooley, W. W. & P. R. Lohnes (1971). Multivariate Data Analysis. New York: Wiley.

Cotler, H. & M. P. Ortega-Larrocea (2006) Effects of land use on soil erosion in a tropical dry
forest ecosystem, Chamela watershed, Mexico. Catena, 65, 107-117.

Craig, R. G. (1982) The ergodic priciple in erosional models. In Space and Time in
Geomorphology, ed. C. E. Thorn, 81-115. London: George Allen & Unwin.

Croke, J. & M. Nethery (2006) Modelling runoff and soil erosion in logged forests: Scope and
application of some existing models. Catena, 67, 35-49.

Crosson, P. (1985) Impact of erosion on land productivity and water quality in the United States.
United States: Soil Conserv. Soc. Am. : Ankeny, IA, United States.

Crosson, P. R. & A. T. Stout. (1983) Productivity effects of cropland erosion in the United
States: Washington, D.C: Resources for the Future.

d'Ozouville, N., B. Deffontaines, J. Benveniste, U. Wegmuller, S. Violette & G. de Marsily
(2008) DEM generation using ASAR (ENVISAT) for addressing the lack of freshwater
ecosystems management, Santa Cruz Island, Galapagos. Remote Sensing of Environment,
112, 4131-4147.

da Silva, A. P., S. Imhoff & M. Corsi (2003) Evaluation of soil compaction in an irrigated short-
duration grazing system. Soil & Tillage Research, 70, 83-90.

Daniel, J. A., K. Potter, W. Altom, H. Aljoe & R. Stevens (2002) Long-term grazing density
impacts on soil compaction. Transactions of the Asae, 45, 1911-1915.

Daraghmeh, O. A., J. R. Jensen & C. T. Petersen (2009) Soil structure stability under
conventional and reduced tillage in a sandy loam. Geoderma, 150, 64-71.

Dargie, T. C. D. & D. S. Epitawatta (1988) Environment, Succession and Land-Use Potential in
the Semi-Evergreen Forests of Southern Sri-Lanka. Journal of Biogeography, 15, 209-
220.



242

de Baets, S. (2006) Effects of grass roots on the erodibility of topsoils during concentrated flow.
In Geomorphology, eds. J. Poesen, G. Gyssels & A. Knapen, 67-54. Netherlands:
Elsevier : Amsterdam, Netherlands.

De Jong, E., P. A. Nestor & D. J. Pennock (1998) The Use of Magnetic Susceptibility to
Measure Long-Term Soil Redistribution. Catena, 32, 23-35.

de Jong, E., D. J. Pennock & P. A. Nestor (2000) Magnetic susceptibility of soils in different
slope positions in Saskatchewan, Canada. Catena, 40, 291-305.

De Marco, A., A. E. Gentile, C. Arena & A. V. De Santo (2005) Organic matter, nutrient content
and biological activity in burned and unburned soils of a Mediterranean maquis area of
southern Italy. International Journal of Wildland Fire, 14, 365-377.

de Oliveira, C. G. & W. R. Paradella (2009) Evaluating the quality of the Digital Elevation
Models produced from ASTER stereoscopy for topographic mapping in the Brazilian
Amazon Region. Anais Da Academia Brasileira De Ciencias, 81, 217-225.

De Roo, A. P. J. (1998) Modelling runoff and sediment transport in catchments using GIS.
Hydrological Processes, 12, 905-922.

de Roo, A. P. J., V. Jetten, C. Wesseling & C. Ritsema (1998) LISEM; a physically-based
hydrologic and soil erosion catchment model. NATO ASI Series. Series I: Global
Environmental Change: NATO ASI Series. Series I: Global Environmental Change,
1998, Vol. 55, pp. 429-440.

den Biggelaar, C., R. Lal, K. Wiebe & V. Breneman. (2001) Impact of soil erosion on crop
yields in North America. In Advances in Agronomy, Vol 72, 1-52. San Diego: Academic
Press Inc.

---. (2004) The global impact of soil erosion on productivity. In Advances in Agronomy, Vol 81,
1-48. San Diego: Academic Press Inc.

Deploey, J. & J. Poesen. (1985). Aggregate Stability, runoff generation and interrill erosion. In
Geomorphology and Soils, eds. K. S. Richards, R. R. Arnett & S. Ellis, 99-120. London:
Allen & Uwin Ltd.

DeRoo, A. P. J. (1996) The Lisem Project: an Introduction. Hydrological Processes, 10, 1021-
1025.



243

DeRoo, A. P. J., R. J. E. Offermans & N. Cremers (1996) Lisem: a Single-Event, Physically
Based Hydrological and Soil Erosion Model for Drainage Basins .2. Sensitivity Analysis,
Validation and Application. Hydrological Processes, 10, 1119-1126.

DeRose, R. C., B. Gomez, M. Marden & N. A. Trustrum (1998) Gully erosion in Mangatu forest,
New Zealand, estimated from digital elevation models. Earth Surface Processes and
Landforms, 23, 1045-1053.

Descroix, L., J. L. G. Barrios, J. P. Vandervaere, D. Viramontes & A. Bollery (2002a) An
Experimental Analysis of Hydrodynamic Behaviour on Soils and Hillslopes in a
Subtropical Mountainous Environment (Western Sierra Madre, Mexico). Journal of
Hydrology, 266, 1-14.

Descroix, L., J. L. G. Barrios, D. Viramontes, J. Poulenard, E. Anaya, M. Esteves & J. Estrada
(2008) Gully and sheet erosion on subtropical mountain slopes: Their respective roles and
the scale effect. Catena, 72, 325-339.

Descroix, L., J. F. Nouvelot & M. Vauclin (2002b) Evaluation of an Antecedent Precipitation
Index to Model Runoff Yield in the Western Sierra Madre (North-West Mexico). Journal
of Hydrology, 263, 114-130.

Descroix, L., D. Viramontes, M. Vauclin, J. L. G. Barrios & M. Esteves (2001) Influence of soil
surface features and vegetation on runoff and erosion in the Western Sierra Madre
(Durango, Northwest Mexico). Catena, 43, 115-135.

Desmet, P. J. J. (1997) Effects of interpolation errors on the analysis of DEMs. Earth Surface
Processes and Landforms, 22, 563-580.

Desmet, P. J. J. & G. Govers (1995) GIS-based simulation of erosion and deposition patterns in
an agricultural landscape: a comparison of model results with soil map information.
Catena, 25, 389-401.

--- (1996a) Comparison of routing algorithms for digital elevation models and their implications
for predicting ephemeral gullies. International Journal of Geographical Information
Systems, 10, 311-331.

--- (1996b) A GIS procedure for automatically calculating the USLE LS factor on
topographically complex landscape units. Journal of Soil and Water Conservation, 51,
427-433.



244

Di Stefano, C., V. Ferro & S. Rizzo (2000) Assessing soil erosion in a small Sicilian basin by
caesium-137 measurements and a simplified mass balance model. Hydrological Sciences
Journal-Journal Des Sciences Hydrologiques, 45, 817-832.

Dias, A. S. & J. R. C. Silva (2003) Rainfall erosivity in Fortaleza, Ceara State, Brazil. I -
Distribution, probability of occurrence and return period - 1st approximation. Revista
Brasileira De Ciencia Do Solo, 27, 335-345.

Diekmann, L. O., D. Lawrence & G. S. Okin (2007) Changes in the spatial variation of soil
properties following shifting cultivation in a Mexican tropical dry forest.
Biogeochemistry, 84, 99-113.

Dimoyiannis, D. G., C. D. Tsadilas & S. Valmis (1998) Factors affecting aggregate instability of
Greek agricultural soils. Communications in Soil Science and Plant Analysis, 29, 1239-
1251.

Dominy, C. S., R. J. Haynes & R. van Antwerpen (2002) Loss of soil organic matter and related
soil properties under long-term sugarcane production on two contrasting soils. Biology
and Fertility of Soils, 36, 350-356.

Donkor, N. T., J. V. Gedir, R. J. Hudson, E. W. Bork, D. S. Chanasyk & M. A. Naeth (2002)
Impacts of grazing systems on soil compaction and pasture production in Alberta.
Canadian Journal of Soil Science, 82, 1-8.

Doolittle, W. E. (2004) Permanent vs. shifting cultivation in the Eastern Woodlands of North
America prior to European contact. Agriculture and Human Values, 21, 181-189.

Draper, N. R. & H. Smith. (1981) Applied regression Analysis. New York: Wiley.

Dsouza, V. P. C. & R. P. C. Morgan (1976) Laboratory Study of Effect of Slope Steepness and
Curvature on Soil Erosion. Journal of Agricultural Engineering Research, 21, 21-31.

Duiker, S. W., D. C. Flanagan & R. Lal (2001) Erodibility and Infiltration Characteristics of Five
Major Soils of Southwest Spain. Catena, 45, 103-121.

Dung, N. V., T. D. Vien, N. T. Lam, T. M. Tuong & G. Cadisch (2008) Analysis of the
sustainability within the composite swidden agroecosystern in northern Vietnam - 1.
Partial nutrient balances and recovery times of upland fields. Agriculture Ecosystems &
Environment, 128, 37-51.



245

Dunjo, G., G. Pardini & M. Gispert (2004) The role of land use-land cover on runoff generation
and sediment yield at a microplot scale, in a small Mediterranean catchment. Journal of
Arid Environments, 57, 239-256.

Dunne, T. L. L. B. (1978) Water in Environmental Planning. W H Freeman, San Francisco.

Dykes, A. P. & J. B. Thornes (2000) Hillslope Hydrology in Tropical Rainforest Steeplands in
Brunei. Hydrological Processes, 14, 215-235.

Dymond, J. R. & D. L. Hicks (1986) Steepland Erosion Measured From Historical Aerial
Photographs. Journal of Soil and Water Conservation, 41, 252-255.

Ekanade, O., F. A. Adesina & N. E. Egbe (1991) Sustaining Tree Crop Production Under
Intensive Land-Use - an Investigation Into Soil Quality Differentiation Under Varying
Cropping Patterns in Western Nigeria. Journal of Environmental Management, 32, 105-
113.

El-Assward, R. M. & A. F. Abufaided (1994) The erodibility of three Libyan soil types in
relation to their physical and chemical propereties , Journal of Arid Environments, 26,
129-134.

El-Swaify, S. A. (1990) Research needs and applications to reduce erosion and sedimentation in
the tropics. IAHS-AISH Publication, 13-3. International: International Association of
Hydrological Sciences : Louvain.

El-Swaify, S. A. (1993) Soil Erosion and Conservation in the Humid Tropics Cambridge studies
in applied ecology and resource management. New York: Cambridge University Press.

El-Swaify, S. A. (1997) Factors affecting soil erosion hazards and conservation needs for tropical
steeplands. Soil Technology, 11, 3-16.

El-Swaify, S. A., E.W. Dangler & C.L. Armstrong (1983) Soil Erosion by Water in the Tropics.
Honolulu, Hawaii: University of Hawaii, College of Tropical Agriculture and Human
Resources.

Elhassanin, A. S., T. M. Labib & E. I. Gaber (1993) Effect of vegetation cover and land slope on
runoff and soil losses from the watersheds of burundi. Agriculture Ecosystems &
Environment, 43, 301-308.



246

Ellis, R. C. & A. M. Graley (1987) Soil Chemical-Properties as Related to Forest Succession in a
Highland Area in Northeast Tasmania. Australian Journal of Ecology, 12, 307-317.

Ellison, W. D. (1947) Soil erosion studies Agricultural. Engineer, 28, 145-146,197-201,245-248,297-

300,349-351.

Elwell, H. A. (1978) Modelling soil losses in Southern Africa. Journal of Agricultural
Engineering Research, 23, 117-127.

Elwell, H. A. & M. A. Stocking (1975) Parameters for Estimating Annual Runoff and Soil Loss
From Agricultural Lands in Rhodesia. Water Resources Research, 11, 601-605.

--- (1976) Vegetal Cover to Estimate Soil Erosion Hazard in Rhodesia. Geoderma, 15, 61-70.

Endreny, T. A., E. F. Wood & A. Hsu (2000) Correction of errors in SPOT-derived DEM's using
GTOPO30 data. Ieee Transactions on Geoscience and Remote Sensing, 38, 1234-1241.

Erskine, R. H., T. R. Green, J. A. Ramirez & L. H. MacDonald (2006) Comparison of grid-based
algorithms for computing upslope contributing area. Water Resources Research, 42,1-9.

Erskine, W. D., A. Mahmoudzadeh & C. Myers (2002) Land use effects on sediment yields and
soil loss rates in small basins of Triassic sandstone near Sydney, NSW, Australia.
Catena, 49, 271-287.

Evans, K. G. & R. J. Loch (1996) Using the RUSLE to identify factors controlling erosion rates
of mine soils. Land Degradation & Development, 7, 267-277.

Evans, R. (1980) Mechanics of Water Erosion and their spatial and temporal controls: An
empirical View point. In Soil Erosion, eds. M. J. Kirkby & R. P. C. Morgan, 109-128.
Willey.

---. (1993) Sensitivity of British Landscape to Erosion. In Landscape Sensitivity, eds. D. S. G.
Thomas & R. J. Allison. Chechester: John Wiley & Sons Ltd.

Faniran, A. J. L. K. (1983) Humid tropical geomorphology : a study of the geomorphological
processes and landforms in warm humid climates. London: New York.



247

Fares, A., F. Abbas, A. Ahmad, J. L. Deenik & M. Safeeq (2008) Response of selected soil
physical and hydrologic properties to manure amendment rates, levels, and types. Soil
Science, 173, 522-533.

Favalli, M. & M. T. Pareschi (2004) Digital elevation model construction from structured
topographic data: The DEST algorithm. Journal of Geophysical Research, 109, 17,
F04004, doi:10.1029/2004JF000150

Favis-Mortlock, D., J. Boardman & V. MacMillan (2001) The Limits of Erosion Modelling:
Why We Should Proceed With Care. In Landscape Erosion and Evolution Modeling, eds.
R. Harmon & W. W. D. III, 477-516. New York: Kluwer Academic/Plenum Publishers.

Feller, C. & M. H. Beare (1997) Physical control of soil organic matter dynamics in the tropics.
Geoderma, 79, 69-116.

Felton, G. K. & M. Ali (1992) Hydraulic Parameter Response to Incoporated Organic Matter in
the B-HORIZON. Transactions of the Asae, 35, 1153-1160.

Fernandez, C. (2003). Estimating water erosion and sediment yield with GIS, RUSLE, and
SEDD. In Journal of Soil and Water Conservation, eds. J. Q. Wu, D. K. McCool & C. O.
Stockle, 136-128. United States: Soil Conservation Society of America.

Flanagan, D. C. & J. M. Laflen (1997) The USDA Water Erosion Prediction Project (Wepp).
Eurasian Soil Science, 30, 524-530.

Folly, A., J. N. Quinton & R. E. Smith (1999) Evaluation of the EUROSEM model using data
from the Catsop watershed, The Netherlands. CATENA, 37, 507-519.

Foster, G. R. (1990). Process-based modelling of Soil Erosion by Water on Agricultural land. In Soil

Erosion on Agricultural Land, eds. J. Boardman, I. D. L. Foster & J. A. Dearings, 429-445. New

York: John Wiley and Sons Ltd.

Foster, G. R. & R. E. Highfill (1983) Effect of Terraces on Soil Loss - Usle P-Factor Values for
Terraces. Journal of Soil and Water Conservation, 38, 48-51.

Foster, G. R., J. R. Simanton, K. G. Renard, L. J. Lane & H. B. Osborn (1981) Application of the
Universal Soil Loss Equation to Rangelands on a Per-Storm Basis - Discussion. Journal
of Range Management, 34, 161-165.



248

Foster, I. D. L., M. A. Fullen, R. T. Brandsma & A. S. Chapman (2000) Drip-Screen Rainfall
Simulators for Hydro- and Pedo-Geomorphological Research: the Coventry Experience.
Earth Surface Processes and Landforms, 25, 691-707.

Francis, C. (1990). Soil Erosion and Organic Matter Losses on Fallow Land: A case study from
South-east Spain. In Soil Erosion on Agricultural Land, eds. J. Boardman, F. I. D. L. & J.
A. Dearing, 331-338. Chichester: John Wiley and Sons.

Frazier, B. E. & D. K. Mccool (1981) Aerial-Photography to Detect Rill Erosion. Transactions of
the Asae, 24, 1168-1180.

Fufa, S. D., P. Strauss & W. Schneider (2002) Comparison of Erodibility of Some Hararghe
Soils Using Rainfall Simulation. Communications in Soil Science and Plant Analysis, 33,
333-348.

Funakawa, S., S. Tanaka, T. Kaewkhongkha, T. Hattori & K. Yonebayashi (1997a)
Physicochemical properties of the soils associated with shifting cultivation in northern
Thailand with special reference to factors determining soil fertility. Soil Science and
Plant Nutrition, 43, 665-679.

Funakawa, S., S. Tanaka, H. Shinjyo, T. Kaewkhongkha, T. Hattori & K. Yonebayashi (1997b)
Ecological study on the dynamics of soil organic matter and its related properties in
shifting cultivation systems of Northern Thailand. Soil Science and Plant Nutrition, 43,
681-693.

Gabriels, D. (1999) The effect of slope length on the amount and size distribution of eroded silt
loam soils: short slope laboratory experiments on interrill erosion. Geomorphology, 28,
169-172.

Gabriels, D., J. M. Pauwels & M. De Boodt (1975) The Slope gradient as it affects the amount
and size distribution of soil loss material from runoff on silt loam aggregates. Med. Fac.
Landbouww. Rijksuniv. Gent, 40, 1333-1338.

Gafur, A., J. R. Jensen, O. K. Borggaard & L. Petersen (2003) Runoff and losses of soil and
nutrients from small watersheds under shifting cultivation (Jhum) in the Chittagong Hill
Tracts of Bangladesh. Journal of Hydrology, 274, 30-46.

Galiatsatos, N., D. N. M. Donoghue & G. Philip (2008) High resolution elevation data derived
from stereoscopic CORONA imagery with minimal ground control: An approach using



249

Ikonos and SRTM data. Photogrammetric Engineering and Remote Sensing, 74, 1093-
1106.

Garcia-Oliva, F., R. L. Sanford & E. Kelly (1999a) Effect of burning of tropical deciduous forest
soil in Mexico on the microbial degradation of organic matter. Plant and Soil, 206, 29-36.

--- (1999b) Effects of slash-and-burn management on soil aggregate organic C and N in a
tropical deciduous forest. Geoderma, 88, 1-12.

Garciaoliva, F., I. Casar, P. Morales & J. M. Maass (1994) Forest-to-pasture conversion
influences on soil organic-carbon dynamics in a tropical deciduous forest. Oecologia, 99,
392-396.

Garciaoliva, F., J. M. Maass & L. Galicia (1995) Rainstorm analysis and rainfall erosivity of a
seasonal tropical region with a strong cyclonic influence on the pacific coast of mexico.
Journal of Applied Meteorology, 34, 2491-2498.

Gee, G. W. & J. W. Bauder. (1997) Particle-size analysis. In Methods of Soil Analysis, Part 1,
Physical and Mineralogical Methods, ed. A. Klute, 383-411. Madison, WI: American
Society of Agronomy Monograph 9.

Gerrard, J. (1992) Soil geomorphology : an integration of pedology and geomorphology. New
York.

Ghuman, B. S., R. Lal & W. Shearer (1991) Land clearing and use in the humid nigerian tropics
.1. Soil physical-properties. Soil Science Society of America Journal, 55, 178-183.

Giertz, S., B. Junge & B. Diekkrüger (2005) Assessing the effects of land use change on soil
physical properties and hydrological processes in the sub-humid tropical environment of
West Africa. Physics and Chemistry of the Earth, Parts A/B/C, 30, 485-496.

Gilley, J. E., D. A. Woolhiser & D. B. McWhorter (1985) Interrill soil-erosion .1. Development
of model-equations. Transactions of the Asae, 28, 147-&.

Golchin, A. & H. Asgari (2008) Land use effects on soil quality indicators in north-eastern Iran.
Australian Journal of Soil Research, 46, 27-36.



250

Golchin, A., P. Clarke, J. M. Oades & J. O. Skjemstad (1995) The effects of cultivation on the
composition of organic-matter and structural stability of soils. Australian Journal of Soil
Research, 33, 975-993.

Gonzalez-Bonorino, G. & W. R. Osterkamp (2004) Applying RUSLE 2.0 on burned-forest
lands: An appraisal. Journal of Soil and Water Conservation, 59, 36-42.

Gonzalez-Perez, J. A., F. J. Gonzalez-Vila, G. Almendros & H. Knicker (2004) The effect of fire
on soil organic matter - a review. Environment International, 30, 855-870.

Goodchild, M. F. (1994) Integrating Gis and Remote-Sensing for Vegetation and Analysis and
Modeling - Methodological Issues. Journal of Vegetation Science, 5, 615-626.

Gordon, J. E., V. Brazier, D. B. A. Thompson & D. Horsfield (2001) Geo-ecology and the
conservation management of sensitive upland landscapes in Scotland. Catena, 42, 323-
332.

Grace, J. M. (2002) Effectiveness of vegetation in erosion control from forest road sideslopes.
Transactions of the Asae, 45, 681-685.

Grange, I. & K. Kansuntisukmongkol (2003) Effect of fallow length on soil structure, hydraulic
properties, and soil organic C in a swidden cultivation system of western Thailand.
Tropical Agriculture, 80, 246-251.

Grant, C. D., A. R. Dexter & J. M. Oades (1992) Residual effects of additions of calcium
compounds on soil structure and strength. Soil & Tillage Research, 22, 283-297.

Greenland, D. J. L. R. (1977) Soil Conservation and Management in the Humid Tropics.
Chichester, : New York.

Greenwood, K. L., D. A. MacLeod, J. M. Scott & K. J. Hutchinson (1998) Changes to soil
physical properties after grazing exclusion. Soil Use and Management, 14, 19-24.

Greenwood, K. L. & B. M. McKenzie (2001) Grazing effects on soil physical properties and the
consequences for pastures: a review. Australian Journal of Experimental Agriculture, 41,
1231-1250.

Gregory, K. J. & C. O. Park (1974) Adjustment of river Channel capacity downstream from a
reservoir. Water Resource research, 10, 870-873.



251

Gregory, K. J. & D. E. Walling. (1973). Drainage basin form and process a geomorphological
approach. New York: Wiley.

Grieve, I. C. (1979) Soil aggregate stability test for Geomorphologists. In Technical Bulletin 25.
Lodon: British Geomorphological Research Group.

Gumiere, S. J., Y. Le Bissonnais & D. Raclot (2009) Soil resistance to interrill erosion: Model
parameterization and sensitivity. Catena, 77, 274-284.

Hair, J. F. (1992) Multivariate Data Analysis with Readings. New York : Macmillan.

Hammer, T. R. (1972) Stream Channel Enlargement due to urbanization. Water Resources
Research, 8, 30-37.

Hancock, G. R., M. K. Grabham, P. Martin, K. G. Evans & A. Bollhofer (2006) A methodology
for the assessment of rehabilitation success of post mining landscapes - sediment and
radionuclide transport at the former Nabarlek uranium mine, Northern Territory,
Australia. Science of the Total Environment, 354, 103-119.

Hancock, G. R., J. B. C. Lowry, D. R. Moliere & K. G. Evans (2008) An evaluation of an
enhanced soil erosion and landscape evolution model: a case study assessment of the
former Nabarlek uranium mine, Northern Territory, Australia. Earth Surface Processes
and Landforms, 33, 2045-2063.

Hanson, G. J. (1996) Investigating soil strength and stress-strain indices to characterize
erodibility. Transactions of the Asae, 39, 883-890.

Harden, C. P. (1993a) Land-Use, Soil-Erosion, and Reservoir Sedimentation in an Andean
Drainage-Basin in Ecuador. Mountain Research and Development, 13, 177-184.

--- (1993b) Upland Erosion and Sediment Yield in a Large Andean Drainage-Basin. Physical
Geography, 14, 254-271.

--- (2001) Soil Erosion and Sustainable Mountain Development: Experiments, Observations and
Recommendations From the Ecuadorian Andes. Mountain Research and Development,
21, 77-83.

Harden, C. P. & P. D. Scruggs (2003) Infiltration on Mountain Slopes: a Comparison of Three
Environments. Geomorphology, 55, 5-24.



252

Harris, D. R. (1971) The Ecology of Swidden Cultivation in the Upper Orinoco Rain Forest,
Venezuela. The Geographical Review, 61, 475-495.

Hartter, J., C. Lucas, A. E. Gaughan & L. L. Aranda (2008) Detecting tropical dry forest
succession in a shifting cultivation mosaic of the Yucatan Peninsula, Mexico. Applied
Geography, 28, 134-149.

Harvey, A. M. (2001) Coupling between hillslopes and channels in upland fluvial systems:
implications for landscape sensitivity, illustrated from the Howgill Fells, northwest
England. Catena, 42, 225-250.

Hatten, J. A. & D. Zabowski (2009) Changes in Soil Organic Matter Pools and Carbon
Mineralization as Influenced by Fire Severity. Soil Science Society of America Journal,
73, 262-273.

He, Q. & D. E. Walling (1997) The Distribution of Fallout Cs-137 and Pb-210 in Undisturbed
and Cultivated Soils. Applied Radiation and Isotopes, 48, 677-690.

Hessel, R., R. van den Bosch & O. Vigiak (2006) Evaluation of the LISEM soil erosion model in
two catchments in the East African Highlands. Earth Surface Processes and Landforms,
31, 469-486.

Hiernaux, P., C. L. Bielders, C. Valentin, A. Bationo & S. Fernandez-Rivera (1999) Effects of
livestock grazing on physical and chemical properties of sandy soils in Sahelian
rangelands. Journal of Arid Environments, 41, 231-245.

Hoag, D. L. (1998) The intertemporal impact of soil erosion on non-uniform soil profiles: A new
direction in analyzing erosion impacts. Agricultural Systems, 56, 415-429.

Hodgson, M. E., J. R. Jensen, L. Schmidt, S. Schill & B. Davis (2003) An evaluation of LIDAR-
and IFSAR-derived digital elevation models in leaf-on conditions with USGS Level 1
and Level 2 DEMs. Remote Sensing of Environment, 84, 295-308.

Hontoria, C., J. C. Rodriguez-Murillo & A. Saa (1999) Relationships between soil organic
carbon and site characteristics in peninsular Spain. Soil Science Society of America
Journal, 63, 614-621.

Horn, R., H. Taubner, M. Wuttke & T. Baumgartl (1994) Soil physical-properties related to soil-
structure. Soil Tillage Research, 30, 187-216.



253

Howard, A. D. (1965) Geomorphological systems-equilibrium and dynamics. American Journal
of Science, 263, 302-312.

Hoyos, N., P. R. Waylen & A. Jaramillo (2005a) Seasonal and spatial patterns of erosivity in a
tropical watershed of the Colombian Andes. Journal of Hydrology, 314, 177-199.

--- (2005b) Spatial modeling of soil erosion potential in a tropical watershed of the Colombian
Andes. Catena, 63, 85-108.

Hoyos, N., P. R. Waylen & A. Jaramillo (2005) Seasonal and spatial patterns of erosivity in a
tropical watershed of the Colombian Andes. Journal of Hydrology, 314, 177-191.

Huang, C., C. Gascuel-Odoux & S. Cros-Cayot (2002) Hillslope topographic and hydrologic
effects on overland flow and erosion. Catena, 46, 177-188.

Hudson, N. W. (1993). Field measurement of soil erosion and runoff Rome.: FOA.

Hudson, N. W. (1995) Soil conservation. London: Batsford.

Hudson, N. W. & D. C. Jackson. (1959) Results achieved in the measurement of erosion and
runoff in southern Rhodesia. In Third Inter-African Soils Confrence, 575-578. Dalaba.

Hudson, P. F. (2000) Discharge, Sediment and Channel Characteristics of the Rio Panuco,
Mexico. Year Book of the Conference of Latin Americanist Geographers, 61-70.

Hudson, P. F. (2003a) Event Sequence and Sediment Exhaustion in the Lower Panuco Basin,
Mexico. Catena, 52, 57-76.

--- (2003b) The Influence of the El Nino Southern Oscillation on Suspended Sediment Load
Variability in a Seasonally Humid Tropical Setting: Panuco Basin, Mexico. Geografiska
Annaler Series a-Physical Geography, 85A, 263-275.

Hussain, I., K. R. Olson & R. L. Jones (1998) Erosion patterns on cultivated and uncultivated
hillslopes determined by soil fly ash contents. Soil Science, 163, 726-738.

Idowu, O. J. (2003) Relationships Between Aggregate Stability and Selected Soil Properties in
Humid Tropical Environment. Communications in Soil Science and Plant Analysis, 34,
695-708.



254

Idowu, O. J., V. O. Aduramigba & F. T. Ande (2003) Variability in surface properties of an
alfisol as function of types of land use. Communications in Soil Science and Plant
Analysis, 34, 3045-3058.

Igwe, C. A. (1999) Land use and soil conservation strategies for potentially highly erodible soils
of central-eastern Nigeria. Land Degradation & Development, 10, 425-434.

--- (2003) Erodibility of soils of the upper rainforest zone, southeastern Nigeria. Land
Degradation & Development, 14, 323-334.

Igwe, C. A., F. O. R. Akamigbo & J. S. C. Mbagwu (1995) Physical properties of soils of
Southeastern Nigeria and the role of some aggregating agents in their stability. Soil
Science, 160, 431-441.

Imeson, A. C. & M. Vis (1984) Assessing soil aggregate stability by water-drop impact and
ultrasonic dispersion. Geoderma, 34, 185-200.

INEGI. 1980. Sistema de Clasificación de Tipos de Agricultura y Tipos de Vegetación de
México para la Carta de Uso del Suelo y Vegetación, escala 1:250000. Aguascalientes,
México Instituto Nacional de Estadística, Geografía e Informática

---. 1992. Sintesis Geographical del Estado de Hildago. Mexico: INEGI.

Jackson, C. R., J. K. Martin, D. S. Leigh & L. T. West (2005) A southeastern piedmont
watershed sediment budget: Evidence for a multi-millennial agricultural legacy. Journal
of Soil and Water Conservation, 60, 298-310.

Jankauskas, B., G. Jankauskiene & M. A. Fullen (2008) Soil erosion and changes in the physical
properties of Lithuanian Eutric Albeluvisols under different land use systems. Acta
Agriculturae Scandinavica Section B-Soil and Plant Science, 58, 66-76.

Jantawat, S. (1985) An overview of Soil Erosion and Sedimentation in Thailand. United States:
Soil Conserv. Soc. Am. Ankeny, IA, United States.

Jeje, L. K., O. O. Ogunkoya & A. Adediji (1997) Adapting the Universal Soil Loss
Equation(USLE) to Southwerstern Nigeria. Nigerian Journal of Science, 31, 139-149.

Jenny, H. (1941) Factors of soil formation; a system of quantitative pedology. New York:
London, McGraw-Hill.



255

Juo, A. S. R., K. Franzluebbers, A. Dabiri & B. Ikhile (1995) Changes in Soil Properties During
Long-Term Fallow and Continuous Cultivation After Forest Clearing in Nigeria.
Agriculture Ecosystems & Environment, 56, 9-18.

Kalainesan, S., R. D. Neufeld, R. Quimpo & P. Yodnane (2009) Application of Revised
Universal Soil Loss Equation to the Design of Construction Site Sedimentation Basins.
Environmental Engineering Science, 26, 33-43.

Kamara, A., E. R. Rhodes & P. A. Sawyerr (2007) Organic carbon dynamics along a
toposequence in a peri-urban site. Communications in Soil Science and Plant Analysis,
38, 2371-2379.

Karcz, I. (1978) Thermodynamic approach to geomorphic thresholds. In Thresholds in
Geomorphology, eds. D. R. Coates & J. D. Vitek, 209-226. London: Allen & Unwin.

Kemper, W. D. & R. C. Rosenau. (1986) Aggregate Stability and Size Distribution. In Methods
of Soil Analysis. Part 1. Physicaland Mineralogical Methods, 425-442. USA: American
Society of Agronomy-Soil Science Society of America.

Kendawang, J. J., S. Tanaka, J. Ishihara, K. Shibata, J. Sabang, I. Ninomiya, S. Ishizuka & K.
Sakurai (2004) Effects of shifting cultivation on soil ecosystems in Sarawak, Malaysia I.
Slash and burning at Balai Ringin and Sabal experimental sites and effect on soil organic
matter. Soil Science and Plant Nutrition, 50, 677-687.

Kendawang, J. J., S. Tanaka, K. Shibata, N. Yoshida, J. Sabang, I. Ninomiya & K. Sakurai
(2005) Effects of shifting cultivation on soil ecosystems in Sarawak, Malaysia. III.
Results of burning practice and changes in soil organic matter at Niah and Bakam
experimental sites. Soil Science and Plant Nutrition, 51, 515-523.

Kennard, D. K. (2002) Secondary Forest Succession in a Tropical Dry Forest: Patterns of
Development Across a 50-Year Chronosequence in Lowland Bolivia. Journal of Tropical
Ecology, 18, 53-66.

Kennard, D. K. & H. L. Gholz (2001) Effects of high- and low-intensity fires on soil properties
and plant growth in a Bolivian dry forest. Plant and Soil, 234, 119-129.

Kienzler, P. M. & F. Naef (2008) Temporal variability of subsurface stormflow formation.
Hydrology and Earth System Sciences, 12, 257-265.



256

Kim, J. B., P. Saunders & J. T. Finn (2005) Rapid assessment of soil erosion in the Rio Lempa
Basin, Central America, using the universal soil loss equation and geographic
information systems. Environmental Management, 36, 872-885.

Kim, S. & H. Lee (2004) A digital elevation analysis: a spatially distributed flow apportioning
algorithm. Hydrological Processes, 18, 1777-1794.

Kimoto, A., M. A. Nearing, X. C. Zhang & D. M. Powell (2006) Applicability of rare earth
element oxides as a sediment tracer for coarse-textured soils. Catena, 65, 214-221.

Kinnell, P. I. A. (2005) Alternative approaches for determining the USLE-M slope length factor
for grid cells. Soil Science Society of America Journal, 69, 674-680.

Kirkby, M. J. (1969) Erosion by water on hillslopes. In Water, earth, and Man, ed. R. J. Chorley,
229-238. London: Methuen.

Knicker, H. (2007) How does fire affect the nature and stability of soil organic nitrogen and
carbon? A review. Biogeochemistry, 85, 91-118.

Knox, J. C. (2001) Agricultural influence on landscape sensitivity in the Upper Mississippi River
Valley. Catena, 42, 193-224.

Koroluk, S. L. & D. H. de Boer (2007) Land use change and erosional history in a lake
catchment system on the Canadian prairies. Catena, 70, 155-168.

Kouli, M., P. Soupios & F. Vallianatos (2009) Soil erosion prediction using the Revised
Universal Soil Loss Equation (RUSLE) in a GIS framework, Chania, Northwestern Crete,
Greece. Environmental Geology, 57, 483-497.

Krasilnikova, P. V., N. E. G. Calderon, S. N. Sedov, E. V. Gomez & R. R. Bello (2005) The
relationship between pedogenic and geomorphic processes in mountainous tropical
forested area in Sierra Madre del Sur, Mexico. Catena, 62, 14-44.

Krishnaswamy, J., D. D. Richter, P. N. Halpin & M. S. Hofmockel (2001) Spatial Patterns of
Suspended Sediment Yields in a Humid Tropical Watershed in Costa Rica. Hydrological
Processes, 15, 2237-2257.



257

Kukal, S. S., K. Manmeet & S. S. Bawa (2008) Erodibility of sandy loam aggregates in relation
to their size and initial moisture content under different land uses in semi-arid tropics of
India. Arid Land Research and Management, 22, 216-227.

Lacroix, M. P., L. W. Martz, G. W. Kite & J. Garbrecht (2002) Using digital terrain analysis
modeling techniques for the parameterization of a hydrologic model. Environmental
Modelling & Software, 17, 127-136.

Lado, A. & A. Ben-Hur (2004) Soil Mineralogy Effects on Seal Formation, Runoff and Soil
Loss. Applied Clay Science, 24, 209-224.

Laflen, J. M., L. J. Lane & G. R. Foster (1991) Wepp - a New Generation of Erosion Prediction
Technology. Journal of Soil and Water Conservation, 46, 34-38.

Lal, R. (1976a) Soil erosion on alfisols in Western Nigeria .1. Effects of slope, crop-rotation and
residue management. Geoderma, 16, 363-375.

--- (1976b) Soil erosion on alfisols in western nigeria .3. Effects of rainfall characteristics.
Geoderma, 16, 389-401.

--- (1976c) Soil erosion on alfisols in western nigeria .5. Changes in physical-properties and
response of crops. Geoderma, 16, 419-431.

Lal, R. (1976d) Soil erosion problems on an alfisol in Western Nigeria and their control. IITA
monograph 1: Ibadan, Nigeria: Communications and Information Office, IITA.

---. (1985) Soil Erosion and its relation to Productivity in Tropical soils. United States: Soil
Conserv. Soc. Am. : Ankeny, IA, United States.

Lal, R. (1986) Diffrent Methods of Clearing Land for Agricultural purposes in the tropics. In
Land Clearing and Development in the Tropics, eds. R. Lal, P. A. Sanchez & R. W.
Cummings Jr., 55-67. Rotterdam: A. A. Balkema.

Lal, R. (1988) Soil Erosion Research Methods. Ankeny, Iowa : Soil and Water Conservation
Society.

---. (1990) Soil Erosion in the Tropics : Principles and Management. New York: McGraw-Hill.



258

---. (1994) Sustainable land Use systems and Soil resilence. In Soil Resilience and Sustainable
Land Use, eds. D. J. Greenland & I. Szabolcs, 41-67. Wallingford: CAB International.

Lal, R. (1996) Deforestation and Land-Use Effects on Soil Degradation and Rehabilitation in
Western Nigeria .1. Soil Physical and Hydrological Properties. Land Degradation &
Development, 7, 19-45.

--- (1997) Long-Term Tillage and Maize Monoculture Effects on a Tropical Alfisol in Western
Nigeria .1. Crop Yield and Soil Physical Properties. Soil & Tillage Research, 42, 145-
160.

--- (1998) Soil Erosion Impact on Agronomic Productivity and Environment Quality. Critical
Reviews in Plant Sciences, 17, 319-464.

Lal, R. (1999) Soil quality and soil erosion. Ankeny, Iowa, Boca Raton, Fla: Soil and Water
Conservation Society. CRC Press.

Lal, R. (2000) Physical Management of Soils of the Tropics: Priorities for the 21st Century. Soil
Science, 165, 191-207.

--- (2001) Soil Erosion: Application of Physically Based Models: J. Schmidt (Ed.), Springer
Verlag, Berlin, 2000. Hardbound, 318 pp., Price US$109. ISBN 3-540-66764-4.
Geoderma, 103, 351-354.

--- (2009) Soils and food sufficiency. A review. Agronomy for Sustainable Development, 29,
113-133.

Lal, R., R. F. Follett, J. Kimble & C. V. Cole (1999) Managing US cropland to sequester carbon
in soil. Journal of Soil and Water Conservation, 54, 374-381.

Lambert, D. P. (1996) Crop diversity and fallow management in a tropical deciduous forest
shifting cultivation system. Human Ecology, 24, 427-453.

Lancaster, S. T. & N. E. Casebeer (2007) Sediment storage and evacuation in headwater valleys
at the transition between debris-flow and fluvial processes. Geology, 35, 1027-1030.

Larsen, M. C., A. J. Torres-Sanchez & I. M. Concepcion (1999) Slopewash, surface runoff and
fine-litter transport in forest and landslide scars in humid-tropical steeplands, Luquillo
Experimental Forest, Puerto Rico. Earth Surface Processes and Landforms, 24, 481-502.



259

Lee, K. E. & R. C. Foster. (1991) Soil Fauna and Soil Structure. Australian Journal of Soil
Research, 29,745-775.

Lemenih, M., E. Karltun & M. Olsson (2005a) Assessing soil chemical and physical property
responses to deforestation and subsequent cultivation in smallholders farming system in
Ethiopia. Agriculture Ecosystems & Environment, 105, 373-386.

--- (2005b) Soil organic matter dynamics after deforestation along a farm field chronosequence
in southern highlands of Ethiopia. Agriculture Ecosystems & Environment, 109, 9-19.

Leopold, L. B. (1964). Fluvial processes in geomorphology. San Francisco: W.H. Freeman.

Lepold, A. S. (1950) Vegetation Zones of Mexico. Ecology, 31, 507-518.

Lewis, D. T. & M. J. Lepele (1982) Quantification of Soil Loss and Sediment Produced From
Eroded Land. Soil Science Society of America Journal, 46, 369-372.

Lewis, L. A. (1981) The Movement of Soil Materials During a Rainy Season in Western Nigeria.
Geoderma, 25, 13-25.

--- (1985) Assessing Soil Loss in Kiambu and Muranga Districts, Kenya. Geografiska Annaler
Series a-Physical Geography, 67, 273-284.

Lewis, L. A., D. C. Clay & Y. M. J. Dejaegher (1988) Soil Loss, Agriculture, and Conservation
in Rwanda - Toward Sound Strategies for Soil-Management. Journal of Soil and Water
Conservation, 43, 418-421.

Lewis, L. A., G. Verstraeten & H. L. Zhu (2005) RUSLE applied in a GIS framework:
Calculating the LS factor and deriving homogeneous patches for estimating soil loss.
International Journal of Geographical Information Science, 19, 809-829.

Li, S., D. A. Lobb, M. J. Lindstrom & A. Farenhorst (2008) Patterns of water and tillage erosion
on topographically complex landscapes in the North American Great Plains. Journal of
Soil and Water Conservation, 63, 37-46.

Li, X., S. D. Wilson & Y. Song (1999) Secondary Succession in Two Subtropical Forests. Plant
Ecology, 143, 13-21.



260

Li, X. G., F. M. Li, R. Zed & Z. Y. Zhan (2007) Soil physical properties and their relations to
organic carbon pools as affected by land use in an alpine pastureland. Geoderma, 139,
98-105.

Linse, S. J., D. E. Mergen, J. L. Smith & M. J. Trlica (2001) Upland erosion under a simulated
most damaging storm. Journal of Range Management, 54, 356-361.

Liu, B. Y., M. A. Nearing & L. M. Risse (1994) Slope gradient effects on soil loss for steep
slopes. Transactions of the Asae, 37, 1835-1840.

Liu, B. Y., M. A. Nearing, P. J. Shi & Z. W. Jia (2000) Slope length effects on soil loss for steep
slopes. Soil Science Society of America Journal, 64, 1759-1763.

Lopez-Bermudez, F., A. Romero-Diaz, J. Martinez-Fernandez & J. Martinez-Fernandez (1998)
Vegetation and soil erosion under a semi-arid Mediterranean climate: a case study from
Murcia (Spain). Geomorphology, 24, 51-58.

Lopez-Vicente, M. & A. Navas (2009) Predicting Soil Erosion With RUSLE in Mediterranean
Agricultural Systems at Catchment Scale. Soil Science, 174, 272-282.

Loss, A., M. G. Pereira, N. Schultz, L. H. C. dos Anjos & E. M. R. da Silva (2009) Chemical and
physical attributes of an Udult soil in agroecological production systems. Pesquisa
Agropecuaria Brasileira, 44, 68-75.

Loughran, R. J. (1989) The Measurement of Soil-Erosion. Progress in Physical Geography, 13,
216-233.

Loughran, R. J., B. L. Campbell, D. J. Shelly & G. L. Elliott (1992) Developing a Sediment
Budget for a Small Drainage-Basin in Australia. Hydrological Processes, 6, 145-158.

Lu, H. & B. F. Yu (2002) Spatial and seasonal distribution of rainfall erosivity in Australia.
Australian Journal of Soil Research, 40, 887-901.

Lugo, A. E. & S. Brown (1993) Management of Tropical Soils as Sinks or Sources of
Atmospheric Carbon. Plant and Soil, 149, 27-41.

Luna, I. O., S. & Alcantara (1994) Floristica y notas biogeograficas del bosque mesofilo de
montaflia del mnunicipio de Tlanchinol, Hidalgo, Mexico. Anales Inst. Biol.
Universidad Nac. Auton. Mexico, Ser. Bot, 65, 31-62.



261

Maass, J. M., C. F. Jordan & J. Sarukhan (1988) Soil-erosion and nutrient losses in seasonal
tropical agroecosystems under various management-techniques. Journal of Applied
Ecology, 25, 595-607.

Mabit, L., A. Klik, M. Benmansour, A. Toloza, A. Geisler & U. C. Gerstmann (2009)
Assessment of erosion and deposition rates within an Austrian agricultural watershed by
combining (CS)-C-137, Pb-210(ex) and conventional measurements. Geoderma, 150,
231-239.

Maidment, D. R. ( 2002) Arc hydro GIS for Water Resources. Redlands, Calif: ESRI Press.

Maidment, D. R. & D. Djokic (2000) Hydrologic and hydraulic modeling support with
Geographic Information systems. Redlands, Calif: ESRI Press.

Maidment, D. R., F. Olivera, A. Calver, A. Eatherall & W. Fraczek (1996) Unit hydrograph
derived from a spatially distributed velocity field. Hydrological Processes, 10, 831-844.

Manrique, L. A. (1993) Technology for soil-erosion assessment in the tropics - a review.
Communications in Soil Science and Plant Analysis, 24, 1033-1064.

Manzano, M. G. & J. Navar (2000) Processes of desertification by goats overgrazing in the
Tamaulipan thornscrub (matorral) in north-eastern Mexico. Journal of Arid
Environments, 44, 1-17.

Mapfumo, E., D. S. Chanasyk, M. A. Naeth & V. S. Baron (1999) Soil compaction under grazing
of annual and perennial forages. Canadian Journal of Soil Science, 79, 191-199.

Martinez-Casasnovas, J. A. (2003) A Spatial Information Technology Approach for the Mapping
and Quantification of Gully Erosion. Catena, 50, 293-308.

Martinez, L. J. & J. A. Zinck (2004) Temporal Variation of Soil Compaction and Deterioration
of Soil Quality in Pasture Areas of Colombian Amazonia. Soil & Tillage Research, 75, 3-
17.

Martz, L. W. (1992) Tthe variation of soil erodibility with slope position in a cultivated canadian
prairie landscape. Earth Surface Processes and Landforms, 17, 543-556.

Mati, B. M., R. P. C. Morgan, F. N. Gichuki, J. N. Quinton, T. R. Brewer & H. P. Liniger (2000)
Assessment of erosion hazard with the USLE and GIS: A case study of the Upper Ewaso



262

Ng'iro North basin of Kenya. International Journal of Applied Earth Observation and
Geoinformation, 2, 78-86.

Mati, B. M. & A. Veihe (2001) Application of the USLE in a Savannah environment:
Comparative experiences from East and West Africa. Singapore Journal of Tropical
Geography, 22, 138-155.

Mbagwu, J. S. C. & P. Bazzoffi (1998) Soil characteristics related to resistance of breakdown of
dry soil aggregates by water-drops. Soil & Tillage Research, 45, 133-145.

McAuliffe, J. R., P. C. Sundt, A. Valiente-Banuet, A. Casas & J. Luis Viveros (2001) Pre-
columbian soil erosion, persistent ecological changes, and collapse of a subsistence
agricultural economy in the semi-arid Tehuacán Valley, Mexico's [`]Cradle of Maize'.
Journal of Arid Environments, 47, 47-75.

Mccool, D. K. (1982) Effects of Slope Length and Steepness on Soil-Erosion From Rangelands.
Science and Education Administration Publications, ARM, 73-95.

---. 1989. RUSLE, LS factors. In Agronomy Abstracts, ed. G. R. Foster, 286-286. United States:
American Society of Agronomy : Madison, WI, United States.

Mccool, D. K., L. C. Brown, G. R. Foster, C. K. Mutchler & L. D. Meyer (1987) Revised Slope
Steepness Factor for the Universal Soil Loss Equation. Transactions of the Asae, 30,
1387-1396.

Mccool, D. K., G. R. Foster, C. K. Mutchler & L. D. Meyer (1989) Revised Slope Length Factor
for the Universal Soil Loss Equation. Transactions of the Asae, 32, 1571-1576.

Mccool, D. K., G. O. George, M. Freckleton, C. L. Douglas & R. I. Papendick (1993)
Topographic Effect on Erosion From Cropland in the Northwestern Wheat Region.
Transactions of the Asae, 36, 771-775.

Mendoza-Vega, J., E. Karltun & M. Olsson (2003) Estimations of amounts of soil organic
carbon and fine root carbon in land use and land cover classes, and soil types of Chiapas
highlands, Mexico. Forest Ecology and Management, 177, 191-206.

Mendoza-Vega, J. & I. Messing (2005) The influence of land use and fallow period on the
properties of two calcareous soils in the humid tropics of southern Mexico. Catena, 60,
279-292.



263

Mendoza, M., G. Bocco & M. Bravo (2002) Spatial Prediction in Hydrology: Status and
Implications in the Estimation of Hydrological Processes for Applied Research. Progress
in Physical Geography, 26, 319-338.

Menendez-Duarte, R., S. Fernandez & J. Soto (2009) The application of Cs-137 to post-fire
erosion in north-west Spain. Geoderma, 150, 54-63.

Mergen, D. E., M. J. Trlica, J. L. Smith & W. H. Blackburn (2001) Stratification of variability in
runoff and sediment yield based on vegetation characteristics. Journal of the American
Water Resources Association, 37, 617-628.

Merritt, W. S., R. A. Letcher & A. J. Jakeman (2003) A review of erosion and sediment transport
models. Environmental Modelling & Software, 18, 761-799.

Mersey, J. E., A. A. Millward & L. M. Martinez (2002) Realizing the potential of GIS in
community-based management of protected areas. International Journal of Sustainable
Development and World Ecology, 9, 208-222.

Meyer, L. D., G. R. Foster & S. Nikolov (1975) Effect of Flow-Rate and Canopy on Rill
Erosion. Transactions of the Asae, 18, 905-911.

Miller, J. D., J. W. Nyhan & S. R. Yool (2003) Modeling potential erosion due to the Cerro
Grande Fire with a GIS-based implementation of the Revised Universal Soil Loss
Equation. International Journal of Wildland Fire, 12, 85-100.

Millward, A. A. & J. E. Mersey (1999) Adapting the RUSLE to model soil erosion potential in a
mountainous tropical watershed. Catena, 38, 109-129.

--- (2001) Conservation strategies for effective land management of protected areas using an
erosion prediction information system (EPIS). Journal of Environmental Management,
61, 329-343.

Milne, G. (1935) Some Suggested Units of Classification and Mapping, Particularly for East
African Soils. Soil Research, 4, 183-198.

Miranda, P. & A. J. Sharp (1950) Characteristics of the vegetation in certain temperate regions of
eastern Mexico. Ecology 31, 313-333.



264

Mizukoshi, H. & M. Aniya (2002) Use of contour-based DEMs for deriving and mapping
topographic attributes. Photogrammetric Engineering and Remote Sensing, 68, 83-93.

Moehansyah, H., B. L. Maheshwari & J. Armstrong (2004) Field evaluation of selected soil
erosion models for catchment management in Indonesia. Biosystems Engineering, 88,
491-506.

Moore, I. D., R. B. Grayson & A. R. Ladson (1991) Digital Terrain Modeling - a Review of
Hydrological, Geomorphological, and Biological Applications. Hydrological Processes,
5, 3-30.

Morgan, R. P. C. (1978) Field Studies of Rainsplash Erosion. Earth Surface Processes and
Landforms, 3, 295-299.

Morgan, R. P. C. (1979) Soil erosion: Topics in Applied Geography. London, New York:
Longman.

Morgan, R. P. C. (1982) Splash Detachment Under Plant Covers - Results and Implications of a
Field-Study. Transactions of the Asae, 25, 987-991.

Morgan, R. P. C. (1995) Soil Erosion and Conservation. Harlow, Essex, England: Longman
Scientific & Technical. J. Wiley.

Morgan, R. P. C. (2001) A Simple Approach to Soil Loss Prediction: a Revised Morgan-
Morgan-Finney Model. Catena, 44, 305-322.

Morgan, R. P. C. (2005) Soil Eerosion and Conservation. Malden, MA : Blackwell Pub.

Morgan, R. P. C. & J. H. Duzant (2008) Modified MMF (Morgan-Morgan-Finney) model for
evaluating effects of crops and vegetation cover on soil erosion. Earth Surface Processes
and Landforms, 33, 90-106.

Morgan, R. P. C., J. N. Qinton, R. E. Smith, G. Govers, J. W. A. Poesen, K. Auerswald, G.
Chisci, D. Torri & M. E. Styczen (1999) The European Soil Erosion Model (Eurosem): a
Dynamic Approach for Predicting Sediment Transport From Fields and Small
Catchments - Reply. Earth Surface Processes and Landforms, 24, 567-568.

Morgan, R. P. C., J. N. Quinton, R. E. Smith, G. Govers, J. W. A. Poesen, K. Auerswald, G.
Chisci, D. Torri & M. E. Styczen (1998a) The European Soil Erosion Model (Eurosem):



265

a Dynamic Approach for Predicting Sediment Transport From Fields and Small
Catchments. Earth Surface Processes and Landforms, 23, 527-544.

Morgan, R. P. C., J. N. Quinton, R. E. Smith, G. Govers, J. W. A. Poesen, G. Chisci & D. Torri
(1998b) The EUROSEM model. NATO ASI Series. Series I: Global Environmental
Change: NATO ASI Series. Series I: Global Environmental Change, 1998, Vol. 55, pp.
389-398.

Mosino Aleman, P. A. & E. Garcia. (1974) The Climate of Mexico. In Climates of North
America, World Survey of Climatology, eds. R. A. Bryson & F. H. Hare, 345-390.
Amsterdam: Elsevier.

Muir, J. M. (1936) Geology of the Tampico region, Mexico. Tulsa, Okla: The American
Association of Petroleum Geologists.

Muleta, S., F. Yohannes & S. M. Rashid (2006) Soil erosion assessment of Lake Alemaya
catchment, Ethiopia. Land Degradation & Development, 17, 333-341.

Munsell, C. (1994) Munsell Soil Color Charts. New Windsor, NY.

Murphy, P. N. C., J. Ogilvie, F. R. Meng & P. Arp (2008) Stream network modelling using lidar
and photogrammetric digital elevation models: a comparison and field verification.
Hydrological Processes, 22, 1747-1754.

Musgrave, G. W. (1974) The Quantitative evaluation of factors in water erosion: a first
approximation. Journal of Soil and Water Conservation, 2, 133-138.

Nachtergaele, J. & J. Poesen (1999) Assessment of Soil Losses by Ephemeral Gully Erosion
Using High-Altitude (Stereo) Aerial Photographs. Earth Surface Processes and
Landforms, 24, 693-706.

Nagle, G. N., T. J. Fahey & J. P. Lassoie (1999) Management of sedimentation in tropical
watersheds. Environmental Management, 23, 441-452.

Nagle, G. N., J. P. Lassoie, T. J. Fahey & S. C. Mcintyre (2000) The Use of Caesium-137 to
Estimate Agricultural Erosion on Steep Slopes in a Tropical Watershed. Hydrological
Processes, 14, 957-969.



266

Nagle, G. N. & J. C. Ritchie (1999) The use of tracers to study sediment sources in three streams
in northeastern Oregon. Physical Geography, 20, 348-366.

Nardi, F., S. Grimaldi, M. Santini, A. Petroselli & L. Ubertini (2008) Hydrogeomorphic
properties of simulated drainage patterns using digital elevation models: the flat area
issue. Hydrological Sciences Journal-Journal Des Sciences Hydrologiques, 53, 1176-
1193.

Nearing, M. A. (1997) A single, continuous function for slope steepness influence on soil loss.
Soil Science Society of America Journal, 61, 917-919.

--- (2001) Potential changes in rainfall erosivity in the US with climate change during the 21(st)
century. Journal of Soil and Water Conservation, 56, 229-232.

Nearing, M. A., G. R. Foster, L. J. Lane & S. C. Finkner (1989) A Process-Based Soil-Erosion
Model for Usda-Water Erosion Prediction Project Technology. Transactions of the Asae,
32, 1587-1593.

Nearing, M. A., G. Govers & L. D. Norton (1999) Variability in soil erosion data from replicated
plots. Soil Science Society of America Journal, 63, 1829-1835.

Nearing, M. A., V. Jetten, C. Baffaut, O. Cerdan, A. Couturier, M. Hernandez, Y. Le Bissonnais,
M. H. Nichols, J. P. Nunes, C. S. Renschler, V. Souchère & K. van Oost (2005)
Modeling response of soil erosion and runoff to changes in precipitation and cover.
Catena, 61, 131-154.

Nearing, M. A., M. J. M. Romkens, L. D. Norton, D. E. Stott, F. E. Rhoton, J. M. Laflen, D. C.
Flanagan, C. V. Alonso, R. L. Binger, S. M. Dabney, O. C. Doering, C. H. Huang, K. C.
Mcgregor & A. Simon (2000) Measurements and Models of Soil Loss Rates. Science,
290, 1300-1301.

Nelson, E. J. & D. B. Booth (2002) Sediment sources in an urbanizing, mixed land-use
watershed. Journal of Hydrology, 264, 51-68.

Neufeldt, H., M. A. Ayarza, D. V. S. Resck & W. Zech (1999) Distribution of water-stable
aggregates and aggregating agents in Cerrado Oxisols. Geoderma, 93, 85-99.

Nhantumbo, A., S. Ledin & C. Du Preez (2009) Organic matter recovery in sandy soils under
bush fallow in southern Mozambique. Nutrient Cycling in Agroecosystems, 83, 153-161.



267

Nicolau, J. M. (2003) Trends in relief design and construction in opencast mining reclamation.
Land Degradation & Development, 14, 215-226.

Noguchi, S., Y. Tsuboyama, R. C. Sidle & I. Hosoda (2001). Subsurface runoff characteristics
from a forest hillslope soil profile including macropores, Hitachi Ohta, Japan.
Hydrological Processes, 15, 2131-2149.

Novotny, V., J. Sven Erik & F. Brian. (2008) Watershed Models. In Encyclopedia of Ecology,
3748-3759. Oxford: Academic Press.

Nyamadzawo, G., R. Chikowo, P. Nyamugafata & K. E. Giller (2007) Improved legume tree
fallows and tillage effects on structural stability and infiltration rates of a kaolinitic sandy
soil from central Zimbabwe. Soil & Tillage Research, 96, 182-194.

Nyamadzawo, G., P. Nyamugafata, R. Chikowo & K. Giller (2008) Residual effects of fallows
on selected soil hydraulic properties in a kaolinitic soil subjected to conventional tillage
(CT) and no tillage (NT). Agroforestry Systems, 72, 161-168.

Nye, P. H. G. D. J. (1960) The soil under shifting cultivation / by P.H. Nye and D.J. Greenland.
Farnham Royal, Eng.: Commonwealth Agricultural Bureau.

Nyssen, J., H. Vandenreyken, J. Poesen, J. Moeyersons, J. Deckers, M. Haile, C. Salles & G.
Govers (2005) Rainfall erosivity and variability in the Northern Ethiopian Highlands.
Journal of Hydrology, 311, 172-187.

Oades, J. M. (1984) Soil organic-matter and structural stability - mechanisms and implications
for management. Plant and Soil, 76, 319-337.

--- (1993)The role of biology in the formation, stabilization and degradation of soil structure.
Geoderma, 56, 377-400.

Oades, J. M. & A. G. Waters (1991) Aggregate hierarchy in soils. Australian Journal of Soil
Research, 29, 815-828.

Obi, M. E. & F. K. Salako (1995) Rrainfall parameters influencing erosivity in southeastern
nigeria. Catena, 24, 275-287.

Odemerho, F. O. (1986) Variation in erosion-slope relationship on cut-slopes along a tropical
highway. Singapore Journal of Tropical Geography, 7, 98-107.



268

--- (1990) A Short-term Variation of Rainfall Erosivity Over Nigeria. Malaysian Journal of
Tropical Geography, 21, 43-49.

Odemerho, F. O. & A. Avwunudiogba (1993) The effects of changing cassava management-
practices on soil loss - a nigerian example. Geographical Journal, 159, 63-69.

Olivera, F., M. S. Lear, J. S. Famiglietti & K. Asante (2002) Extracting low-resolution river
networks from high-resolution digital elevation models. Water Resources Research, 38,
8.

Orlandini, S. & G. Moretti (2009) Determination of surface flow paths from gridded elevation
data. Water Resources Research, 45.

Ortega, B., C. Caballero, S. Lozano, I. Israde & G. Vilaclara (2002) 52 000 Years of
Environmental History in Zacapu Basin, Michoacan, Mexico: the Magnetic Record.
Earth and Planetary Science Letters, 202, 663-675.

Osher, L. J. & S. W. Buol (1998) Relationship of soil properties to parent material and landscape
position in eastern Madre de Dios, Peru. Geoderma, 83, 143-166.

Ouyang, W., F. H. Hao, A. K. Skidmore & A. G. Toxopeus (2010) Soil erosion and sediment
yield and their relationships with vegetation cover in upper stream of the Yellow River.
Science of the Total Environment, 409, 396-403.

Oyedele, D. J., P. Schonning & A. A. Amusan (2006) Physicochemical properties of earthworm
casts and uningested parent soil from selected sites in southwestern Nigeria. Ecological
Engineering, 28, 106-113.

Ozgoz, E., F. Akbas, M. Cetin, S. Ersahin & H. Gunal (2007) Spatial variability of soil physical
properties as affected by different tillage systems. New Zealand Journal of Crop and
Horticultural Science, 35, 1-13.

Page, M. J., N. A. Trustrum & J. R. Dymond (1994) Sediment budget to assess the geomorphic
effect of a cyclonic storm, new-zealand. Geomorphology, 9, 169-188.

Palacio, J. L. & J. Lopéz (1994) Videography: an alternative remote sensing tool for monitoring
gully erosion. ITC Journal, 3, 233-237.



269

Pan, F. F., C. D. Peters-Lidard, M. J. Sale & A. W. King (2004) A comparison of geographical
information systems-based algorithms for computing the TOPMODEL topographic
index. Water Resources Research, 40.

Patton, P. C. & S. A. Schumm (1975) Gully Erosion, Northwestern Colorado - Threshold
Phenomenon. Geology, 3, 88-90.

Pelacani, S., M. Märker & G. Rodolfi (2008) Simulation of soil erosion and deposition in a
changing land use: A modelling approach to implement the support practice factor.
Geomorphology, 99, 329-340.

Peralta-Hernandez, A. R., L. R. Barba-Martinez, V. O. Magana-Rueda, A. D. Matthias & J. J.
Luna-Ruiz (2008) Temporal and spatial behavior of temperature and precipitation during
the canicula (midsummer drought) under El Nino conditions in central Mexico.
Atmosfera, 21, 265-280.

Perez, F. L. (1992) The influence of organic-matter addition by caulescent andean rosettes on
surficial soil properties. Geoderma, 54, 151-171.

--- (1995a) A high-Andean toposequence - the geoecology of caulescent paramo rosettes.
Mountain Research and Development, 15, 133-152.

--- (1995b) Plant-induced spatial patterns of surface soil properties near caulescent andean
rosettes. Geoderma, 68, 101-121.

--- (1997) Microbiotic crusts in the high equatorial Andes, and their influence on paramo soils.
Catena, 31, 173-198.

--- (2001) Geoecological alteration of surface soils by the Hawaiian silversword (Argyroxiphium
sandwicense DC.) in Haleakala's crater, Maui. Plant Ecology, 157, 213-231.

Peters, W. J. & L. F. Neuenschwander (1988) Slash and burn farming in the Third World forest.
Moscow, Idaho: University of Idaho Press.

Pimentel, D. 1993. World soil erosion and conservation. In Cambridge studies in applied
ecology and resource management, xii, 349 p. Cambridge, New York: Cambridge
University Press.



270

Pimentel, D., C. Harvey, P. Resosudarmo, K. Sinclair, D. Kurz, M. McNair, S. Crist, L. Shpritz,
L. Fitton, R. Saffouri & R. Blair (1995) Environmental and economic costs of soil erasion
and conservation benefits. Science, 267, 1117-1123.

Pimentel, D. & N. Kounang (1998) Ecology of soil erosion in ecosystems. Ecosystems, 1, 416-
426.

Plante, A. F., M. J. M. Duke & W. B. McGill (1999) A tracer sphere detectable by Neutron Activiation

for soil aggregation and translocation studies. Soil Science Society American Journal, 63, 1284-

1290.

Pollini, J. (2009) Agroforestry and the search for alternatives to slash-and-burn cultivation: From
technological optimism to a political economy of deforestation. Agriculture Ecosystems
& Environment, 133, 48-60.

Poreba, G. J. (2006) Caesium-137 as a soil erosion tracer: A review. Geochronometria, 25, 37-
46.

Powlson, D. S. (1994) Long -term field experiments: their importance in understanding
sustainable land use. In Soil Resilience and Sustainable Landuse, eds. D. J. Greenland &
I. Szabolcs, 367-394. Wallingford: CAB International.

Powlson, D. S., P. Smith, K. Coleman, J. U. Smith, M. J. Glendining, M. Korschens & U. Franko
(1998) A European network of long-term sites for studies on soil organic matter. Soil and
Tillage Research, 47, 263-274.

Puig, H. (1991) Vegetacíon de la Huasteca, México. Veracruz, México: Instituto de Ecología.

Qi, Y. Q., J. Y. Liu, H. D. Shi, Y. F. Hu & D. F. Zhuang (2008) Using Cs-137 tracing technique
to estimate wind erosion rates in the typical steppe region, northern Mongolian Plateau.
Chinese Science Bulletin, 53, 1423-1430.

Quine, T. A. (1999) Use of caesium-137 data for validation of spatially distributed erosion
models: the implications of tillage erosion. Catena, 37, 415-430.

Quinn, P., K. Beven, P. Chevallier & O. Planchon (1991) The prediction of hillslope flow paths
for distributed hydrological modeling using digital terrain models. Hydrological
Processes, 5, 59-79.



271

Quinton, J. N. (1997) Reducing predictive uncertainty in model simulations: a comparison of two
methods using the European Soil Erosion Model (EUROSEM). Catena, 30, 101-117.

Quinton, J. N., G. M. Edwards & R. P. C. Morgan (1997) The Influence of Vegetation Species
and Plant Properties on Runoff and Soil Erosion: Results From a Rainfall Simulation
Study in South East Spain. Soil Use and Management, 13, 143-148.

Rainey, S. J. (1991) Cultivators in the clouds: a study of erosion in relation to agricultural
practices in the Sierra Alta of Hidalgo, Mexico. MS Thesis, University of Texas at
Austin.

Read, L. & D. Lawrence (2003) Recovery of biomass following shifting cultivation in dry
tropical forests of the Yucatan. Ecological Applications, 13, 85-97.

Reiners, W. A., A. F. Bouwman, W. F. J. Parsons & M. Keller (1994) Tropical rain-forest
conversion to pasture - changes in vegetation and soil properties. Ecological
Applications, 4, 363-377.

Renard, K. G., G. R. Foster, G. A. Weesies & J. P. Porter. (1991). RUSLE: Revised Universal
Soil Loss Equation. Journal of Soil and Water Conservation, 46, 30-33.

Renard, K. G. & V.A. Ferreira. (1993) RUSLE model description and database sensitivity.
Journal of Environmental Quality,22, 458-466.

Renard, K. G. & V. A. Ferreira (1993) Rusle Model Description and Database Sensitivity.
Journal of Environmental Quality, 22, 458-466.

Renard, K. G., R. Foster G, G. A. Weeies & D. K. McCool. (1996) Predicting Soil Erosion by
water: A guide to Conservation Planning with the Revised Universal Soil loss Equation
(RUSLE). Washington D.C.: U.S. Dept. of Agriculture, Agricultural Research Service.

Renard, K. G., G. R. Foster, G. A. Weesies & J. P. Porter (1991) Rusle - Revised Universal Soil
Loss Equation. Journal of Soil and Water Conservation, 46, 30-33.

Renard, K. G. & J. R. Freimund (1994) Using Monthly Precipitation Data to Estimate the R-
Factor in the Revised Usle. Journal of Hydrology, 157, 287-306.

Renard, K. G. & J. R. Simanton. (1990) Application of RUSLE to rangelands. United States:
American Society of Civil Engineers : New York, NY, United States.



272

Renard, K. G., United States & Agricultural Research Service. (1997) Predicting soil erosion by
water: a guide to conservation planning with the revised universal soil loss equation
(RUSLE). Agriculture handbook 703, Washington, D.C: U.S. Dept. of Agriculture,
Agricultural Research Service.

Renschler, C. S. & J. Harbor (2002) Soil erosion assessment tools from point to regional scales--
the role of geomorphologists in land management research and implementation.
Geomorphology, 47, 189-209.

Renschler, C. S., C. Mannaerts & B. Diekkrüger (1999) Evaluating spatial and temporal
variability in soil erosion risk--rainfall erosivity and soil loss ratios in Andalusia, Spain.
Catena, 34, 209-225.

Ritchie, J. C., T. J. Jackson, J. D. Garbrecht, E. H. Grissinger, J. B. Murphey, J. H. Everitt, D. E.
Escobar, M. R. Davis & M. A. Weltz (1993) Studies Using an Airborne Laser Altimeter
to Measure Landscape Properties. Hydrological Sciences Journal-Journal Des Sciences
Hydrologiques, 38, 403-416.

Ritchie, J. C. & J. R. McHenry (1990) Application of radioactive fallout cesium-137 for
measuring soil-erosion and sediment accumulation rates and patterns - a review. Journal
of Environmental Quality, 19, 215-233.

Roa, R. A. (1978) Stochastic Analysis of thresholds in hydrologic time series. In Thresholds in
Geomorphology, eds. D. R. Coates & J. D. Vitek, 179-208. London: George Allen &
Unwin.

Roder, W., O. Calvert & Y. Dorji (1993) Effect of burning on selected soil parameters in a grass
fallow shifting cultivation system in bhutan. Plant and Soil, 149, 51-58.

Rose, C. W. & W. L. Hogarth (1998) Process-based approaches to modelling soil erosion. NATO
ASI Series. Series I: Global Environmental Change: NATO ASI Series. Series I: Global
Environmental Change, 1998,Vol. 55, pp. 259-270.

Royall, D. (2001) Use of mineral magnetic measurements to investigate soil erosion and
sediment delivery in a small agricultural catchment in limestone terrain. Catena, 46,15-
34.



273

Rubio, J. L., J. Forteza, V. Andreu & R. Cerni (1997) Soil profile characteristics influencing
runoff and soil erosion after forest fire: A case study (Valencia, Spain). Soil Technology,
11, 67-78.

Ruecker, G. R., S. J. Park, A. C. Brunner & P. L. G. Vlek (2008) Assessment of soil
redistribution on two contrasting hillslopes in uganda using caesium-137 modelling.
Erdkunde, 62, 259-272.

Ruprecht, J. K. & N.J. Schofield (1993). Infiltration characteristics of a complex lateritic soil
profile. Hydrological Processes 7, 87-97.

Ruthenberg, H. (1980) Farming systems in the tropics. Oxford : Clarendon Press: New York.

Rzedowski, J. (1981) Vegetaci´on de M´exico. Mexico: Editorial Limusa

Salako, F. K. (2006) Rainfall temporal variability and erosivity in subhumid and humid zones of
southern Nigeria. Land Degradation & Development, 17, 541-555.

Salako, F. K., O. Babalola, S. Hauser & B. T. Kang (1999) Soil macroaggregate stability under
different fallow management systems and cropping intensities in southwestern Nigeria.
Geoderma, 91, 103-123.

Salako, F. K., B. S. Ghuman & R. Lal (1995) Rainfall Erosivity in South-Central Nigeria. Soil
Technology, 7, 279-290.

Salako, F. K. & G. Tian (2005) Litter production and soil condition under agroforestry trees in
two agroecological zones of southern Nigeria. Journal of Sustainable Agriculture, 26, 5-
21.

Saldarriaga, J. G., D. C. West, M. L. Tharp & C. Uhl (1988) Long-Term Chronosequence of
Forest Succession in the Upper Rio Negro of Colombia and Venezuela. Journal of
Ecology, 76, 938-958.

Salles, C. & J. Poesen (2000) Rain Properties Controlling Soil Splash Detachment. Hydrological
Processes, 14, 271-282.

Salles, C., J. Poesen & D. Sempere-Torres (2002) Kinetic Energy of Rain and Its Functional
Relationship With Intensity. Journal of Hydrology, 257, 256-270.



274

Schiettecatte, W., L. D'Hondt, W. M. Cornelis, M. L. Acosta, Z. Leal, N. Lauwers, Y. Almoza,
G. R. Alonso, J. Diaz, M. Ruiz & D. Gabriels (2008) Influence of landuse on soil erosion
risk in the Cuyaguateje watershed (Cuba). Catena, 74, 1-12.

Schryer, F. J. (1980) The Rancheros of Pisaflores: The History of a Peasant Bourgeoisie in
Twentieth-Century Mexico. Toronto: University of Toronto Press

Schumm, S. A. (1977) The fluvial system. New York: Wiley.

Schumm, S. A. (1978) Some Applications of the Concept of Geomorphic Thresholds. In
Thresholds in Geomorphology, eds. C. D.R. & J. D. Vitek, 473-485. London: George
Allen & Unwin.

Schumm, S. A. (1979) Geomorphic Thresholds - Concept and Its Applications. Transactions of
the Institute of British Geographers, 4, 485-515.

--- (1981) Geomorphology. Geotimes, 26, 32-33.

SecretariadeAgricultureyRecursosHidraulicos. (1991) Manual de Predeccion de Peridas de Suelo
por Erosion. 115. Guadalajara: Colegio de Postgraduados.

Seibert, J. & B. L. McGlynn (2007) A new triangular multiple flow direction algorithm for
computing upslope areas from gridded digital elevation models. Water Resources
Research, 43.

Shamshad, A., M. N. Azhari, M. H. Isa, W. M. A. W. Hussin & B. P. Parida (2008a)
Development of an appropriate procedure for estimation of RUSLE EI30 index and
preparation of erosivity maps for Pulau Penang in Peninsular Malaysia. Catena, 72, 423-
432.

Shamshad, A., C. S. Leow, A. Ramlah, W. Hussin & S. A. M. Sanusi (2008b) Applications of
AnnAGNPS model for soil loss estimation and nutrient loading for Malaysian conditions.
International Journal of Applied Earth Observation and Geoinformation, 10, 239-252.

Sharrow, S. H. (2007) Soil compaction by grazing livestock in silvopastures as evidenced by
changes in soil physical properties. Agroforestry Systems, 71, 215-223.



275

Shi, Z. H., C.F. Cai, S.W. Ding, 2004. Soil conservation planning at the small watershed level
using RUSLE with GIS; a case study in the Three Gorge area of China. Catena, 55, 33-
48.

Sinnett, D., G. Morgan, M. Williams & T. R. Hutchings (2008) Soil penetration resistance and
tree root development. Soil Use and Management, 24, 273-280.

Skukla, M. K., R. Lal & M. Ebinger (2003) Tillage Effects on Physical and Hydrological
Properties of a Typic Argiaquoll in Central Ohio. Soil Science, 168, 802-811.

Smith, H. G. & D. Dragovich (2008) Sediment budget analysis of slope-channel coupling and in-
channel sediment storage in an upland catchment, southeastern Australia.
Geomorphology, 101, 643-654.

Smith, R. E. 1990. Analysis of infiltration through a two-layer soil profile. In Soil Science
Society of America Journal, 1219-1227. United States: Soil Science Society of America :
Madison, WI, United States.

Soto, B., R. Basanta, R. Perez & F. Diazfierros (1995) An Experimental-Study of the Influence
of Traditional Slash-and-Burn Practices on Soil-Erosion. Catena, 24, 13-23.

Soycan, A. & M. Soycan (2009) Digital elevation model production from scanned topographic
contour maps via thin plate spline interpolation. Arabian Journal for Science and
Engineering, 34, 121-134.

Sparling, G., D. Ross, N. Trustrum, G. Arnold, A. West, T. Speir & L. Schipper (2003) Recovery
of topsoil characteristics after landslip erosion in dry hill country of New Zealand, and a
test of the space-for-time hypothesis. Soil Biology and Biochemistry, 35, 1575-1586.

Stadtmuller, T. (1987) Cloud Forests in the Humid Tropics. Costa Rica.: United Nations
University.

Soil Survey Staff (1993) Soil Survey Manual ed. S. C. Service. Washington, D.C.: U.S.
Department of Agriculture.

Stocking, M. (1995) Soil-Erosion in Developing-Countries - Where Geomorphology Fears to
Tread. Catena, 25, 253-267.



276

Stocking, M. A. & H. A. Elwell (1976) Rainfall Erosivity Over Rhodesia. Transactions of the
Institute of British Geographers, 1, 231-245.

Stubblefield, A. P., J. E. Reuter & C. R. Goldman (2009) Sediment budget for subalpine
watersheds, Lake Tahoe, California, USA. Catena, 76, 163-172.

Styger, E., H. M. Rakotondramasy, M. J. Pfeffer, E. C. M. Fernandes & D. M. Bates (2007)
Influence of slash-and-burn farming practices on fallow succession and land degradation
in the rainforest region of Madagascar. Agriculture Ecosystems & Environment, 119,
257-269.

Sui, D. Z. & R. C. Maggio (1999) Integrating GIS with hydrological modeling: practices,
problems, and prospects. Computers, Environment and Urban Systems, 23, 33-51.

Suter, M. (1980) Tectonics of the external part of the Sierra Madre Oriental foreland thrist-and-
fold belt between Xilitla and the Moctezuma River (Hidalgo and San Louis Potosi States.
In Instituto de Geologia Revista, 19-31. Mexico: Universidad Nacional Autonoma de
Mexico.

--- (1984) Cordilleran deformation along the eastern edge of the valles-san-luis-potosi carbonate
platform, sierra-madre-oriental fold-thrust belt, east-central mexico. Geological Society
of America Bulletin, 95, 1387-1397.

--- (1987) Structural traverse across the sierra-madre oriental fold-thrust belt in east-central
mexico. Geological Society of America Bulletin, 98, 249-264.

Sutherland, R. A. & R. B. Bryan (1991) Sediment Budgeting - a Case-Study in the Katiorin
Drainage-Basin, Kenya. Earth Surface Processes and Landforms, 16, 383-398.

Taboada-Castro, M., M. C. Alves, J. Whalen & T. Taboada (2006) Dynamics of aggregate
stability influenced by soil management and crop residues. Communications in Soil
Science and Plant Analysis, 37, 2565-2575.

Tahboub, M. B., W. C. Lindemann & L. Murray (2008) Chemical and physical properties of soil
amended with pecan wood chips. Hortscience, 43, 891-896.

Tanaka, S., S. Funakawa, T. Kaewkhongkha & K. Yonebayashi (1998) Labile pools of organic
matter and microbial biomass in the surface soils under shifting cultivation in northern
Thailand. Soil Science and Plant Nutrition, 44, 527-537.



277

Tanaka, S., J. J. Kendawang, J. Ishihara, K. Shibata, A. Kou, A. Jee, I. Ninomiya & K. Sakurai
(2004) Effects of shifting cultivation on soil ecosystems in Sarawak, Malaysia II.
Changes in soil chemical properties and runoff water at Balai Ringin and Sabal
experimental sites. Soil Science and Plant Nutrition, 50, 689-699.

Tanner, W. F. (1968) Equilibrium in Geomorphology. In Encyclopedia of Geomorphology, ed. F.
R.W., 315-316. New Yorl: Reihold Book Corporation.

Tapia-Vargas, M., M. Tiscareno-Lopez, J. J. Stone, J. L. Oropeza-Mota & M. Velazquez-Valle
(2001) Tillage system effects on runoff and sediment yield in hillslope agriculture. Field
Crops Research, 69, 173-182.

Tate, E. C., D. R. Maidment, F. Olivera & D. J. Anderson (2002) Creating a terrain model for
floodplain mapping. Journal of Hydrologic Engineering, 7, 100-108.

Tejada, M. & J. L. Gonzalez (2006) The relationships between erodibility and erosion in a soil
treated with two organic amendments. Soil & Tillage Research, 91, 186-198.

Thierfelder, C., E. Amezquita & K. Stahr (2005) Effects of intensifying organic manuring and
tillage practices on penetration resistance and infiltration rate. Soil & Tillage Research,
82, 211-226.

Thomas, A. W. & R. Welch (1986) Quantifying Concentrated-Flow Erosion on Cropland with Aerial

Photogrammetry. Journal of Soil and Water Conservation, 41,249-252.

Thomas, M. F. (2001) Landscape sensitivity in time and space -- an introduction. Catena, 42, 83-
98.

Tian, J. L., P. H. Zhou & P. L. Lui (1994) REE tracer method for studies on soil erosion. International

Journal of Sediment Research, 9, 39-46.

Tisdall, J. M., B. Cockroft & N. C. Uren (1978) Stability of soil aggregates as affected by
organic materials, microbial activity and physical disruption. Australian Journal of Soil
Research, 16, 9-17.

Tiwari, A. K., L. M. Risse & M. A. Nearing (2000) Evaluation of WEPP and its comparison with
USLE and RUSLE. Transactions of the Asae, 43, 1129-1135.



278

Tiwari, K. R., B. K. Sitaula, R. M. Bajracharya & T. Borresen (2009) Runoff and soil loss
responses to rainfall, land use, terracing and management practices in the Middle
Mountains of Nepal. Acta Agriculturae Scandinavica Section B-Soil and Plant Science,
59, 197-207.

Toky, O. P. & P. S. Ramakrishnan (1983a) Secondary Succession Following Slash and Burn
Agriculture in Northeastern India .1. Biomass, Litterfall and Productivity. Journal of
Ecology, 71, 735-745.

--- (1983b) Secondary Succession Following Slash and Burn Agriculture in Northeastern India
.2. Nutrient Cycling. Journal of Ecology, 71, 747-757.

Toy, T. J., G. R. Foster & K. G. Renard (1999) Rusle for Mining, Construction and Reclamation
Lands. Journal of Soil and Water Conservation, 54, 462-467.

Toy, T. J., G. R. Foster & K. G. Renard. (2002). Soil erosion processes, predicition,
measurement, and control. New York: John Wiley & Sons.

Trimble, S. W. (1983) A Sediment Budget for Coon Creek Basin in the Driftless Area,
Wisconsin, 1853-1977. American Journal of Science, 283, 454-474.

Trimble, S. W. & A. C. Mendel (1995) The Cow as a Geomorphic Agent - a Critical-Review.
Geomorphology, 13, 233-253.

Tsui, C. C., Z. S. Chen & C. F. Hsieh (2004) Relationships between soil properties and slope
position in a lowland rain forest of southern Taiwan. Geoderma, 123, 131-142.

Usher, M. B. (2001) Landscape sensitivity: from theory to practice. Catena, 42, 375-383.

Vacca, A., S. Loddo, G. Ollesch, R. Puddu, G. Serra, D. Tomasi & A. Aru (2000) Measurement
of runoff and soil erosion in three areas under diffrent land use in Sardinia (Italy).
Catena, 40, 69-92.

Vahabi, J. & M. H. Mahdian (2008) Rainfall simulation for the study of the effects of efficient
factors on run-off rate. Current Science, 95, 1439-1445.

Vahabi, J. & D. Nikkami (2008) Assessing dominant factors affecting soil erosion using a
portable rainfall simulator. International Journal of Sediment Research, 23, 376-386.



279

Van Oost, K., G. Govers & P. Desmet (2000) Evaluating the effects of changes in landscape
structure on soil erosion by water and tillage. Landscape Ecology, 15, 577-589.

van Schaik, N. (2009) Spatial variability of infiltration patterns related to site characteristics in a
semi-arid watershed. Catena, 78, 36-47.

Vanacker, V., F. von Blanckenburg, G. Govers, A. Molina, J. Poesen, J. Deckers & P. Kubik
(2007) Restoring dense vegetation can slow mountain erosion to near natural benchmark
levels. Geology, 35, 303-306.

VandeGenachte, G., D. Mallants, J. Ramos, J. A. Deckers & J. Feyen (1996) Estimating
infiltration parameters from basic soil properties. Hydrological Processes, 10, 687-701.

Vandekerckhove, L., J. Poesen & G. Govers (2003) Medium-Term Gully Headcut Retreat Rates
in Southeast Spain Determined From Aerial Photographs and Ground Measurements.
Catena, 50, 329-352.

Vega, I. L., O. A. Ayala, D. E. Organista & J. J. Morrone (1999) Historical relationships of the
Mexican cloud forests: a preliminary vicariance model applying Parsimony Analysis of
Endemicity to vascular plant taxa. Journal of Biogeography, 26, 1299-1305.

Veihe, A. (2002) The spatial variability of erodibility and its relation to soil types: a study from
northern Ghana. Geoderma, 106, 101-120.

Veihe, A., J. Rey, J. N. Quinton, P. Strauss, F. M. Sancho & M. Somarriba (2001) Modelling of
event-based soil erosion in Costa Rica, Nicaragua and Mexico: evaluation of the
EUROSEM model. Catena, 44, 187-203.

Veldkamp, E. (1994) Organic-carbon turnover in 3 tropical soils under pasture after
deforestation. Soil Science Society of America Journal, 58, 175-180.

Vivo Escoto, J. A. (1964) Weather and climate of Mexico and Central America. In Natural
Environment and Early Cultures Vol. 1, p. 187-215. Handbook of Middle American
Indians, ed. R. C. West., 187-215. Austin, TX: University Texas Press.

Vogelmann, H. W. (1973) Fog precipitation in the cloud forests of Eastern Mexico. BioScience,
23, 96–100.



280

Wachal, D. J., R. D. Harmel, K. E. Banks & P. F. Hudak (2008) Evaluation of wepp for runoff
and sediment yield prediction on natural gas well sites. Transactions of the Asabe, 51,
1977-1986.

Wadsworth, G., H. M. Reisenauer, D. R. Gordon & M. J. Singer (1990) Effects of Length of
Forest Fallow on Fertility Dynamics in a Mexican Ultisol. Plant and Soil, 122, 151-156.

Wakindiki, I. I. C. & M. Ben-Hur (2002) Soil Mineralogy and Texture Effects on Crust
Micromorphology, Infiltration, and Erosion. Soil Science Society of America Journal, 66,
897-905.

Walling, D. E. (1983) The Sediment Delivery Problem. Journal of Hydrology, 65, 209-237.

--- (1988) Erosion and Sediment Yield Research - Some Recent Perspectives. Journal of
Hydrology, 100, 113-141.

--- (2005) Tracing suspended sediment sources in catchments and river systems. Science of the
Total Environment, 344, 159-184.

Walling, D. E. & A. L. Collins (2008) The catchment sediment budget as a management tool.
Environmental Science & Policy, 11, 136-143.

Walling, D. E. & Q. He (1997) Use of Fallout Cs-137 in Investigations of Overbank Sediment
Deposition on River Floodplains. Catena, 29, 263-282.

--- (1999) Improved Models for Estimating Soil Erosion Rates From Cesium-137 Measurements.
Journal of Environmental Quality, 28, 611-622.

Walling, D. E., Q. He & P. G. Appleby. (2002a) Conversion Models for Use in Soil Erosion, Soil
Redistribution and Sedimentation Investigations. In Handbook for the Assessment of Soil
Erosion and Sedimentation Using Environmental Radiounuclides, ed. F. Zapata, 111-162.
Dordrecht: Kluwer Academic Publishers.

Walling, D. E., Q. He & P. A. Whelan (2003a) Using (Cs)-C-137 Measurements to Validate the
Application of the Agnps and Answers Erosion and Sediment Yield Models in Two
Small Devon Catchments. Soil & Tillage Research, 69, 27-43.

Walling, D. E. & P. Kane (1982) Temporal Variation of Suspended Sediment Properties.
Hydrological Sciences Journal-Journal Des Sciences Hydrologiques, 27, 248-249.



281

Walling, D. E., P. N. Owens, I. D. L. Foster & J. A. Lees. (2003b) Changes in the fine sediment
dynamics of the Ouse and Tweed basins in the UK over the last 100-150 years.
Hydrological Processes 17, 3245-3269.

Walling, D. E., M. A. Russell, R. A. Hodgkinson & Y. Zhang (2002b) Establishing Sediment
Budgets for Two Small Lowland Agricultural Catchments in the Uk. Catena, 47, 323-
353.

Walling, D. E., B. Webb, International Association of Hydrological Sciences, University of
Exeter & Department of Geography. (1996) Erosion and sediment yield global and
regional perspectives : proceedings of an international symposium held at Exeter, UK,
from 15 to 19 July 1996. In IAHS publication, X. Wallingford: IAHS.

Wang, G., G. Gertner, A. B. Anderson, H. Howard, D. Gebhart, D. Althoff, T. Davis & P.
Woodford (2007) Spatial variability and temporal dynamics analysis of soil erosion due
to military land use activities: Uncertainty and implications for land management. Land
Degradation & Development, 18, 519-542.

Wang, G., G. Gertner, P. Parysow & A. B. Anderson (2000a) Spatial prediction and uncertainty
analysis of topographic factors for the Revised Universal Soil Loss Equation (RUSLE).
Journal of Soil and Water Conservation, 55, 374-384.

Wang, G. X., G. Gertner, P. Parysow & A. Anderson (2001) Spatial prediction and uncertainty
assessment of topographic factor for revised universal soil loss equation using digital
elevation models. ISPRS Journal of Photogrammetry and Remote Sensing, 56, 65-80.

Wang, M. H., A. T. Hjelmfelt & J. Garbrecht (2000b) DEM aggregation for watershed modeling.
Journal of the American Water Resources Association, 36, 579-584.

Wang, Z.-Y., G. Wang & G. Huang (2008) Modeling of state of vegetation and soil erosion over
large areas. International Journal of Sediment Research, 23, 181-196.

Watkins, D. W., D. C. McKinney, D. R. Maidment & M. D. Lin (1996) Use of geographic
information systems ln ground-water flow modeling. Journal of Water Resources
Planning and Management-Asce, 122, 88-96.

Watters, R. F. 1971. Shifting cultivation in Latin America. In FAO forestry development paper
no. 17. Rome, London: Food and Agriculture Organization.



282

Webb, T. H. & S. J. Burgham (1994) Catenary relationships of downland soils derived from
loess, south canterbury, new-zealand. Australian Journal of Soil Research, 32, 1-11.

--- (1997) Soil-landscape relationships of downlands soils formed from loess, eastern South
Island, New Zealand. Australian Journal of Soil Research, 35, 827-842.

Weisbach, C., H. Tiessen & J. J. Jimenez-Osornio (2002a) Soil Fertility During Shifting
Cultivation in the Tropical Karst Soils of Yucatan. Agronomie, 22, 253-263.

Weisbach, C., H. Tiessen & O. J. J. Jimenez (2002b) Soil fertility during shifting cultivation in
the tropical Karst soils of Yucatan. Agronomie. 2002; 22(3): 253-263.

Welch, R., T. R. Jordan & A. W. Thomas (1984) A Photogrammetric Technique for Measuring Soil-

Erosion. Journal of Soil and Water Conservation, 39, 191-194.

Wiebe, K., R. Lal, P. Crosson, J. Hopkins & S. Shapouri (1999) Global Economic and
Environmental Effects of Land Degradation. American Journal of Agricultural
Economics, 81, 1273.

Wilkinson, G. E. (1975) Rainfall characteristics and soil erosion in rainforest area of western
nigeria. Experimental Agriculture, 11, 247-255.

Wilkinson, G. E. & P. O. Aina (1976) Infiltration of water into 2 nigerian soils under secondary
forest and subsequent arable cropping. Geoderma, 15, 51-59.

Wilkinson, S. N., I. P. Prosser, P. Rustomji & A. M. Read (2009) Modelling and testing spatially
distributed sediment budgets to relate erosion processes to sediment yields.
Environmental Modelling & Software, 24, 489-501.

Williams, C. N. & K. T. Joseph. 1970. Climate, Soil and Crop production in the Humid Tropics.
Kuala Lumpur: Oxford University Press Singapore.

Williams, N. D. & E. L. Petticrew (2009) Aggregate stability in organically and conventionally
farmed soils. Soil Use and Management, 25, 284-292.

Wilson, J. P., C. S. Lam & Y. X. Deng (2007) Comparison of the performance of flow-routing
algorithms used in GIS-based hydrologic analysis. Hydrological Processes, 21, 1026-
1044.



283

Winchell, M. F., S. H. Jackson, A. M. Wadley & R. Srinivasan (2008) Extension and validation
of a geographic information system-based method for calculating the Revised Universal
Soil Loss Equation length-slope factor for erosion risk assessments in large watersheds.
Journal of Soil and Water Conservation, 63, 105-111.

Wischmeier, W. H., C. B. Johnson & B. V. Cross (1971) A Soil Erodibility Nomograph for Farmland

and Construction Sites. Journal of Soil and Water Conservation, 26, 198-193.

Wischmeier, W. H. & J. V. Mannering (1969) Relation of Soil Properties to its Erodibility Soil Science

Society of America Proceedings 23, 131-137.

Wischmeier, W. H. & D. D. Smith. (1978). Predicting rainfall erosion losses: A guide to
Conservation Planning. Washington DC: US Department of Agriculture Hand Book 537
US Government Printer Office.

Wise, S. (1977). The use of fallout radionuclides Pb-210 and Cs-137 in estimating denudation
rates and in soil erosion measurement. In: Occasional paper (King's College (University
of London). Dept. of Geography. London: University of London. King's College, Dept. of
Geography.

Wise, S. M. (1980) Caesium-137 and Lead-210: A review of the tecniques and some applications
in geomorphology. In Timscales in Geomorphology, eds. R. A. Cullingford, D. A.
Davidson & L. J, 107-127. Chichester: John Wiley & Sons Ltd.

Woolery, M. E., K. R. Olson, J. O. Dawson & G. Bollero (2002) Using soil properties to predict
forest productivity in southern Illinois. Journal of Soil and Water Conservation, 57, 37-
45.

Wortmann, C. S. & C. A. Shapiro (2008) The effects of manure application on soil aggregation.
Nutrient Cycling in Agroecosystems, 80, 173-180.

Wren, D. G., R. R. Wells, C. G. Wilson, C. M. Cooper & S. Smith (2007) Sedimentation in three
small erosion control reservoirs in northern Mississippi. Journal of Soil and Water
Conservation, 62, 137-144.

Xu, Y. Q., J. Peng & X. M. Shao (2009) Assessment of soil erosion using RUSLE and GIS: a
case study of the Maotiao River watershed, Guizhou Province, China. Environmental
Geology, 56, 1643-1652.



284

Yan, F. L., Z. H. Shi, Z. X. Li & C. F. Cai (2008) Estimating interrill soil erosion from aggregate
stability of Ultisols in subtropical China. Soil & Tillage Research, 100, 34-41.

Yimer, F., I. Messing, S. Ledin & A. Abdelkadir (2008) Effects of different land use types on
infiltration capacity in a catchment in the highlands of Ethiopia. Soil Use and
Management, 24, 344-349.

Yoder, R. E. (1936) A direct method of aggragate analysis of soils and a study of the physical
nature of soil erosion losses. American Society of Agronomy, 28, 337-351.

Yu, B. (1998) Rainfall erosivity and its estimation for Australia's tropics. Australian Journal of
Soil Research, 36, 143-165.

Yu, B. F. & D. T. Neil (2000) Empirical catchment-wide rainfall erosivity models for two rivers
in the humid tropics of Australia. Australian Geographer, 31, 115-132.

Yue-Qing, X., S. Xiao-Mei, K. Xiang-Bin, P. Jian & C. Yun-Long (2008) Adapting the RUSLE
and GIS to model soil erosion risk in a mountains karst watershed, Guizhou Province,
China. Environmental Monitoring and Assessment, 141, 275-286.

Zaher, H. & J. Caron (2008) Aggregate slaking during rapid wetting: Hydrophobicity and pore
occlusion. Canadian Journal of Soil Science, 88, 85-97.

Zapata, F. (2002) Handbook for the assessment of soil erosion and sedimentation using
environmental radionuclides. Dordrecht: Kluwer Academic Publishers.

Zapata, F. (2003) The use of environmental radionuclides as tracers in soil erosion and
sedimentation investigations: recent advances and future developments. Soil and Tillage
Research, 69, 3-13.

Zehe, E. & M. Sivapalan (2009) Threshold behaviour in hydrological systems as (human) geo-
ecosystems: manifestations, controls, implications. Hydrology and Earth System
Sciences, 13, 1273-1297.

Zhang, H. M., Q. L. Wang, L. M. Dai, G. F. Shao, L. Tang, S. Z. Wang & H. Y. Gu (2006)
Quantifying soil erosion with GIS-based RUSLE under different forest management
options in Jianchang Forest Farm. Science in China Series E-Technological Sciences, 49,
160-166.



285

Zhao, Z. Y., G. Benoy, T. L. Chow, H. W. Rees, J. L. Daigle & F. R. Meng (2010) Impacts of
Accuracy and Resolution of Conventional and LiDAR Based DEMs on Parameters Used
in Hydrologic Modeling. Water Resources Management, 24, 1363-1380.

Zhou, P., O. Luukkanen, T. Tokola & J. Nieminen (2008) Effect of vegetation cover on soil
erosion in a mountainous watershed. Catena, 75, 319-325.

Ziegler, A. D., T. B. Bruun, M. Guardiola-Claramonte, T. W. Giambelluca, D. Lawrence & N. T.
Lam (2009) Environmental Consequences of the Demise in Swidden Cultivation in
Montane Mainland Southeast Asia: Hydrology and Geomorphology. Human Ecology, 37,
361-373.

Ziegler, A. D., T. W. Giambelluca, L. T. Tran, T. T. Vana, M. A. Nullet, J. Fox, T. D. Vien, J.
Pinthong, J. F. Maxwell & S. Evett (2004) Hydrological consequences of landscape
fragmentation in mountainous northern Vietnam: evidence of accelerated overland flow
generation. Journal of Hydrology, 287, 124-146.

Zimbone, S. M., A. Vickers, R. P. C. Morgan & P. Vella (1996) Field investigations of different
techniques for measuring surface soil shear strength. Soil Technology, 9, 101-111.

Zingg, A. W. (1940) Degree and Length of Land Slope as it affects soil loss in runoff. Agric
Engineering, 21, 59-46.



286

Vita

Augustine Avwunudiogba attended Baptist High School Orerokpe and Government College

Ughelli in Nigeria. He received a Bachelor of Science degree (with honors) in Geography in

1987 and a Master of Science degree in Geography in 1991 from the University of Benin, Benin

City Nigeria. Between 1991 and 1999 he worked at the University of Benin, Benin City as a

Lecturer in the Geography and Regional Planning Department. He came to the US in September

1999 for further graduate studies and obtained an MA degree in Geographical Studies with

emphasis in GIS and Remote Sensing at the Southern Illinois University Edwardsville Illinois in

2001. He entered the doctoral program in geography at the University of Texas at Austin in

2001. He is currently employed as Assistant Professor in the Department of Anthropology,

Geography and Ethnic Studies, California State University Stanislaus.

Permanent address: 275 E. Minnesota Ave, #107, Turlock CA, 95382.

This dissertation was typed by Augustine Avwunudiogba.


