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ABSTRACT

Accelerated soil erosion in Malawi, Southern Africa, increasingly threatens agricultural
productivity, given current and projected population growth trends. Previous attempts to
document soil erosion potential have had limited success, lacking appropriate
information and diagnostic tools. This study utilized geomatics technologies and the
latest available information from topography, soils, climate, vegetation, and land use of
a watershed in southern Malawi. The Soil Loss Estimation Model for Southern Africa
(SLEMSA), developed for conditions in Zimbabwe, was evaluated and used to create a
soil erosion hazard map for the watershed under Malawi conditions.

The SLEMSA sub-models of cover, soil loss, and topography were computed from
energy interception, rainfall energy, and soil erodibility, and slope length and steepness,
respectively. Geomatics technologies including remote sensing and Geographic
Information Systems (GIS) provided the tools with which land cover/ land use, a digital
elevation model, and slope length and steepness were extracted and integrated with
rainfall and soils spatial information. Geomatics technologies enable rapid update of the
model as new and better data sets become available.

Sensitivity analyses of the SLEMSA model revealed that rainfall energy and slope
steepness have the greatest influence on soil erosion hazard estimates in this watershed.
Energy interception was intermediate in sensitivity level, whereas slope length and soil

erodibility ranked lowest. Energy interception and soil erodibility were shown by
parameter behavior analysis to behave in a linear fashion with respect to soil erosion
hazard, whereas rainfall energy, slope steepness, and slope length exhibit non-linear
behavior. When SLEMSA input parameters and results were compared to alternative
methods of soil erosion assessment, such as drainage density and drainage texture, the
model provided more spatially explicit information using 30 meter grid cells.

Results of this study indicate that more accurate soil erosion estimates can be made
when; 1) higher resolution digital elevation models are used; 2) data from improved
precipitation station network are available; and 3) greater investment in rainfall energy
research.
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CHAPTER 1 INTRODUCTION

1.1 OVERVIEW
As population density in poverty-stricken Southern Africa increases, arable land is being
defined and progressively diminished by competing uses, including: agricultural land
conversion, fuel wood harvesting, forest conservation, and watershed protection. It is
thought that recent agricultural development is contributing to the accelerated erosion of
topsoil and to the loss of a clean, reliable water supply (Oldeman, 1994; Jamu and
Brummett, 1999). Traditional practices such as collection of wild foods, medicinal plants,
and forest-based housing materials (grass and thatch) are jeopardized by current land use
trends. Land degradation, dominated by soil erosion, threatens every aspect of
development and economic survival in Southern Africa (World Bank, 1992; United
Nations, 2003).

Over the last decade, agricultural productivity and crop yields have fallen, due in part to
conversion of unsuitable lands to farming, as well as to increasingly shorter or no fallow
periods. The World Bank states that the countries in the Africa continent could be losing
between 4-11% of crop yield per hectare (World Bank, 1992). These decreases have
resulted from: mono-cultural cropping systems; lack of organic and inorganic fertilizers;
minimal use of nitrogen-fixing plants; sporadic use of agro-forestry practices such as
alley cropping; and inadequate physical structures to slow runoff and prevent soil loss.
Subsequently, inappropriate land use practices such as misaligned contouring and broken
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ridges left unrepaired have led to detrimental changes in soil texture; damage to soil
structure; increases in macro- and micro-nutrient loss; and reduction in water retention
capability (Amphlett, 1986). Siltation, in turn, affects the fisheries, water supply, and
hydroelectric dams, which are critical components of the food and energy supply
infrastructure (Jamu and Brummett, 1999; Sarch and Allison, 2000). As a result of
population growth and food production trends, food shortages have been projected for
sub-Saharan Africa for at least the next decade (Ellis and Galvin, 1994; Mataya et al.,
1998).

The southern African nation of Malawi (Figure 1.1) is no exception to these general
trends. Last year's recent famine in Malawi has borne out these dire predictions, where
an estimated 70% of the population were affected by food shortages (IFPRI, 2002; United
Nations, 2002). Accelerated soil erosion in Malawi is contributing to decreasing levels of
crop productivity and severely diminishing food supplies (Pimental, 1993; Pimental et al.,
1995; World Bank 1998). An underlying challenge for Malawi and the region as a whole
is to slow the accelerating rates of soil erosion (Pryor, F.L. 1990).

The area chosen for this study is located in the south region of Malawi, west of Lake
Chilwa and near the town of Zomba (Figure 1.2). Malawi is divided into three regions
(Figure 1.2). Population density in these regions varies from 0 to 150-200 persons/km^
(NSO, 1998; Benson et al., 2002). The North Region is the least densely populated at 46
persons/km^, whereas the South Region where the study area is located is the most

densely populated at 146 persons/km^. Thus, with a total population of about 9.9 million,
47 percent reside in the South Region (NSO, 1998; Benson et al., 2002). According to
Benson et al. (2002) Zomba municipality, just south of the study area, has a population of
65,915 and the traditional authority of Malemia within which the study area lies has a
population of 47,590. The 1995 national average of 105 persons/km^ was one of the
highest population densities in Africa (Orr et al., 1998) and population density is
increasing although growth has slowed in the last decade particularly in the already
overcrowded south region of the country (NSO, 2002). In the past two decades, the
population in southern Africa has nearly doubled, and there does not appear to be any
respite from this growth with the devastating exception of AIDS. About 14% of the
population of Malawi is infected with HIV/AIDS, according to a United Nation's special
envoy (Agence France-Presse, 2003).
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Figure 1.1. Location of Malawi, Southern Africa. Malawi is a landlocked country along
the great rift valley
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Figure 1.2. Malawi is divided into three general regions shown here. Selected cities
noted including the capital of Malawi, Lilongwe, located in the Central Region and
Zomba, the closet urban center to the Domasi study area. The Domasi watershed is
located in the South Region of Malawi, west of Lake Chilwa.

The 1998 census data show 546,661 inhabitants in the District of Zomba, with a
population density of 212 per square kilometer (NSO, 1998). The urban center of
Zomba, located at 15° 22' South and 35° 16' East, just southeast of the Zomba Forest
Reserve, has an estimated population of 65,915, the fourth largest urban area in Malawi,
with a population density of 1,690 per square kilometer (NSO, 1998). In addition to
Zomba Municipality, the small town of Domasi has approximately 3000 inhabitants. The
most densely populated area, with multiple small villages, is along the length of Domasi
River.

The boundaries of the Domasi watershed do not coincide with any political boundaries,
so the population density can only be inferred by statistics from political units that are
nearby or include the study area. Human settlements that were originally located within
the Zomba Mountain Forest Reserve were relocated in 1949 to their present location
closer to the Domasi River, expanding the boundary of the Forest Reserve, but decreasing
habitable area and thus exacerbating the population density along the river (NSO, 1998;
Orr et al., 1998).

These population densities result in critical stressing of arable land by overlapping, and
oftentimes opposing, land use. Agricultural activities account for 85% of the population's
principal livelihood (Kapila and Mwafongo, 1995). Before the arrival of the Europeans,
problems of soil erosion in Malawi were not a serious threat to agriculture (Mwendera,
1989; Potter, 1987), because the people were allowing the land to regenerate through

native agricultural practices, shifting cultivation and grazing, and low population
numbers. Today land use practices, especially conversion of unsuitable and marginal
lands for farming, are causing accelerated soil loss that may be irreversible (KanyamaPhiri, 1998). The compounded impacts of increasing population on land availability,
unsustainable land use practices, and the lack of economic alternatives each contribute to
high soil loss and soil degradation (Figure 1.3).

In addition, a key cause of soil erosion in Southern Africa is the extent and timing of
torrential storms that generally come in October at the onset of the growing season.
While these events assist rain-fed subsistence farmers, the agricultural practices
associated with rain-fed of farming can hasten soil erosion (World Bank, 1992; 1998).
Agricultural techniques commonly used involve the regular clearing of fields or burning
of much of the crop residue, leaving the land with no protective cover during the initial
seasonal rains.
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Figure 1.3 Erosion along foot paths at the edge of an agricultural field in the Domasi
watershed. From these photographs clear evidence of accelerated erosion can be seen
within the study area. Examples in these photographs from the 1997 November fieldwork
show severe gullying associated with agricultural activities.

The attempt to continue widespread use of traditional subsistence farming methods in the
context of land shortages, including removal of land into estate or private status, and the
lack of economic alternatives to subsistence or cash crop farming, is a major contributor
to soil erosion in Malawi (Porter, 1979; Mlia, 1987; Potter, 1987; Kamangira et al.,
1995). In addition to the seasonal clearing of crop residue that exposes the topsoil to
torrential rainstorms, other contributing causes of accelerated soil erosion are farming
marginal lands, including steep slopes; nearly vertical footpaths adjacent to the small
agricultural plots; limited use of vegetation barriers, or agro-forestry practices; broken
contour ridges left unrepaired; and misaligned contour ridges (Hudson, 1979; Amphlett,
1986; Kamangira, et al., 1995).

More than a thousand-million tons of Southern Africa's soil are estimated to erode every
year (World Bank, 1992). Estimated values vary, however, depending on the source and
the scale at which the estimates are based. Often the values quoted for large regions are
based primarily on expert opinion without sufficient support by validated on- site erosion
measurements. Soil erosion severity is generally reported relative to soil formation rates.
Soil erosion rates in Africa average 30-40 tons/ha/yr, greatly exceeding the average rate
of soil formation, 1 ton/ha/yr. Soil loss rates vary from place to place, from less than 1
ton/ha/yr to over 200 tons/ha/yr (Troah and Thompson, 1993). Experts predict that crop
yields will be halved within thirty to fifty years if erosion continues at present rates
(Morgan, 1995).
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Despite national efforts to curb soil loss and promote soil conservation in the form of
level contour crop ridges and other techniques, soil erosion in Malawi is widespread and
among the most severe in Southern Africa. Over 90% of small landholders in Malawi do
not follow government extension recommendations for improved soil management (Wiyo
and Feyen, 1999). Average annual soil loss is reported by Saka et al. (1995) at 35
tons/hectare. Contributing to the damage from this soil loss is the loss of nitrogen and
phosphorus, which decreases soil fertility and crop yield (Saka et al., 1995). Shaxson et
al. (1977) placed the threshold of acceptable soil erosion in this part of Africa at 12.5
tons/ha/yr. Prevention of accelerated soil erosion is fast being recognized as a key issue
for environmental conservation (Barrow, 1991; Van Lynden, 1995). The estimated cost
of soil loss per year due primarily to rainfall runoff is US$300 million (Saka et al.,
1995).

Malawi's future needs include the implementation of soil suitability guidelines, based on
soil surveys, for agriculture, housing, recreation, waste disposal and road construction.
The Malawi extension system for agricultural assistance is expected to recommend the
best management practices for erosion control and water supply protection (Nambote,
1998). Present information regarding soil erosion, however, is inadequate for the design
of efficient and cost effective sediment interception systems to protect Malawi's rivers,
lake systems, and hydroelectric plants. To improve agricultural production, more
information is needed to design terrace, irrigation, and drainage systems. Once problem
areas and negative practices can be identified, the development of cropping systems to
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reduce erosion can be implemented. Soil erosion research can support and justify the
need to supply adapted planting materials for conservation planting and soil protection.

Isolated small-scale efforts to assess the impact of soil erosion and regional assessments
have indicated that accelerated soil erosion is a serious environmental problem.
Systematic quantitative analyses that relate soil loss to both anthropogenic and climatic
factors and that predict and assess the short- and long-term impact of accelerated soil
erosion are greatly needed. Monitoring and prediction capabilities will also benefit from
additional soil erosion studies (DREA, 1994; Green et al,, 1996; SOB, 1998).

There is a crucial need to relate soil erosion to land and water degradation in Malawi.
Currently, Malawi lacks efficient technology to monitor land cover change and manage
land degradation of its dwindling soil resources. Several existing soil erosion models
have been used to estimate soil loss in Southern Africa. The Soil Loss Estimation Model
for Southern Africa (SLEMSA) is an established means to estimate soil losses generated
from rainfall and runoff. Originally developed in Rhodesia (now Zimbabwe) for use in all
of Southern Africa, SLEMSA has been widely used in Malawi over the past decade (Orr
et al., 1998). Also in use are the Universal Soil Loss Equation (USLE) and the Revised
Universal Soil Loss Equation (RUSLE), yet these models are data intensive, limiting their
use to a small number of independent studies. Researchers have only recently, however,
begun to evaluate all these models for the environmental conditions specific to Malawi.

It is therefore appropriate to undertake a better understanding of the limitations of
SLEMSA under conditions in Malawi, through a sensitivity analysis of the model and
sub-model parameters. By further understanding and refining this widely used erosion
model in Malawi, Malawi's ability to allocate human resources and monetary support to
the most critical areas is improved. Land degradation is defined here as the reduction or
loss of the biological or economic productivity of land resulting from land uses or animal
and human activities (United Nations, 1994; Elwell, 1996). This work will serve to better
inform the decision-making process of the Government of Malawi (GoM), international
development agencies, and non-governmental organizations, all poised to assist the
millions of Malawi farmers in pursuit of high agricultural productivity in a sustainable
manner.

1.2 GEOMATICS TECHNOLOGIES IN SOIL EROSION MODELING

Geomatics is concerned with the measurement, representation, analysis, management,
retrieval and display of spatial data collected for both the Earth's physical features and
the human-modified environment. The principal disciplines embraced by geomatics
include the mapping sciences, land management, geographic information systems,
environmental visualization, geodesy, photogrammetry, remote sensing, and surveying.
Geomatics technologies used in this study included multispectral satellite remote sensing
for vegetation and soils classification, global positioning systems (GPS) for ground
referencing, digital elevation models for derivation of topographic information, and a
geographic information system (GIS) for spatial modeling.
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Remote sensing is the remote observation of an object through the use of specialized
sensors, generally aboard satellites or aircraft. These sensors measure energy from
various portions of the electromagnetic spectrum, depending on the range of the sensors
and the goals of the research (Wilkie and Finn, 1996; Sabins, 1996). The data are readily
combined with GPS data in a GIS. GPS involves the use of handheld units capable of
receiving satellite signals to determine the specific geographic coordinates of the
receiver, A GIS allows for capturing of additional data as well as the storage,
management, analysis, and display of spatial information, including data from GPS units
and remote sensing (Mitasova et al., 1997).

Use of satellite image processing and GIS techniques facilitates the updating of the
assessment when there are changes in land cover/land use or changes in resource
management practices. In addition, updating can be much more efficient and flexible
when additional and/or improved data, such as increased spatial or temporal resolution
datasets, become available. The use of geomatics also allows for graphical presentation of
erosion and related phenomena, which facilitates use of this information by policy
makers and for activities supported by agricultural extension agents (Wilkie and Finn,
1996; Eweg et al., 1998; Stefanov, 2001).

Digital elevation models (DEMs) have been widely used in soil erosion assessment since
the 1980s (Moorp et al., 1987; Yitayew et al., 1999). According to Yitayew et al., use of
DEMs standardizes and automates the derivation of slope characteristics, thus eliminating
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the subjective element often found in other methods of slope steepness and length
determination.

1.3 OBJECTIVES OF THIS STUDY
Continuing research into soil erosion assessment and prediction in Malawi will be crucial
in providing the information needed to aid in slowing the current rates of erosion and
land degradation. These problems are especially severe in areas where agriculture has
expanded into marginally suitable and unsuitable land. Isolated small-scale studies
(Mkandawire, 1996; Mughogho, 1998; Orr et al., 1998), as well as regional assessments
(World Bank, 1992; Orr et al., 1998), have indicated that accelerated soil erosion is a
serious environmental problem. To date, Malawi government agencies and cooperating
research groups have identified the need for additional systematic and quantitative soil
erosion investigations (Mughogho, 1998). These agencies include the Land Resources
and Conservation Branch, the Forestry Department's Forestry Research Institute of
Malawi, and the Land Husbandry Training Center.

In the last ten years, data collection and analysis have begun on soil erosion rates and
rainfall energy, and research into improving Malawi's ability to use digital databases for
monitoring land resources has accelerated (Eiswerth, 1999). A great need remains,
however, for a systematic and comprehensive quantitative analysis that relates soil loss to
anthropogenic and climatic factors and that assesses and predicts the short-term and longrange impact of soil erosion on agriculture.
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This study explores the applicability of geomatics technologies in the estimation and
mitigation of soil erosion hazard in Malawi, It is also expected that geomatics
technology will reduce the uncertainties in decision-making associated with
environmental monitoring in Malawi. Soil erosion has already been identified as a major
problem by Malawi researchers and others. The broad hypothesis of this study is that a
refinement of SLEMSA can improve resource allocations for mitigation in the most
critical areas of land degradation.

Four areas of study were important for success:
1. Understand the limitations of SLEMSA under ambient conditions in Malawi, using a
sensitivity analysis of the model and the sub-model parameters;
2. Compile, document, and, where appropriate, compare this study's results with that of
previous research using SLEMSA in Malawi;
3. Evaluate the use of geomatics technologies to derive cover and topographic factors for
input into SLEMSA and to analyze the data and results; and
4. Compare results of this implementation of SLEMSA with other regional methods of
soil erosion hazard assessment, including calculation of drainage density and drainage
texture.

Results from the geomatics and other information generated for this research permit the
identification of those aspects of the SLEMSA model most in need of refinement.
Sensitivity analyses of SLEMSA parameters and comparison of SLEMSA results to other
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regional soil erosion assessment techniques also aids our understanding of this tool.
Comparing SLEMS A results to those from other erosion assessment methods, such as
drainage density and drainage texture, strengthens the justification of using the SLEMSA
model in Malawi. Ultimately, this information assists in prioritizing future soil erosion
research and digital data collection in the country. The continued implementation of the
Malawi National Environmental Information System (EIS) (DREA, 1994; Eiswerth,
1998d; 1998e; 1998f; SOE, 1998) to respond to natural resource and environmental
challenges, coupled with an increased understanding of the current methodology to assess
soil erosion using geomatics technologies, may greatly benefit a country whose soil
viability, critical to the survival of its people, is increasingly threatened.

Under the Malawi Environmental Monitoring Project (MEMP), the Public Land
Utilization Study (PLUS) was responsible for characterizing biophysical and
socioeconomic information for Malawi's protected areas, including forest reserves such
as Zomba/Malosa addressed within the current study (Orr et al., 1998). This information
was gathered and analyzed to assist in decision-making within Malawi's land policy
reform program (Orr et al., 1998). Under PLUS, Malawi's first GIS was developed, and
several models were designed to characterize the state of the natural resources within the
protected areas, including 1) estimates of soil erosion hazards using SLEMS A, 2) land
cover change analysis, and 3) simulations of soil erosion hazards associated with land use
changes. The current research refines the implementation of SLEMSA, incorporates a
new DEM and land cover classification, adds an automated procedure to calculate slope

length, and analyzes the sensitivity of SLEMSA. Finally, the soil erosion hazard results
of SLEMSA are compared with other methods of erosion assessment.

1.4 ORGANIZATION OF THE DISSERTATION
In Chapter one, an overview of the problems caused by soil erosion in Southern Africa is
presented. The problem statement further explores the need for additional soil erosion
research in Malawi and the value of supplementing such investigations with modeling,
remote sensing, and other geomatics technologies.

The description of the study area is presented in Chapter two, including characteristics of
the Domasi watershed. An overview of the climate, hydrology, and geology follows,
providing information about the topography and typical soil characteristics of the area. A
brief description of the native vegetation as well as introduced tree plantations and other
non-native species is presented next. Finally, the social framework of the area is outlined,
emphasizing social factors that affect soil erosion, such as livelihoods, administration of
the land, present land tenure, and land use practices.

Chapter three provides background information on general soil erosion processes. An
overview of soil erosion modeling and prediction is summarized. Historical information
specifically regarding the development of SLEMSA is outlined. The chapter closes with a
comprehensive synopsis of previous soil erosion research in Malawi, including data and
methods used for prediction. A small section is dedicated to the few studies in Malawi
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where actual soil erosion measurements have been made.

Chapter four describes in detail the use of geomatics in the implementation of SLEMSA
in this study. The first part describes the creation of the input layers for SLEMSA
implementation. The second part summarizes the implementation of SLEMSA using
these input layers. The data used for estimating the sub-model soil loss, rainfall energy,
and soil erodibility are described. A section explains preprocessing of remote sensing
data, from which the data for the cover sub-model are extracted. This includes a
description of the radiometric and atmospheric correction techniques employed. Details
of the image classification methods are provided along with the accuracy assessment
methods and results. Details of the topographic sub-model are reported in the last section
and include methods used to create a digital elevation model (DEM) and the subsequent
extraction of slope steepness and slope length for the entire study area. Lastly, the results
of SLEMSA in the Domasi study area are provided.

Chapter five provides a general overview of sensitivity analysis, followed by a
description of the specific sensitivity analysis techniques used in this study, including the
use of a "sensitivity index" and parameter behavior analysis. Next, the results of two
previous studies that addressed sensitivity analysis of soil erosion assessment are
described. The chapter closes by providing comprehensive results of the sensitivity
analyses and comparison to previous research.
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Chapter six expands on the results from SLEMSA as analyzed in this study by comparing
the results to those generated by other erosion assessment methods. These other methods
include; drainage density, drainage texture, and rainfall aggressiveness. The methods and
results of calculating drainage density and drainage texture for the Domasi watershed are
provided and then analyzed with respect to the SLEMSA results.

Chapter seven provides a summary of results, conclusions, research implications, and
recommendations for future work.

38
CHAPTER 2 STUDY AREA

2.1 INTRODUCTION
The Domasi River watershed in Malawi, Southern Africa, was selected as the study area
for this research because it offers a wide range of vegetation types, climatic
characteristics, topography, soil types, land tenure status, and types of land use. Greater
variation in climatic, topographic, land-use, and soil conditions provides the opportunity
to evaluate erosion models for assessing and predicting soil erosion hazards. The
diversity of the physical and human landscape used to evaluate the soil erosion model
assists in applying it to other areas to assess and predict soil erosion hazards.

The boundary of the study area corresponds with the Domasi watershed perimeter and
encompasses the Domasi River from approximately 35°16' to 35°22' East, 15°17' to
15°19' South. The watershed covers approximately 88 km^ in a west-east orientation and
is approximately 17 km long and 9 km wide at the wider eastern end. The Domasi River
drainage ranges in elevation from 700 to 2012 meters.

2.2 GEOGRAPHY AND GEOLOGY
The Domasi River watershed is located within the Zomba district in the South Region of
Malawi, 10 km north of the town of Zomba and approximately 25 km southeast of the
Shire River and 30 km west of Lake Chilwa (Figure 2.1).
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Figure 2.1. The Domasi watershed is in south region of Malawi near the town of Zomba.
The study area lies just east of the African Rift Valley through which the Shire River
flows. The Domasi River flows eastward through the Chilwa flats, eventually draining
into Lake Chilwa. The inset map shows the distribution of protected forest reserves and
customary land.

40
Within the Shire Highlands, the Zomba-Malosa massif trends northeasterly and is
bounded by the Makongwa scarp to the west, marking the eastern margin of the African
Rift Valley. The Domasi watershed evolved over time with the uplift or down warping of
the Rift Valley. Quaternary alluvium covers a large area to the west of the study area
toward the Shire River (Bloomfield, 1965).

The abrupt change in elevation between the Zomba-Malosa Massif and the surrounding
plains, the rugged terrain of the massif, and sharp slopes on either side of the Domasi
River can be seen in the shaded relief image shown in Figure 2.2.

The minimum elevation (700 meters) is found toward the river's eastern outlet, rising to
over 2000 meters around the perimeter at the far west end, both on the Zomba Plateau to
the south and on Malosa Mountain to the north. The mean elevation for the study area is
1287 meters. At the head of the Domasi Valley is a deep wind gap, and steep slopes on
both sides characterize the entire upper Domasi Valley. Land tends to be steeper at higher
elevations, resulting in lower infiltration rates and thus higher rates of surface runoff.
Higher elevations characteristically receive higher amounts of precipitation, both per
storm and on an annual basis, contributing to high runoff yields. Where vegetation cover
is diminished upslope due to unfavorable growing conditions, such as lower
temperatures, shorter growing period, and insufficient quantities of soil to support
vegetation, the limited available soil is vulnerable to the forces of erosion.
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Figure 2.2. Shaded relief image shows the rugged terrain of the Domasi watershed study
area. Many roads exist around the study including the main road (Ml), but few roads
provide access to the Domasi valley and the northern half of the image, which is nearly
devoid of roads, thereby limiting access. The watershed provides an important source of
water to both Zomba and Domasi urban areas.

The Zomba-Malosa massif is part of the Chilwa Alkaline Province of Upper JurassicLate Cretaceous age, dated at 105-115 million years old. The massif is made up of
successive rings of plutonic quartz-syenite and granite partly surrounded by a ring dike of
alkaline granite. The area is composed of mostly intrusive rocks, but remnants of older
volcanic rocks are also present. The well-developed Zomba Plateau and the less-defined
Malosa Plateau form a pear-shaped area. Zomba and Malosa are partially surrounded by
the Malawi Basement Complex of Precambrian to Paleozoic age rocks dominated by
gneisses, granulites, and granites (Bloomfield, 1965; Bloomfield et al., 1961). The
surrounding rocks were lowered by denudation, leaving the intrusions that form the
region of Zomba and Malosa exposed in places.

Slope is an important factor in defining infiltration capacity, which provides an important
parameter for estimating soil erosion. Minimum and maximum slope gradient values in
the study area fall between 0.005 and 106 %.

The study area contains portions of the Zomba Mountain Forest Reserve and the Malosa
Mountain Forest Reserve (Figure 2.1). The Zomba and Malosa Reserves almost join at
the high saddle at the western edge of the study area, which corresponds to the
headwaters of the Domasi River. Many villages are located along the sides of the Domasi
River, including the small town of Domasi (Figure 2.3).

The primary Malawi Highway Ml runs approximately north/south, passing through a
small portion of the lower end of the watershed (Figure 2 .2). Secondary roads occur

mostly on the southern side of the watershed, along with numerous short tracks. A large
portion of the study area, however, especially to the north and west, is relatively devoid
of mapped roads or tracks. In addition to the highway and secondary roads, many heavily
used, unmapped foot paths occur, particularly leading to and adjacent to agricultural
fields.

2.3 HYDROLOGY
Watershed runoff provides the water supply for the Domasi River year round. All of the
feeder streams within the watershed's perimeter converge to make the Domasi River a
fourth-order perennial stream (Figure 2.4). Stream order indicates the number of
tributaries and thus is a measure of relative stream size. Stream sizes range from the
smallest first-order stream, which has no tributaries, to the largest, the twelfth-order (the
Amazon River). The drainage has an east-west oriented, lobate-shaped catchment area.
The upper Domasi has a rectilinear drainage pattern, most likely owing to bedrock
fractures constraining the flow. At lower elevations, the drainage pattern forms a more
classic dendritic pattern as it crosses the drift-covered Lake Chilwa plain to the east.

The Domasi River flows easterly between Zomba Plateau and the Malosa Mountains.
Once exiting the Domasi valley, the river turns northeastward and flows through the town
of Domasi. It then crosses the Chilwa Plains and finally flows into Lake Chilwa (Figure
2.1). Lake Chilwa is an internally drained, closed basin surrounded by extensive wetlands
and marshes.
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0

Figure 2.3. An overview photograph from the 1996 May fieldwork of the Domasi
watershed study area west of the town of Domasi and close to the Domasi River. At the
end of the growing season, plots are cultivated in maize and other crops. Among the
cultivated fields on the gently sloping areas, scattered fruit trees and other trees are grown
for fiielwood. In the distance, areas of bare soil and rock outcrop can be seen on the
steepest slopes. Indigenous woodlands prevail as a forest reserve on top of Malosa
Mountain under the protection of the Department of Forestry.
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Figure 2.4. Elevation and drainage patterns within the Domasi River watershed.
This digital elevation model was created by digitizing the 50 foot contour intervals and
streams of the 1:50,000 scale topographic map (1535A4) (Department of Surveys, 1986).
Elevation intervals are displayed in dark brown (low) to tan (high) and overlaid by the
stream drainage network depicted in blue.

2.4 CLIMATE
Climate is a major factor determining soil erosion hazard. The relationships among
precipitation, runoff, and soil erosion have been studied in many areas of the world and
are summarized by Morgan (1995). In areas of high rainfall, such as Malawi, the loss of
protective vegetation can result in accelerated soil erosion. Hardcastle (1980) devised a
bioclimatic classification for managing the country's forest resources with silvicultural
zones defined by average annual rainfall, elevation range, and average annual
temperature (Hardcastle, 1980). The Domasi study area falls within two of Hardcastle's
zones (Table 2.1). Lower elevations correspond with lower precipitation and higher
temperatures (Zone G). In comparison, areas designated as Zone M receive higher
rainfall and experience lower annual temperatures due to the higher elevations.

Table 2.L The Silvicultural Zones in the study area as described by Hardcastle (1980)
based on average annual rainfall, temperature and elevation range.

Silviculturai Zone

Zone M

Zone G

Average annual rainfall

1500-1600 mm

1050-1200 mm

Elevation range

> 1500 m

900-1500 m

Average annual temperature < 19° C

19°- 21° C

Malawi is within the subtropical, winter dry climatic zone (Koppen, 1936). In general,
Malawi has two distinct seasons, a wet, warm season and a drier, cooler season

(Eschweiler and Nanthambe, 1988). The warm rainy season extends from mid-October to
April, whereas the dry season extends from May through September and early October
(Shela, 1990). In this region, mean annual temperatures range from 13° C to 35° C and
annual precipitation ranges from 700 mm to 3300 mm (Lorkeers and Venema, 1991). For
the study area, the temperature ranges are shown in Figure 2.5 and precipitation ranges in
Figure 2.6.

The early rains in October and November are caused by convective instability produced
by strong heating of the land surface as winds from the southeast force air masses over
mountain plateau areas and escarpments. Migration of the Inter-Tropical Convergence
Zone (ITCZ) is the principal driving mechanism controlling precipitation during
Malawi's warm-wet season, accompanied by a northeasterly monsoonal airflow that
often produces torrential thunderstorms and heavy rainfall and supplemented by localized
convective storms. In the winter months, the southeast trade winds dominate the climate,
especially the windward slopes (Shela, 1990).
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Figure 2.6. Precipitation ranges in the Domasi River watershed based on the Land
Resources Evaluation Project database (1988-1992). Precipitation levels increase from
east to west with increasing elevation.

49

Domasi watershed

Mean annual temperature
20.0-22.5 C
17.5-20.0 C
wm 15.0-17.5 c

Figure 2.5. Temperature variations in the Domasi River watershed based on the Land
Resources Evaluation Project database (1988-1992). Temperature increases from west to
east are controlled primarily by elevation.
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During summer (December-March), when the ITCZ reaches its southernmost limit, moist
air masses from the inland Democratic Republic of Congo converge to produce unstable
conditions, usually resulting in widespread medium to heavy rainfall. As the ITCZ
reestablishes itself in the north, the southeasterly trade winds supply moisture, causing
precipitation over the high plateau areas between April and May (Saka et al., 1995).
Usually steady rains are established in January and continue until about the end of March,
interspersed with dry spells of a week or more starting in early February (Pike and
Rimmington, 1965). In some areas, orographic effects in mountains such as the Zomba
Plateau and the Malosa Mountains also contribute to summer precipitation (Shela, 1990).
Seasonal variation of rainfall for two distinct rainfall regimes in the study area are shown
in Figure 2.7.

The higher elevations of the study area receive some precipitation, most frequently from
May through July, in the form of light-intensity mists or drizzle called chiperoni, also
known as guti rain in Zimbabwe (Registry of Forest Reserves, 1993; Elwell 1978b).
Contributions from this type of annual precipitation event are minimal in comparison
with those described for the warm/wet season described above, despite the fact that
chiperoni has been known to occur during the cool/dry season (Malembo, 2002).
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Figure 2.7. Seasonal variation in rainfall at two Domasi sites recording decadal rainfall
data. As expected, the higher elevation of the Zomba station consistently experiences
higher rainfall levels than the Malosa mission, which is located at a much lower elevation
and experiences lower rainfall throughout the year.

In Zimbabwe, the guti type rainfall constitutes a significant component of the annual
rainfall and must be included in soil erosion models (Malembo, 2002); however in
Malawi, the chiperoni rainfall is an insignificant component of the annual rainfall in most
places (less than 20 days per year) and is not included in the models (Elwell, 1978a). All
the previous work described in this dissertation used the non-guti equation as described
by Elwell to calculate rainfall energy except for Mwendera (1988), who used the guti
equation for Bvumbwe.

In areas dominated by one rainy season, precipitation can be extremely intense, occurring
during a single peak over a shorter period of time than in areas having a bimodal rainy
season regime (Ellis and Galvin, 1994). Storms in central and southern Africa of up to
250 mm/hour are not uncommon. One of the most intense storms in Malawi's history
occurred at the town of Zomba in December 1946. The Zomba storm was recorded as
711 mm in a 36-hour period and 254 mm of that total was reported by Pike and
Rimmington (1965) to have occurred in a one-hour interval. This represents the highest
recorded one-hour storm in Malawi (Edwards, 1946).

Pape (1975) combined data from stations with similar rainfall regimes to obtain intensityfrequency tables for all of Malawi. Rainfall intensity data were analyzed from 8,203
rainfall events using meteorological records from 19 stations distributed around Malawi.
Pape decided that the data had more meaning if combined into three groups; Lakeside,
Shire Highlands, and Malawi general. The Shire Highlands, the group that pertains to the
study area, included data from the Bvumbwe, Cholo, and Zomba rainfall stations. The
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combined run of data for the Shire Highlands was 38 years, from 1953 to 1968, and was
based on data from 18 autographic rainfall stations. The Zomba station data revealed a
mean annual precipitation level of 1355 mm.

When rainfall variability becomes high, as in the Domasi watershed, droughts are
generally frequent, making sustainable agriculture all the more challenging and
increasing the potential for accelerated soil erosion. Not surprisingly high inter-annual
variability is not easily predicted and thus has strong implications for the viability of rainfed agriculture and for strategies appropriate for achieving sustainable agriculture under
these conditions (World Bank, 1992).

2.5 SOILS
A countrywide soil survey was conducted initially in the 1960s and published as a
1:1,000,000 map (Brown and Young, 1965), This survey was revised during the Land
Resources Evaluation Project (LREP, 1988-1992). LREP produced a series of detailed
maps of soils and physiography at a scale of 1;250,000 for all of Malawi. The maps and
associated relational database incorporated over 30 different soil characteristics and
descriptions (Venema, 1990; 1991a; 1991b). Included in the database are the soil erosion
categories based on SLEMSA as estimated by LREP and the index values for soil
erodibility used in this study to calculate SLEMSA. Figure 2.8 shows the distribution of
soil units of the study area as mapped by LREP. Soils are classified at 3 levels of
generalization, parent material, soil group, and soil family (Venema, 1991a). Of the 13
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soil groups defined in Malawi by LREP, four exist in the study area. For more detailed
information about the soils see Table 2.2. Only the major soil units depicted in Figure 2.8
are included in the table.

In the majority of the steeply sloped areas, the soils are mapped as a complex soil unit
(X5p2/ R). Seventy percent are eutric cambisols based on the FAO system of
classification (FAO, 1993) and are classified in the paralithic soil group (Figure 2.8).
These soils are moderately deep and normally well drained, although sometimes they can
be excessively drained. These soils were derived from the intermediate composition
metamorphic gneisses in the area. Because of the steep slopes, the soils are not well
developed, and hence they are low in fertility. These reddish brown soils are moderately
deep and consist of sandy loams with medium to very high nitrogen and potassium levels.
An estimated thirty percent of the area is mapped as a miscellaneous unit (R) which
consists of extremely rocky and shallow soils (< 30cm) that are predominately leptosols,
although specific locations within this complex soil unit are not specifically mapped
(Venema, 1991a).

The X4dl soil unit occupies the highest sections of the study area to the north and south
of the west end of the basin on the gently sloping upper portions of the Zomba Plateau
and Malosa Mountains. These finely textured soils are deep, possess moderate fertility,
and consist of sandy clay loam. Although they are also derived from the dominant
metamorphic gneisses and granulites, the gentle slopes allow more soil development than
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the previous soil unit. These acidic soils are characterized as red soils high in iron and
aluminum with high clay concentrations.

Soils Key
Parent Material
X = Felsic Gneiss, Granite, Granulite
A = Ruvfc or alluviai deposits
Soil Group
f=
dystric-fersiafic
p= paralitttjc
e= eutric-fersiaic

Domasi watershed
soil types

X1e4/X1a2-

Steepness classes reixesented
by the d^it 1-5 vwtti tiie
steepest being 5.
Soil Group
e= eutric-fefsiaic
d= dystric-fenslaic
p= paratittiic
f = fluvic

A2e3/A2f3

fOionrteters

Figure 2.8. Distribution of soil types of the Domasi River watershed based on the Land
Resources Evaluation Project database (1988- 1992). Soils are described in detail in the
text.
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Table 2.2, Summary table of predominate soils/physiography of the Domasi study area.

LREP

FAO

Soil

Soil

Depth

Unit

Soil unit

Family

Group

(cm)

Lulwe

paralithic

dystic

dissected
hillsides

eutricJombo

luvisols

>150

footslopes

medium

fersialic

Eutric

dissected
Chiradzulu

fluvic

low

>150

fluvisols

footslopes

Chromic

eutricMpili

X2e2

moderate

>150

fersialic

alisols
haplic

A2D

med-high
uplands

Kasembereka

A2e3/

Fertility

50-100

cambisols
humic

X4dl

Chemical

dissected

eutric
X5p2

Landform

luvisols

>150

uplands

moderate

fersialic

eutric
X4pl

Majete

paralithic

50-100

hillsides

moderate

Mpyupyu

fluvic

>150

footslopes

med-high

Namitalala

fluvic

>150

floodplains

med-high

cambisols
eutric

A3n/

fluvisols
eutric

Alf2

fluvisols
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Where the Domasi River exits the mountainous region for the flat Chilwa plains, the soils
are mapped as a complex soil unit A2e3/A2f3. Seventy percent of the area is covered
with haplic luvisols derived from fluvial and colluvial deposits. These sandy clay loam
soils are very deep, well drained, brown, and medium textured. An estimated thirty
percent of the area is covered with eutric fluvisols of the Jombo soil family, although
again what the distribution is within this complex soil unit is not known. These soils are
also deep, well-drained, dark brown, and medium textured.

Continuing into the flat plains, the soil unit X2e2 is composed of soils that are deep, welldrained, and reddish brown in color, derived from a metamorphic parent material. Along
the upper reaches of the Domasi drainage, soils (X4pl) consist of loamy sands that are
moderately deep, well-drained, and yellowish brown in color. In addition, these soils are
coarse to medium textured, even gravelly in places. The soil units directly adjacent to the
Domasi River from west to east (A3fl/X3pl, Al£2) are dominantly fluvial deposits.
These soils are deep sandy clay loams having medium to high fertility, with low nitrogen
and medium to exceedingly high potassium levels.

2.6 VEGETATION
Natural vegetation communities represented in the Domasi watershed include
Brachystegia woodland, mixed montane forest, and grasslands. Remnants of these
vegetation types occupy much of the land area. A narrow strip of evergreen riverine
forest is rapidly disappearing due to tree felling, stream bank degradation, and fires.

58
Thus, only degraded remnants of the original riverine forest exists today. Other nonnative vegetation classes include agricultural areas and pine plantations (Shaxson, 1977).

Pine and eucalyptus plantations dominate the Zomba Plateau, whose indigenous
vegetation is highly fragmented. Patches of Brachystegia woodland remain on the lower
slopes of this plateau, and at higher altitudes remnants of montane forests are found in
ravines and gorges.

Large areas throughout the region have been planted to pine and eucalyptus plantations.
Much of the indigenous vegetation on the Zomba Plateau has been supplanted by
Mexican pine (Watanabe, 1992; Verboom, 1992).

2.6.1 Brachystegia (Miombo) Woodland
The savannah Brachystegia woodlands, more commonly known as "miombo "
woodlands, are part of a unique ecosystem that occurs only in Central Africa,
characteristically containing one or more species of brachystegia with Julbemardia spp.
intermixed with Uapaca kirkiana. The miombo species provide highly desirable forest
products for making furniture, construction materials, and fuel wood because they are
hardwoods, slow burning and providing durable, strong wood. The woodlands vary in
density from tall, closed woodland (Figure 2.9 A) to fairly open woodland with sparse
understory (Figure 2.9 B) according to soil and precipitation characteristics. In addition
to the natural variation of miombo woodlands from open to closed canopy woodlands.
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human activities can transform closed canopy woodland to open canopy through heavy
use (cutting, lopping, coppicing, etc.). Sometimes the harvesting of wood systematically
eliminates the Brachystegia and Julbernardia species, leaving behind the fruit-bearing
Uapaca kirkiana in an almost mono-cultural stand of trees. The fruit of Uapaca kirkiam,
called "msuku", provides an important food source for the villages. Because of improved
sunlight conditions in the open miombo woodland, the understory may be vigorous, with
more herbaceous plants than in the closed canopy miombo class. The miombo woodlands
are often found on poor, dry soils.

From the leguminosae family, Brachystegia spp., with possibly 14 species, and
Julbernardia spp., with 2 possible species, often make up more than 50% of the trees in
this vegetation class. Other common compound-leaved trees common in the miombo
woodlands include Isoberlina, Uapaca, Terminalia, and Combretum. The trees are
relatively slender with many branches, depending on the site and the species.

In the Malosa Forest Reserve Julbernardia spp. species dominate the miombo woodlands
and open miombo woodlands of the upper slopes of the Domasi valley (to the north)
although there are also areas where Brachystegia and Uapaca trees dominate. Other
species do occur within the woodlands, including Isoberlina spp. and Cussonia kirkii.
The understory is composed of grasses and some herbaceous plants, depending on light
conditions and a good protective leaf litter layer over the soil. Generally the closed
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canopy woodland has sparser ground cover of grasses due to the decreased light
penetrating the woodland.

Variation in the density of trees results in either open canopy (thengo) or closed canopy
(msitu) miombo. Termimlia and Combretum are commonly associated with open
miombo woodland. The foliage is feathery, produced by the many tiny leaflets. Small
shrubs, grasses, and herbs are characteristically present in the open miombo woodlands.
Closed miombo woodlands have a tree canopy cover of up to 100% in some areas,
particularly in areas receiving a mean annual rainfall of 1200-1300 mm (Fuller and
Prince, 1996a; 1996b); here the understory is depressed from lack of sunlight.

Miombo woodlands are considered drought deciduous but under favorable conditions are
never quite leafless, with chlorotic leaves falling as new sprouts are already emerging.
Open miombo woodlands are more common in areas having less than 800 mm mean
annual precipitation. These woodlands can be fully deciduous during the dry season,
although rarely all at the same time (Fuller and Prince, 1996a; 1996b). The trees of the
miombo woodland have been known to begin leaf flush prior to any rainfall (Jackson,
1969; Malaisse, 1974; Fuller and Prince, 1996a).
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Figure 2.9 A-F. A. Undisturbed closed miombo woodland provides very good protective
cover against soil erosion.
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Figure 2.9 B. An example of highly degraded open miombo woodland due to
encroaching agriculture and overuse of forest products by local villagers. However, open
miombo woodlands also exist in the study area that are maintained due to drier conditions
and poor soils without anthropogenic pressure.

Figure 2.9 C. Mixed forest is a dense forest occupying protected ravines with perennial
water. The mixed forest typically has a closed canopy with dense understory.

64

Figure 2.9 D. Grasslands are composed of a variety of tuft grasses and occur principally
on the flat plateaus of Malosa and Zomba (shown here).
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Figure 2.9 E. Prior to the rainy season, annual ridges are built on the cleared fields such
as shown here. Regrowth of miombo stumps can be seen between the small agricultural
plots. Scattered trees including firuit trees are in the distance. The small plume of smoke
is probably fi-om burning of dry biomass or crop residue. At this time of the year
(November), the soil is exposed and vulnerable to erosion by the initial heavy rains.
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Figure 2.9 F. Pine plantation managed by the Department of Forestry. This mature dense
stand, estimated to be 10-12 years old, provides closed canopy conditions that limit the
understory to a few woody and herbaceous native species as well as introduced pine
saplings. Although the understory is discontinuous, there is always a thick layer of fresh
and decaying pine needles protecting the soil surface.
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2.6.2 Mixed Forest
Patches of dense mixed forest, including evergreen species, woody climbers, and vines
such as Smilax sp., are preserved in protective hollows in the higher elevation areas
having higher precipitation levels and often steep slopes (Figure 2.9 C) (Chapman and
Van Strien, 1995). These forests are of discontinuous spatial distribution. Soils are
generally wetter than those in miombo woodlands, most often ferruginous sandy clay
soils. Although this class has no dominant species, the following is a list of genera that
are representative: Rhus longipes, tree ferns (Cyathea dregei) and ground ferns Pteridium
aquilinum, Albizia versicolor, individual trees of Ficus spp., Syzgium sp. and Pittosporum
spp. (Pullinger and Kitchin (1982). Broad-leaved, semi-deciduous trees such as
Brachystegia and Erythrophloeum are common, although many other species of trees,
herbs, forbs, and grasses also occur. This vegetation type is restricted in extent and does
not contribute significantly to the land cover present in the study area.

2.6.3 Riverine/Eucalyptus
Many exotic eucalyptus species are popular due to their fast growth rates, coppicing
capabilities and the utility of their straight poles for structures. Indigenous riverine
species included: Erythroxylum emarginatum, Olinia rocetiana, and Syzgium guineese.
Eucalyptus species occurring may include: E. grandis, E. maidenii, andE. tereticornis
(Pullinger and Kitchin 1982; LREP, 1988-1992).
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2.6.4 Grasslands
At higher elevations, montane grasslands (consisting of a variety of genera such as
Coleochloa, Themeda, and Exothecd) exist with occasional protea shrubs (Protea spp.)
(Figure 2.9 D). Tuft grasses that occur include Andropogon chiremis and Exotheca
abyssinica. Most of these areas were probably part of the original native evergreen forest
(Chapman and White, 1970; Chapman and Van Strien, 1995). The grasslands have been
described as fire-induced montane grasslands that have been heavily disturbed by diverse
human activity as well as the Forestry Department's wood production activities,
including replacing some grassland areas in Zomba Forest Reserve with exotic pine and
eucalyptus tree plantations. Some montane grasslands, however, may be controlled by
soil conditions (Jackson, 1969). In shallow soils having substantial rock outcrop, matted
Stereochlaena cameronnii is common. On deeper soils, Themeda sp. and Exotheca sp.
dominate. Around scrub on steep slopes, scrambling grasses such as Melinis and
Rhynchelytum are found with many herbs and forbs, particularly of the Leguminaceae,
Labiateae, and Asteraceae.

2.6.5 Cultivated Cropland
Along the densely populated Domasi River, my 1998 fieldwork revealed that the
landscape is intensively cultivated (Figure 2.9 E). Riverine forest and miombo
woodland, described above, were the likely original vegetation types. Today these native
vegetation communities are almost completely replaced by crops, mango trees, other fruit
trees, and eucalyptus in the villages or agricultural fields.

69
Maize is by far the most important crop in the study area and is grown by all farmers as
their primary food source. Maize is commonly intercropped with other crops to maximize
the use of space and provide additional protective cover for the soil. Other important
crops grown are cassava, pigeon peas, groundnuts, beans and pumpkins. Maize is a soil
fertility depletive crop.

The crops rows are generally along elevation contours, and the crops planted on the
ridges are generally parallel to the contour to reduce runoff by storing excess rainfall
behind ridges, thus reducing soil erosion and increasing soil moisture. Near the villages
the woodlands and forests are often highly modified by selective fuel woodcutting,
lopping activities, and collecting of other forest products. Wood lots consist of trees on
farm boundaries and in homestead areas for fuel wood, poles, and timber.

2.6.6 Managed Forests
The Forestry Department has a long history of managing plantations of exotic trees in
both the Zomba and Malosa Forest Reserves (Figure 2.1). Zomba Mountain Forest
Reserve is especially pertinent for this study. As the oldest reserve in Malawi, it was set
aside and placed under protection in 1913 (Orr et al, 1998). Since the early 1900s, Zomba
Plateau has been studied by the Forestry Department and the Forest Research Institute of
Malawi (FRIM). Forest product experimentation and softwood production through
introduction of exotic species on large tracts of protected land, often referred to as
plantations, have resulted in great disturbance of the original vegetation. In contrast, the
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Malosa Mountain Forest Reserve, directly to the north of Zomba, was established in 1924
and has experienced much less human impact due to lack of accessibility (Orr et al,
1998).

In a landuse-landcover change study in Malawi, Eastman and Toledano (1996) reported a
decrease in forest biomass and attributed this to Malawians lopping and cutting trees
within a forest reserve for fiiel. Mwafongo (1998) noted there have been significant
changes in land use patterns based on the results of two national studies which
documented the expansion of agricultural land at the expense of indigenous forests and
woodlands (Stobbs and Jeflfers, 1965; LREP, 1988-1992). These human imprints can be
observed on satellite images of the Zomba and Malosa forest reserves (Eiswerth, 1998Q.

The principal exotic genera in the area are pine {Firms spp.) and eucalyptus {Eucalyptus
spp.\ but several other genera have also been the product of forestry experimentation.
Mulanje cedar {Widdringtonia nodiflord), an endemic species from a similar mountain in
the country's Southern Region, Mulanje Mountain, was planted in the early 1900s, along
with cypress {Cupressus lusitanicd)^ an exotic species from Mexico and Central America.
However, 84% of the total Zomba Forest Reserve area is planted in Mexican pine {Pinus
patula) (Registry of Forest Reserves, 1993). In 1997, softwood pulpwood production
from Zomba was approximately 2722 ha, mostly from the pine plantations. Hardwoods
are also managed, though less than 15% of the area is devoted to hardwoods.
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Non-native pine species have been introduced since the late 1890s by the Forestry
Department in order to supply Malawi's increasing need for fuelwood, saw logs, veneer
logs, and poles for construction (Figure 2.9 F). The pine trees are harvested by clear
cutting on a rotating basis. Many pine species have been planted and used by the Forestry
Department, but a partial list for the Zomba-Malosa Forest reserves includes: P. taeda, P.
elliottii, P. kesiya, P. pseudostrobus, and P. montezumae (Watanabe, 1992; Registry of
Forest Reserves, 1993).

Historically, eucalyptus trees were introduced for their fast growth rate (as compared to
native trees), straight growth form, minimal growing requirements, and for their oncebelieved fire resistance. Planted by the Forestry Department, approximately 2 km-wide
buffers of eucalyptus trees can be found in areas between the Zomba and Malosa Forest
Reserves and the unprotected land to lessen the impact of forest fires and to discourage
the illegal cutting of native species for fiiel wood (Mwikhoma, undated).

2.7 LAND TENURE
Three types of land tenure are common in Southern Africa. These include 1) land held,
used, or occupied under customary law (customary land), 2) land held, used, or occupied
by the government (protected land), and 3) land held, used, or occupied under a leasehold
title (estate land). Of these, only the first two occur in the study area (Figure 2.1).

Sixty five percent of the land in Malawi is designated as customary land, 21% is
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designated as protected or public land, and 13% falls into the categories of leasehold,
which are mostly estates or freeholds, a fairly new land tenure type. Only 1% is reported
to be urban (Orr et al, 1998).

Customary land is allocated and governed by traditional authorities and local chiefs. The
villages and agricultural lands adjacent to the Domasi River are primarily customary
lands, and the Zomba and Malosa Forest Reserves are public lands, protected under the
Malawi constitution (BDPA/AHT, 1998). The customary land is adjacent to either side of
the Domasi River and widens to the east as the river flows onto the flatter Chilwa Plains.
Customary land covers about 30 km^, or 45% of the total study area (Figure 2.1).

The two large protected tracts of land, the Malosa Forest Reserve to the north of the
Domasi river, and the Zomba Mountain Forest Reserve to the south of the Domasi River,
jointly occupy about 50 km^ or 55% of the total study area. The Zomba and Malosa
Forest Reserves have been protected largely to provide water catchment protection for the
Domasi River Valley (Registry of Forest Reserves, 1993). Limited use of the escarpments
and steep slopes of protected areas helps preserve the shallow susceptible soils from
excessive erosion (Orr et al., 1998).

Although not necessarily the intent of the original protection status, the reserves also
preserve biological diversity and endemic species. Not only does the watershed collect,
store, and discharge water as runoff but it also serves to provide habitat for native flora
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and fauna. Conservation of fauna and flora promotes multiple uses of the natural
resources, such as recreation and tourism. Small populations of leopard, bushbuck, wild
pig, monkeys, and hyrax exist in the forested mountainous areas of Zomba and Malosa
(Ansell and Dowsett, 1988; Mwikhoma, undated). Various types of gazelles and
antelopes are found on the Zomba plateau. The reserves are visited by large numbers of
people during the weekends and holidays.

Another primary purpose of the reserves is softwood and hardwood timber production.
Zomba Forest Reserve provides fuel wood for local populations as well as non-fuel
resources such as construction materials. Over 94% of Malawi's population, both rural
and urban, use wood and charcoal as the primary source of fuel for cooking and heating
(Arpaillange, 1996; Orr et al., 1998). Malosa Forest Reserve is largely inaccessible and
is dominated by native vegetation with minimal human impact. On the other hand,
Zomba Forest Reserve is accessible and has long-term human impacts from multiple-use
activities, due in large part to its close proximity to the town of Zomba. Because of the
historical use of Zomba Plateau for the governmental forestry activities and relatively
large-scale wood extraction, Zomba Forest Reserve possesses a fairly well established
road network, whereas Malosa Forest Reserve lacks access routes within its rugged
borders and has supported limited plantations only along the perimeter.
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2.8 AGRICULTURAL LAND USE
Agriculture is crucial to development, and the livelihood strategies of the rural people of
Malawi are based in the agricultural sector still today. Political and socio-economic
factors control access to land. Under the traditional system of customary tenure in
Malawi, members of a community collectively have the right to occupy land by virtue of
their birth or by offering allegiance to the chief During and after colonization, however,
colonial administrators interfered with that system of land allocation (Potter, 1987,
Mwendera, 1989). It was not recognized or appreciated that traditional African forms of
agriculture, like pastoralism and shifting cultivation, were appropriate and sustainable
uses of land in such terrains (Mwafongo, 1998).

Well-defined social rules under customary law govern the allocation and use of land and
generally provide permanent access of the land to smallholders. However, pressures
caused by population increases and by the removal of land from customary holdings have
resulted, over the last several decades, in a shortage of customary land holdings, resulting
in fragmentation (Uttaro, 1998). The result has been that fewer individuals have access to
adequate land to sustain their families, and sustainable use of the land is problematic.
Collection of wild foods, medicinal plants, and local availability of traditional forestbased housing and domestic materials such as grass and thatch are all jeopardized by land
conversion practices (Kapila and Mwafongo, 1995; Mwafongo, 1997). Despite these
problems, the customary land tenure system provides what the World Bank terms a
"stable framework of land management" (World Bank, 1992).
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Many rural people in Malawi have been pushed to the limits of agricultural production
and have taken to farming shallow, vulnerable soils, disturbing river and stream banks
through cultivation, expanding into steeply sloping land, and encroaching into the forest
reserves. Landless farmers have no choice but to farm land that is marginal or unsuitable
for farming (Orr, 2000). Agriculture is a major contributor to the food supply and is the
basis of the livelihood for the majority of the rural population, most of which would be
considered to be living below poverty level (Mwafongo, 1998).

Most farmers cultivate multiple small and fragmented parcels of land, frequently
including three parcels but some farmers may cultivate up to 10 different parcels. The
resulting landscape is a patchwork of adjacent small fields with scattered mango and
banana trees. This land often includes one or more parcels on moderate to steep slopes
with or without soil conservation practices. New areas of cultivation are often in even
less suitable areas for agriculture, and hence the entrenchment of an endless cycle of soil
degradation (Kapila and Mwafongo, 1995).

More than half of rural families in Malawi cultivate less than a hectare each. Mean area
of cropland per capita (of those with land) in Malawi is 0.222 ha, although the per capita
land area available to the poorest is only 0.185 ha (PMS, 2000). The Domasi valley is
distinguished by smallholder subsistence farmers growing local (and to a far lesser degree
hybrid) maize and smaller amounts of groundnuts, cassava, cotton, and beans (KanyamaPhiri et al., 1994; Kamangira et al., 1995).
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Cropping practices such as intercropping or mixed cropping are common. Crops are
generally planted in December and harvested from March to April, although timing can
change depending on the rain patterns in any individual year. Cultivation is mostly
carried out by the use of hoes and hand ploughs. Some use of fertilizers occurs where
individual economic situations allow for their purchase. In many cases the people cannot
produce enough food for themselves. Purchase of fertilizers and other inputs that would
reduce soil degradation is rarely possible in these limited economies (World Bank, 1992).

Fruit trees, especially mangoes and bananas, are grown by the smallholder farmers as
well. Livestock are present, though in limited numbers, and may include chickens, sheep,
and goats (Kanyama-Phiri et al., 1998).

Human activities have modified the structure of the forests and woodlands in the
Zomba/Malosa region through conversion to cultivated land, harvesting of ftiel wood,
and charcoal production. Today encroachment into protected lands occurs on both the
northern Malosa Mountain and the southern Zomba Plateau. Encroachment is due to the
land shortages and the need for increased food production caused by increasing
population pressure and shrinking of individual farm plots (Mwafongo, 1998).

The highest slope recommended for cultivation is 12.5 % (Hornby, 1934; Shaxon et al.,
1977; Hardcastle, 1980), but in reality the steepness of the land under cultivation in
Malawi can be observed as high as 45% in some areas due to the lack of more suitable
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available land for agricultural activities. The Forest Research Institute of Malawi has
documented a range of slope steepness for the tree plantations established by the Forest
Department to be between 12 and 50% (Malembo, 2002).

Although no data are available that estimate the range or proportions of slopes used for
cultivation for the Domasi watershed, there are data for a catchment located near Zomba
Plateau and the town of Zomba that shed light onto cultivation practices in the area. In
the Kasonga catchment, over 96% of the farm plots were on land having a slope
steepness greater than 12%, and of those the majority were on land having a slope
steepness greater than 25% (Kanyama-Phiri et al., 1998). In a study involving the
Kasonga and Songani catchments, 67% of the 202 households surveyed reported signs of
erosion and 70% of the households reported having taken steps to control the problem in
their fields (Kanyama-Phiri, 1998).

Socio-economic surveys and natural resource inventories were performed in 1996-1997
by the Public Lands Utilization Study (PLUS) for the Zomba-Malosa area in four villages
in the Domasi valley (Orr et al., 1998). The villages were: Mbuliwa, population 266,
Chilasanje, population 696, Malemia, population 2419, and Mdumu, population 1087.
When farmers from these villages were asked to qualitatively evaluate the soil fertility of
their plots, they classified 20% of the soils as good and 40% each as having soils of
average and poor soil quality (Orr et al., 1998). The surveys also requested the percentage
of plots that were reported to have routinely employed erosion prevention measures and
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fertility enhancing activities (contour ridging, mounding, crop rotating, manuring,
fallowing among others.). On 59% of the land parcels neither fertilizers nor soil
conservation treatments were used (Orr et al., 1998).

The Land Resources Evaluation Project (LREP) produced agro-climate zone maps of
Malawi, which have provided useful data for soil erosion assessments (Eschweiler et al.,
1991). Seven parameters based on the agro-climatic data from historical records were
used to determine the agro-climatic zone, including: 1) length of growing period; 2)
potential evapotranspiration; 3) mean annual temperature during the growing period; 4)
mean annual rainfall; 5) mean number of dry months per year; 6) mean annual
temperature; and 7) mean minimum temperature of the coolest month.

These parameters were combined by LREP into mapping units and correlated on a
national level (Eschweiler, et al., 1991). As the agro-climatic zone number rises, so
increase the length of the growing period and mean annual precipitation, whereas the
mean annual temperature and temperature during the growing season decrease (Figure
2.10).

2.8.1 Common Farming Practices
Farming practices, as well as water and soil conservation, influence soil conditions and
soil erosion processes. Reduction in productivity of the smallholder farms can be directly
and indirectly related to soil erosion, which exacerbates the cycle of malnutrition, food

79
insecurity, and rural poverty (World Bank, 1992).

Agricultural practices that do not promote healthy growth of crops and fast development
of good ground cover to protect the soil from rainfall-induced erosion include: late land
preparation, late planting, poor weed control, non-use of organic or inorganic fertilizers,
and poor choice of plant populations (Uttaro, 1998).

The majority of smallholder farmers in Malawi practice unimproved traditional methods
of cultivation (LREP 1988-1992). Most of them apply no or minimum inputs, soil and
water conservation technologies are not practiced, and generally, the adoption rate for
most land husbandry technologies is low. Whereas ridging is a common practice, most
ridges are not aligned with the contours as recommended except in a few areas in the
low-lying region of the lower Shire Valley and the lakeshore plain (Shaxson, et al.,
1977). It is estimated that only about 12% of the cultivated land has ridges on contour
(Nambote, 1998; SOE, 1998).

Most soils in Malawi are inherently low in nitrogen, a critical nutrient to plants (Snapp,
1998). Most areas have light to medium textures and are vulnerable to leaching of
nutrients to below the rooting zone under intense rainfall. Continuous cropping, which
does not give enough time for replenishment of soil fertility, exacerbates the problem,
leading to soil exhaustion and increasing need for conservation. The use of organic matter
is low, as most land use practices destroy crop residues, and animal manure application is
not common. Consequently, crop yields are low. While use of inorganic fertilizer may be
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recommended, most smallholder farmers cannot afford it due to price increases resulting
mainly from currency devaluation (World Bank, 1992; 1998; Benson, 1997).

Domasi Watershed:
Agro-Climatic Zones

Agro-Climatic Zones
ZONE*

Length of Mean annual Mean annual Mean showing
growngpenod preefMtaUon tempentwe season temp.

Kilometers

Figure 2.10. Of the 149 agro-climatic zones defined by LREP (Eschweiler, et al., 1991),
six found in the study area are defined by varying length of the growing period, mean
annual temperature and precipitation, and mean temperature during the growing period.

Some soil conservation measures can be found in Domasi, for example the construction
of large ridges, contour bunds, marker ridges and trenches, waterways, and stone lines
that are meant to slow erosion processes (Kanyama-Phiri et al, 1998). Contour ridges
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collect storm water from the land above and lead it into natural or constructed waterways,
thus dividing long slope length into a series of shorter lengths.

The common land preparation method among smallholders in Malawi is the annual
construction of ridges about 90 cm apart, a practice that involves shifting soil at the same
depth annually (Wiyo et al., 1999), Under conditions of low inputs and continuous
cultivation, this practice creates a hard pan at shallow depth, leaving the topsoil prone to
erosion. However, contour ridges, if prepared properly, can be the first line of defense
against soil erosion. However, despite intensive campaigns by the Ministry of Agriculture
and Irrigation through farm extension agents, only about 12% of the cultivated land can
be said to have true ridges on the contour (SOE, 1998).

Box ridges or "tied" ridges are made across the flirrows, from one crop ridge to the next
and slightly lower than the main crop ridges. Spaced at approximately every 2 meters and
staggered from one fUrrow to the next, box ridges help crop ridges hold back and
infiltrate more water into the soil. This brings two main types of benefits; water
conservation (harvesting) in dry areas and control of runoff and erosion, particularly
around depressions and other problem areas where crop ridges are not aligned with the
contours (Shaxson et al., 1977).

Using agroforestry practices, trees, shrubs and grasses are grown in and around fields in
various ways to provide overall resource benefits (MAFEP, 2002; Kamanga, 1999).
Besides providing benefits such as fiielwood, poles and fodder, agroforestry technologies
improve soil fertility and help reduce soil erosion (Uttaro, 1998). For example, grass
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hedges are planted along contour lines or contour marker ridges to form a thin but dense
hedge line. This controls runoff and improves moisture retention, mainly through
accurately marking the contour to guide annual construction of crop ridges, slowing
down and dispersing concentrated flows of runoff water (Thangata et al., 2002).

Vetiver grass, used in Malawi to stabilize soil, has a dense root system that completely
binds the soil (Chrome, 1989). The hedge is dense and strong so that runoff water passes
through it slowly. Its seeds are sterile, hence unwanted naturalization of the grass does
not occur. Vetiver grass is therefore an effective vegetative contour hedge for control of
erosion (National Research Council, 1993). It can also be used for thatching or mulching
(Chrome, 1989). Napier grass hedges are planted in a similar manner to vetiver but are
generally less effective in controlling runoff Napier grass is a nutritious and palatable
fodder and as a result, it is susceptible to rough grazing. It is also susceptible to fire and
drought, but it can be useful as part of contour strip cropping and for stall feeding
livestock.

For a contour shrub hedgerow, a number of shrubby trees are planted at close spacing
along the contour lines or marker ridges to mark the contour lines and provide fodder,
stakes, fuel wood and mulching material. Some common species for shrub hedgerows are
Cassia spectabilis, Gliricidia septum, Leucaena leucocephala, and Cajanus cajan
(MAFEP, 2002).

Soil fertility improvement technologies include early plowing, crop rotation, manure
applications, and crop residue management. Early plowing, done soon after harvest

(March or April) while the soil is still moist has two advantages: 1) allows incorporation
and decomposition of trash and crop residues, which improves the organic matter status
of the soil and reduces the fertilizer requirement of the next crop; and 2) removes
transpiring plants/weeds and leaves a broken soil layer which helps conserve the moisture
in the soil for the next crop. Because different crops have different characteristics, a
number of benefits can accrue from growing crops in rotation. However, the prevalence
of small land holdings in Malawi precludes wide spread practicing of crop rotation in the
customary sector.

In areas where sufficient livestock are present, animal manure is an excellent source of
organic fertilizer. To reduce the risk of introducing weed seeds or pests, application of
well-decomposed manure is recommended. Addition of organic material helps bind the
soil particles together to improve structure, and also improves the ability of the soil to
hold nutrients. Crop residues remaining after harvest are valuable resources of organic
material to maintain soil fertility and structure, also to assist in soil erosion control and
water conservation, and as fodder for livestock.

A common practice is to incorporate such crop residues through early plowing, which
allows time for decomposition to release organic matter, improving soil structure and
fertility. However, it is noted that improperly managed crop wastes can reduce plant
growth in the following season (Uttaro, 1998).
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CHAPTER 3 SOIL EROSION PROCESSES AND MODELING

3.1 GENERAL SOIL EROSION PROCESSES
Soil erosion is a two-phase process comprising detachment and transport of soil particles
and materials by the action of water or wind. Loss of the finest soil particles, to which the
bulk of plant-available nutrients and organic matter adhere, negatively affects the
productivity of the land and promotes land degradation (Kirkby and Morgan 1980;
Morgan, 1995). For this reason, soil erosion is a serious problem in Malawi and across
Southern Africa (Reij et al., 1997; Snapp, 1998). Because wind erosion is not a serious
problem in the Domasi River watershed study area, only water erosion will be addressed
in this study.

3.1.1 Soil Detachment and Transport
Soil detachment by water results from two processes, raindrop impact and surface runoff
(Meyer and Monke, 1965). Raindrop impact, also known as rain splash, is a diffuse
action caused both directly by throughfall, in which case rainfall strikes the soil surface
directly, or indirectly as leaf drainage, in which case rainfall is intercepted by vegetation
and drips from the vegetation canopy to the soil (Morgan, 1995). In general, less energy
reaches the ground surface from indirect than from direct rain splash.

Once on the ground, water travels down slope on the land surface. It may be stored in
depressions on the land surface, or it may infiltrate into the soil to shallow levels, adding
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to soil moisture, or to deeper levels to augment groundwater storage. Infiltration rate is
the rate at which rainwater penetrates into the soil subsurface (Morgan, 1995). Within the
soil, the water occupies or fills the pore space between soil particles. When rainfall
intensity exceeds infiltration capacity, additional rainfall generates surface runoff, also
known as overland flow or sheet flow (Black, 1996). Infiltration rates depend on soil
texture, compaction levels, and antecedent soil moisture. Infiltration capacity is the
ability of a soil to absorb rainfall and is influenced by soil texture and porosity (Morgan,
1995).

Rainfall excess is a function of infiltration rate and can be achieved in two general ways.
A short-lived intense rainfall event can quickly exceed infiltration capacity of the soil
(saturation from above) or a long-duration rain of low intensity can slowly saturate the
soil (saturation from below) (Julien, 1995).

Rainfall excess begins to accumulate on the surface in micro-depressions. When available
depressions are filled and the soil's maximum water storage capacity is met, then the
lateral flow of water down slope (overland flow) begins (Covers, 1987). Overland flow
may eventually concentrate into rills, gullies, and streams. Rills are impermanent and are
obliterated with every new storm event, weathering, plowing, or tilling of the fields
(Ritter, 1986). Gullies are more likely to be permanent, carry ephemeral water flows, and
are often associated with accelerated erosion. Gullies are steep-sided channels larger than
rills and are not obliterated naturally nor can they be repaired by normal tilling methods.

Streams are permanent channels that allow overland flow to be concentrated and that
transport water and sediment to the catchment outlet (Black, 1996).

Inter-rill and rill processes occur simultaneously on hill slopes. Erosion on inter-rill areas
is mainly controlled by raindrop detachment and minimally by transport by shallow flow
(Ben-Hur and Agassi, 1997; Nearing et al., 1994). Other factors that affect inter-rill
erosion are vegetation cover and slope steepness, which in turn control the runoff rate.

Whether or not a detached soil particle moves depends upon the amount of sediment load
in the flow and the flow's capacity (energy) for sediment transport. The speed of surface
runoff is dependant on overland flow rates and slope gradient, with direction determined
by the aspect of the slope. The severity of erosion depends upon the availability of
loosened soil particles and the ability of the transporting flow to remove loosened
materials (Morgan, 1995).

3.1.2 Soil Loss, Sediment Yield, and Deposition
Two terms are commonly used to describe soil loss from an area: sediment yield and soil
loss. Sediment yield is the total sediment discharge per unit area measured at a point of
reference for a specific time period (Bennett, 1974). Sediment yield generally refers to
watersheds or drainage basins larger than field scale or hill-slope scale (Flaxman, 1972).
Soil loss, which is the sub-parameter estimated by SLEMSA, is the total quantity of soil
particles detached and removed per unit area for a specific time period, but without

considering deposition (Elwell, 1978b). Soil loss differs from sediment yield in that there
is no accounting for significant deposition of soil particles transported by flow (Julien,
1995; Jain, and Kothyari, 2000).

Another way to define sediment yield is the difference between soil loss and deposition
that takes place within a specified area. Soil loss measures what materials are removed
from an area, ignoring that some materials are deposited within the measurement or
estimation area. Only soil loss will be specifically addressed in this research, although the
processes and the two terms are intricately related.

Soil loss rates are usually differentiated between geologic erosion and accelerated
erosion. Geologic erosion is a natural process that has been active throughout geologic
time, shaping the earth into its present geomorphic form. In contrast, accelerated erosion
is erosion at an increased rate and can be said to be a recent phenomenon brought on by
anthropogenic activities, particularly intensive agriculture, forestry, grazing, mining, and
urbanization.

The soil loss tolerance rate is an additional sub-parameter that describes the level of
negative impact of soil loss. A tolerable soil loss is the maximum annual amount of soil
that can be removed before long-term, natural soil productivity is adversely affected.
The impact of erosion on a given soil type, and hence the tolerance level, varies
depending on the type and depth of soil. Generally soils with deep, uniform, stone-free
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topsoil materials and soils not previously eroded have been assumed to have a higher
tolerance limit than soils which are shallow or previously eroded.

Deposition occurs when there is no longer sufficient energy to transport soil particles
down slope. Sedimentation within a channel appears when the transport capacity has
been exceeded.

3.2 PARAMETERS UTILIZED IN SOIL EROSION MODELING
The physical factors involved in controlling erosion are climate, soil, vegetation, and
topography (Elwell, 1978b; Elwell and Stocking, 1976). The principal factors that can be
measured or estimated, and that therefore are useful in modeling soil erosion, are: rainfall
erosivity, soil erodibility, protective cover provided by vegetation, land use and
management practices that affect the protective cover, soil resources, and topography
(Giordano, 1984; Troeh, et al., 1991). It should be emphasized that none of these
parameters acts independently, but rather they are interrelated. The degree of interaction
of these parameters controls the pattern and magnitude of erosion (Morgan, 1995). The
climatic factor in soil erosion is described in terms of rainfall erosivity and soil
erodibility. Rainfall erosivity can be described as the dispersive ability of the rain to
detach soil particles through rain splash (Smithen and Schulze, 1982). Soil erodibility is
defined as the soil's ability to resist dispersion and removal by either raindrop impact or
running water. Each of these terms is fiarther defined below.

3.2.1 Rainfall Erosivity
Rainfall erosivity, a climatic factor in soil loss estimation, is defined as the rainfall's
ability to detach soil particles through the power of raindrops striking the soil surface
(Stocking and Elwell, 1976a; 1976b). Precipitation levels and distribution of precipitation
affect physical conditions such as soil moisture, degree of soil erosion, and amount of
vegetation cover (Elwell, 1996). Precipitation contributes to the erosion process through
both detachment of soil particles by rainfall impact and subsequent entrainment by
overland flow (Lane et al., 1988).

Rainfall erosivity is a function of not only rainfall intensity and duration of rainstorms,
but also raindrop characteristics such as mass, diameter, and velocity (Morgan, 1995). In
each of the soil loss estimation models discussed in this study, the erosivity index is
based on the kinetic energy of the rainfall.

In a study in the eastern United States, a positive linear relationship was shown between
drop size and rainfall intensities. Laws and Parsons (1943) noted an increase in rainfall
erosivity with increasing rainfall intensity. This is consistent with the relationship of
average soil loss increase with increasing rainfall intensity in temperate climates as
established later by Fournier (1972). Research based on Zimbabwe data by Hudson
(1963), however, indicated that although raindrop size increased with increasing
rainstorm intensities, this relationship did not hold true at rainfall intensities greater than
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100 mm/hr. The median drop size decreased with increasing rainfall intensity at higher
levels (Hudson, 1963).

3.2.2 Soil Erodibility
Soil erodibility, another causative factor of soil loss, is the resistance of the soil to both
detachment and transport by erosive agents. A soil's ability to resist erosion depends on
several factors, including topography, amount of bioturbation, and level, intensity and
type of human and animal activity. Soil characteristics that influence soil erodibility
include texture, cohesiveness, antecedent soil moisture content, infiltration capacity,
organic matter content, and chemical composition (Barber et al., 1979; Elliott et al.,
1990). Large-sized soil particles are resistant to transport due to the greater energy
required to entrain them, and fine particles may be cohesive and therefore resistant to
detachment. A soil's cohesiveness depends on the chemical bonding of the clay minerals
and on the surface tension forces within the moisture envelopes in unsaturated soils
(Morgan, 1995). The soil's resistance to the forces of water flow depends on both soil
and cover properties (Flanagan and Nearing, 1995). Chemical composition of a soil
determines the proportion of easily dispersible clays, which play a critical role in the
determination of erodibility.

Soil moisture content affects the cohesiveness and resistance of the soil exerted on it by
gravity, running water, and mechanical loads (Morgan, 1995). Increases in soil moisture
content may cause changes in soil behavior. Generally, wet soils are less erodible than
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dry soils. However, beyond a threshold, further wetting of the soil causes the soil to lose
cohesiveness and react in a manner similar to a liquid.

Soils that contain both clay and organic matter (the remains of decayed dead leaves,
roots, insects and so on) are more resistant to erosion. Organic matter and clay are the
glue that stick soil particles together into clumps which do not easily wash or blow away.
Soils with plenty of organic matter behave like a sponge, absorbing rainfall.
Soils in places having cooler climates and long rainy seasons tend to build up organic
matter. Because of the long dry season, most Southern African soils contain low amounts
of clay and organic matter.

3.2,3 Vegetation
Plant cover affects soil erosion in three ways. First, detachment by raindrop impact is
directly related to the amount of protection the plant cover provides. Canopy interception
reduces erosion from raindrop impact by dissipating the erosive energy prior to rainfall
hitting the soil surface. The leaves, branches, stems, and trunks absorb energy from
rainfall (Elwell, and Stocking, 1976).

Second, surface roughness of the soil, related to plant roots and litter, slow overland flow,
again reducing erosion. Surface roughness influences the amount and rate of runoff.
Surface roughness depends on vegetation cover as well as soil surface characteristics.
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The amount of plant litter, often in the form of dead biomass or crop residue, plays an
important part in increasing surface roughness and reducing overland flow.

Third, the vegetation plays an important role under the soil surface, where the root mass
enhances the soil structure and upon decomposition provides organic matter to the soil.
Organic matter provides important nutrients and increases plant productivity, which
results in more extensive canopy cover, hence reducing rainfall erosivity by providing
protection to the soil from rainfall impact. In addition, soil with certain types of organic
matter increases the soil resistance to erosion by influencing the stability of soil
aggregates.

Vegetation growth during the year changes the properties of the soil surface, including its
roughness, with profound impact on water and sediment flow and on the pattern of
erosion and deposition. The same land use can lead to different erosion/deposition
patterns and sediment loads, depending on the time of year when the storm event occurs.

In the study area, most of the customary land is cultivated, and the protective vegetation
cover is largely absent when the most torrential rains occur early in the growing season.
Agricultural practices that would protect the soil resources are not common or adequate
to prevent accelerated soil erosion.

Unlike the situation in the cropland, the protective cover provided by the woodlands and
tree plantations does not change appreciably throughout the year. However, human
disturbance of the protected forested areas for collection of natural materials (thatch,
poles, fruits, bark, herbs/forbes) and for fuel wood collection by selective cutting, loping
of branches, and coppicing is increasing. This disturbance will most likely have an effect
on the energy interception afforded by these vegetation types if these activities are not
done in a sustainable manner.

3.3 SOIL EROSION MODELING AND PREDICTION
Elwell (1978) reminds us that "models do not think!" rather, "they provide solutions
appropriate to an idealized set of conditions the model designer has presented to them
(the models)".

The purpose of modeling is to describe soil erosion mathematically (Lai, 1994; Nearing
et al,, 1994). Erosion models can; 1) act as predictive tools for soil conservation and land
conversion planning, as well as soil erosion and productivity assessments; 2) predict
where and when erosion is likely to occur, aiding erosion reduction activities; and 3)
increase understanding of erosion processes for use as a tool for prioritizing data
collection and research emphasis.

The three types of erosion models are either empirically based, conceptually based, or
physically based. Empirical models such as those used for soil erosion assessment

(USLE, RUSLE, SLEMSA, etc.) are based on observation and are usually statistical in
nature. They use inductive logic. Generally, they need to be calibrated and should be used
only under conditions similar to those for which the model was designed. Empirical
models by their nature are more reliable in the middle ranges of the input variables than
for either of the extremes and can be applied with confidence only to conditions for
which its predictive capability has been established.

For example, in many soil erosion models, rainfall erosivity has been expressed as an
index based on the kinetic energy of the rain. In tropical climates, rain events can easily
result in very high intensities (Rapp et al., 1972; Roose, 1977; Hudson, 1979). In the
Universal Soil Loss Equation (USLE) the rainfall index is based on the mean annual EI30
where E is rainfall energy and I30 is the maximum 30-minute rainfall intensity. Both
Wendelarr (1978) and Elwell (1978) found that the rainfall erosivity index based on mean
annual Elsoused in USLE did not perform satisfactorily under Zimbabwean conditions,
and thus EI30 is not used in the SLEMSA model. Amphlett (1986) also found that the EI30
index was not well correlated with soil loss for a small watershed in Malawi. General
relationships between kinetic energy and rainfall intensity still remain the basis for
rainfall erosivity indices despite these above-mentioned variations.

The choice of a specific empirical model for use in this study should take into
consideration the: 1) physical validity of empirical equations derived from independent
experimental research; 2) simplicity, meaning the input data are relatively obtainable; and

3) applicability, as evidenced by the application in this case to other Southern African
nations under similar climatic conditions and physiographic regions. Thus, a predictive
technique should satisfy the conflicting requirements of reliability, universal
applicability, a minimum number of required variables, easy usage, and the ability to take
into account changes in land use and conservation practice. It should be tested within a
broad range of operating values to evaluate model performance over a wide range of
conditions. Final decisions on whether the results can be applied in practice lie with the
model operator based on experience, not blind acceptance.

Erosion assessment techniques based on simple erosion models with limited input data
serve several important purposes. They define high risk areas of erosion and assist in the
design of appropriate conservation strategies offering guidance in regional planning,
environmental monitoring, and land utilization programs. Erosion assessment techniques
can assist in determining the relative sensitivity of land to erosion hazard given various
changes in model parameters and sub-parameters.

Stocking (1984) stated that erosion models should have available inputs, outputs that can
be linked to conservation measures and economic action plans for improved soil
management, links to physical or empirical expressions connecting erosion to
productivity losses, and suitable structure to guide planning of appropriate or necessary
field research.
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USLE was developed for hill slopes and fields but not for larger drainage basins. USLE
represents over 10,000 years of records and is widely accepted as reliable, but the
database is restricted to the Eastern United States (Morgan, 1995; Renard, 1997) and
further is restricted to slopes where cultivation is permissible at 0-18 degrees under
normal conditions. USLE is still the most common empirical model used today for soil
erosion estimation and prediction in the US and around the world. USLE takes the
following form:

E= (R) (K) (L) (S) (C) (P)

(3.1)

where;
•

E is the mean annual soil loss,

•

R is the rainfall erosivity factor,

•

K is the soil erodibility factor,

•

L is the slope length factor,

•

S i s the slope steepness factor,

•

C is the crop management factor, and

•

P is the erosion control factor.

USLE is based on statistical relationships between input and output of the hydrologic
system. RUSLE (Revised USLE) is a computer-based modification of USLE, which
employs new ways to estimate the six factors in the model (Renard and Ferreira, 1993).
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The use of computers has allowed increasingly complex quantitative analyses for both
models.

USLE w^as the basis for the SLEMSA model, modified for conditions in Zimbabwe by
Hudson (1961), who claimed that USLE did not adequately recognize the greater
significance of slope steepness in areas of intense rainfall such as those common in the
tropics. Hudson and Jackson (1959) found that the effect of slope is stronger under
tropical conditions where rainfall is heavier.

SLEMSA, like USLE, is a model having simple multiplicative relationships because, in
the absence of measured input data, as is often the case in Southern Africa, interactions
between sub-parameters are poorly understood. Long-term rainfall records, rainfall
intensity, soil erodibility values, and detailed information regarding land use practices are
often missing or incomplete in developing countries. Using SLEMSA to estimate soil
erosion means that accurate absolute soil loss estimates are sacrificed for relative soil loss
estimates, which can nevertheless be used for many planning purposes.

Like USLE, SLEMSA is unable to account for the interaction and interdependency
among variables. Both for SLEMSA and USLE each parameter is treated as an
independent variable but in fact according to Wischmeier and Smith "the relation of a
particular parameter to soil loss is often appreciably influenced by the levels at which
other parameters are present." (1978, p. 372). Empirical models like USLE, RUSLE, and

SLEMSA give little insight to variable interaction, as they assume that each variable is
independent (Millward and Mersey, 1999). This simplifies the hydrologic system, where
the processes are interdependent, but does not totally mimic what occurs in nature.

3.4 SLEMSA
SLEMSA is an empirical model that was based on identifying statistically significant
relationships between variables in Zimbabwe, where reasonable databases exist. It can be
thought of as a gray box, because there is some detailed knowledge of how the system
works, but the model does not assume an all-inclusive understanding of the processes and
the interrelationships between variables. In this study in Malawi, SLEMSA is used to
evaluate the severity of soil erosion within a small watershed that possesses a range of
soil and climate conditions, topographic variation, and a variety of vegetation and land
use types.

3.4.1 Development of SLEMSA
SLEMSA was developed to estimate soil loss that results from rill and inter-rill erosion
from water from arable land (Elwell, 1978). The fundamental data sources for the
development of SLEMSA were based on the most comprehensive erosion research in the
African continent at the time (1953-1963) under the government of the Federation of
Rhodesia (now Zimbabwe) and Nyasaland (now Malawi). Extensive studies on rainfall
erosivity, crop yield, farming practices, and soil loss experiments from field plots were
undertaken in the Rhodesian portion of the country. These studies as well as expert

opinions formed the foundation of the SLEMSA model in Zimbabwe (Hudson, 1963;
Elwell 1977, 1978a). Although SLEMSA was developed and tested primarily on arable
lands, the model also provided useful results when tested on five different grazing
management treatments as well as tree orchards (Elwell, 1978a).

In the case of Malawi, conditions are reasonably similar to those of Zimbabwe. The
argument can be made that the model is equally applicable in both countries. In some
isolated areas of Malawi, however, particularly areas of high elevation, the annual rainfall
levels are higher than most of the Zimbabwean areas used to develop the model. This
challenge will be discussed further here and later in chapter four.

The model was intended for use in all of Southern Africa and has been accepted and used
in Malawi over past thirteen years. Researchers have only recently, however, begun to
evaluate SLEMSA's validity for conditions specific to Malawi and to implement the
model using geomatics through the use of satellite image data and GIS tools for data
capture, management and analysis.

The model gives reliable comparative results, but it is not advisable to use it as a
predictor of absolute soil loss until adequate field data can be examined in Malawi. The
output of SLEMSA reveals those circumstances under which high soil losses can be
anticipated and those that provide efficient soil protection (Elwell, 1978b). The model has
the added advantage that it brings together the best comprehensive information available
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into a formal arrangement that can readily be used for illustration in agricultural
extension activities, training, and policy discussions. The spatial distribution of erosion
hazard can be easily reviewed in map form with identifiable landmarks such as villages,
so that farmers can interpret the information in relation to their individual plots and
properties.

SLEMSA was chosen for this study because it is an operational model that has physical
validity revealed by the empirical equations derived from independent Zimbabwean
research. The model is simple and applicable, as evidenced by past application to a
variety of climatic and geomorphic conditions in various countries in Southern Africa,
including Botswana, Mozambique, Swaziland, and Zimbabwe (Stocking, 1987; Abel and
Stocking, 1987; Kiggundu, 1986). The necessary input data are generally available
through government agencies. With the coming of the Internet to Malawi, these data can
be made more readily available, and there is more demand for digital versions. The
Malawi government is publishing and releasing data on the Internet as well as providing
data through other digital avenues such as compact digital discs.

One of the major purposes of soil loss prediction and assessment is to systematically
guide decision-making and formulate pertinent policy with regard to land conservation
(Wischmeier and Smith, 1978). Having results from SLEMSA enables planners to predict
soil erosion hazard for changes in land cover, climate, and land use and management as
well as for natural resource monitoring.
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In order for small-scale changes to land management (e.g. soil conservation
measurements undertaken in a village or a field) to be incorporated into SLEMSA,
additional information would have to be made available that was not available for this
study. Information on the land use history of the agricultural lands, land management
practices, geographic boundaries, and data regarding the spatial variability of these
changes and practices would be required to enhance the utility of the implementation of
SLEMSA using geomatics. The collection and conversion of these detailed data to a
digital format with spatial reference, while not insurmountable, will require resources that
are not currently available.

3.4.2 Parameters of SLEMSA
The SLEMSA model uses five sub-parameters derived from the sub-model parameters
vegetation, climate, soil, and topography. These five sub-parameters (pink diamonds.
Figure 3.1) form the bases of equations describing the land cover, soil loss, and
topography of the region. Each sub-model and sub-parameter is defined in detail below
and compared and contrasted in subsequent chapters.
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Figure 3.1. Flow chart of the Soil Loss Estimation Model for Southern Africa
(SLEMSA) (after Elwell, 1978). All parameters are described in detail in the text.
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The SLEMSA model (Elwell, 1978b) takes the following form;

Z = (C)(K)(X)

(3.2)

where:
•

Z is the estimation of long-term average annual soil loss in tons per hectare per
year caused by rill and inter-rill erosion;

•

C is the crop or cover and management sub-model, which estimates soil loss from
a vegetated plot compared to that from a bare soil plot by estimating the amount
of energy intercepted (i) by the percent vegetation cover;

•

K is the soil loss sub-model and combines soil erodibility (F), which is a unitless
index of the susceptibility of soil to erode under a standard condition, and rainfall
erosivity (E), which accounts for the energy and intensity of rainstorms, to
estimate the average soil loss from a standard plot compared to soil loss under
bare soil conditions (Joules/m^); and

•

X is the topographic sub-model, which combines slope steepness (ss) and slope
length (si) from a plot with a given % slope and slope length in meters compared
to the soil loss from a standard plot with 4.5% slope and 30 m slope length.

C - crop or cover and management sub-model
The relationship between energy interception and soil loss was developed in Zimbabwe
by Elwell and is the basis of the cover sub-model (C), which varies exponentially
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between 0 and 1 (Elwell, 1978b; Stocking, 1987). The percentage of rainfall energy
intercepted by vegetation, designated as interception value i, provides a logical
explanation of the way vegetation protects the soil surface from the erosive forces. The
relationship of i to C depends upon the value of i as follows:

•

when the interception value (i) is less than 50%, then
C<5o«/„ = e-°''''

•

(3.3)

when the interception value (i) is greater than 50%, then
C>5o»/„ = (2.3-0.01(i))/30

(3.4)

In the USLE model, the C sub-model takes into account the effects of plant canopy cover,
surface litter, surface roughness, and sometimes prior soil moisture and prior land use. In
the original SLEMSA, the i values represent an assessment of different crops, planting
densities, planting and emergence dates, and management levels. The empirical
SLEMSA has fewer linkages to field measurements to estimate C than USLE. Despite
this limitation, many crop-cover measurements have been taken in Zimbabwe to
accurately access the average cover of each crop at a given growth stage. Crop yield
information was also used, since crop cover changes markedly with yield, and yield
information is much more readily available from the farmers.

Elwell (1978b) related average percent canopy cover to crop yield for each crop. From
these data, generalized cover/yield curves were established for each crop. The timing of
initiation of the seasonal rains is critical to the soil erosion processes. Therefore, crop
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emergence dates were also related to energy interception values for various crop yields
and a variety of crops in the highveld of Zimbabwe,

These interception values should be regarded as good first estimates, as insufficient years
of data were used to calculate them in Zimbabwe. Using the Zimbabwe data, interception
values are available for 16 crops and 2 grazing scenarios. Values for deciduous and
evergreen orchards and coffee plantations are also available, each related to crop maturity
and various tree and shrub spacings.

From Figure 3.2 it can be seen that for areas with cover types having greater than 50%
energy interception, the SLEMSA cover factor has little to no response. SLEMSA is
therefore more sensitive to i values less than 50%, as evidenced by the striking change in
slope and the curvilinear character of the relationship shown of Figure 3.2.
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Figure 3.2. Relationship between canopy cover factor (C) and energy interception (i)
showing the bimodal nature of the curve at i value greater than or less than 50 (After
Elwell, 1978b).
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K - soil loss sub-model
The soil loss sub-model (K) is an expression of soil erodibility (F) and rainfall energy (E)
in the general form;
ln(K) - b ln(E) + a

(3.5)

where:
•

a = 2.884-8.1209(F)

•

b = 0.4681 + 0.7663(F)

and thus
K = exp(2.884-8.1209(F)+ln(E)(0.4681+0,7663(F)))

(3.6)

where:
•

E = rainfall energy and

•

F = soil erodibility.

E - rainfall energy
Rainfall erosivity, the dispersive ability of the rainfall to detach soil particles, was
defined in section 3.2.1. Because this sub-parameter cannot be derived directly, Elwell
(1978b) used forty-four years of annual rainfall data regressed with rainfall energy to
create the relationships used in SLEMSA, Since rainfall energy can be calculated only
with data from a recording rain gauge, Elwell developed a regression relationship
between rainfall depth (P) and rainfall energy (E) for the available stations.

Rainfall energy is given as the mean seasonal rainfall energy for the growing season. For
SLEMSA, this has been calculated based on recording rain gauge data from seven
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locations in Zimbabwe for periods of more than 20 years. These were supplemented with
data from another 22 sites with 10 years or less of recordings and intensity data for six
different intensity classes (Elwell, 1978b; Stocking and Elwell, 1976).

There are several methods to calculate rainfall energy (Morgan, 1995; Hudson, 1979).
The energy calculations for SLEMSA are based on the relationship between rainfall
kinetic energy in Joules/m^ (KE) and average rainfall intensity in mm/hr (i):

KE=29.82-127.51/i,

(3.7)

The above relationship was developed for areas in Zimbabwe that experience high
rainfall intensities. This value is then multiplied by the rainfall depth for the storm (in
mm) to get rainfall energy for each event in Joules/m^. Ail events for the year are
summed to get the total rainfall energy for the year.

Elwell (1978b; 1981) derived E from linear regression analyses between seasonal rainfall
energy and mean annual rainfall and developed the following relationships for SLEMSA;
For ''non-gutr areas:
E = (18.846) (PPT)

(3.8)

For ""guti" areas:
E = (17.368) (PPT)
where:
PPT is the long-term mean annual rainfall.

(3.9)
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The original SLEMSA model utilizes both equations for seasonal rainfall energy to
capture the effects of an area either having or lacking a significant guti rainfall
contribution to the overall annual precipitation. For all the studies utilizing a version of
SLEMSA in Malawi, only the non-guti equation has been used to calculate rainfall
energy. In Malawi, areas with significant

rain are few.

Mean seasonal energy in 10-day increments could be calculated from rainfall intensity
data, which, in the case of Malawi, are measured and managed by the Meteorology
Department of Malawi. These data, nevertheless, are not yet available to the public.
These records would need to be transformed from analog to digital form for automation
of the calculations. Rainfall energy distribution patterns for different parts of Malawi
have not been established as of yet. In the future, the SLEMSA model could be much
improved by the inclusion of this relationship.

The relationship between K sub-model and rainfall energy for mean annual precipitation
between 800mm and 2000mm is shown in Figure 3.3. The increase in the slope of the
line at about 22,000 J/m^ indicates that rainfall energy has greater importance in the
calculation of K above that point and far less importance below that point. A rainfall
energy of 22,000 J/m^ corresponds with approximately 1400 mm of mean annual
precipitation using Equation 3.8.
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Figure 3.3. Relationship between K sub-model and rainfall energy (E) using a constant
soil erodibility (F) in the SLEMSA model (after Elwell, 1978b).
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F - soil erodibilitv
Erodibility is defined as the soil's ability to resist dispersion and removal and is described
in detail in section 3.2.2. The initial soil erodibility designations were based on soil
texture, using a scale of 1 to 10, from most erodible to least erodible. This basic soil
erodibility was adjusted for soil profile characteristics and for tillage and crop
management practices. The sub-parameter F as defined by Elwell (1978b) is inversely
proportional to soil loss. Therefore high values of F indicate higher resistance to erosion,
whereas all the other sub-parameters are directly proportional to soil loss.

No direct way exists to measure soil erodibility, so that soil erodibility values were
produced by a simple indexing method based on soil texture (light, medium, or heavy)
and soil type. The basic index was then modified depending on the soil treatment from
past and present management practices that reduce infiltration and increase runoff or alter
the soil's resistance to detachment.

Figure 3.4 shows that the F values less than 4.5 have a greater influence on the K sub
model when the slope of the line increased.

The basic soil erodibility index, Fb is determined by rating soil groups by soil texture and
other soil characteristics. Fb values are modified by adding or subtracting an incremental
value called Fm, which represents farm management practices. Soil erodibility then is the
sum of Fb and Fm (Elwell, 1978b):
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F= Fb + Fm

(3.10)

where;
•

Fb is the base soil index modified by texture and other characteristics and

•

Fm represents farm management practices.

X - topographic sub-model
Due to lack of sufficient data in Zimbabwe, the SLEMSA topographic factor X is not
significantly different from the USLE slope length (si) and slope steepness (ss) factor.
The equation has been modified to reflect metric units and a difference in the standard
plot to 4.5% slope gradient and a 30 meter slope length which more closely approximates
Zimbabwe field designs. The topographic characteristics in the model influence quantity
and rate of overland sheet erosion. The scouring action that produces rills and gullies,
however, is not captured and therefore these must be independently estimated by other
means. The X factor of SLEMSA characterizes the effect of topography on erosion using
the following relationships (Elwell, 1978b; 1981):

X = sqrt(sl)*(0.76+0.53*ss+0.076*ssV 25.65
where:
•

ss = slope steepness in %

•

si = slope length (m)

(3.11)

K factor vs. soil erodibility
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Figure 3.4. Relationship between K factor and the sub-parameter soil erodibility (F)
the SLEMSA model while rainfall energy is held constant (After Elwell, 1978b).
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Percent slope vs X factor w/ varying
slope length
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Figure 3.5. Relationship between the topographic sub-model and percent slope steepness
at varying slope lengths using the SLEMSA model (After Elwell, 1978b).
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From Figure 3.5 it can be seen that X topographic sub-model does not vary with changes
in percent slope for values of 0 - 20%. For slopes greater than 20%, the graph shows the
expected positive relationship.

3.5 PREVIOUS WORK UTILIZING SLEMSA IN MALAWI
Several soil erosion assessments have been made in Malawi, although, for the most part,
they are based on limited records, both temporally and spatially, and none has fully
incorporated GIS and remote sensing technologies. Due to limited available data, some
studies were forced to oversimplify the sub-parameters and used generalized input data.
When data were not available, constants have been used. Instead of discrete values for
slope steepness and mean annual precipitation, values were grouped into a limited
number of classes. Some data layers used have not been available at the preferred and
appropriate map scales. SLEMSA is based on long-term averages, and several studies
utilized seasonal or yearly data rather than the long-term averages.

3.5.1

Comparison of Sub-parameters by Previous Investigators

For ease of comparison of the various studies discussed in this paper, input parameters as
defined and used by each investigator are shown in Tables 3.1-3.5. In each case, the area
studied (entire country, region, or small catchment) is noted, along with the source of the
data used by the investigator. Each investigator divided the data into a range or series of
ranges (fourth column) and subsequently determined a point value to represent that range
(fifth column). Comparable information from the current study is included.

Table 3.1 Precipitation values used by current and previous SLEMSA investigators for comparison of input parameters.
Output values, and therefore quality of outcomes, are dependent on scale of input values.

PRECIPITATION VALUES USED IN SLEMSA CALCULATIONS
Project/ Authors

Area Studied

Source of Precipitation Data

Average Annual
Precipitation Divisions
(mm)
Range used 635- 2286

Precipitation Values
Used (mm)
17 specific values
between 635 and 2286

Khonje et al. (1987)

Malawi

Brown &Young (1965), Stobbs
(1970), 10 km grid

LREP (1988-1992)

Malawi

LREP Agro-climate maps
(1:250,000)

600-800, 800-1200, 12001600, 1600-2000, >2000

800,1000,1200

PLUS (1998)

Malawi

LREP (1:250,000) 144 stations,
1 km grid cells

600-800, 800-1200, 12001600, 1600-2000, >2000

800,1000,1200

PLUS (1998)

Selected
Reserves

LREP (1:250,000) 144 stations,
30 m grid cells

600-800, 800-1200, 12001600, 1600-2000, >2000

700,1000,1400,1800,
2000

Mwendere (1988)

Bvumbwe, 4 1981-1985 seasonal data, (2 auto, Range of all seasons for all Each season avg. for
1 standard, rain gauges/catchment) catchments (454- 1216 mm) each catchment
catchments
1800
NA
Chilindamaji 1994/1995 seasonal data, 7 rain
gauges (6 standard, 1 auto)
Catchment

Mkandawire (1996)
Mughogho (1998)

Kamundi
Catchment

1994/1995 seasonal data, standard, Information not provided, K Information not
provided
improvised recording rain gauges sub-model range 249- 319

Eiswerth (2003)

Domasi
Watershed

LREP Agro-climate (1:250,000),
18 stations in the Zomba District

1200-1600,1600-2000,
>2000

1400,1800, 2000

I—i

a^

Table 3.2 Slope steepness values used by current and previous SLEMSA investigators for comparison of input parameters.
Output values, and therefore quality of outcomes, are dependent on scale of input values. *Equation used was different from
the equation defined in original SLEMSA, X = S(L)l/2 (10.742S + 8.038).

SLOPE STEEPNESS VALUES USED IN SLEMSA CALCULATIONS
Project/ Authors
Khonje et al.
(1987)
LREP
(1988-1992)

Area Studied

Source Of Topographic
Data

Slope Steepness
Divisions (%)
0-2, 2-6, 6-10, 10-14, >14

Slope Values
Used (%)
2, 5,10,14,18

Malawi

Topographic maps,
1:50,000 10 km grid cell

0-2, 2-6, 6-13, 13-20, 20-55

Malawi

LREP Physiography
maps (1:250,000)

2, 6,13, 20,
extrapolated

DEM 1km

PLUS
(1998)

Malawi

Calculated for each 1 km grid
cell

grid values, no
upper limit

PLUS
(1998)

DEM (1:50,000) 250 ft Calculated for each 30 m grid
cell
Selected Reserves contours

grid values, no
upper limit

Estimated for each region
Topographic maps
4.5,10,20
Mwafongo and Kapila
(1998)
Karonga Region (1:50,000)
Topographic maps, 1 m Actual values for each catchment 0.4, 4.6, 7.1
Bvumbwe (4
Mwendere
contours
catchments)
(1988)
Mkandawire
(1996)

Chilindamaji
Catchment

Field measurements, 5 m Actual value for each plot
contours

0.5,1

Mughogho
(1998)*

Kamundi
Catchment

•Different equation for Actual value for all plots the
X sub-model
same

1.8

Eiswerth
(2003)

Domasi
Watershed

DEM (1:50,000) 50 ft
contours

0.01 -105.74

Calculated for each 30 m grid
cell

Table 3.3 Soil erodibility index values used by current and previous SLEMSA investigators for comparison of input
parameters. Output values, and therefore quality of outcomes, are dependent on scale of input values.

SOIL ERODIBILITY INDEX VALUES USED IN SLEMSA CALCULATIONS
Soil Erodibility
Index Range

Project/ Authors

Area Studied

Source of soils data

Khonje et al. (1987)

Malawi

Brown &Young (1965), Stobbs
(1970), 10 km grid

1- 5.5

LREP (1988- 1992)

Malawi

LREP Soils Maps, 1:250,000

1.5- 7.5

PLUS (1998)

Malawi

FAO Soils Map, 1:5,000,000

1.5- 7.5

PLUS (1998)

Selected Reserves

LREP Soils Maps, 1:250,000

1.5- 7.5

Mwafongo et al. (1998) Karonga region

Derived using soil group, soil family, Information
soil texture and management factors not available

Mwendere (1988)

Bvumbwe (4 catchments) Derived using soil group, soil family, 3.5 - 7.0
soil texture and management factors

Mkandawire (1996)

Chilindamaji Catchment Derived using soil group, soil family, 2.5, 4.0
soil texture and management factors

Mughogho (1998)

Kamundi Catchment

Information not provided, K sub
model range 249- 319

NA

Eiswerth (2003)

Domasi Watershed

LREP Soils Maps, 1:250,000

5.5- 7.5

t—*
OO

Table 3.4 Slope lengths by current and previous SLEMSA investigators for comparison of input parameters. Output values,
and therefore quality of outcomes, are dependent on scale of input values. *Equation used was different from the equation
defined in original SLEMSA, X = ss(sl)l/2 (10.742ss + 8.038).

SLOPE LENGTHS USED IN SLEMSA CALCULATIONS
Project/Authors
Khonje et al. (1987)

Area Studied
Malawi

Source Of Topographic
Data

Slope Values
Used (m)

Slope Length
Divisions (m)

Constant used not
Topographic maps
(1:50,000), 10 km grid cells provided

A. NOT
PROVIDED

LREP (1988-1992)

Malawi

Estimated constants for
different scenarios

20, 10, 10

tm, itm, g models

PLUS (1998)

Malawi

Estimated constants for
different scenarios

30, 20, 10, 30

tm, itm, present,
bare models

PLUS (1998)

Selected Reserves

Estimated constants for
different scenarios

30, 20, 10, 30

tm, itm, present,
bare models

Topographic maps
(1:50,000)

120, 60, 25

120, 60, 25

Mwafongo et al. (1998) Karonga region
Mwendere (1988)

Bvumbwe (4 catchments)

Actual values

actual values

150, 150, 140,
400

Mkandawire (1996)

Chilindamaji Catchment

Field measured value, all
plots the same

5

5

Mughogho (1998)*

Kamundi Catchment

Field measured value, all
plots the same

10

10

Table 3.5 Energy interception values used by SLEMSA investigators for comparison of input parameters.
ENERGY INTERCEPTION VALUES (i) USED IN SLEMSA CALCULATIONS
Mkandawire lvalue Mughogho
Khonje i
PLUS
PLUS Selected
i
i
(1998)
value (Malawi)
value Reserves (1998) value (1996)
et al.
(1998)
(1987)
na

100 Evergreen

Pine Plantation

na

100

100 Evergreen Forest

100

Mixed Forest

100

Riverine Forest

100

Moist Woodland

100

100 Pine Plantation

Mixed Forest

100

i
value

100

Pine Plant.

95

Eucalypt. Plant.

95 Eucalyptus Plant.

95

Euc/Riverine

75

Miombo/ Hilly

85 Closed Miombo

95

Closed Miombo

95

95 Tea Estate

95

95 Mopane Woodland

90
Open Miombo

90

50 Miombo/ Flat
Coffee & Tea

Marshy Area

na

Broadleaf Forest

Eiswerth
i
value (2003)

20 Grass

na

30

na

10 Arable land

Open Miombo

90

Dambo Area

70

100 Marsh Vegetation

70

Mtwatwa Thicket

65

Thicket

65 Fallow

55

50 Tobacco

21, 54 Maize

Heib. Veg. /Soil

50 Tobacco

61

Pred. Agriculture

35 Maize

21,25 Mulch

50 Grassland

35 Soil

5

Seasonal Avg.
Soil

29-52 Grassland
33 Agriculture

50
35

5
0 Bare Soil

0
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3.5.2 Historical Use of SLEMSA
Studies in the late 1980s and 1990s have employed SLEMSA to estimate soil erosion
potential or average annual soil loss in Malawi at widely varying scales. Under the
Ministry of Agriculture, Branch of Land Husbandry, two projects estimated erosion
hazard for the entire country of Malawi: Khonje and Machira (1987) and the Land
Resources Evaluation Project (LREP, 1988-1992), at scales of 1:3,000,000 and 1:250,000
respectively.

Prior to the Government of Malawi's (GoM) Ministry of Agriculture's Erosion Hazard
Mapping project of Malawi (Khonje and Machira, 1987), the Land Husbandry Branch
mapped varying slope steepness as a proxy for potential erosion. Khonje and Machira
(1987) incorporated the SLEMSA components to map soil Erosion Hazard Units (EHU)
using approximate rainfall values, estimated erodibility, slope steepness, and generalized
vegetation for 10 km^ grid cells covering the whole country. Their results provide the
first gross national estimate of erosion hazard.

The Land Resources Evaluation Project (LREP) was an ambitious long-term project of
land evaluation following FAO framework conducted from 1988 to 1992. LREP was a
country-wide study that created databases on fundamental characteristics of land use and
vegetation, crop and tree growing requirements, soils, physiography, and agro-climate by
interpretation of air photographs, satellite image, and existing 1:50,000 topographic maps
(Green and Nanthambwe, 1992; Eschweiler et al., 1991; Paris 1990). Using these
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databases, the project modeled agricultural and silvicultural suitability, defined land
units, and estimated soil erosion hazard based on SLEMSA, at a scale of 1:250,000. Soil
erodibility, rainfall energy, and slope steepness values were grouped into a limited
number of classes. Slope lengths were not measured but were replaced with a constant
value for each of the scenarios described below (Paris, 1990).

Another difference in how SLEMSA was calculated by LREP was the treatment of mean
annual rainfall. Paris (1990) modified SLEMSA for areas receiving less than 800 mm or
more than 1200 mm, claiming that the linear relationship between mean annual
precipitation and rainfall energy developed in Zimbabwe was unsatisfactory for mean
annual precipitation levels beyond those extremes. Therefore he introduced these upper
and lower limits as cutoff values. No evidence or support for these statements and actions
was found, and therefore the original SLEMSA calculation of rainfall energy was used
for all areas in this study including the areas receiving more than 1200 mm of mean
annual rainfall.

LREP produced present land use and vegetation maps for the country based on
interpretation of 1:250,00 and 1:40,000 scale aerial photographs supplemented by
fieldwork. The boundaries of land use and vegetation type were transferred to satellite
images at the final map scale for publication of 1:250,000, These data were used to
estimate i values for the C sub-model of SLEMSA.
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LREP used the erosion model to estimate soil erosion hazard for three different
management scenarios: rain-fed agriculture using traditional management, rain-fed
agriculture using improved traditional management, and extensive grazing. Three
cropping situations were used: poor-cover annual crops, good-cover annual crops, and
perennial crops. For the first time in Malawi, soil erosion estimates were calculated with
the aid of computers using a spreadsheet program called the Automated Land Evaluation
System (ALES) (Rossiter and Van Wambeke, 1989; Green and Nanthambwe, 1992).
However, they were not represented spatially in a GIS.

Also using a regional approach, a third study of soil erosion and sedimentation
assessment in Karonga in the north region was reported by Mwafongo and Kapila (1999).
On a national scale, the World Bank (1992) broadly estimated an aggregate average soil
loss for Malawi at 20 ton/ha/yr on gross arable land by developing a simple model based
on land use maps, land arability data, and Khonje and Machira's (1987) EHU national
map, also at a scale of 1:3,000,000.

The U.S. Agency for International Development (USAID) funded the Malawi
Environmental Monitoring Program (MEMP), which applied the SLEMSA model, for the
first time flilly incorporating it into a GIS and using the results of digital classifications of
satellite data to provide the spatial variation in vegetation cover. Under MEMP,
SLEMSA was used to calculate soil erosion hazard for the entire country through the
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Public Lands Utilization Study (PLUS) (Eiswerth, 1997a; Orr et al., 1998), using readily
available but rather coarse spatial resolution data (1 km).

In addition to the three management scenarios used by LREP in the PLUS SLEMSA
work, discussed above, a present vegetation scenario using the 1994 land cover map and
a bare soil scenario were used. The vegetation scenario includes agricultural lands as
well as natural vegetation. The bare soil scenario simulated complete clearing of the
vegetation for another land use.

Building on the data collection efforts of LREP, MEMP estimated soil erosion hazard
using a GIS for the first time in Malawi for various geographic areas and at varying
scales (Eiswerth, 1997a; 1997b; 1997c; Orr et al., 1998). SLEMSA input data included
digitized LREP-generated 1:250,000 scale soils/physiography and agroclimatic maps and
in addition, greatly improved topographic information derived from Digital Elevation
Models (DEMs). The MEMP study, like the previous studies described, used a constant
for slope lengths in the model for different land use scenarios (10, 20, and 30 m).
Satellitbild (1993) mapped land cover information derived from a visual classification of
1991 Landsat TM satellite data, which provided the basis for the MEMP estimation of the
energy interception values for the entire country. Further investigations by the
Department of Forestry and MEMP revealed that the images were poorly georectified,
making the land classification maps problematic to use (Jambo et al., 1998; Eiswerth,
1998a; 1998b).
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A more detailed PLUS study at 1:50,000 was undertaken for five protected areas
(reserves and parks), including the Zomba-Malosa Forest Reserve (Orr et al., 1998).
plus ' s erosion hazard was calculated using the higher resolution DEM derived from

1:50,000 topographic maps, using a 30 m grid cell and 250 ft contour interval. Vegetation
cover information for SLEMSA was obtained from digital classification of georeferenced
1994 Landsat TM data (Eiswerth, 1997b; Orr et al., 1998). In addition, the erosion
hazard model was used to examine several alternative scenarios to simulate changes that
would occur with changes in land use. As with the LREP study, soil depth information
was used to designate several erosion hazard suitability classes, rather than using the
actual soil loss values predicted by SLEMSA.

3.5.3 Historical Field-Based Soil Loss Measurements
Actual soil erosion measurements in Malawi began in the 1970s at the Bunda College of
Agriculture, University of Malawi. A previous study in Rhodesia described field
measurements in localized areas (Hudson, 1964). At the Bunda Research Farm, Weil
(1982) measured soil loss and crop yields for the 1978-1979 growing season. Although
soil loss was not the primary focus, the study provided a range of soil loss measurements
for two agricultural management strategies. As reported by Weil, weed-free maize plots
yielded soil loss of 12.1 ton/ha for 1978/1979 growing season, whereas unweeded plots
showed improved soil conservation with only 4.5 ton/ha loss for the same growing
season.

In the 1980s several investigators measured soil loss in the field in different regions, but
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the details of methods, locations, year(s) of study, and even results are not well
documented and often are unavailable. Banda (1992) measured soil loss in the Central
Region near Ntcheu, but no details are available. Crossley (1985) calculated erosion
rates from cores taken from lakes and reservoirs in Malawi. Chrome (1989) reported to
have measured soil loss and crop yields, concentrating on showing the effects of using
agroforestry techniques such as alley-cropping and demonstrating the influence of soil
loss on crop yields. He reported measured soil loss average over a six-year period to be
7.6 ton/ha/yr for a farming plot using traditional agricultural practices versus 3.7
ton/ha/yr for a plot using agroforestry techniques.

The literature reveals that actual soil loss measurements were carried out in various parts
of the country at agricultural research stations, including a study by Kasambara (1984) at
the Zunde Demonstration Farm in the far south of the Southern Region of Malawi and
another study by Machira (1984) at the M'mbelwa Farm Institute in Northern Malawi.
No details could be obtained, unfortunately, for either of the former studies. Beginning in
the late 1980s, investigators have also compared the results of SLEMSA with field soil
loss measurements for a few areas in Malawi.

3.5.4 Longer Term and More Recent Field Measurements of Soil Loss
More complete and long-term soil erosion investigations were undertaken by the Ministry
of Agriculture (GoM) in conjunction with the Overseas Development Unit of the
Hydraulics Research. Three reports on soil measurements obtained during the 1981-1985
era at the Bvumbwe Agriculture Research Station in the central part of the Southern
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Region, where researchers quantified and compared the benefits of soil conservation
measures, were published (Amphlett, 1983, 1986; Amphlett and Tucker, 1984). The
research stations and the instrumented plots were located near Thyolo, south of Blantyre
in the Southern Region. Measurements included sediment and nutrient loss, rainfall,
rainfall intensity, runoff, soil moisture, and crop cover for four growing seasons on four
experimental catchments under different land use and management practices.

The results clearly and consistently illustrate the advantages of "good" compared to
"bad" land management techniques. Amphlett reports that agricultural plots under the
recommended full land use plan and plots with tree plantations experienced between 0.03
and 0.13 ton/ha each season, whereas the catchments with intensive uncontrolled farming
(4-14 ton/ha) and farming with only physical methods for soil conservation employed (15 ton/ha) experienced a 100-fold increase in soil loss during the study period. Land
practices tested here showed marked differences in the catchment water retaining ability
and reduction of soil and nutrient loss (Amphlett and Tucker, 1984; Amphlett, 1983;
1986; Chimphamba, 1993).

Mwendera (1988) compared SLEMSA results with measured soil erosion values from a
long-term soil erosion study site on four instrumented catchments near and around the
Bvumbwe Agricultural Research Station in the Southern Region of the country.
Mwendera (1988) also compared data from the Bvumbwe plots with SLEMSA model
results using data from four seasons, 1981/82 to 1984/85. Estimated erosion was 10
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ton/ha/yr from an agricultural area without proper conservation methods and 0.0445
ton/ha/yr from a Euculyptus tree plantation.

More recently, the Malawi Environmental Monitoring Program (MEMP) sponsored by
USAID undertook a large project involving the instrumentation and data collection of
five small catchments located in various parts of the country. Mohamoud and Burger
(1998) provide a comprehensive overview of MEMP field measurements. This long-term
soil erosion study measured sediment and nutrient losses, rainfall depth, rainfall intensity,
soil moisture, and crop cover on four catchments ranging in size from 5.4 to 17.2
hectares, each plot having different cover types and management practices applied.
Measured erosion rates for traditional farming were high, in most seasons greater than 10
ton/ha/yr. For catchments having only mechanical soil conservation measures, the soil
loss range was 1-5 ton/ha/yr. For the catchment having a complete land use plan and for
the plot with di Euculyptus plantation, soil loss was 0.03- 0.21 ton/ha/yr.

Mkandawire (1996) and Mughogho (1998) examined the results of soil loss estimation
models, including SLEMSA, and compared them to field measurements on two of the
five instrumented MEMP catchments located in Chilindamaji, Mzuzu in the Northern
Region, and Kamundi, Machinga in the Southern Region.

Mkandawire (1996) calculated SLEMSA values for the Chilindamaji MEMP site in
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Northern, Malawi. Detailed topographic information was obtained from digitized 5 m
elevation contours for the catchment, which provided the necessary slope steepness
values for soil loss estimation. Precipitation data were collected from an automatic rain
gauge and six standard rain gauges, 1800 mm in 1994/1995. Energy interception (i)
values were estimated for each plot, considering the emergence date, yield, cover, and
management practices using Elwell's original method and charts. Soil erodibility was
obtained from the original SLEMSA tables by taking into account the soil group, soil
family, texture, and land management factors. SLEMSA was implemented for two plots
planted in maize, two plots with tobacco, one fallow, and three control plots. The plots
had similar soil characteristics and almost uniform rainfall and topography, whereas the
treatment and cover conditions were different for each. From the 8 plots, the range of
SLEMSA results was 5.7 ton/ha/yr planted in tobacco to 33.6 ton/ha/yr for the plot under
fallow conditions. Mkandawire's SLEMSA results compared to actual soil erosion
measurements revealed that SLEMSA underestimated soil loss as compared to field
measurements.

Although this finding is important, it is noted that this was a limited application of
SLEMSA because the only sub-models that were varied were the cover type conditions
and land management practices. In addition, rainfall used from one growing season
instead of the long-term mean annual precipitation, 1800 mm/yr, was used for all 8 plots,
although one automatic rain gauge and six standard rain gauges were present at the study
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area. Perhaps the spatial variation of rainfall was not represented in the input data for the
study.

Mughogho (1998) carried out soil loss research on three experimental plots at Kamundi,
a MEMP research site in southern Malawi mentioned above, for the 1997-1998 rainy
season. Soil losses caused by individual storms, monthly rainfall, and the entire season
were computed using both SLEMSA and RUSLE and were compared with actual soil
loss measurements. The plots had similar soil characteristics, rainfall sub-parameters, and
topography, whereas the treatment and cover conditions were different for each. All plots
were tilled. The first lacked ridges and was left bare, the second was mulched and also
lacked ridges, and the third was planted in maize on ridges. SLEMSA and RUSLE
proved suitable for estimating long term soil loss using seasonal sub-parameters
but did not perform well for individual storms or for monthly predictions. Overall,
SLEMSA gave better predictions on all three plots than did RUSLE. Results using
individual storm and monthly rainfall data, on the other hand, showed an overestimation
by RUSLE and a gross under-estimation by SLEMSA as compared to actual soil loss
measurements. These negative results for monthly and individual storms are not
surprising given that SLEMSA was designed to estimate long-term mean values using
long-term mean annual precipitation values.

For the Lake Chilwa Wetland catchment monitoring study, in the Domasi and Likangala
catchment areas, Jamu and Brummett (1999) used the soil erodibility indexing system
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suggested by Paris (1990), but with an additional weighting factor. Jamu and Brummett
(1999) modified Paris' implementation by weighting each Fm value by the proportion of
land that was farmed using a particular practice that influenced soil erodibility. SLEMSA
results were summarized into Soil Erosion Management Units (SEMU). The SEMU were
based on LREP land units (Venema, 1991a; 1991b) and were treated as homogeneous
areas in terms of slope steepness, soil group, and precipitation. Seven land cover classes
were mapped from 1982 color and 1995 black and white aerial photographs: built-up
areas, rock outcrops, wetlands, forest/plantation/woodlands, and three agricultural classes
having varying percentages of tree canopy of 0-5%, 5%-10%, and 10-20%. Mean values
of slope steepness for each class were used from the LREP study with the exception of
the last slope class, where the value was set at 20%. Slope length was held constant at
100 m. Soil erosion estimates ranged from 1.2 ton/ha/yr to 100 ton/ha/yr from the plains
to intensively cultivated steep slopes near Zomba. The results were used to establish the
effects of land use patterns, soil erosion, and sediment loads on fish reproduction.
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CHAPTER 4 SLEMSA IMPLEMENTATION FOR THE DOMASI WATERSHED

4.1 INTRODUCTION
The geomatic implementation of SLEMSA in this study facilitated the organization,
storage, analysis, and modeling of digital spatial data to estimate soil erosion hazard in
the Domasi watershed. Geomatics technologies, including remote sensing and image
processing, geographic information system (GIS) modeling, and digital data conversion,
allowed for creation of the five sub-parameters necessary to calculate soil erosion hazard
using SLEMSA. Processed satellite remote sensing data provided the necessary
information for the energy interception or i values in the SLEMSA model. Derived data
products used in the image classification included a vegetation index and a KauthThomas (K-T) transformation image (Kauth and Thomas, 1976; Crist and Cicone, 1984;
Crist et al., 1986), both derived from 1994 Landsat Thematic Mapper data. This chapter
also describes the methods for image classification and summarizes the methods and
results of the classification accuracy assessment. The derivation of the two topographic
sub-parameters is described, as well as the extraction of the rainfall energy and soil
erodibility sub-parameters from the LREP (1988-1992) project. The chapter concludes
with a description of the final SLEMSA model and results.

In this study, satellite remote sensing provided basic information on land cover and land
use. Field studies supplemented the data gathered from a variety of other sources.
Accurate location data for field information were acquired using a global positioning
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system (GPS). All the data were spatially stored, managed, analyzed, and displayed in a
GIS.

A major goal of this study was to provide data and tools for Malawi's resource managers
so that erosion hazard data and analyses are available, easily updated, and readily
useable. The GIS was used to store information, analyze a wealth of complex land
information in forms that are easy to use, and accommodate updates, contributing
substantively to understanding the local situation. Furthermore, the GIS provided a way
to diagnose constraints of the Malawi situation and extrapolate results, allowing a better
conceptualization of the important aspects that must be considered in soil erosion
assessments in this terrain. This approach provides local and national communities and
institutions a quantitative basis for their decisions about resource management. In the
future, these GIS products are expected to influence people at the national level to further
investigate soil erosion hazard issues in Malawi and to evaluate options for action to
mitigate erosion hazards.

Although a GIS has the capability to integrate multiple sources of any geographic data, a
number of conditions must be satisfied. The data sets must be registered to the same
geographic coordinate system, termed georeferencing or georectification. The level of
detail of the different data sets must be appropriate for the analysis. The spatial accuracy
of small scale data is usually insufficient for large scale analyses. The quality of the
attribute data must suit the application. Data that are too old, defined using categories that
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are too broad, or were not collected with sufficient consistency may produce results with
insufficient accuracy for the application. Finally, the analysis procedures chosen must be
appropriate to generate the required information from the available data (Zeiler, 1999).

Among the geomatics tools used in the current study, space-borne remote sensing
provides an ideal tool for mapping and monitoring vegetation, especially in areas lacking
transportation networks. Remote sensing data can be used to replace, complement, or
update conventional data-gathering techniques. Since the inception of the Landsat
satellite program in 1972, satellite data have been used to map vegetation types based on
spectral properties in many areas across the globe (Anderson et al., 1976). Interest in
using spectral properties to map vegetation communities is not new. In the 1960s, Gates
outlined the spectral properties of plants (Gates, 1965; Gates et al., 1965). The
commencement of the Landsat program in the 1970s increased interest in large scale
mapping and monitoring of vegetation from satellite platforms (Colwell, 1974; Anderson,
etal., 1976).

In the late 1970s Tucker (1979) introduced vegetation indices for mapping quantities of
vegetation biomass from space-borne platforms. By the 1980s classification schemes
were used by Tucker and Townsend, among others, to delineate land cover types in
Africa and South America (Tucker, et al. 1985; Townsend et al., 1987), Since then,
sensors with higher spectral and spatial resolution have increased the accuracy and level
of detail possible in vegetation mapping.
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Many areas in Malawi are remote, making access difficult. Access is further restricted
during or immediately after the rainy season, due to vegetation growth, flooding,
deteriorated road conditions, and bridge damage. The most common access to the Domasi
watershed is by foot along kilometers of crude dirt footpaths. A partially paved narrow
road follows the bottomlands of the Domasi Valley adjacent to and crossing the Domasi
River several times, but it does not serve all of the villages in the Domasi Valley and
eventually reverts into a dirt road. Aerial photography flown for various government
agencies is available only on a ten to fifteen year cycle. For these reasons, monitoring of
vegetation change using satellite images is the most reasonable, efficient, and cost
effective method,

4.2 METHODS FOR DERIVING ENERGY INTERCEPTION VALUES
For this study, Landsat Thematic Mapper images (path 167/ row 71, acquired on
September 14, 1994 and on October 7, 1984) were used to generate the land cover image
required for the application of SLEMSA (Figure 4.1). The satellite data acquisition was
part of a larger project to acquire data for all of Malawi approximately every 10 years,
with an attempt to obtain images from the same time of year. Cloud coverage during the
wet season as well as some data quality issues dictated selection of imagery primarily
from the dry season. A dry season image was selected to better distinguish between the
heavily vegetated protected lands and surrounding areas dominated by agricultural fields
with a variety of crops and to classify both native vegetation communities and introduced
species in tree plantations.
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Domasi Watershed False Color Composite Image
1994 LandsatTM Image with bands 4. 3, 2 (NIR, red, green) displayed as Red, Green, Blue

Malawi

10 Kilometers

Figure 4.1. False color composite displaying TM bands 4,3,2 in red, green, and blue,
respectively. The Landsat data were acquired September 14, 1994 and then
geometrically, radiometrically, and atmospherically corrected.
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4.2.1 Image Pre-Processing
The use of remotely sensed data to classify land cover accurately is dependent on a robust
relationship between the remote sensing signature and actual surface conditions. Factors
such as sun angle, earth-sun distance, detector calibration differences between the various
sensor systems, atmospheric conditions, and sun-target-sensor (phase angle) geometry
affect pixel brightness values (Jensen, 1996). These effects are mitigated through a
variety of preprocessing techniques described below. To maximize the usefulness of the
data, additional image processing steps must be performed to extract quantitative
information or to emphasize features of interest (Rees, 1999).

Image processing was performed using PCI Geomatics (Version 6.3, 1994) and ERDAS
Imagine (Version 8.2, 1996) software. Preprocessing steps included contrast
enhancements for image evaluation, radiometric calibration and atmospheric correction,
extraction of subsets from the full scene, the collection of ground control points, and
image-to-map and image-to-image georectification.

Radiometric and Atmospheric Correction
Radiometric calibration is the process of converting raw digital numbers (DNs) observed
by a remote sensing instrument into physical units of energy. Absolute radiometric
calibration of Landsat Thematic Mapper (TM) data accounts for spectral characteristics
of the sensor and corrects for the degradation of the optics and electronics through time
(Kaufman, 1985; Campbell, 1996). Relative radiometric calibration of TM data removes
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residual errors in the radiometrically calibrated data (NASA, 1981). Landsat TM image
data consist of at-satellite radiance units of milliwatts per squared centimeter per
steradian per micrometer (mW cm"^ sr"' [am"') that have been rescaled to 8 bits for
compactness in data delivery. For purposes of computing vegetation indices and other
data transformations, it is useful to rescale the 8 bit data to radiance units, then convert
the at-satellite spectral radiance to absolute ground reflectances (percent of solar
irradiance that is reflected by image targets).

Atmospheric correction removes the majority of atmospheric effects by minimizing the
effects of general atmospheric scattering, absorption, and refraction on the reflected
signal and by compensating for the solar spectral irradiance spectrum (Chavez, 1996).
The most accurate methods for atmospheric corrections of satellite data require complex
models constrained by in situ data collected coincident to the satellite data acquisition
(Moran et al., 1992).

Historical data, such as the 1994 TM coverage of Malawi obtained for this study, require
an alternative method for an atmospheric correction, as no in situ atmospheric field
measurements were available. For this study, the TM data were corrected prior to
classification using an image-based atmospheric correction known as the COST method
(Chavez, 1996) that is combined with radiometric rescaling to convert the scenes from
DNs to reflectance. The COST method converts the image into reflectance by
compensating for the sun-sensor-target geometry, atmospheric scattering derived from
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the scene itself, and the solar irradiance spectrum. COST values used for the 1994 TM
image are shown in Table 4.1.

Advantages of using COST include ease of implementation and relative accuracy while
not incurring relatively expensive campaign costs of fielding a team to make in situ
atmospheric measurements. Chavez (1996) reported that the reflectance retrieved from
the COST method was almost as accurate as that generated by radiative transfer models
requiring in situ data.

The equation to convert satellite DNs to at-satellite radiances (Chavez, 1996) is

Lsat = (DN - Offset)/Gain

(4.1)

where:
•

Lsat is the at-satellite spectral radiance for each band in units of mWcm"^sr"'piTi

•

DN is the spectral digital number at a given pixel;

•

Offset is the offset for the given spectral band (from the TM header); and

•

Gain is the gain for the given spectral band in units of DN cm"^ sr pm mW'.

The COST method assumes that a shadowed pixel having reflectance equal to
approximately 1% (a "dark object") exists within the TM scene and that its detected
radiance is due mainly to atmospheric scattering effects (Chavez, 1996; Moran et al.,
1992). The minimum digital number or brightness value for each reflective band.
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assumed to represent the dark object, were obtained directly from the image by using the
histogram minimum. Next each TM band minimum digital number was converted to an
"at-satellite" minimum spectral radiance value using the following equation:

Lji-min = Lmin>, + DN min * (Lmax^ - Lmin^) / DN max

(4.2)

where;
•

Lminj^is the radiance measured at detector saturation (mW cm'^ sr"' nm"');

•

DN min is the minimum digital number or reflectance value in the scene;

•

Lmaxx, is the lowest radiance measured by the detector (mW cm'^ sr"* [xm"'); and

•

DN max is the maximum digital number (255).

Values for Lmin^and Lmax^ were published by Markham and Barker (1986) in the
EOSAT technical notes.

The spectral radiance of the dark object with 1% reflectance, L;,i%, can be expressed as

Lxwo = 0.01 * (Eox * cos'(e))/(7c * d')
where:
•

Lx, i %is the radiance (mW cm"^ sr"' fim"');

•

d is the Sun-Earth distance in astronomical units, au;

•

9 is the solar zenith angle (°);

•

71 is the constant of 3.1416; and

(4.3)
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•

Eo?i,is the mean solar exo-atmospheric spectral irradiance published by Markam
and Barker (1986) for Landsat 5 data.

To correct for haze and to ultimately compute reflectance, the following equations were
used from Chavez (1996):

haze — Lmm^ • Lxi%

(4-4)

where:
•

haze is the upwelling atmospheric spectral radiance scattered in the direction of
and within the sensor's field of view (mW cm"^ sr"' (4.m'' ), ie, path-scattered
radiance; and

•

Lmin^tis defined in Equation. 4.2; and Lxi% is defined in Equation 4.3.

The fiindamental radiance to reflectance equation (after Chavez, 1996):

Reflectance (p) = 7i * d^ * (Lsat - Lxhaze)/ (Eox * cos^(0))
where
•

Reflectance (p) is the spectral reflectance of the surface.

(4.5)

Table 4.1, COST model parameters for the 1994 Landsat Thematic Mapper image for
Domasi. The sun elevation and solar zenith (0) angles were 53° and 37 ° respectively.
The units for solar exo-atmospheric irradiance (Eo) are in mW cm"^ ^m"' and for all
•
radiance values (L) the units
are •m mW cm"2 sr"1 ^m' 1.

Band

DN

H

mil)

Lmin

Li%

Lxhaze

(Lmax-

L. Mil)

Lmin)/255

L.

S-E Dist.

max

(au)

Eo

1

47

2.681 0.3932651 0.228779371 0.0602353

-0.15

15.21

1,00514

195.7

2

12

1.130 0.3675431 0.762339232 0.1174902

-0.28

29,68

1,00514

182.9

3

12

0.847 0.3128838 0.534174931 0.0805882

-0.12

20.43

1,00514

155.7

4

8

0.502 0.2103978 0.291210004 0.0814510

-0.15

20,62

1,00514

104.7

5

1

-0.026 0.0440690 -0.07026116 0.0108078

-0.037 2.72

1,00514

21.9

7

0

-0.015 0.0149750 -0.029975021 0.0056980

-0.015

1,44

1,00514

7.5

Georectification
The image was then imported into PCI Geomatics software for geometric correction.
Georeferencing corrects for a number of geometric distortions inherent in the imaging
process in order to better simulate the ground surface as a planimetric map. The purpose
of georeferencing images is to relate them to known, specific, geographic coordinates.
This enables the analyst to know the geographic coordinates of any point in the image
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relative to its location on the ground. It also permits cross-referencing between multiple
images of the same location as well as associated maps.

The process of georeferencing has three general steps: 1) selecting appropriate, well
distributed ground control points (GCPs); 2) developing a polynomial equation using
these GCPs that will warp or stretch the image to a defined projection; and 3) applying
this polynomial equation and resampling or interpolating the uncorrected image using the
correction model to produce a map-rectified image.

A total of 40 GCPs were collected to geometrically rectify the 1984 Landsat TM image to
1:50,000 scale topographic maps for the area (Department of Surveys, 1986). The 1984
TM image acquired October 7, 1984 was then registered to a Universal Transverse
Mercator (UTM) projection zone 36 using the Arc 1950 datum with the Clarke 1880
spheroid through an afFine polynomial transformation.

Subsequently, an image-to-image registration process was used to register a subset of the
1994 TM image covering the study area to the georectified 1984 TM image. Thirty
ground control points were utilized to obtain a total root mean square (RMS) error of 0.52
(Table 4.2). The total RMS error provides an assessment of the total error in translating
image pixel locations to true geographic coordinates (Wilkie and Finn, 1996). Following
the transformation, a resampling was performed using a nearest neighbor algorithm.
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Table 4.2. Total root mean square errors (RMS) for the x and y coordinates of the
GCPs used in each of the processed TM images.

Path/Row

Year

GCPs

RMS (x)

RMS(y)

Total RMS

167/71-70

1984

40

0.44

0.34

0.43

167/71

1994

30

0.40

0.33

0.52

4.2.2 Derived image products for use in the image classification
Several derived image products were investigated for their efficacy in improving the land
classification results. These included vegetation indices and Kauth-Thomas
transformations. The objective was to discriminate differences in vegetation and land use
types, which have different energy interception values, distinguished on the basis of
differences in spectral signatures. Both vegetation indices and Kauth-Thomas
transformations highlight the contrast between the visible and near-infrared for vegetation
classes and therefore provide information relevant to an unsupervised classification. A
principal components transformation was performed but not used in the creation of the
classification, as it did not add new information.

Vegetation Indices
Vegetation distribution is normally controlled by seasonality and availability of water as
well as by temperature ranges. Actual vegetation boundaries are commonly affected by
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local elevation, latitude, slope exposure, cold air drainages, and soil characteristics
(Brown, 1994; 1998). In the study area, precipitation increases and temperature
decreases with increasing elevation. Biomass production increases with increasing
elevation, resulting in increasing amounts of organic matter in the soil. As precipitation
levels increase and evapotranspiration decreases, sparse vegetation transitions into more
continuous stands of vegetation cover at higher elevations.

When vegetation canopy density is less than 100% or is sparse, the reflectance of the
background contributes to the overall spectral reflectance, and often the result is a
mixture of the soil and/or understory reflectance in addition to the canopy signature.

A vegetation index can be defined as a mathematical transformation of spectral data that
enhances the contribution of vegetation in the overall image (Chen et al., 1998). Indices
have been developed using the red and near-infrared (NIR) spectral bands to enhance the
vegetation signal based upon chlorophyll absorption in the red and leaf structure in the
NIR. Other researchers have successfully improved land cover classification results by
incorporating vegetation indices from TM data (Vogelmann et al., 1998; Foody, 2000;
Stefanov et al., 2001).

Vegetation indices are used to detect differences or changes in vegetation community
composition and in vegetation density, vigor, and extent. Vegetation indices suppress or
subdue topographic effects and normalize differences in irradiance. Relative differences
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in vegetation density are enhanced by the strong reflectance contrast between the visible
and the NIR (Tucker, 1979). Therefore a ratio between these two bands enhances the
vegetation signal.

The results of the vegetation index calculations are then scaled into an appropriate nonnegative interval (0-255) or 8-bit space. Vegetation indices have been reported to be
significantly correlated with biomass of healthy green vegetation and dried biomass, the
two ends of the vegetation continuum (Richardson and Everitt, 1992; Bauer et al., 1994).

For this study, several vegetation indices were evaluated. These include: the Normalized
Difference Vegetation Index (NDVI) (Rouse et al,, 1974); the Soil Adjusted Vegetation
Index (SAVI) (Huete, 1988); and the Modified Soil Adjusted Vegetation Index (MSAVI)
(Qi, 1994). These indices minimize the soil background influences, resulting in greater
vegetation sensitivity as defined by a "vegetation signal" to "soil noise" ratio (Rondeaux
etal., 1996).

NDVI is a ratio-based index defined as:

NDVI =

NIR+red

(4.6)

Soil background influences have been shown to affect vegetation indices, particularly in
arid and semi-arid environments or where there is a long dry season. Hutchinson (1982)

147

concluded that the reliability of vegetation indices dramatically decreases when the area
has less than 30% vegetation cover. For this reason, soil-adjusted vegetation indices were
investigated and incorporated into the vegetation classification scheme in order to
provide a more accurate estimate of values needed for SLEMSA.

SAVI and MSAVI are similar in that they both employ a soil correction factor known as
L and are based on isoline modeling. The isoline, or soil line, demarcates the spectral
signature between soil and vegetation in the red and NIR wavelengths of the
electromagnetic spectrum. The use of the L factor further reduces canopy background
effects in each pixel of the image. In SAVI, Lisa constant number, whereas in MSAVI,
the optimum L is determined (Huete, 1988; Qi, 1994).

SAVI is defined as;

SAVI=

NIR-red
NIR+red+L ^

^

where
•

L is a constant, L = 0.5.

L in MSAVI is computed using NDVl and WDVI for each pixel, thus providing a selfadjusting L value across the image (compare equations 4,7 and 4.8-9).
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The MSAVI is defined as;

MSAVI= ^E15^(,+L)
NIR+red+L ^
^

(4.8)

where
•

L = 1 - 2*s*(NDVI)*(WDVI)

(4.9)

where the Weighted Difference Vegetation Index (WDVI) is defined as:
•

WDVI = NIR - (slope* red); and

•

s is the slope of the soil line.

(4.10)

Vegetation indices that are relatively insensitive to soil influences, such as SAVI and
MSAVI, were determined to be preferable to NDVI in distinguishing between land cover
classes in the study area. This was true particularly because the satellite data were
acquired during the dry season when more soil is exposed.

In the current study, MSAVI was determined through visual comparison to be the most
appropriate vegetation index, providing the maximum contrast between vegetation
communities (Figure 4.2 and Figure 4.3).
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Figure 4.2. MSAVI values for land cover classes in Domasi study area. Classes are
clearly distinguished, from the densest to least dense in vegetation cover. These classes
are consistent with higher to lower rainfall.
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Domasi Watershed MSAVI Image
MSAVI calculated using NIR and Red bands (TM 4 and 3) of the 1994 Landsat Image
Relative
MSAVI values

I I High (moreveg)

Malawi

10 Kilometers

Figure 4.3. Modified Soil adjusted vegetation index image for the Domasi watershed.
Highlights the contrast between the visible and NIR for vegetation classes and therefore
provided information relevant to an unsupervised classification of land cover/ land use.
Vegetation indices have been reported to be significantly correlated with biomass of
healthy green vegetation and dried biomass. L, soil correction factor in MSAVI is
computed for each pixel using other vegetation indices. NDVI and WDVI. MSAVI, the
optimum L is determined (Qi, 1994).
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Domasi Watershed Kauth-Thomas Greenness Image
Calculated using the visible, NIR, and SWIR bands (1-5, 7) from the 1994 LandsatTM Image
Relative
KT values

^^High {moreveg)

Malawi

10 Kilometers

Figure 4.4. Kauth-Thomas transformation greenness image, also known as tasseled cap
transformation, highlights the contrast between the visible and NIR for different
vegetation classes. The lighter the gray the higher the K-T greenness values the more
vegetation. Bauer et al. (1994) showed that greenness was correlated with percent canopy
cover and healthy green biomass. More detailed info is captured perhaps due to
differences in canopy structure as well as different slope and aspect characteristics.

152

Kauth-Thomas Image Transformation
Image spectral transformations were also performed on the TM data, and results were
analyzed in terms of their contribution to improving the vegetation classification. The
transformations were calculated from the six visible to shortwave infrared TM bands
(bands 1-5 and 7). The Kauth-Thomas "tasseled cap" transformation is a useful tool for
compressing spectral data into a few bands associated with physical scene characteristics
(Kauth and Thomas, 1976; Crist and Cicone 1984), Principal component analysis (PCA)
is a method for deriving a set of new images from a set of original multispectral bands by
rotating the data axes. PCA is also commonly used to reduce the dimensionality of the
data into a fewer number of bands (Jensen, 1996).

Although both the Kauth-Thomas and PCA techniques transform the data by projecting
the data values onto uncorrelated, orthogonal axes, they differ in that PCA analysis places
an a priori order on the principal directions in the data, whereas the Kauth-Thomas linear
transformation develops orthogonal indices based on a library of soil and vegetation
spectral curves. For this study, the Kauth-Thomas transformed data proved more
effective in providing additional information for the classification.

Kauth-Thomas coefficients were originally developed for data from the Landsat
Multispectral Scanner (MSS) for studies of agricultural crops. With the introduction of
Landsats 4, 5, and 7 and other sensors, however, the sensor-dependant Kauth-Thomas
coefficients were flirther developed. The coefficients for Landsat 4 were developed by
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Crist and Cicone (1984), and for Landsat TM 5 the coefficients were developed and
published by Crist et al. (1986). The indices are then created by multiplying each TM
band, pixel by pixel, by the corresponding coefficient.

Table 4.3. Kauth-Thomas coefficients for each Landsat TM 5 spectral band (Crist et al.,
1986).

1

2

3

4

5

6

Brightness

Greenness

Wetness

Haze

TMl

0.2909

-0.2728

0.1446

0.8461

0.0549

0.1186

TM2

0.2493

-0.2174

0.1761

-0.0731

-0.0232

-0.8069

TM3

0.4806

-0.5508

0.3322

-0.4640

0.0339

0.4094

TM4

0.5568

0.7221

0.3396

-0.0032

-0.1937

0.0571

TM5

0.4438

0.0733

-0.6210

-0.0492

0.4162

-0.0228

TM7

0.1706

-0.1648

-0.4186

0.0119

-0.7823

0.0220

For this study, the coefficients for Landsat TM 5 from Table 4.3 produced 6 output bands
or indices. Information from the TM data is mainly distributed in the first 3 indices,
known as brightness (soil component), greenness (vegetation component), and wetness
(interrelationship of soil and canopy moisture), respectively. These three indices capture
the majority of variability in the data. The fourth (known as the haze index), fifth, and
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sixth indices do not contain information that is useful for vegetation mapping or land
cover classification (Crist and Cicone, 1984; Collins and Woodcock, 1996).

Bauer et al. (1994) showed that greenness was moderately to well correlated with percent
canopy cover, leaf area index and healthy green biomass. The greenness index represents
the contrast between the visible and NIR for vegetation classes and therefore provides
information relevant to an unsupervised classification where vegetation type separation is
paramount. High values in the greenness band have been associated with vegetation
targets having high densities of healthy green vegetation. Low values have been
associated with soil spectral properties, which do not vary greatly between the red and
NIR wavelengths.

4.2.3 Image Classification of Vegetation
Unsupervised classification performs clustering of pixels, dividing them into a number of
classes based on natural groupings present in the image band values. The user is allowed
to specify the number of desired clusters and to provide the range of values for each
cluster. Unsupervised classification using the ISODATA algorithm in the ERDAS (1996)
was initially carried out using six corrected spectral bands of the 1994 TM image.

ISODATA stands for "iterative self-organizing data analysis technique" (Ball and Hall,
1965, 1967). This algorithm uses a clustering method based on a minimum spectral
distance formula to create clusters having like spectral characteristics. For each iteration.
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the means are calculated, until the specified number of final iterations has been run and a
maximum percentage of non-activity is reached between iterations. The user-defined
parameters for this study were 14 desired clusters, 24 iterations evaluating every row and
column with a convergence threshold of 95%. The convergence threshold sets the percent
of non-activity between iterations to 95%; therefore if less than 5% of the pixels change
clusters between iterations, the program will stop processing. Fourteen clusters were
chosen, as this number was estimated to provide optimal separation between classes in
the Domasi imagery. The 14 clusters were grouped for the final classification into 9 land
cover classes.

To improve the separability of land cover classes, several iterations of the unsupervised
classification were run using a variety of combinations of TM bands and derived bands
from the Kauth-Thomas transformation and vegetation indices. The following
combinations were used to classify the data: 1) the greenness, wetness, and brightness
bands, 2) the 6 TM bands with greenness, wetness and brightness bands, 3) the 6 TM
bands with greenness, wetness, and brightness bands, and a vegetation index, and 4) the 6
TM bands with the greenness and the vegetation index.

Verification of the land cover types was based on 1) the reflectance characteristics of
various features, 2) field notes at GCP locations, 3) a priori knowledge acquired from
various representatives' visits to the field, 4) color photographs from field visits, 5)
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existing vegetation maps, and 6) feedback from collaborating institutions (Malawi
Forestry Department and the Forestry Research Institute of Malawi).

By visual interpretation, each classification result was examined and compared with the
existing knowledge of land cover types and existing vegetation maps. The combination
that best distinguished land covers classes was the 6 TM bands plus MSAVI and the K-T
greenness band, as the clusters could easily be merged to create the final vegetation map
for the study area. The greenness index clearly aided in discriminating between land
cover classes and improved cluster separation for this study. The vegetation index image
was used to qualitatively evaluate, compare, and merge similar clusters into their final
land cover class.

Data from two field visits, in May 1996 and November 1997, were used to establish
ground control. Specific land cover data using a GPS unit for accurate locafion were
obtained during these site visits, and the resulting field notes were used in the iterative
process of defining the final merged land cover classes.

The unsupervised classification of the TM data described above resulted in 9 final land
cover classes depicted in Figure 4.5. Total area and percent area for each class are listed
in Table 4.4. Each individual class is described in the following section.
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Table 4.4 Summary of 1994 land cover classification with the total class areas and their
respective percentages.

Area
Land Cover Class

(ha)

"/o area

Km^

Agriculture

2854.08

28.54

32.30

Closed Miombo Woodland

1539.36

15.39

17.42

Pine Plantation

1265.76

12.66

14.33

Grassland

887.04

8.87

10,04

Riverine/Eucalyptus

789.12

7.89

8.93

Open Miombo Woodland

635.04

6.35

7.19

Soil

535.68

5.36

6.07

Mixed Forest

256.32

2.56

2.90

74.88

0.75

0.85

4112.64

41.13

100.00

Shadow
Total

Land Cover Classification
Created using tine 1994 Landsat TM bands 1-5, 7, MSAVI, greenness band
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Figure 4.5. Final land cover classification Map of the Domasi study area.
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Agriculture
By far the agricultural class occupies the largest land area within the study site estimated
at over 32% (table 4.5). Customary land holdings, which are almost completely in
agricultural use, were previously estimated to make up 45% of the study area (Chapter 2,
page 29). The area mapped as agricultural is largely adjacent to the Domasi River and
occupies the majority of the flat land where the Domasi reaches the Chilwa plains en
route to Lake Chilwa (Figure 2.1). This class consists mainly of mixtures of small plots in
different stages of cultivation from fallow to a few growing crops. Bare soil and dried
crop residue are highly reflective in all TM bands and form a patchwork pattern of
interspersed plots having mostly dried vegetation and bare soil exposed. These areas have
relatively low vegetation index values as compared to the vegetation classes. In the false
color composite (FCC) image, these areas appear highly dissected and marbled, with
white, light green, variations of gray, and bluish colors. The individual fields are so
small they are not discernable on the satellite image, but the mottled or marbled texture
results from the highly fragmented use of the land. In addition to agricultural fields, this
class includes small structures used to hold grain, small farm animals, and huts. Because
the Landsat TM image was acquired during the dry season, most of the crops have been
cleared from the fields, and not much is growing except in those fields left fallow for the
1994 season, and even those areas do not appear to be a vigorously heahhy green.

160

tm.

Figure 4.6. Typical agricultural area with mixed land covers including planted fields,
fallow plots, huts, exposed soil, mango trees and bananas.
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Mixed Forest
The mixed forest class consists of a highly mixed closed canopy forest with diverse tree
species. These small forest areas appear brilliant red on the FCC because of their high
reflectance in the near infrared. This class often occupies protected ravines and moist
areas having perennial or intermittent drainages at higher elevations in the study area.
This land cover class, which provides good year round protective cover for the soil, has
the highest relative MSAVI values of all the classes. Mixed forest areas have a uniform
smooth texture in the FCC (Figure 4.1).

Closed Miombo Woodland
As can be seen on Figure 4.5, among the largest vegetation classes mapped is closed
miombo woodland, which was estimated to cover 15 km^. After the mixed forest and
pine plantation classes, miombo woodlands have the next highest MSAVI values. The
largest miombo woodlands occur in the Malosa Forest Reserve on the northern half of the
image, although smaller areas occur on the Zomba Plateau, In the FCC the class appears
a pale red to pinkish red and has a slightly mottled texture.

Open Miombo Woodland
The open miombo woodland class generally does not differ in species composition fi"om
the miombo woodland vegetation class, but rather it differs based on tree stand density.
This can be seen in the FCC by the increased mottling of the area and the greater
contribution of grays within the pale red areas. Open canopy miombo woodlands can
occur at lower elevations with drier conditions and less ideal soils. In the study area open
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miombo woodland may also be a product of human influences, where the highly valuable
native hardwoods have been extracted or disturbed by cutting of branches, thus
decreasing the tree stand density compared to closed miombo woodlands. The
distribution of the open miombo woodland class appears to support this hypothesis. Often
this class fringes the more uniform and larger continuous closed miombo woodland class.
The spectral response of open miombo most likely includes that of grasses and/or bare
soil detected under the open canopy.

Pine Plantation
The pine plantation land cover class consists almost exclusively of monoculture stands of
certain pine species planted and managed by the Department of Forestry. This class
covered 13 km^ of the study area. The pine plantation areas have a very distinct signature
in the FCC. The plantations appear as very dark reddish brown, large continuous areas
with distinct sinuous borders. After the mixed forest class, this class has the highest
MSAVI values in the study area (4.3). The majority of the pine plantations mapped are
homogeneous areas on the Zomba plateau, but a few such areas are mapped also in the
higher elevations of Malosa Forest Reserve.

EucalyptusfKwtrint
This is a complex class having more than one type of vegetation. Riverine forest and
eucalyptus tree lots were inseparable on the land cover image, though they are separate
vegetation communities. Eucalyptus tree lots and riverine remnant forests cover 8 km^.
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The trees from the remnant riverine forest that fringes the Domasi River are mainly
evergreen. The introduced eucalyptus species are also evergreen, making it difficult to
separate them from the remnant riverine forests. This small class is scattered throughout
most of the lower elevations with no large contiguous areas. The class has intermediate
MSAVI values, due to the degraded nature of the riverine forest along the waterways and
because the class occurs in non-contiguous patches. In places this class has been
degraded to a thin strip of trees attenuating along the streams. In the FCC image, the class
appears in a variety of shades of red to pinks. A variety of eucalyptus species are found,
but rather than the typical Malawi eucalyptus plantations, in the study area they occur as
patches of small wood lots, trees along farm boundaries, and in homestead areas as
scattered trees planted by the villagers for local use.

Grassland
The grassland vegetation class is dominated by upland grasses but also includes grassy
areas at any elevation. The natural grasslands occur primarily at higher elevations in the
watershed on Malosa Mountain, where the soils are shallow, very rocky, and intermixed
with outcropping rock. Areas dominated by grassland cover 8.87 km^. In the northwest
part of the study area, a large fire that burned in 1996 may or may not contain grasslands
but were classified as grasslands in this study. Lack of accessibility did not permit field
checking during the 1996-1998 field seasons. On the FCC, the grassland class appears
dark green/gray and has relatively low vegetation index values, as would be expected in a
dry season image.
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Bare Soil
The bare soil class is predominately patchy, open ground with exposed soil having few
distinct features. This class is characterized by high reflectance values in all TM bands. In
the FCC, the areas appear bright tan or gray or a very light cyan (almost white) indicating
high reflectance values in TM bands 4,3,2. Areas classified as soil are scattered, with the
exception of the far eastern end of the study area where a large continuous area at the
lowest elevations indicates drier conditions where the Domasi River flows onto the
Chilwa Plains and into Lake Chilwa (Figure 2.1). At higher elevations, particularly on
Zomba plateau, this class includes exposed outcrops of granite and gneiss, where
scattered loose rocks commonly are intermixed with shallow bare soil. These outcrops
generally occur in steep areas where soil is too shallow to support any kind of vegetation.
Occasionally annual grasses take hold during wet periods, but otherwise the only
vegetation is multi-colored lichens growing on the surface of the rocks.

Shadow
The shadow class made up less than 1% of the total area and consisted of small groups of
pixels having very low reflectance in all bands, giving a uniform black appearance on the
FCC image. Shadow areas occur just below steep ridges with a southwest aspect.

4.2.4 Summary of known problems with the classification results
Several land cover classes were difficult to separate because of spatial mixtures of cover
types (Foody, 2000). For example, the agriculture class includes areas containing crops.
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bare soils, and small structures. The agricultural activities are most often carried out on
small, scattered plots among human-built structures (huts and animal enclosures)
intermixed with fallow areas, often with banana and mango trees, small vegetable plots
next to the huts, and grassy areas. A typical agricultural area is shown in Figure 4.6.

In addition, many of the areas classified as bare soil may in fact be used for growing
crops. These homogenous soil areas are perhaps fallow fields or drier areas of sparse
vegetation. The spectral response may have been more heavily influenced by the dry soil
than by the vegetation, although they are not in fact bare.

Small areas dominated by remnants of riverine forest and Eucalyptus plantings proved
difficult to separate in the classification process, and therefore the single cluster was
mapped as one complex class. However, this less than satisfactory outcome does not
affect the results of SLEMSA, as it was estimated that the vegetation types had
approximately the same ability to intercept rainfall. Consequently they would have
similar energy interception values for use in SLEMSA (see discussion below). This class
is sporadically distributed along the Domasi River, as would be expected for riverine type
trees, but also scattered within and around the agricultural class. This distribution is to be
expected, as many individual farmers grow a few fast-growing eucalyptus trees around
their building structures and at the edges of fields for household needs.

Miombo woodlands on Malosa Mountain were sometimes classified as pine plantation.

Although field verification was not possible, Forestry Department personnel report that
the pine plantation maintained in the forest reserves are principally on Zomba Plateau.
Because the interception values for both pine plantations and miombo woodlands was
estimated to be 95, no additional processing was undertaken to further improve this
discrepancy.

4.3 ACCURACY ASSESSMENT
Providing information on the accuracy of land use and land cover maps derived from
remotely sensed sources is an important step in demonstrating the validity of the
SLEMSA model input. This is accomplished by comparing satellite-derived classification
with another data source that is assumed to be correct, such as field data, aerial
photographs, or existing thematic maps. The degree of correspondence between these
sources of information is summarized in an error matrix representing the accuracy of
each land cover class. The error matrix is used to efficiently show errors of commission
and omission. Errors of commission occur when an area is included in an incorrect land
cover class, whereas errors of omission occur when an area is excluded from a land cover
class to which it actually belongs. Cover information from the reference data is displayed
in the columns, and cover designation derived from the satellite image classification is
displayed in the rows of the error matrix. The number of correctly classified pixels appear
on the major diagonal of the error matrix where off-diagonals represent errors of
omission (errors of exclusion) and commission (errors of inclusion) (Congalton and
Green, 1999)
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In addition, the error matrix can be used to calculate overall accuracy, as well as user's
accuracy and producer's accuracy (Story and Congalton, 1986). By summing the
numbers in the major diagonal (number of correctly classified pixels) and dividing by the
total numbers of pixels in the error matrix, an overall accuracy value is computed.
Producer's accuracy shows how well the reference data were classified, i.e., the
probability that a pixel in a given class in the reference data was assigned to that class.
User's accuracy shows reliability of the classification and represents the probability that a
pixel classified in the image actually falls into that category on the ground (according to
the reference data). User's accuracy is computed by dividing the number of correctly
classified pixels in each land cover class by the number of pixels that were classified in
that class or the row total. Producer's accuracy is computed by dividing the number of
correctly classified pixels in each class by the number of reference pixels that were in that
land cover class or the column total. (Congalton and Green, 1999).

Although the best reference data against which to evaluate classifications may be those
that have been collected on the ground near the time of satellite image acquisition, such
data are rarely available. The use of aerial photography has long served as a mapping
base for creation of land cover maps, and more recently as the higher resolution reference
data for comparison with classified images derived from satellite data.
4.3.1 Sampling for Accuracy Assessment
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Using the TM classified image with a pixel size of 30 meters, sample points used in the
accuracy assessment were selected by random sampling stratified by land cover class
area. A total of 256 sample points were used for the accuracy assessment with a
minimum sample size of 20 random points for each land cover class. The lower limit of
20 random sample points was set to avoid under sampling of classes of limited extent
(e.g. shadow and mixed forest) to detect classification errors (van Genderen and Lock,
1977). Congalton and Green's (1999) suggested "rule of thumb" is that a minimum of 50
sample points per land cover class in the error matrix makes the accuracy assessment
valid. As is sometimes necessary, however, an appropriate balance was needed between
practical restraints and statistical rigor (Congalton and Green, 1999; Skirvin et al., in
press). The following equation, based on binomial sampling theory, may be used to
compute the total number of sample points needed for a specified map accuracy and
allowable error (Fitzpatrick-Lins, 1981):

^

(4.11)

where
•

N = Number of samples;

•

p = Expected or calculated accuracy (in percentage);

•

q = 100-p;

•

E = Allowable error; and

•

Z = Standard normal deviation for the 95% two-tail confidence level = 1.96
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A total of 369 sample points would be required for an expected map accuracy of 60%
with an allowable error of 5%. Due to the fact that the land cover classification covered a
small area (88 km^), 256 random sample points was considered sufficient to determine
the quality of information derived from the Landsat TM data.

This quantitative accuracy assessment involved comparing each sample point on the
classified image against the reference aerial photograph. Pixels selected as sample sites
represented the center of a 3-by-3 window consisting of 9 pixels representing a
homogeneous area with all pixels classified as the same land cover class on the classified
image.

The aerial photographs used to assess the 1994 image land cover classification were
acquired on 8/23/1995 by the Department of Surveys, Blantyre, Malawi. The black-andwhite photographs were flown at a scale of 1:25,000. The aerial photographs were
scanned at a high resolution, approximately 600 dots per inch for use as digital files in the
accuracy assessment. Once scanned, the photographs were printed and the sample points
were located either manually on the paper version or digitally on the digital version.

4.3.2 Results of Accuracy Assessment
After evaluation of the randomly selected sample points in each reference data set, an
error matrix was constructed, comparing map class labels to reference data labels. Overall
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map accuracy and class-specific user's and producer's accuracy were calculated for each
class. A more conservative estimate in accuracy assessment, Kappa coefficients, was also
computed from the error matrix given in Table 4.5 (Jensen, 1996).

The overall classification accuracy was 70% and the overall Kappa statistic was 0.66
(Table 4.5). Although the producer's accuracy for pine plantation is high (83%), the
user's accuracy is much lower (61%). This indicates that although over 80% of the pine
plantation pixels were correctly identified as pine plantation, only 61% of the areas called
pine plantation were actually pine plantation. The miombo woodland class has a
producer's accuracy of 53% but a higher user's accuracy (76%). This means that 75% of
the pixels belonging to the miombo woodland class were correctly identified as miombo
woodland but only 53% of the areas called miombo woodland were actually miombo
woodland. This makes sense since some of the area on Malosa Mountain that was most
likely miombo woodland was misclassified as pine plantation.

Two classes, agriculture and grassland, had the highest user's accuracy of 96% and 93%
and similar low producer's accuracies (<75%), which can be interpreted in the same
manner as that for the pine plantation. The lowest user's accuracy is for the mixed forest
class (46%), which is not surprising given the mixed composition of different genera in
this class and the restricted geographic location in protected ravines. The overall
classification accuracy and Kappa statistics are very similar. In addition there appears to
be confusion between miombo woodland and the mixed forest class.
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Table 4.5 provides a summary of the producer's and user's accuracy that represent a
measure of errors of commission and omission, respectively. The most common
misclassification errors among the land cover classes did not significantly impact the
implementation of SLEMSA, because they generally occurred between classes having
similar energy interception values. For example, from the error matrix (Table 4.5), some
misclassification occurred between closed miombo woodland and pine plantation, but in
fact the two classes have identical interception values (95). Interception values for each
land cover/land use class are discussed in the next section.
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Table 4.5. Error matrix of the classification image derived from the 1994 Landsat TM
data.

Reference Data
Mixed Open

Closed
Classifled Data

Shad. Pine Miombo Forest Miombo Grass Euc/Riv. Ag.

Soil Total

11

0

0

2

0

7

0

0

0

20

Pine

0

19

7

1

3

1

0

0

0

31

Closed Miombo

0

4

25

0

3

0

0

0

0

33

Mixed Forest

0

0

11

10

0

0

0

0

0

22

Open Miombo

0

0

4

1

17

0

3

0

0

25

Grassland

1

0

0

0

0

26

0

1

0

28

Eucalyp/Riverine

0

0

0

0

6

2

17

2

0

27

Agriculture

0

0

0

0

0

0

1

44

1

46

Soil

0

0

0

0

0

0

0

13

11

24

12

23

47

14

29

36

21

60

12 256

Shadow

Reference Total
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Table 4.6. Summary of classification errors for the land cover image derived from the
1994 Landsat TM data using TM 1-5. 7, MSAVI, and K-T transformation.

Reference Classified
Land Cover Class

Number

Producer's

User's

Accuracy (%) Accuracy (%)

Kappa
Statistic

Totals

Totals

Correct

Pine Plantation

23

31

19

83%

61%

0.57

Mionibo Woodland

47

33

25

53%

76%

0.70

Mixed Forest

14

22

10

71%

46%

0.42

Open Miombo Woodland

29

25

17

59%

68%

0.64

Grassland

36

28

26

72%

93%

0.92

Eucalyptus/Riverine

21

27

17

81%

63%

0.60

Agriculture

60

46

44

73%

96%

0.94

Soil

12

24

11

92%

46%

0.43

Sliadow

12

20

11

92%

55%

0.53

256

256

180

Total
Overall Classiflcation Accuracy = 70%
Overall Kappa Statistic = 0.66
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4.4 FINAL ASSIGNMENT OF THE ENERGY INTERCEPTION VALUES
The energy interception (i) values for the cover sub-model v^ere estimated for each land
cover class (Table 4.7). Within the SLEMSA model, the protective value of crops and
vegetation cover is assessed according to the rainfall energy intercepted by the vegetation
canopy and understory estimated to be present. The soil protection provided by canopy
cover, understory growth patterns, and surface litter for each land cover class was
evaluated using three main data sources. First, field observations were made by the
author in 1997 and 1998. Second, data collected during a vegetation resource assessment
on eight plots in four locations in and around the Domasi catchment (Orr et al., 1998)
were used to guide the i value estimations. These data included percent canopy cover,
type and density of understory vegetation, and ground cover associated with each land
cover class. Third, Department of Forestry botanists and foresters provided expert
opinions.
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Table 4.7. Summary of interception values for the land cover classes derived from the
1994 Landsat TM data.

Land Cover Class

i value

Mixed Forest

100

Pine Plantation

95

Closed Miombo Woodland

95

Open Miombo Woodland

90

Eucalyptus /Riverine

75

Grassland

50

Agriculture

35

Bare Soil

0

Shadow

0

4.5 TERRAIN ANALYSIS
A strength of the current capabilities of GIS is that algorithms for digital terrain analysis
are readily available and have the potential to improve the quantitative description of
topographic attributes. These algorithms are used, for example, to identify catchment
boundaries, determine stream networks, and establish overland flow paths (Costa-Cabral
and Surges, 1994; Garbrecht and Martz, 1996; Garen et al. 1999; Jain and Kothyari,
2000).
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Spatial distribution of topographic and geomorphic features of drainage basins is a
component of the spatial variability of the soil erosion hazard. A digital elevation model
(DEM) is a digital grid (raster and bitmap are synonyms) containing numeric values that
describe topography. Elevation grids are divided into rows and columns, which define
grid cells. Each individual grid cell represents a square area on the earth's surface and
contains 3 numeric values (x, y, and z) that describe that cell's column, row, and average
elevation, in other words, its location in 3-dimensional space. No DEMs of an appropriate
scale for the study area were available. A DEM created for this study was used to
calculate two of the sub-parameters required for SLEMSA, slope steepness (ss) and slope
length (si). Manual calculations of these sub-parameters are tedious and time consuming.
The DEM and GIS analytical tools provided a way to automate this process (Desmet and
Govers, 1996; Hickey et al., 1994; Hickey, 2000; Mitasova, 1996).

In preparation for DEM creation the 50 foot elevation contours and the stream network
from the Department of Surveys 1:50,000 topographic map (Zomba Sheet 1535A4, 1986)
were digitized using Arclnfo software (ESRJ, 1997b). A series of quality checks were
undertaken for all data layers. Incorrect or missing contour elevations were identified and
corrected. The stream directionality for each stream segment was checked and corrected
where necessary. In addition, a visual comparison was performed between the digital
streams and contour lines and the original paper map by overlaying the two on a light
table and correcting any discrepancies.
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The DEM was created in Arc/Info NT environment (ESRI, 1997b) using an interpolation
method to create a hydrologically correct grid of elevation (Hutchinson, 1988; 1989). The
data layers used to generate the DEM included the elevation contours, the stream
network, and the border of the watershed, with a buffer zone around the perimeter of the
study area of 50 meters. The purpose of generating a buffer zone was to avoid errors
often associated with boundaries. If a buffer is not used, the edge cells that flow off the
DEM are assigned a "no data" attribute, making them unusable for further modeling. For
this reason the watershed area with a buffer zone of 50 meters around the perimeter was
used to prevent deterioration of the edge cells (Hickey et al., 1994).

During the DEM creation process, a quality check file is automatically generated that
displays "sinks" or depressions in the data. Sinks or depressions are small areas where
elevation decreases from all directions inward. Natural depressions are rare in nature, and
therefore depressions found in a DEM often indicate errors in the base data or
unavoidable artifacts caused by wide spacing of contour lines on the original topographic
map. It is preferable to create a depressionless DEM. As part of the interactive quality
check procedures, a sink layer generated in Arclnfo was used to assist in locating errors.
Each depression was checked for errors through an iterative process of correcting errors,
recreating the DEM, and re-inspecting the resultant sink layer each time depressions were
eliminated. After correcting as many errors as possible, the remaining depressions were
artificially filled to create a depressionless DEM. At this point the new DEM grid was
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clipped to match the exact watershed boundary and eliminate the buffer to obtain the final
depressionless DEM for the study area (Figure 2,4).

4.5.1 Methods for Deriving Slope Length
Slope length controls the amount of overland flow that may develop on an area of a given
gradient. In general, more overland flow and accumulation will occur on slopes having
longer slope length. Overland flow depth and velocity also increase with increasing slope
length. Divergent flow indicates a ridge, in contrast with convergent flow, which
indicates concentration of runoff and corresponds with the generalized stream network.
The slope length (si) was calculated from high points (ridges/peaks) along the direction
of downhill slope angle, also known as flow direction. Converging flows and areas of
deposition were determined through the stream network coverage.

Ideally, slope length should be determined by field measurements, but these are rarely
available or practical, and traditionally they have been estimated rather than calculated
for input into soil erosion models (Hickey, 2000; Hickey et al., 1994). This is problematic
because using regional estimates instead of measuring or calculating slope length
essentially converts this variable into a constant (Troeh et al., 1991). This is the case in
Malawi, where lack of detailed slope length measurements has relegated most SLEMSA
implementations to using arbitrary slope length values, thereby treating slope length as a
constant.
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To avoid this problem, slope length was modeled for the Domasi study area using the
facets of a triangulated irregular network (TIN). Described below, this was a multi-step,
complex, time-consuming and iterative process taking several full days of processing
time. For SLEMSA, slope length is defined as the distance from the point where runoff
begins until it reaches a channel, or until deposition begins. In SLEMSA, the X sub
model combines the slope length and the slope gradient as described in Chapter 3.

Calculation of slope length using a TIN model was selected over a raster model because
in a raster DEM this length is effectively limited to the size of the cells in the grid. For
the Domasi GIS, this restricted the length of slopes to 30 meters. A TIN models real
world surfaces as "a set of adjacent, non-overlapping triangles computed from irregularly
spaced points with x,y coordinates and z elevation values." (ESRI, 1997b). These points
connect to form triangular-shaped facets that describe elevation, slope, and aspect. These
facets are used here to describe slope fields. Cowen's (1993) method of calculating
cumulative downhill slope length from a TIN was used.

The creation of the Domasi study area TIN utilized three components: a stratified sample
of points selected from the DEM, ridgelines representing divergent flow, and low
elevation break lines or stream network along the drainages representing convergent
flow. For the TIN generation, a set of points was selected from the DEM, providing a
stratified 5% sample of x, y, and z values.
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Break lines for ridges and drainages were based on both the DEM and on digitized stream
channels. For the low elevation break lines, the stream drainage coverage provided arcs
in the drainages. For ridgelines, a view potential model developed by Kvamme (1983,
1992) was used to identify cells with a view angle greater than 275 degrees (Figure 4.7).
By trial and error, using view angles between 100 and 350 degrees, the view angle of 275
degrees was determined to best represent the ridges in the study area while minimizing
the number of extraneous lines. These cells were extracted, creating a binary image
describing areas with ridge-like conditions.

Next, continuous sinuous lines representing the ridgelines were created from the ridgeline
grid cells. The ridgeline coverage was edited and cleaned to obtain a coverage without
extraneous lines and to extrapolate lines where occasional gaps in the ridgelines occurred.
Finally, the ridgelines were generalized to 200 meters to meet the requirements of the
slope calculation algorithms as recommended by Christopherson (2000). Also
generalized at this same level were the stream drainages, again to allow for proper
estimation of slope lengths (Christopherson, 2000).

Using these three components, a TIN of the Domasi study area region was generated
(Figure 4.8). Each point in the TIN had x, y, and z values attached. Since no three points
had the same z or elevation value each facet had a slope, enabling the calculation of slope
length for each facet of the TIN.
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Figure 4,7. Ridge index calculates view potential by interpolating a contour through the
center point of a local neighborhood (A), with low values in drainage settings and high
values in ridge settings (B). (Kvamme,1992)
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Finally, slope length for each TIN facet was calculated (Figure 4.9). Based on previous
work by Cowen and Potter (1993) and Kunzman and others (1994), Christopherson
(2000) wrote a computer program in Arc/Info's programming language. The program
uses the TIN facets to delineate areas of individual slope fields. A raster map is created,
where the cell values carry the ID of the corresponding triangle from the TIN. For each of
these slope fields, the program determines the point of lowest elevation and the distance
from each cell in the slope field to the point of lowest elevation using both horizontal and
vertical change to calculate distance between points (ESRI, 1997b), giving an accurate,
real world distance measurement. Average distance is then calculated for each slope field,
resulting in a mean slope length for each slope field. Calculation of slope length for this
study for each of the approximately 5500 TIN facets required ten full processing days
(using a Pentium II running an NT operating system).

4.5.2 Methods for Deriving Slope Steepness
Slope steepness can be derived directly and easily from the DEM where the user specifies
the cell size, 30 m grid cells in the current study. The Arclnfo program identifies the
slope, or maximum rate of change, from each cell to its neighbors. The resultant grid
gives a degree of slope in percent for each grid cell.

Slope steepness was calculated from the DEM using the quadratic surface, an algorithm
developed by Srinivasan and Engel (1991; ESRI, 1997b). An average slope was
calculated using a maximum angle to or from the center of the grid cell. The algorithm

examines the neighborhood around each elevation cell to determine the slope across the
cell. The average slope steepness is based upon a 3 x 3 neighborhood, which eliminates
some local variability.

The slope steepness map can be seen in Figure 4.10, where light areas represent low
slope gradient values and dark areas high slope gradient values. The range of values in
percent rise varies from 0.15 % to 105%.

4.6. METHODS FOR DERIVING RAINFALL ENERGY
The sub-parameters i values, slope steepness, and slope length were all generated as grid
data with a 30 meter grid cell size. The last two sub-parameters, rainfall energy
interception and soil erodibility, were derived from maps and relational databases
developed by the previous work through the Land Resources Evaluation Project (19881992).
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Figure 4.10. Slope steepness for the Domasi Study Area. Lowest percent slope values
appear in light pink and the steepest gradients are displayed in dark red.
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4.6.1 Mean Annual Precipitation
As described in Chapter 3, rainfall energy is derived from mean annual precipitation. The
mean annual precipitation for the study area was extracted from a map and database
developed by the Land Resources Evaluation Project (Eschweiler and Nanthambwe,
1988). Agro-climatic data for all of Malawi were based on 126 rainfall stations and 18
meteorological stations and were collected and provided by the Metrological Department
of Malawi for the LREP project. The monthly precipitation data were based on a 30 year
record (1955-1985) for 18 stations within the Zomba district. The mean annual
precipitation vector polygon data layer was rasterized for the final use in SLEMSA.

4.6.2

Soil Erodibility

The LREP (1988-1992) soils/physiography map showing the soil types of the study area
was digitized from the 1:250,000 analog map (Land Resources Appraisal of Liwonde
Agricultural Development Division, Map 2). The soil erodibility index values were
determined by Paris (1990) for each soil type within the soils/physiography database,
translating from the Zimbabwe soil types and descriptions provided by Elwell (1978;
1981). Again the vector polygon layer was rasterized and converted into 30 meter grid
cells containing the F soil sub-parameter for each polygon for the final use in SLEMSA
and to match the spatial resolution of the rasterized land cover classification.

4.7 SLEMSA MODEL CALCULATION
After the GIS was created with all the necessary data layers to calculate SLEMSA, the
model procedure was written as an Arc/Info Grid AML macro by S. Skirvin (ARSC,
1998) and modified as needed for this dissertation. The Arclnfo macro language program
is provided in appendix A. In addition to the five sub-parameter data layers, two text
tables used by the model procedure are also required. The first is an ascii text file that
designates the i value or rainfall energy interception value as estimated for each land
cover class as determined by the image classification. The SLEMSA model requires an
additional ascii text file containing the soil erodibility index values for the study area. No
model processing was done on the small areas classified as shadow or for areas deemed
by LREP as land with predominately very steep slopes (greater than 55%) and for which
no soils information was recorded. Within the program, the SLEMSA equations for each
sub-parameter were calculated and combined to estimate soil erosion hazard for the study
area for each 30 meter grid cell. The results are shown in Figure 4.11.
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Figure 4.11. Soil erosion hazard: SLEMSA results and soil depth and elevation of the
Domasi watershed
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Figure 4.12. SLEMSA soil erosion hazard map (F) estimated from input map layers inset
A-E. Dark to light red shading of the inset maps indicates high to low values for A
(rainfall energy), B (slope steepness), D (slope length), and E (soil erodibility).
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4.8 DISCUSSION OF SLEMSA RESULTS
The following discussion divides the study area into the eastern third of the watershed
having low relief and the western two thirds where the topography is much steeper and
more varied. The results of SLEMSA (Figure 4.11) show that in the eastern part of the
watershed, the areas of low relief having low rainfall energy are estimated to have the
lowest soil erosion hazard. Changes from low to moderate erosion hazard in the eastern
third of the study area are associated with differences in the land cover type from
agriculture (gray) to bare soil (pale yellow) respectively, a by-product of the different
energy interception values for these land cover types. Although longer slope lengths can
result in greater accumulation of runoff, with increased detachment and transport
capabilities, the longest slope lengths here correspond with some of the lowest erosion
hazard areas in the east. Given the results of the sensitivity analysis, which determined
that SLEMSA was least sensitive to the slope length sub-parameter, it is not surprising
that factors of slope steepness, rainfall energy, and soil erodibility out-weighed the longer
slope lengths usually associated with higher soil loss.

In the western two thirds of the watershed, the distribution of moderate erosion hazard
(light green and pink on inset map F) follows a wide band around the western perimeter
of the study area related to increased slope steepness and rainfall energy levels as
compared to the eastern region described above. To some degree, however, the effects of
increased rainfall energy levels (dark on inset map A) may be counteracted by the
presence of soils with lower erodibility in similar areas shown in light red on inset map E.
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Areas of highest soil erosion hazard are located on the steepest slopes receiving 16002000 mm of mean annual rainfall (Figure 4.12). Areas of high soil erosion hazard areas at
intermediate elevations between 1300 and 1600 meters also correspond with moderate
soil depths compared to greater soil depths of low and moderate level hazard areas. A
shallower soil is in greater danger of losing its ability to support vegetation than a deeper
soil, making this last observation an additional concern for the Domasi Valley. Paris
(1990) described soils between 50 and 100 cm deep as being sensitive to soil loss, and
this range of soil depth corresponds to the highest soil erosion hazard according to
SLEMSA.
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CHAPTER 5 SENSITIVITY ANALYSES OF THE SLEMSA MODEL

Models facilitate understanding of system behavior and hence provide powerful tools for
scientists and decision makers. Limitations exist when modeling any given system's
character or behavior through space and time, thereby creating uncertainties in model
output. Uncertainties in model design and model parameters affect how well model
output represents the physical behavior of the system (Yeh and Deng, 1998).

5.1 SENSITIVITY ANALYSIS
Sensitivity analysis is the study of how model outputs respond to changes in input values
(Isukapalli, 1999; Nearing et al., 1994). It can be used for model calibration, verification,
identification, selection, and quality assurance in many fields where computer modeling
is used, such as environmental science, chemistry, industrial safety, and economics
(Zheng and Bennett, 2002; Isukapalli, 1999). Sensitivity analysis investigates the relative
importance of model parameters and provides information on the reliability, robustness,
and efficiency of the model (Yeh and Deng, 1998). In addition, it allows a better
understanding of the uncertainties associated with parameter estimation that occur in all
models (Zheng and Bennett, 2002).

Sensitivity analyses can be divided into two common types: deterministic and stochastic.
Deterministic analyses simplify modeling by investigating the sensitivity of the model to
known changes in input parameters. Deterministic analyses, on the other hand, do not
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consider all possible combinations of parameter values. Stochastic sensitivity analyses
consider the effect of variability in the input values but require a large number of
simulations to consider the many possible combinations (Watts, 1997). In the current
study, deterministic sensitivity analyses were used to investigate change in SLEMSA
behavior in relation to predetermined parameter changes or perturbations. Deterministic
analysis was selected because stochastic analysis would limit the number of input
variables and diminish the robustness of the model evaluation.

The objective was to determine which parameters have the largest impact on the output of
the model by running two types of sensitivity analyses over the range of parameter values
for the Domasi watershed. The first analysis investigated variation in model response by
changing the value of one parameter while holding the other parameters constant, and
comparing results with a base case run, thereby determining the relative significance of
each model parameter based on its calculated sensitivity index (SI). A second type of
sensitivity analysis, parameter behavior analysis (PBA), explored parameter behavior
within a range of input values to delimit any significant changes in sensitivity across the
range of values, indicating the presence or absence of uniform behavior for each
parameter. This results in a more comprehensive measure of parameter sensitivity.
Conducting sensitivity analyses of soil erosion models including SLEMSA aids in
determining the adequacy of data collection and future experimental and research needs
(Jasso-Ibarra, 1998).
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5.2 SENSITIVITY INDEX
The sensitivity index (SI) used in this study is dimensionless and is defined as:
^(z
-Z .
^ max
nun'
SI =

^
\ max

• )
mm'
(5.1)

where
Pmax and Pmin are the minimum and maximum values respectively of the input
parameter being analyzed,
P is the mean of (/Vx) and (/min),
Zmax and Zmin are the associated outputs for the two input values, and
Z is the mean of (Zmax) and (Zmin) output values.

The SI represents a relative normalized change in output to a normalized change in input,
allowing a valid means of comparing sensitivities for different input parameters that may
have different orders of magnitude (McCuen and Snyder, 1986; Nearing et al., 1989;
Bustamante-Gonzalez, 2000). The greater the SI value, the more influence that parameter
has on the outcome of the model or the more sensitive the output is to perturbation of that
parameter. According to Bustamante-Gonzalez (2000), the SI is a valid means of
comparing relative sensitivities among different parameters and different types of
dependant variables.
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The SI was determined for each of the following input parameters: rainfall energy (E),
energy interception (i), soil erodibility (F), and the topographic factors of slope steepness
(ss) and slope length (si) (Table 5.1). For each run of the analysis, the parameter under
study was allowed to vary while all other parameters were held constant at their mean
value over the Domasi watershed (Table 5.1). In order to perform sensitivity analyses, the
range of parameters must be known for the environment. Thus, the results of the
sensitivity analyses are valid for the conditions that were used in the model specifically
for the Domasi study area. The results are not applicable for regions where the values of
the parameters fall outside this range.

The behavior of each input parameter was also examined over the range of that parameter
that occurs in the study area. Tables 5.1 and 5.2 provide the sensitivity index calculated
for each parameter. The sensitivity index values range from 4.39 to 0.43. The results of
the SI indicate that the rainfall energy and slope steepness are by far the most important
parameters influencing the outcome of SLEMSA. If the scale of rainfall energy
(1:250,000) were improved to the scale of slope steepness (1:50,000), the relative
importance of these sub-parameters may change. Soil erosion estimation is least
sensitive to soil erodibility and slope length given that they both have sensitivity index
numbers less than one. The cover factor is intermediate in influencing the soil loss
estimation outcome.
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Table 5.1. Sub-parameter values for SLEMSA sensitivity analysis in the Domasi
watershed study area. The higher the sensitivity index (SI) the more sensitive the model
output is to perturbations in that sub-parameter relative to the other 4 sub-parameters.

SUBPARAM.

OUTPUT
(Z)

INPUT
(P)
(Pmean) (PmirJ

(Pmay)

(Zmean)

SI
(Zr„in) (Zmax)

SI

Rainfall
energy (E) in
J/m^
33922.80 26384.40 37690.00

266.01 126.33

510.72

4.39

1221.81 12.87 14244.60

2.50

Slope
Steepness (ss)
in %
Percent
Energy
intercepted
(0

22.63

0.01

105.74

0.14

0.04

1.00

67.47 15.78

564.07

1.19

167.56

15.00

540.26

66.81 20.65

123.87

0.49

254.20

126.33

510.72

61.80 28.78

69.07

0.43

Slope length
(si) in meters

Soil
erodibility
(F), unitless
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Table 5.2. SLEMSA sensitivity indices for all sub-parameters.

(P2-P1/P12)

(Z2-Z,/Z,2)

Sensitivity Index (SI)

Input

Output

SI

Rainfall energy (E)

0.33

1.45

4.39

Slope steepness (ss)

4.67

11.65

2.50

Energy intercepted (i)

6.86

8.13

1.19

Slope length (si)

3.14

1,55

0,49

Soil erodibility (F)

1.51

0.65

0.43

Sub-parameter

5.3 COMPARISON TO OTHER SENSITIVITY ANALYSES
Two previous studies in Malawi conducted sensitivity analyses of SLEMSA. However,
differences in scale, quality of input data, number of parameters analyzed, and method of
determining sensitivity influenced the outcome of these investigations and the
comparability of the results. Mughogho (1998) performed a sensitivity analysis on
SLEMSA for one experimental plot (30 m x 10 m) where most input parameters were
measured, not estimated. The sensitivity analysis of Khonje and Machira (1987) was
performed on a national scale (94,000 km^), with the values for the parameters being
approximate for each 10 km^ grid cell. The sensitivity index for the current Domasi study
area was conducted for a small watershed (88 km^) using geomatics to calculate the
SLEMSA parameters for each 30 m^ cell based on comprehensive data compiled by the
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Land Resources Evaluation Project and a recent digital elevation model.

To evaluate the differences in results between studies, rankings have been assigned to
note relative importance of the parameter to the output values for each study given in
Table 5.3. Khonje and Machira (1987) investigated the effects of increasing and
decreasing the sub-parameters by arbitrary values or percentages. Table 5.3 lists these
values and percentages for each parameter. Mughogho (1998) varied each sub-parameter
by increasing the value for each by 15%; decreases in the input values were not
evaluated. Neither Mughogho (1998) nor Khonje and Machira (1987) evaluated the
sensitivity of the model to slope length. Mughogho (1998) did not evaluate the sensitivity
of the model predictions with respect to the rainfall energy parameter.

According to Mughogho's results, soil erodibility was the most important parameter,
followed by slope steepness; and sensitivity of SLEMSA to the cover parameter was
weakest. The results of Khonje and Machira (1987) showed that their Erosion Hazard
Unit (EHU) computation is most sensitive to vegetation cover, then to soil erodibility,
and that the sensitivity of erosion hazard to slope steepness and rainfall energy was
weakest. In the current study, rainfall energy and slope steepness had the highest
rankings, cover was intermediate, and slope length and soil erodibility were least
influential over the SLEMSA outcome.
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Table 5.3. Comparison of sensitivity indices in three sensitivity analyses.

Sensitivity as determined This study

Mughogho

Khonje and Machira

by:

(1998)

(1987)

Parameter Analyzed

SI

Ranking

Method

Ranking

Method

Ranking

Rainfall energy (E)

4.34

High

na

na

+/-1000

Low

Slope steepness (S)

2.49

High

+ 15%

Med.

+/- 2%

Low

Energy Interception (i)

1.16

Med.

+ 15%

Low

+/- 10%

High

Slope length (L)

0.59

Low

na

na

na

na

Soil erodibility (F)

0.43

Low

+ 15%

High

+/-1%

Med.

Whereas the methods of Khonje and Machira (1987) and Mughogho (1998) provide
insight into the sensitivity of each parameter, the SI computed for the current study
permits incorporation of a wider range of variations and accounts for any differences that
may exist in order of magnitude between parameters. In this study, the changes to each
parameter were based on the known ranges of data for this area, utilizing the minimum,
maximum, and mean values for the study area. Adherence to actual values as well as to
the appropriate values for the study area naturally results in more reliable results.

5.3.1 Comparison of Sensitivity of Rainfall Energy (E) Values
Rainfall energy (E) was the highest-ranking parameter in the current study, whereas
Khonje and Machira (1987) ranked it low and Mughogho (1998) did not evaluate this
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parameter. Khonje and Machira (1987) used approximate values of mean annual
precipitation, as compared to the finer-scale data used for this sensitivity analysis of
SLEMSA. The range of their approximations for rainfall for the entire of Malawi was
635- 2286 mm per year. More accurate rainfall data have been collected and compiled
only in the past 15 years and these data were not available to Khonje and Machira. A
recent climatic database was developed by the Land Resources Evaluation Project using
detailed records from 19 meteorological stations and 318 rainfall stations in Malawi and
covering the period from 1955 to 1985. This database gives the range of national mean
annual precipitation as 610 mm to 3300 mm (Eschweiler, 1991; Venema, 1991a) and was
the source of the mean annual precipitation values used as input for SLEMSA for the
Domasi study area.

The rainfall data used in this study therefore may account for more of the spatial
variability in precipitation, which better indicates the model's ability to represent the
precipitation influence on soil loss estimates. This may explain why E was the most
sensitive parameter in the current study. Khonje and Machira (1987) suggested that for
appropriate use of SLEMSA, measured long-term mean annual rainfall would produce
more reliable results than approximate rainfall values from a limited number of stations.
Therefore, using potentially unreliable data as the basis for their sensitivity analyses may
have yielded less consistent results for this parameter. Khonje and Machira (1987) used
the best available data at the time with the goal of providing soil erosion estimates for the
entire country rather than a small study area.
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5.3.2 Comparison of Sensitivity of Slope Steepness (ss) Values
Studies suggest that soil loss as estimated by SLEMSA is very sensitive to slope
steepness (Machira, 1984; Amphlett, 1986), and that conclusion is supported in the
current study. However, the ranking for this parameter by Mughogho (1998) was
medium whereas Khonje and Machira's (1987) ranking was low.

Differences in methodology may explain the inconsistent results among studies. The
equation used to calculate the topographic factor (X) by Mughogho (1998) for slopes less
than 4% was;

X = ss(sl)"^ (10.742SS + 8.038)

(5.2)

where:
•

ss is the slope steepness in %

•

si is the slope length in meters.

Note that this is different from the topographic factor equation in SLEMSA as defined by
El well (1978) (Equation 3.11, Chapter 3).

In the Domasi study area, slope steepness varies widely at both micro- and macro-scales.
Because the slope steepness parameter was averaged for 10 km^ grid cells by Khonje and
Machira (1987), their conclusion that slope steepness is relatively unimportant in their
sensitivity test is probably not a reasonable assumption.
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5.3.3 Comparison of Sensitivity of Energy Interception (i) Values
Khonje and Machira (1987) ranked the energy interception (i) as having the most
influence on SLEMSA output. This parameter was ranked medium in the current study
and low in the Mughogho (1998) study.

For Mughogho, an increase of 15% in the interception value representing the cover factor
resulted in only a small percent decrease in soil loss (approximately 4%). Mughogho's
interception values were based on a much more detailed estimation of percent cover
interception throughout the growing season. The methods used by Mughogho to estimate
i values therefore capture the temporal variability of the cover through the growing
season, which was not captured in either the present study or that of Khonje and Machira.

Using a 35 mm camera mounted on a moveable platform, Mughogho estimated cover
interception values for each 10-day period and then averaged for the plot following the
methodology explained by Elwell. The current study applied one value for each 30 m^
grid cell and based the estimates on the vegetation map derived from satellite image
classification. The interception values are approximations for each vegetation or cover
type mapped using satellite imagery from a single date (1994). Khonje and Machira's
method of manually estimating the interception value for each 10 km^ grid cell also only
represented the interception value of the date the Brown and Young (1965) vegetation
map was published. They also had to address many complex areas where more than one
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vegetation type and condition were mixed in the grid cell, given the 10 km^ cell size.

Malawi has a very complex cover pattern leading to a high degree of mixing of spectral
response in each pixel. The model sensitivity to the cover parameter would be dependent
upon scale, pixel size, and vegetation type. Given the extreme differences in scale of the
three studies, no comparative conclusions can be made regarding this parameter.

5.3.4 Comparison of Sensitivity of Slope Length (si) Values
Slope length was low in the sensitivity ranking for this dissertation. None of the other
studies performed a sensitivity analysis on this parameter, so no comparison was
possible.

Other researchers working with SLEMSA in Malawi (Paris, 1990; Orr et al., 1998;
Mwafongo and Kapila 1999), treated slope length as a constant or as several constants
ranging between 10 and 100 m, depending on cover type, physiographic region, or land
management. The results of the Domasi sensitivity analysis show that slope length has
limited influence on the outcome of the SLEMSA model. Given this, perhaps slope
length estimation from a DEM has less importance.

5.3.5 Comparison of Sensitivity of Soil Erodibiiity (F) Values
The soil erodibiiity parameter ranked low in the current study, medium in the Khonje and
Machira study, and high in the Mughogho study. Mughogho found.the F facto^^
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most sensitive input parameter, with a 15% increase in the F factor causing an
approximately 22% decrease in the resultant soil loss. The agricultural plot scale at
which Mughogho was working and the fine resolution data, particularly for the
management practices applicable to each plot, are much more detailed than were
available for the Domasi study and may explain these results. This discrepancy justifies
further investigation into the importance of variations in soil erodibility to model output.

5.4 PARAMETER BEHAVIOR ANALYSIS
Parameter behavior analysis (PBA) is another measure of model sensitivity. Although
the sensitivity index allows all of the parameters to be ranked using a single value for
comparison, a more detailed look at the activity within any one parameter can be
obtained through PBA. The intent is to evaluate how the output is affected by changing
each input variable over its entire range of values. This method allows the user to identify
the sensitivity and significant ranges of each input rather than applying one value over the
entire range. The sensitivity analyses discussed in the previous section were performed
assuming that the behavior of each parameter was consistent and had a uniform effect on
the output across the range of values. The parameter behavior analysis revealed that this
was true for the energy interception and soil erodibility but not the case for the rainfall
energy, slope steepness, and slope length.

To perform the PBA, both input and output values are normalized over their range of
values. This is accomplished by dividing the calculated input value by the effective input
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value over the entire range of values for each parameter, followed by the same process
for the output or calculated soil erosion hazard. Results are assessed by plotting Z/Ze
versus P/Pe, where Z is the model output (in this case soil erosion) and Ze is the effective
value for Z. P, the model input, is divided by Pe, the effective value of a parameter, for
each model input parameter. The effective values are defined as:

Pe - ^J{Pminx Pmax)

(5.3)

where:
Pmin and Pmax are the minimum and maximum values for parameter, P, and

Ze = yj{Z min x Z max )

(5-4)

where:
Zmin and Zmax are the minimum and maximum values for the model output, Z. The
analyses were prepared by examining graphical comparisons of the Z/Ze versus P/Pe for
each parameter,

5.4.1 Results of Parameter Behavior Analysis (PBA)
The resultant graphs for each input parameter display the behavior of the model output
with respect to each input parameter over the possible range of values (Figures 5.1-5.5).
The graphical plots for soil erodibility and energy interception in Figures 5.1-5.2 show
that the behavior is linear over the range of input values. This implies that the parameter
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sensitivity is consistent throughout the entire range of parameter values used in this study.
As described in Chapter 3, soil erodibility (F) is inversely proportional to soil loss,
resulting in a negative slope for the linear relationship. In the study area the behavior of
F as it influences K is linear with the range of rainfall energies in Domasi. An
exponential effect would be seen with higher and lower values for rainfall energies.

Parameter behavior Analysis: Vaiyii^ Sofl Erodibility (F)
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Figure 5.1. Parameter Behavior Analysis: Soil erosion hazard as a fiinction of varying
erodibility (F). F is a sub-parameter of the K soil loss parameter or sub-model.
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Figure 5.2. Parameter Behavior Analysis: Soil erosion hazard as a fonction of varying
energy interception C (cover sub-model).
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Parameter Behavior Anafysis- Slope Steepness (j^)
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Figure 5.3. Parameter Behavior Analysis: Soil erosion hazard as a function of varying
slope steepness (ss). Slope steepness is a sub-parameter of the X (topographic) submodel.
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Figure 5.4. Parameter Behavior Analysis; Soil erosion hazard as a function of varying
slope length (si). Slope length is a sub-parameter of the X (topographic) submodel.
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Figure 5.5. Parameter Behavior Analysis: Soil erosion hazard as a fiinction of varying
rainfall energy (E). E is a sub-parameter of the K soil loss sub-model.

213
In the cases of slope steepness, slope length, and rainfall energy, the graphs (Figures 5.3,
5.4 and 5.5) reveal that the relationships are not linear across the range. Figure 5.3 shows
that soil erosion hazard increases with the square of slope steepness, with increasingly
larger effects for steeper slopes. The relationship between slope length and soil erosion
hazard depicted in figure 5.4 is logarithmic. Short slope lengths have the largest effect on
soil erosion hazard, whereas this effect decreases at the longest slope lengths as
evidenced by the nature of the curve on the graphical plot. This is consistent with the
SLEMSA result that showed areas in the eastern third of the watershed having low soil
erosion hazard but among the longest slope lengths.

The relationship between E/Eeffand Z/Zeff (Figure 5.5) can be divided into two zones of
sensitivity within the range of E/Eeff values between 0.84 - 1.19. The least sensitive range
is between 0.84 and 1.08, with a slope of 3.13. The steeper slope of 7.54 between E/Eetr
values of 1.08 and 1.19 indicates that model sensitivity to this parameter more than
doubles in the higher rainfall energy. This means that an increase in the amount of
rainfall energy in this range has a much more dramatic increase in the soil erosion hazard.

Because the rainfall data had been categorized for this study (1200- 1600 mm, 1600-2000
mm, greater than 2000 mm) there are only 3 rainfall energy levels represented in the
study area. The graph shows the influence of increasing rainfall energy on soil erosion
hazard. If additional points were interpolated the curve would be expected to show
exponential behavior. In the lower rainfall energy categories, the effect on soil erosion is
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less than at higher rainfall energy, as illustrated by the change in slope from 3.13 to 7.54.
Given this, erosion effects are expected to increase exponentially with increasing rainfall
energy within the SLEMSA model.

5.5 DISCUSSION
The sensitivity indices for the sub-parameters in this research show that rainfall energy
and slope steepness are the most important component in soil loss estimation in the
Domasi area Furthermore, through the parameter behavior analysis it was determined
that rainfall energy and slope steepness exhibit non-linear behavior in the model. As
rainfall energy and slope steepness increase, the soil erosion hazard increases at an
increasing rate. Slope length was the second to last important component in soil loss
estimation according to the sensitivity index and also showed a non-linear relationship
across the range of values indicating that its influence on the soil erosion hazard changes
depending upon the slope length value. For the sub-parameters that behave consistently,
soil erodibility and energy interception, it is now known that the sensitivity does not
change within the ranges found in this study. However, sensitivity does change over the
range of values for the other three sub-parameters, rainfall energy, slope steepness, and
slope length. Consequently the ranking obtained from the sensitivity index will be
different for values higher or and lower than those found in the Domasi watershed. This
non-linear behavior could explain why in Mughogho's (1998) sensitivity analysis, which
only included plots with slopes less than 4%, she ranked SLEMSA's sensitivity to slope
steepness lower than in this study.
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The most important parameters for fixture applications of SLEMSA in areas similar to
Domasi appear to be rainfall energy and slope steepness. As resources for data
acquisition are always limited by financial considerations, it would be prudent to use
available resources to improve the measurement of these parameters first. Precipitation
measurements from more rainfall stations and meteorological stations near the study site
and all over Malawi would improve calculation of rainfall energy. Higher resolution
DEMs could be used to compute more accurate slope steepness values. Generating slope
length fi-om the DEM was computationally intensive, and given the low sensitivity of the
model to perturbations in slope length, that extensive effort is not supported by these
sensitivity analyses.
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CHAPTER 6 COMPARISON OF SLEMSA RESULTS TO ALTERNATIVE
METHODS OF SOIL EROSION ASSESSMENT

6.1 INTRODUCTION
To better understand the results of soil erosion hazard estimation using SLEMSA, the
modeling results were compared to alternative methods of assessing erosion potential. No
soil loss field measurements were available for the area; therefore, two independent
methods to estimate long-term soil erosion were explored.

These methods of alternative geomorphic indicators, drainage density and drainage
texture, have been broadly correlated with soil erosion intensity and mean annual
precipitation (Morisawa, 1962; Gregory and Walley, 1973; Morgan, 1974; 1995;
Knighton, 1998). Global patterns of drainage density have been found to correlate well
with sediment yield (Langbein and Schumm, 1958). These indicators represent
independent indices of soil erosion intensity that may assist in assessing erosion potential.
In the past, manual quantification of these types of drainage basin characteristics was a
tedious and time-consuming effort. Current digital data availability, especially digital
elevation data, and data processing capabilities using GIS technologies have simplified
extraction of geomorphic characteristics related to surface runoff and erosion processes
(Eash, 1994).

In addition, the results of this study were compared to the results from the Land
Resources Evaluation Project (LREP) (1988-1992). As discussed in Chapter 3, LREP
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applied a version of the SLEMSA model on a national scale, including the area
investigated here, but they utilized different input and two generalized input subparameters. By comparing results of this study and the LREP results, they can serve as a
cross reference to each other. Methods used in the LREP study were described in detail in
Chapter 3.

6.1.1 Drainage Density and Drainage Texture
The action of erosion processes on the landscape is reflected in the topography and the
pattern of drainage networks. Erosion occurs by both incisive and diffusive processes.
Incisive processes result in rilling, gullying, and ridge breakage. Diffusive processes,
such as rainsplash, soil creep, and animal burrowing, result in the diffusion of soil
particles downslope. Incisive processes tend to dissect the landscape, whereas diffusive
processes tend to fill depressions and reduce relief Surficial stream drainage patterns
thus represent the surface manifestation of a larger hydrologic system on a long time
scale. Drainage networks are discernible on a topographic map and can be measured and
characterized both qualitatively and quantitatively. The density of streams in a watershed
is an aspect of drainage basins thought to respond significantly to hillslope hydrology
(Kirkby, 1987).

Drainage density is a parameter that enables one to link geomorphic processes such as
erosion to observable form attributes. For this reason, it has long been seen as a
fundamental topographic characteristic used to characterize watersheds (Ritter, 1978).
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Horton (1945) defined drainage density as the cumulative length of streams per unit of
drainage area, independent of stream order. It is used here for the same reasons it was
first adopted; for its ease of comprehension, simplicity, and utility as a runoff index.
Drainage density reflects the spacing of the drainage ways, The once laborious task of
measuring stream lengths has been highly simplified by use of DEM and digital stream
networks in a GIS. Compared to manual methods of measurement, an automated system
using digital data and GIS significantly reduces the time required to quantify drainage
basin characteristics, including calculation of drainage density and drainage texture
(Eash, 1994). Drainage density varies widely from region to region.

Stream ordering is a general way of describing the size of a stream or river. Several
methods of stream ordering exist in which the relationship between streams of different
magnitudes allows us to describe an area using mathematical terms. The order of a stream
indicates its relative importance in the stream network. Horton (1945) used stream
ordering to characterize basin hydrology. His method was later refined by Strahler
(1957), who numbered stream segments instead of the original ordering of entire streams.
Strahler's stream ordering system is widely used and was therefore selected for this
study. In this method, a stream segment with no tributaries is defined as a first-order
stream, representing the smallest permanent streams. A second-order stream is formed
where two first-order streams join; a third-order stream is formed where two secondorder streams meet; and, at the highest level, a fourth-order stream is formed where two
third-order streams meet. Smaller streams entering a higher-ordered stream do not change
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its higher order number. Stream order has the limitation that streams of the same order
may have different flow magnitudes and hence different erosive power.

Drainage texture is defined as the number of first-order streams per unit area and is
equivalent to the density of source points, analogous to gully density. Drainage texture
was used by Morgan (1971; 1974) as an index of erosion. High values of drainage texture
are a response to a mean seasonal rainfall regime that includes high intensity rains
(Morgan, 1995). Calculations of drainage texture can vary with topographic map scale, as
all first-order streams may not be represented depending on the map scale (Young and
Stall, 1971; Gregory and Walley 1973; Tarboton et al., 1989; Black, 1996). Although
only limited quantitative data on rainfall intensity exist for Malawi, the highest rainfall in
Malawi in a 36 hour period (711 mm) was recorded on Zomba Plateau in 1946, the area
most likely to experience high intensity rains. Pike and Rimmington (1965) indicated that
254 mm out of the 711 mm fell in one hour, which would make it the highest recorded
one-hour rainfall in Malawi.

6.2 METHODS
The Domasi watershed was divided into 20 sub-watersheds in order to calculate several
geomorphic characteristics per sub-watershed area (Figure 6.1), Subsequently, each subwatershed was analyzed individually in terms of drainage density and drainage texture.
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6.2.1 Sub-watershed Selection and Delineation
To delineate the sub-watersheds, the flow direction of each cell in a DEM was first
calculated using the hydrologic modeling extension in ArcView version 3.2 (ESRI,
1997a) and the depressionless DEM generated from the 1:50,000 topographic map
(Chapter 4). The flow direction was subsequently used to calculate a grid of accumulated
flow representing the number of upslope cells. Finally, sub-watersheds were defined
using the flow accumulation grid and a user-defined 2500 pixel minimum sub-watershed
size. This number was determined to be adequate to delineate 15-25 sub-watersheds of
similar size within the Domasi Watershed. The minimum size was found iteratively using
a range of 500-5000 minimum pixels. Too small a minimum (500-2000) produced
irregularly shaped watershed basins with many artifacts. Too large a minimum pixel
setting (> 2500) caused the sub-watersheds to be larger and fewer than desired as well as
creating dissimilar sizes between sub-watersheds.

Since the watershed boundaries are delineated from the raster DEM file, the process
results in undesirable stair-stepped watershed boundaries. Therefore, to better simulate
the watershed boundaries to be used in subsequent calculations, the boundaries of these
watersheds were smoothed using a spline algorithm.

Five sub-watersheds of less than 1.45 km^ in area each were identified using the above
method. Because of their small size, they were hand-edited for inclusion in the
appropriate adjacent watersheds. The next smallest sub-watershed in the study area was
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2.15 km^, making the smallest final sub-watershed almost half again as large as any of
the eliminated watersheds. After the elevation contours and stream network were
examined, the boundaries delineating the undesirable small sub-watersheds were
dissolved individually and absorbed into the appropriate adjacent sub-watershed.

6.2.2 Computation of Drainage Density and Texture
An automated procedure in ArcView's hydrologic extension was used to generate stream
order numbers for each stream segment in the Domasi stream network (Figure 6.2). The
stream ordering is based on each stream segment's coverage and flow direction. After the
stream segments were ordered, the number of first-order streams was summed for each
sub-watershed and divided by the area of the sub-watershed to obtain the value of
drainage texture (DT) (Figure 6.3). Drainage density (DD) was calculated by dividing
the cumulative length of all the streams by the area for each sub-watershed (Figure 6.4).
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Figure 6.1. Sub-watersheds of the Domasi study area classified by area in km^.
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Figure 6.2. Strahler stream order m Domasi sub-watersheds.
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Figure 6.3 Drainage texture results by sub-watershed from violet to dark purple
representing low to high soil erosion risk. A and B represent sub-watersheds referred to
in text.
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Figure 6.4. Drainage density results by sub-watershed from peach to burnt orange
representing low to high soil erosion risk. A and B represent sub-watersheds referred to
in text.
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6.3 DISCUSSION OF DRAINAGE DENSITY AND TEXTURE
According to Knighton (1998), drainage density should decrease with slope gradient.
This is because densities are highest in areas of steep headwater where incision processes
are at a maximum. Drainage density for the study areas generally follows this
relationship, as shown when drainage density in Figure 6.4 is compared to slope
steepness (Figure 4.10). The gently sloping areas (dominant in the east) all have lower
drainage densities than the sub-watersheds with steeper headwater. Drainage density was
used by Mikhailov (1972) and lana (1972) in Eastern Europe to represent moderate and
severe erosion risks. Morgan (1974) calculated drainage texture to distinguish between
areas of moderate and high erosion risk in Malaysia. In the Malaysia study, higher
drainage density was associated with increased runoff, sediment transport, and erosion
(Morgan, 1974; Morgan, 1995).

Although the shapes of the sub-watersheds dominate the patterns seen in the drainage
density and drainage texture results, some correlations between the SLEMSA results
obtained in this study and drainage density/drainage texture are evident. To facilitate a
visual comparison, the results of SLEMSA (Figure 6.5), drainage texture (Figure 6.3) and
drainage density (Figure 6.4) were generalized into three levels of erosion potential: low,
moderate, and high.

Drainage texture and drainage density results appear to support the relative results of
SLEMSA for the Domasi watershed. The lowest values for SLEMSA generally
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correspond with the lowest two classes of drainage texture. Similarly, the watersheds
with the highest soil erosion potential based on drainage texture values (2.86- 3.54)
correspond well with the sub-watersheds with the greatest number of grid cells in red,
representing the areas with the highest soil erosion hazard based on SLEMSA estimates.
Overall the numbers for both drainage density and drainage texture are low. This suggests
that it may be preferable to use larger scale maps (i.e., more detailed) to ensure that all
small perennial first-order streams are represented and included in the calculation of
drainage texture.

In some cases, the drainage texture is a reasonable average of the SLEMSA erosion
hazard. For example, on Figure 6.3 the sub-watershed designated A has a moderate level
of drainage texture. However on Figure 6.5, SLEMSA results for sub-watershed A
contain a mix of low soil erosion hazard pixels in the eastern half and high soil erosion
hazard at the western end of the watershed. In contrast, although drainage density and
drainage texture show low values in the sub-watershed marked B on Figures 6.3 and 6.4,
there is not good correspondence with results in Figure 6.5, as the SLEMSA results show
approximately 40% of the sub-watershed having high soil erosion hazard. The reason for
this discrepancy is unclear. However, it is assumed that additional input parameters
incorporated into SLEMSA may account for this anomaly. Interestingly, this is the only
sub-watershed with poor correspondence. Therefore, drainage texture and drainage
density capture much of the SLEMSA results despite the decreased spatial resolution.
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Domasi watershed
SLEMSA results
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•• Low
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Figure 6.5. SLEMSA results from this study showing soil erosion hazard from green to
red representing lowest to highest. Note same as Figure 4.12, inset F.
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6.4 LREP-MODIFIED SLEMSA RESULTS
Figure 6.6 shows the results of the SLEMSA implementation by the Land Resources
Evaluation Project (LREP). The national-level results were clipped to the dimensions of
the study area and have the sub-watershed boundaries overlain to facilitate comparison
with the results of this study. As in this study, LREP used relative rather than absolute
values for soil loss estimations and classified soil erosion hazard in the study area into
three categories: slight, slight-to-moderate and moderate. The largest portion of the study
area falls into the middle range of soil erosion hazard.

Generally speaking, the areas mapped by LREP as slight and slight-to-moderate have a
comparable distribution to the results from this study. However, the boundaries between
the LREP classes are highly generalized and are represented regionally by large
polygons. The results of the current study (Figure 6.5) provide more detailed information
about soil erosion hazard within the study area, both spatially and across the range of
erosion hazard values. This detail reflects the added information provided by the higher
resolution topographic data and the more intricate spatial pattern of vegetation cover that
were generated for this study.
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Figure 6.6. Light to dark pink-reds represent slight, slight to moderate, and moderate soil
erosion risk as mapped by LREP (1988-1992). All input layers to SLEMSA mapped at a
scale of 1:250,000.
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Of the three areas mapped by LREP having the highest soil erosion hazard, only the
western-most area straddling the Domasi River corresponds well with the current model,
although LREP's results indicate a smaller area of high erosion hazard. In contrast, the
other two areas in the east do not correspond at all. This is most likely due to the
influence of generalized vegetation and land use maps used by LREP (1:250,000 scale).
In addition, LREP introduced cut-off points for areas receiving less than 800 mm or
greater than 1200 mm mean annual rainfall, changing the original calculation of rainfall
energy from mean annual rainfall (see Chapter 3). Because the Domasi watershed
includes areas receiving more than 1200 mm of mean annual rainfall, this may help to
explain discrepancies between the results of this study and LREP. The miscellaneous
category mapped in the current study and LREP study corresponds to large areas of rock
outcrop, for which soil erosion was not calculated.

Overall it can be said that the SLEMSA model results presented here are preferable to
both LREP's results and to the results captured by calculating the geomorphic parameters
of drainage density and drainage texture. LREP's use of generalized land units and a
limited number of classes of input parameters contributed to the lower efficacy of the
results. The results of the current study were supported by the drainage density and
drainage texture calculations, but the inclusion of more input parameters in SLEMSA
resulted in greater efficacy. Thus, differences between the current study and these three
alternatives can be attributed to the greater level of detail possible in the current study
using geomatics techniques, most notably remote sensing for more accurate and up-to-
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date information about the entire watershed and a geographic information system for data

collection, manipulation, and analysis.
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CHAPTER 7 RECOMMENDATIONS AND CONCLUSIONS

Soil erosion research is a capital-intensive, labor intensive, and long-term endeavor. The
soil erosion process has operated throughout geologic time in all parts of the world.
Recently, however, and largely owing to the increasing interventions of humans with the
environment, soil loss has been accelerated and now threatens the production of food
resources of many regions of the world (Pimentel et al ., 1995). Accelerated soil erosion
also is endangering clean water supplies, reducing the life span of water reservoirs,
damaging important fishing industries, posing a serious threat to agricultural production,
and causing degradation of ecosystems in many regions of the world. Malawi is one such
region (Mwafongo and Kapila, 1999; World Bank 1992; 1998; SOE, 1998).

Many rural people in Malawi have been pushed to the limits of agricultural production
and have taken to farming shallow, vulnerable soils, disturbing stream banks and entire
watersheds through cultivation, expanding into steeply sloping land, and encroaching into
the nation's protected lands and forest reserves (Eschweiler, 1992). These activities often
undermine the livelihood of future generations. With expected increases in Malawi's
population over the next century (NSO, 2002), the delicate balance between the desire to
conserve land and soil resources for the fiiture and the ever increasing demands for food
production for the present population will continue to be jeopardized unless action can be
taken based on an understanding of the problems and potential solutions.

Unfortunately, understanding and documenting soil erosion processes and impacts is a
capital-intensive, time-consuming, and long-term endeavor. This research demonstrates
how the use of geomatics technology and satellite imagery in conjunction with existing
soils data greatly improves our capability to model soil erosion hazard and causes in a
cost-effective, timely manner. The sensitivity analysis of SLEMSA in this study reveals
which environmental parameters rank as most important and what range of parameter
values have the greatest influence on SLEMSA output. This study also provides valuable
documentation of SLEMSA work performed in Malawi in an attempt to build on existing
knowledge without duplicating efforts. The potential use of geomatics to carry out
SLEMSA estimations for other parts of Malawi is outlined in detail, which aids
government agencies charged with providing information and recommendations to the
government as well as the agriculture extension offices who interact with the farmers.
Lastly the SLEMSA results from this study were compared to two other regional methods
to evaluate soil erosion hazard that can also be implemented using geomatics.

Results of this study clearly demonstrate that the use of the SLEMSA model is an
effective means of modeling soil erosion hazard in Malawi, especially considering the
value and utility of the results. It is reasonably comprehensive, covering relevant and
important aspects of the soil erosion processes and is understandable to a wide audience.
SLEMSA also produces easily interpretable results to be used in relevant decision
making from the national government level to local agricultural extension officers and to
farmers, who are most immediately affected by the hazards of soil erosion and who must
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be key players in the solutions implemented to mitigate and control soil erosion.
Strategic research and farmer participatory studies at the watershed level together can
assist in identifying ways to guide the development of new agricultural and land
stewardship practices.

7.1 SUMMARY OF RESULTS
The implementation of SLEMSA in this study has clearly demonstrated the efficacy of
combining an empirical soil loss model with geomatics techniques to identify the
potential for soil erosion and the relative risk of soil erosion across a landscape.
Applying the power of geomatics facilitates drawing conclusions from multiple databases
and adds the capability of updating and improving the information as new data are
acquired.

In the Domasi watershed of Malawi, erosion hazard has proven most severe at
intermediate elevations where slopes are steep and rainfall energy is high. In contrast,
where elevation and slope steepness are low, soil erosion hazard is relatively low. At the
highest elevations where soil is thin and slopes are less steep, but where the vegetation
cover is greatest, the erosion hazard is intermediate even though rainfall energy is high.
SLEMSA provided a unique ability to discover the relevant parameters that control
erosion potential in each portion of the watershed.
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The sensitivity analysis of SLEMSA revealed that rainfall energy and slope steepness
have the greatest influence on the soil erosion hazard estimates using SLEMSA. Energy
interception was intermediate in sensitivity level and ranked third using the sensitivity
index method. According to the results provided by the sensitivity indices SLEMSA was
by far least sensitive to the sub-parameters of soil erodibility and slope length.

The parameter behavior analysis illustrated that not all sub-parameters had consistent
influence on the model outcome across the range of values that exist in the Domasi
watershed. As the slope gradient increases so does the influence of slope steepness on the
output of SLEMSA. This fact played a role in the areas found to have the highest soil
erosion hazard corresponding to some of the steepest slope in the study area. The
influence of slope length, in contrast, is highest with shorter slope lengths and becomes
less influential on SLEMSA output as the slope length increases. This would explain why
in the Domasi study area the longest slope lengths do not correspond with high soil
erosion potential.

SLEMSA's sensitivity to rainfall energy changes across the range of values. Higher
rainfall energy influences SLEMSA more than areas with lower rainfall energies. Given
the findings of the parameter behavior analysis, the ranking of parameters according to
the sensitivity index may change in other areas of Malawi, particularly if the range of
values of each of the sub-parameters is outside those of Domasi.
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Drainage density and drainage texture, which have been used previously to estimate soil
erosion risk (Morgan, 1971; 1995; Kirkby, 1987), were calculated for each sub-watershed
within the Domasi study area from the digital elevation model and utilizing geomatics
techniques. The results of drainage density and drainage texture for each sub-watershed
support the results of SLEMSA for Domasi.

The Land Resources Evaluation Project results using the SLEMSA model were also
comparable to that of this study. Boundaries were highly generalized in the LREP study,
however, which resulted in large regional areas designated with the same soil erosion
potential. In contrast, the current study provides more detailed spatial information about
soil erosion hazard, reflecting the higher resolution topographic data and intricate pattern
of vegetation cover derived from the Landsat Thematic Mapper image.

Although a method to extract slope length estimates for each 30 by 30 meter grid cell was
introduced, it is not viewed as a critical step in the overall soil erosion hazard assessment
using SLEMSA. This conclusion is based on the results of the sensitivity index, which
ranked slope length as the second least sensitive factor, coupled with the fact that the
slope length calculation process is computationally time consuming.

7.2 RECOMMENDATIONS
A cost-benefit analysis that compares the cost of soil conservation techniques with

improved productivity of the land (agricultural yields, grazing, forest products) and to
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opportunities gained due to soil stabilization is warranted in countries such as Malawi (de
Vries et al, 1998). In this way emphasis is given to comparing soil erosion and soil
conservation techniques while stressing the socio-economic impacts of soil erosion.

The analytical framework for policy reform can be strengthened by monitoring linkages
between economic development and sustainable resource use. Further refining and
calibrating SLEMSA specifically for Malawi conditions, as well as extending the
application to the rest of the country, would allow for improved environmental impact
assessment. Using increasingly available GIS technologies, particularly the ability to
create DEMs from recently scanned topographic maps (scale 1:50,000) provides an
efficient and cost-effective way to identify existing environmental baseline conditions of
soil erosion hazard for the entire country.

For example, the results of the 1992 World Bank Report would have been greatly
improved by the use of soil erosion hazard data derived from SLEMSA. In particular, the
topographic factor would have been improved for both slope steepness and slope length.
Although DEMs have been utilized for more than 20 years in conjunction with soil
erosion studies, higher resolution digital elevation information has been greatly needed.
This challenge is being remedied with the availability of the new high spatial resolution
commercial satellite data (Ikonos (1-4 m) and Quickbird (< Im)), sold in conjunction
with derived higher spatial resolution DEMs. These new systems may provide a more
accurate method to represent soil erosion processes across a landscape (Di et al., 2003;
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Dial, 2001).

Soil loss estimation models such as the SLEMSA used in this study can be data intensive.
The GIS application of SLEMSA provided an efficient and powerful methodology for
characterizing soil erosion hazards and can be used for relating soil erosion estimates to
climatic or land use changes. A simulation model based on SLEMSA could be
developed for Malawi and used to test future scenarios. In this way, any proposed land
cover/land use change could be evaluated for potential impacts on soil erosion in the area.

SLEMSA was developed through empirical experiments conducted in Zimbabwe.
Appropriate data for several parameters were not available for Malawi in the form
suggested by the original SLEMSA. As with all models, the parameters ideally should be
validated within the area in which they are being applied, but time, money, and logistical
constraints did not allow for this important step for all parameters.

Two essential aspects not fiilly developed and available are the distribution of rainfall
intensity related to mean seasonal rainfall energy by decadal increments for the area of
interest and a record of the cover-growth curves for each land cover type for the growing
season. Growth curves for different crops have not been fully examined for different
rainfall pattern and intensities in Malawi. This would allow for estimations of energy
interception values directly for crops and natural vegetation types growing in different
rainfall regime areas.
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In the isolated mountainous areas of Malawi, such as the Zomba and Malosa Forest
Reserves, annual precipitation levels exceed those found in Zimbabwe in non-guti areas.
In order to test the relationship developed for rainfall energy at higher precipitation
levels, rainfall intensity data would have to be analyzed. The Meteorology Department
has analog copies of rainfall intensity for the national network of autographic
meteorological stations. At the time of this research, however, these data were not in
digital form nor available to the public; therefore rainfall energy calculations were made
using the existing relationship developed in Zimbabwe.

Much of the previous work with SLEMSA in Malawi artificially truncated the mean
annual precipitation levels at 800 mm and 1200 mm. The rainfall patterns in Malawi,
however, do not justify such cutoffs. Nine of the stations used in the original
development of SLEMSA had mean annual rainfall less than 800 mm. The Domasi mean
annual rainfall data included two small areas at the highest elevations having mean
annual rainfall over 2000 mm. In addition, the original Zimbabwe equations have
regression coefficients of 18.85 and 17.37 for non-guti and guti rainfall, respectively.
The coefficient developed in Zimbabwe for areas experiencing an average of more than
20 days with guti rainfall included a station that experienced 2077 mm mean annual
rainfall. In Malawi guti rainfall is essentially absent, so that the non-guti coefficient was
used exclusively, but without the artificial maximum.
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In response to these and other challenges, this research identifies those aspects of the
Zimbabwe-based SLEMSA model most in need of refinement for application in Malawi,
while featuring the most extensive use to date of remote sensing and GIS to calculate
SLEMSA. The results of SLEMSA in a geomatics format will enhance the ability of
government agencies and other organizations to understand natural resource and
environmental challenges by increasing the accessibility and usability of this
methodology to estimate soil erosion hazard.

Actual soil erosion measurements under varying conditions require data acquisition over
several field seasons, expensive equipment, and extensive monitoring. Such
comprehensive studies are not common in poor, developing countries such as Malawi.
Due to the lack of actual soil erosion measurements, no validation of the SLEMSA
results was possible. Comparative analyses, however, such as those performed in this
study, assist in understanding the results. These results help users decide how to spend
limited time and money in estimating parameters and collecting additional data to obtain
the best possible soil erosion information. Performing a comprehensive evaluation would
be a valuable step towards understanding and using a predictive model such as SLEMSA.

It will be important to perform another sensitivity analysis of SLEMSA after the model
has been calibrated for a wider range of conditions appropriate for Malawi. Model
calibration or parameter estimation produces estimates of input parameters that are
difficult to measure directly and can add to the reliability of the model estimates
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(Marsalek, 1982; Bustamante-Gonzalez, 2000). Such items as plant spacings, use of fire
prior to the rainy season, fallow cover, and phenology may be different in Malawi as
compared to Zimbabwe, where the model was first developed. Coppicing, clear cutting,
selective felling of trees on plantations, natural woodlands and forests could also be
different from those conditions described for Zimbabwe by Elwell (1978; 1981) for
deciduous trees and fruit trees.

Undoubtedly new and/or relevant data will have an impact on modeling applications. For
example, a map of rainfall erosivity of the country of Malawi would allow researchers to
define areas that are similar to Zimbabwe in order to flilly justify the use of the model in
Malawi. The rainfall energy sub-parameter had the highest sensitivity index in the
sensitivity analysis of this study, so that the effort to create a rainfall erosivity map for the
country is justified.

SLEMSA does not estimate rill or gully erosion. In fact, the study area does include
areas having severe gully erosion; therefore another method should be used to capture the
gully erosion hazards for this area and other areas of Malawi.

In Malawi, larger scale topographic maps are available for select areas of the country, but
these are not digital at this point. An incomplete map series exists at a scale of 1:10,000,
but no known plans exist to convert these into digital form, although this would facilitate
the creation of improved spatial resolution DEMs. Improved accuracy in quantifying
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basin characteristics using GIS is anticipated as maps of smaller scale are made available
as digital topographic maps. It will be possible to carry out the same analyses presented
here for the rest of the country with the anticipated future release of 1:50,000 digital maps
of Malawi (Burger, 2003). A fijture comparison of DEMs from 1:10,000 maps available
for Zomba with the DEMs generated at 1; 50,000 for this study would help in
understanding the effects of scale on the slope length and slope steepness parameters.

The use of relatively coarse resolution (30 m) Landsat Thematic Mapper data to estimate
the energy interception values and the lack of detailed georeferenced data regarding soil
management agricultural practices, forestry management, and previous soil erosion levels
limits the usefulness and accuracy of the results. Energy interception values as estimated
using single-date remotely sensed data fail to capture temporal changes and detailed
information on land management and agricultural practices that influence an area's soil
erosion from season to season, year to year. Using multitemporal data for a given year
may capture changes in the energy intercepted for the various land cover types. Perhaps
information from the extension offices could be made digital and combined with the land
cover map to better estimate i values.

Another approach would be to correlate the vegetation index with cover measurements
made in the field to improve i value estimates but still utilize the power of remote
sensing. A linear regression between vegetation index values and field measurements
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could be used to improve the results of SLEMSA. Potentially then the vegetation index
within each class could be used to modify the i value for each grid cell.

It is thus evident that a high priority should be given to extending the application of
SLEMSA to the entire country of Malawi using geomatics techniques.

7.3 CONCLUSIONS
Due to the modest data requirements and easy model structure, SLEMSA remains the
most practical and therefore most popular tool in Malawi for erosion hazard assessment.
This study highlights the most important parameters of the model, which enables the
government, universities, and active donor agencies interested in natural resource
management and monitoring to prioritize data collection to improve soil erosion hazard
assessments. Furthermore, this study provides the framework and detailed procedures on
how the model can be fully implemented using geomatics technology. These procedures
and technology are within reach of the Malawi government agencies charged with
monitoring and controlling soil erosion hazard and universities investigating the soil
erosion processes.

Providing information on the accuracy of land use and land cover data derived from
remotely sensed sources is a important step in achieving goals related to performing soil
erosion assessments using space-based technologies. Advances in computer technology,
geographic information systems and the use of remotely sensed image data have provided
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the first opportunity to improve models such as SLEMSA, and incorporation of future
data sources will allow periodic updates and improvements for use throughout coming
decades.
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Appendix A: The Arclnfo macro language program to calculate SLEMSA written for
Arclnfo's Grid by Susan M. Skirvin.
/*—modified SLEMSA lc model 10/3/97 written by Susan M. Skirvin
/*—edited 12/10/99 to use slope length from grid; erodibility based on remap
/*—table for existing landcover (no scenario options) SMS
/*—modified slemsa sl model 8/2000 to calculate energy using
/*—specific pan values not limited for the future
/*
/*—start from GRID
/*

/*—get input grid names; set analysis environment
/*—soil erod grid uses itm factors; adjust for tm below
/*

&sv pang = [response 'Enter Pan precip grid name']
& S V Fin = [response 'Enter soil erodibility F grid name']
& S V Sin = [response 'Enter % slope grid name']
setwindow %Sin%
setcell %Sin%
& S V ctypeg = [response 'Enter land cover grid name']
&sv Leng = [response 'Enter slope length grid name']
/*

/*—make bare soil loss K factor
/*—note that the agclim db uses ppt codes; assume 1000mm for
/*—800 < Pan < 1200 mm (E factor = 18.846*Pan in this range)
/*—assume 1400mm for 1200 < Pan < 1600mm ppt code 3
/*—assume 1800mm for 1600 < Pan < 2000mm ppt code 4
/*—assume 2000mm for 2000 < Pan ppt code 5
/*—
Fing = select(%Fin%, 'value > 0.')
erod mask = reclass(%ctypeg%, erod table, nodata)
Fg = Fing - erod mask
ppt = con(%pang% EQ 3, 1400., %pang% EQ 4, 1800., %pang% EQ 5, 2000.)
Eg = ppt * 18.846
Kfac = exp(2.884 - 8.1209 * Fg + In(Eg) * (0.4681 + 0.7663 * Fg))
/*

/*—make topographic X factor; slope lengths from previously calculated grid
/*

Xfac = sqrt(%Leng%) * (0.76 + 0.53 * %Sin% + 0.076 * %Sin% * %Sin%) / 25.65
/*

/*—make cover C factor
/*
/*

ig = reclass(%ctypeg%, cover_table, nodata)
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if (ig LE 50) Cfac = exp(-0.06 * ig)
else Cfac = (2.3 - 0.01 * ig) / 30.
endif
/*

/*—make Z output erosion grid
/*

&sv Zg = [response 'Enter output erosion grid name']
%Zg% = Cfac * Xfac * Kfac
/*

/*—cleanup
/*

kill ig all
kill Fing all
kill erod mask all
kill Cfac all
kill Eg all
kill Fg all
kill ppt all
kill Kfac all
kill Xfac all
&return SLEMSA done.
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