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Abstract.

Soil loss by wind and water varies considerably in time and space making it difficult
to quantify. Monitoring methods are limited by accuracy, precision and replication.
The ¥*'Cs technique overcomes many of these problems and can provide net time-
integrated soil flux measurements for the last 30 years, but the technique is time-
consuming and expensive. This study uses cheap and rapidly assessed soil properties
as surrogate variables that reflect the *’Cs concentrations as an alternative method

for gaining information on soil loss.

The distribution of *’Cs and other related soil properties were sampled over a 600
m? area. A principal components analysis showed that variation in many of the soil
properties is associated with the soil flux status. A non-hierarchical multivariate
procedure established six classes of sampling sites according to differences in ¥’Cs
and the other soil properties. The net soil flux for each class and the study area as
a whole was then established. Results suggest that the average soil redistribution

rates for each class may be predicted using several of the surrogate soil properties.

Periodic variograms of soil spatial variation in the study area were found for most
soil properties. Large periodic structure was interpreted as the influence of natural
horizontally bedded ferricrete terraces, separated by more steeply sloping sections.
Smaller periodic structure was interpreted to be due to the accumulation of soil
beneath vegetation islands between bare areas. Parameters of the models fitted to
these variograms were used in block-kriging property maps for interpreting the

processes of net soil redistribution and for subsequent analysis.

Block-kriging estimates of properties were used to elucidate soil-landform relations
using redundancy analysis, thus avoiding problems with missing data. Compound
topographic attributes for susceptibility to fluvial and aeolian activity are surrogates
for modelling spatial processes and were also included in the analysis. The results
identified the importance of topography-limited surface wash processes in some areas
~ and surface cover limited aeolian processes in others. Redundancy analysis with a
forward selection procedure identified the most important soil properties and
topographic attributes for predicting net soil flux. Models of the processes of soil

redistribution were created for the two main parts of the study area.
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Chapter 1.

INTRODUCTION.

1.1. Introduction.

An ICRISAT (1989) workshop concluded recently that "the entire sub-Saharan region
constitutes a highly fragile land resource and environment." In particular, the
Sahelian zone has been the focus of world attention because of the prolonged periods
of recurrent drought, successive crop failure and increasing pressure from a growing
population of people and animals (Penning de Vries and Djiteye, 1982; Reardon,
1993). The seasonal and annual variability of rainfall and the corresponding mobility
of animal and human population produces substantial spatial and temporal
variability of the factors affecting the environment (Prince et al., 1995). The irregular
cycles of drought and recovery, together with the slow but continuing process of
economic development within the region require a long-term programme of

environmental monitoring (Hutchinson, 1991).

1.2. Characteristics of the Sahelian Ecosystem.

The west African Sahel is an area of approximately 1.5 million square km between
the Sahara to the north and the Sudanese vegetation zone to the south. According
to most definitions the Sudano-Sahelian Zone (SSZ) consists of those countries
grouped around 14°N: Niger, Burkina Faso, Chad, Gambia, Mali, Mauritania and
Senegal. The Sahel and its sub-zones may be defined by reference to mean annual
rainfall (Aubreville, 1948; Le Houérou, 1980). One widely accepted definition is that
the Sahel is a bioclimatic zone of predominantly annual grasses with shrubs and
trees and a mean annual rainfall of between 150-600 mm. Sivakumar (1989)
suggested that the primary criterion for the definition of the SSZ should be the
length of the growing season which ranges from 60-150 days.

The climate is harsh, with a short rainy season between July and October when

there are intense, unpredictable showers associated with squall systems which play

19



a major role in the movement of soil. Rainfall is characterised by high inter- and
intra-seasonal spatial and temporal variability (Ojo, 1977; Dennett et al., 1985).
Large drop sizes and high winds during individual events considerably increase the
erosive potential of the rains. The intensity of the rainfall quickly produces crusts
in some areas and runoff rapidly removes unconsolidated material from the surface
(Casenave and Valentin, 1989). Permanent surface water in streams, rivers and
lakes does not commonly occur. More common are ephemeral ponds, streams and
sheet floods which may persist for a few days or weeks following heavy rainfall. The
hot, dry season is interspersed with low temperatures immediately after the rains
but temperature peaks between March and April during the strong winds of the

northerly Harmattan.

The inter-annual variability of precipitation has resulted in periodic dry periods in
the Sahel over the last one or two decades, some of them persistent (Tickell, 1986;
Flohn, 1987; Hulme, 1992). The current period in which rainfall is below the long-
term mean (Druyan, 1989) has continued since the late 1960s (Nicholson and Lare,
1991). Precision with regard to the reduction in rainfall is difficult to provide since
statistical manipulations using averages are fraught with problems due to spatial
and temporal variability and the numerous definitions of drought (Beran and Rodier,
1985; Wilhite and Glantz, 1985; Gregory, 1986; Agnew, 1989; 1991; Hulme and Kelly,
1993). In any case, drought has long played a role in the SSZ but past periods of
short to medium-term aridity have apparently had relatively little permanent effect

on the environment (Gorse and Steeds, 1985).

Although low in productivity, the natural vegetation cover is relatively drought-
resistant and well-adapted to the ecological conditions (Prince et al., 1995). It
consists of annual grass and scattered bush steppe in the north, gradually merging
into Sudanian savannas with perennial grasses, scattered trees and extensive rain-
fed cultivation in the south. The vegetation is strongly seasonal; most woody species
are deciduous, while all herbs are either-annual or die out each dry season. Actual
evapotranspiration and plant production is a function of the rainfall and its
distribution in the season. At present annual grasses predominate, having replaced
the more valuable, but less resistant perennials (Prince et al., 1995). Annuals may
not appear for years in an area for lack of adequate moisture and then reappear

when the rains return. Perennial grasses mixed with shrubs and trees, particularly
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in the better-watered bottomlands, are still to be found in relative abundance. The
majority of the tree and shrub cover is composed of slow-growing species which find

it difficult to regenerate after drought.

The Sahel is extensively used, but with few intensive inputs such as artificial
fertilisers, fencing and irrigation. Traditionally, the Sahel was a zone with nomadic
and transhumant herding in the north and more settled mixed herding and
agriculture in the south, but the population of the Sahel has more than doubled in
the last 40 years (Reardon, 1993) and for this reason and also perhaps because of
economic changes (Franke and Chasin, 1992) sedentary agriculture has moved into
parts of the central Sahel that were previously regarded as unsuitable. Thus, much
of the landscape of the southern and more favourable mid-Sahel now consists of
fields and extensive areas of fallow bush-grassland in various stages of regrowth.
Moreover the changes in recent years have led to a decrease in the length of the
fallow period. The staple crops vary with rainfall and to some extent between
countries. Millet (Pennistem glauca) is most widely planted in Niger but in wetter
areas some sorghum (Sorghum bicolor) and corn (Zea mays) is grown. Rice is only
found in irrigated areas bordering the main rivers. Cowpea (Vigna unguiculata) is
commonly intercropped with millet. Other crops include groundnuts (Arachis

hypogea) and hibiscus (Hibiscus sabdariffa) (Le Houérou, 1989; Prince et al., 1995).

The Sahel has low production potential largely because of the poor soils developed
on ancient, reworked sediments (Penning de Vries and Djiteye, 1989). Most soils are
of low fertility, particularly poor in phosphates and nitrogen and are structurally
fragile with low humus content and water retention capacity. The presence of wind
and water erosion, hydromorphy, hard clay pans and laterization are well
established (UNCOD, 1977, UNESCO et al., 1980). Research has confirmed that the
low fertility and vulnerability to erosion of the soils are as important a constraint on
plant productivity as drought. This may be particularly the case with wind erosion,
especially during the early part of the rainy season. The sandstorms that precede
rain events have a considerable effect on plant growth ranging from delays in

emergence, reduced growth and development, to complete death (Lal, 1988).

The Sahelian ecosystem exhibits a balance between rainfall, vegetation and human

influences that is dynamic and has rapid response times (Prince et al. 1995). Failure
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to understand this and to perceive the environment over long time-scales has been
the cause of much disagreement over the interpretation of rangeland conditions
(Ibrahim, 1984; Hellden, 1984; Hellden, 1988; Tucker et al., 1991) and about
definitions and perceptions of desertification (Grainger, 1982; Warren and Agnew,
1988; Warren and Kogali, 1992).

1.3. Soil erosion as an indicator of dry-land degradation.

Desertification may be defined as dry-land degradation, taken to mean slow decline
in productivity (Warren, 1993). Thus defined, its existence is highly probable
considering evidence of increased dust loads in the atmoSphere and the accelerating
occupation of poorer and more vulnerable soils (Reardon, 1993). However, relatively
little evidence has been advanced to substantiate the assertion that serious land
degradation is taking place in the Sahel (Nelson, 1988). Despite this, UNCOD (1977)
and UNESCO et al. (1980) suggested that land degradation was occurring
throughout the Sahelian region and was resulting in a decrease in the production
potential of the land. Estimates of areas subject to desertification are available
(UNEP, 1992) but their accuracy and precision is dubious. The dry-land degradation
systems are complex, dynamic and require elaborate and lengthy research to detect
significant trends from among the substantial ‘noise’ of the other processes (Warren,
1993).

A common manifestation of dry-land degradation is soil erosion. Accelerated erosion
of the soil resource adversely affects the soil quality and eventually its productive
potential. Erosion is selective (Meyer, 1986) preferentially entraining small nutrient-
rich particles which may then be removed from the system. This may result in
eroded areas becoming progressively coarser-textured and as the surface elevation
is lowered tillage incorporates the less-fertile and generally coarser subsoil. The
moisture-holding capacity of the soil is reduced and the soils become increasingly
prone to drought. In developed countries these processes may be taking place but
their existence is probably masked by the application of fertilizer. The use of
fertilizer is not as prevalent in developing countries, so that soil erosion is more
noticeable (Sutherland and de Jong, 1990a).
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In extreme situations soil erosion can cause an irreversible degradation of soil,
especially where substrata are exposed. The critical limits of degradation are
different for various soils and are not well-defined. If these critical levels or the
response of different crops to these levels for different soil and management
conditions are not known, then an assessment of the magnitude and trends in soil

erosion is difficult to make.

Soil erosion is widely thought to be severe in most areas of West Africa, especially
where the natural vegetation cover has been removed (Lal, 1993). An assessment of
the extent of the problem and an improvement in our understanding of the causative
factors in this spatially and temporally variable environment would require a long-
term and spatially extensive approach which would be labour-intensive and
expensive. One way to overcome the financial constraints is to monitor small areas
for short periods. However, monitoring with insufficient duration in semi-arid
environments dominated by high-magnitude, low-frequency events does not provide
accurate estimates of long-term soil flux (Loughran, 1989; Sutherland and de Jong,
19904, b; Higgitt, 1991). In addition, the resulting soil loss data are often spatially
unrepresentative (Roels and Jonker, 1983; Roels, 1985; Wendt et al., 1986). The
paucity of data is largely a function of the difficulty of measuring soil flux. This is
especially true for aeolian activity. Estimates of soil loss differ by several orders of
magnitude even for the same region, suggesting that the actual rates of soil loss are
unknown (Carpenter, 1990). Lal (1993) combined data from several sources and
estimated that the Sahel, lying between 14°N and 18°N, has potential wind erosion
rates between 10 and 200 t ha’ yr'. He estimated that the sub-Sahelian region,
between 10°N and 14°N, was the most severely affected because of its susceptibility
to erosion by both wind and water. There are few quantitative measurements of
wind-erosion rates for this zone. Lal (1993) estimated wind erosion rates to range
from 10 to 50 t ha™ yr™.

Measurements of erosion rates by water, based on field plots established in different
ecological regions in West Africa were also provided by Lal (1993). Estimated erosion
rates from croplands ranged from 5 to 40 t ha’ yr for the sub-Sahelian zone. By
assuming that wind erosion rates in the Sahel and sub-Sahelian regions were 20 t
ha?yr!and 10 t ha® yr’, respectively, he estimated that the combined gross erosion

rates for both wind and water for the Sahel was 35 t ha yr! and 25 t ha yr? for
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the sub-Sahel. It is noteworthy that these estimates do not include deposition. The
estimated net soil flux rates over the whole region were between 50 % and 60 % of
the erosion rates (Lal, 1993).

Many of the problems of monitoring soil erosion with limited resources may be
overcome using the fallout-radionuclide caesium-137 (**Cs) as a tracer. The history
(over ca. 30 years) of soil redistribution at a point in the landscape can be
encompassed by sampling the soil profile (Ritchie and McHenry, 1990). Modelling the
relationship between soil movement and *'Cs redistribution enables the net time-
integrated soil flux to be obtained with a known accuracy (Chapter 2). The technique
is attractive since there is no need to install equipment at the site of investigation

or to collect observations over a significant period of time (Longmore et al., 1983).

The advantage of *’Cs measurements over ‘black-box’ sediment output studies is
that it can be used to identify areas of erosion and zones of deposition (Loughran et
al., 1982; Walling and Quine, 1990; Sutherland and de Jong, 1990a, b). By the
identification of these zones it thus provides more accurate information on erosion
rates and sediment delivery (Martz and De Jong, 1987). The ¥’Cs technique for
measuring net soil flux due to wind and water has received only limited attention
(Sutherland and de Jong, 1990a). The only ﬁublished use of ¥'Cs in Africa has been
undertaken in Lesotho by Kulander and Stréomquist (1989).

Campbell et al. (1988) suggest that caesium has widespread but under-utilised
application as a tracer of soil movement. One of the reasons for its under-utilisation
and the fact that few studies look at a combination of spatial scales is that the
measurement of **’Cs is time-consuming, especially in low latitude areas where ¥’Cs
concentrations are small (Chapter 2). The accurate measurement of net soil flux over
more than one scale of study, requires dense sampling and knowledge of the spatial
variability. With limited resources, sampling density must be reduced whilst
maintaining coverage over several spatial scales. This requires careful consideration
of the nature of the spatial variability and a site-specific sampling strategy (Chapter
4) for classification (Chapters 5 and 6) and for use within a statistical framework for
estimation at unsampled locations (Chapter 7). In this way, 'maps of net soil flux can
be related to other soil properties and topographic attributes to identify the’

controlling factors of pedogenesis and soil redistribution (Chapter 8).
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1.4. Aim and objectives.

The aim of this study was to identify the most important variables for predicting net
soil flux and to elucidate the processes of soil development and redistribution in
south-west Niger. The first objective was to review the soil erosion literature focusing
specifically on the factors affecting the processes of soil redistribution and the
measurement of soil flux using the *'Cs technique. From this review an assessment
of the most important soil properties, as surrogate measures of soil flux, were
selected for measurement, fulfilling the second objective. These densely sampled,
cheap-to-measure, soil properties served to validate the net soil flux results by
overcoming the lack of spatial resolution caused by sparsely sampled, expensive *'Cs
measurements. The third objective was to classify the study area according to the net
soil flux status. Regardless of the efficacy of the classification, variance normally
occurs within each class. Thus, mapping the spatial variability of net soil flux was
the fourth objective. This objective involves the quantification of the variation in
spatial structure using several types of variograms, one of which requires a
classification. The use of a variogram was necessary so that estimation at unsampled
locations could be conducted as efficiently as possible with the data. The final
objective was to compare the variation of the complete coverages between each

property and topographic attributes using redundancy analysis.

1.5. Hydrological-Atmospheric Pilot Experiment (HAPEX-Sahel).

Since the present study was restricted by a limited budget it was initially conducted
under the auspices of the HAPEX-Sahel project. HAPEX-Sahel is a successor to the
earlier international HAPEX-MOBILHY project in south-west France (André et al.,
1988) and the FIFE experiment in Kansas, USA (Sellers et al., 1992). The overall
aims of HAPEX-Sahel were to improve understanding of the effect of the Sahel on
the general atmospheric circulation, in particular the responses of the circulation to
the large interannual fluctuations of land surface conditions (Goutorbe, et al., 1994).
In turn, ideas could be developed about how the general circulation was related to
the persistent droughts that had affected the Sahel during the last 25 years. During
the field programme measurements were obtained of atmospheric surface and certain

sub-surface processes in a 1° x 1° area (approximately 100 km x 100 km) that
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incorporates examples of many of the major land surface types found throughout the
Sahel.

An important consideration was that the HAPEX-Sahel data should be applicable to
the resolution scales of current general circulation models (GCM). In order to obtain
data for this large area, an extensive measurement programme was undertaken
including field, aircraft and satellite remote sensing measurements, mainly between
mid 1990 and late 1993. An intensive observation period (IOP) was undertaken for
8 weeks from mid to late growing season 1992. Observations were made from aircraft
to bridge the gap between ground observations and satellite data and formed an
essential part of the HAPEX-Sahel measurement design. Details of the aircraft,
instruments and major airborne measurements made in HAPEX-Sahel are given by

Prince et al. (1995) and Goutorbe et al. (1994).

Satellite data acquisition was designed to optimise the temporal sampling, to cover
a range of spatial resolutions from those used in field sampling to the meteorological
mesoscale, and to acquire data for all the available frequencies from visible to
microwave. Clear sky conditions were rare during the mid rainy season and optical
and thermal data are sparse for this period. Nevertheless several clear-weather data
sets were acquired. This experiment was the first large, integrated field program to
benefit from the ERS-1 data, including SAR, ATSR and WINDSCATT. Meteosat and
AVHRR data were acquired from receivers in Niamey at AGRHYMET. Landsat TM4
data were acquired by EOSAT and TM5 was provided by EURIMAGE. In addition,
SPOT and SSMI are also available for the region.

It was anticipated that the present study would utilise the large HAPEX-Sahel
database, especially the remotely-sensed data, to interpolate results from the study
area to a larger area. However, problems with data-availability resulted in this last
aim being unfulfilled and more emphasis was placed upon the aim and objectives

defined above (Section 1.4).
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Chapter 2.

THE MEASUREMENT OF SOIL REDISTRIBUTION.

2.1. Introduction.

The measurement of aeolian transport rates has been an aim of many workers since
the seminal work of Bagnold (1941) and Chepil (1957). Early studies of soil erosion
in Africa were devoted to discovering the extent of erosion and to qualitatively
identifying the factors which affect erosion. Hudson (1957) sought to define the exact
process of erosion initiation. Since then many studies have been completed, some
specifically directed towards defining the parameters of erosivity and erodibility

important to soil loss estimation (Armstrong et al., 1980).

Increasingly, aeolian and surface wash studies have moved away from a purely
physical explanation of the processes of entrainment and transportation. Soil
aggregation and crusting which are critical to erosional processes are variable in
space and time and have been closely linked to soil organic matter and the activity
of soil fauna. The shift of focus may in part be due to a greater understanding of the
factors and to the development of scale-dependent, process-response simulations and
models which have allowed results not otherwise feasible using field experiments
(Bryan, 1991).

2.2. Direct measurement of soil erosion.

According to Roels (1985) most quantitative regional erosion studies can be classified
into two groups: those based on methods for estimating sediment yield and those
based on methods for estimating soil loss. In areas where little data on soil loss are
available, sediment yields provide a means of estimating regional erosion rates.
Sediment yield monitored at the outlet of a catchment has provided a "...highly
resblveci data base with which to study short term process response systems and the
construction of dynamic models..." (Foster et al., 1990). Unfortunately, erosional

studies must be implemented for a number of years (even more in semi-arid areas)
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before any meaningful results may be obtained, because of the vagaries of the
magnitude and frequency of events that control the movement of material. An
alternative method to estimating sediment yield changes through time is based on
Oldfield’s (1977) concept of the lake drainage basin. The material removed from the
catchment accumulates in natural lakes and reservoirs and may be analysed to
provide a resolution of decades or centuries (Foster et al., 1990). However, the
sediment yield record in this kind of study is spatially aggregated. Any attempt to
use sediment yield data to elucidate catchment processes, particularly source areas
and transport pathways, is complicated by the processes of sediment delivery
between field erosion and downstream sediment yields (Walling, 1990). The influence
of temporal discontinuity between management effects on vegetation cover and

sediment delivery is illustrated by ’I‘rimble'(1990).

Extreme spatial and temporal variability in soil flux processes causes difficulty in
selecting the appropriate scale of measurement in terms of sampling and
representativeness of the data. Assumptions about the representativeness of samples
cause problems. Precisely because sediment can be conveyed in a variety of
magnitude-frequency events it is very difficult to obtain a representative sample
(Sutherland and de Jong, 1990a). The seasonal occurrence of rills combined with
rainsplash and wash processes may remove similar quantities of soil than more
evident gullies, if not more. Aeolian activity is seasonal, pervasive and insidious

often preferentially removing fine material.

2.2.1. Monitoring soil redistribution.

Dunne (1977) and Loughran (1989) reviewed techniques available for measuring soil
erosion. Surveying techniques use a datum from which to measure erosion and
deposition. This group of techniques includes erosion pins and has been used to
monitor mass flux by surface wash (Dunne, 1977; Haigh, 1977; Lawler, 1992) and
by aeolian processes (Lancaster, 1985; 1987; Livingstone, 1987; 1989; Wiggs, 1992).
Natural indicators such as tree root exposure (Dunne, 1977), original soil surfaces
(Zachar, 1982) or soil horizons (Lewis and Lepele, 1982; Olson and Beavers, 1987,
van Hoof and Jungerius, 1984) can also be used to provide soil flux data. In addition,

profilometers (Campbell, 1981; Ritchie and Jackson, 1989), standard levelling or
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photogrammetric techniques (Boardman and Robinson, 1985) have been used. These
techniques are labour-intensive and require frequent visits to sites over long periods
of time to generate a representative database. Without suitable maintenance the
techniques become biased, especially if sample sites reflect unrepresentative sites

using tree root exposure or soil profile information.

2.2.2. Aeolian samplers.

Despite reservations about the accuracy of monitoring techniques they have been
widely adopted. The large variety of aeolian samplers reflects the great interest (e.g.
Bagnold, 1941; Belly, 1964; Butterfield, 1971; Leatherman, 1979; Fryberger et al.,
1979; 1984; Jensen et al., 1984; Illenberger and Rust, 1986; Sarre, 1988). Horizontal
traps are usually sunk into the surface. These traps commonly suffer from their
inability to be realigned with the wind direction. Vertical traps suffer from the
interference of the collecting device with the air flow (Butterfield, 1971). Work
undertaken on the errors resulting from interference with the air flow suggest

efficiencies as low as 20 % (Horikawa and Shen, 1960).

Stout and Fryrear (1989) suggested that particle samplers should be isokinetic,
efficient and nonselective, before they can be considered accurate. Although no
sampler is capable of completely satisfying these criteria, they provide a basis for
improved performance. A sampler is considered isokinetic if the inlet flow is identical
to the natural wind that would exist if the sampler were not present. An efficient
sampler traps the total mass of material that enters the sampler. A nonselective

sampler traps all particle sizes with equal efficiency.

An aeolian sampler designed by Fryrear (1986) called the Big Springs Number Eight
(BSNE) was the first of a family of wind-aspirated samplers to permit the accurate
sampling of eroded material. The efficiency of the BSNE averaged more than 89 %
for washed sand or sieved soil between velocities of 10.4 to 15.7 m s. By locating the
trap on a rod passing through the centre it can be made to follow directional changes
in transport and does not contact the surface. This type of trap is efficient enough
to measure the suspension load changes and to evaluate the height concentration of

aeolian material under field conditions. The BSNE samplers have provided the first
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extensive field data on the distribution of airborne material from a height of 0.05 m
to 6 m across eroding fields (Fryrear, 1986). The BSNE does not measure reptation

or saltation flow below 0.05 m.

Stout and Fryrear (1989) developed a reptation and saltation sampler for collecting
eroded material from the soil surface to a height of 0.2 m. In wind tunnel tests they
showed that the sampler had a collection efficiency of 88 to 94% depending on wind
speed and particle size. The higher the wind speed up to 15.7 m s, the lower the
efficiency. The sampler will retain 95 to 98% of the material entering the sample
slot. Because of the lower efficiencies with particles less than 60 pm, the sampler is
more efficient in determining soil losses for coarse-textured sandy soils than for loam
soils. This reptation and saltation sampler is only successful in the field if it is
lowered as the surrounding surface is eroded. In addition, the metal skirt that the
sampler uses to rotate upon may considerably alter the momentum of the moving
particles and alter the actual transport rate. To improve upon the performance of
traps near the surface without contact, BSNE samplers have been modified for
placement of more samplers at less than 0.5 m above the soil surface (Vories and
Fryrear, 1991). The modified samplers (V sampler) were tested to ensure that the
screen area was sufficient not to restrict airflow into the sampler opening. However,

no new tests of efficiency were conducted.

2.2.3. Surface wash plots.

Over three different scales, separate plot studies of soil erosion in the Ader Dutchi
massif of Niger (mean annual rainfall 400 mm) were conducted. On a 0.34 ha plot
at Allokoto, under traditional cultivation, measured soil losses from 1967-1971 varied
from 38.5-18.5 t ha™ yr'! (Delwaulle, 1973). On a cultivated watershed of 3.5 ha near
Kountkouzout, with comparable slope and soil type, sediment load measurements
from 1965-1967 revealed soil losses of 12-13 t ha! yr’ (Viullaume, 1982). When
sediment load measurements were made on the neighbouring 117 km? Ibohame
basin, from 1969-1975, total soil loss was found to average 40 t ha yr'! (Heusch,
1980). Of the last total soil loss estimate, 56% was found to result from erosion of
gullies and stream banks, implying that sheet erosion averaged 17.6 t ha® yr™
throughout the basin.
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All of these measurements fall within the same order of magnitude, from plots of less
than a hectare to over 100 square km. Bishop and Allen (1989) suggest that at a
larger scale of study, soil loss fell dramatically: sediment load measurements carried
out on major rivers throughout West Africa revealed net soil loss on the order of 0.1-
2 t ha! yr. They believed that this implies that most eroded soil was deposited in
large natural ‘sinks’ or in artificial reservoirs. However, there are no indication of the

estimation errors, which are probably large if only the plot studies are considered.

Many workers have discussed the range of problems caused by the large number of
plot designs, compounded by the non-standard design of rainfall simulators, scaling
difficulties and edge effects (Imesen and Verstraten, 1986; Moldenhauer and Foster,
1981; Roels, 1985; Mutchler et al., 1988; Loughran, 1989; Bryan, 1991). An incisive
review of the problems associated with the use of plots was provided by Roels (1985).
He suggested that the main shortcomings were a lack of attention to the sources of
bias associated with the use of particular plot sizes or equipment, and to statistics
(e.g. sampling procedures and replication). Many sample plots have been located
without attention to sampling theory, with samples being taken without random
selection, resulting in bias (Roels, 1985). Thus, the accuracy and statistical
significance between soil loss from different land units is uncertain. This is
compounded in extrapolations that are made from the study area to the regional
scale. The application of plot results to zones with apparently similar physiography

has been shown by Roels and Jonker (1983) to lead to considerable errors.

Variability within plot results has been shown to be associated with infiltration rates
(Wendt et al., 1986), storm duration (Bryan and Luk, 1981) and different operators
(Scoging, 1982), whilst spatial variability between plots has also been identified (Luk
and Morgan, 1981). These results suggest that several replications are necessary for
estimation of mean runoff or soil loss and even the identification of the important
controlling factors. Plot design is another issue. Bounded plots isolate the study area
from upslope processes and sediment replacement (Bryan, 1991) and soil loss
originates mainly from the lower edge. Removal of the boundary overcomes some of
these problems (Morgan, 1980; Williams and Bonell, 1987) and may help with

upscaling difficulties.

In semi-arid areas, high magnitude, low frequency events result in a requirement
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that the minimum duration for a natural plot study be 15 years if accurate annual
estimates of soil loss are to be produced (Roels, 1985). Such long monitoring periods
make the natural plot approach unattractive for many researchers. Although many
lengthy plot studies have been carried out (Delwaulle, 1973; Viullaume, 1982;
Heusch, 1980; Roose, 1981; Valentin, 1979; Collinet and Valentin, 1982) and the
results used to modify agricultural practices, Roels and Jonker (1983) and Bryan
(1991) suggest that the results are not reliable.

Slaymaker (1991) maintained that one of the reasons geomorphic problems had been
difficult to resolve was the inadequacy of experimental method, especially in the
field. Strict adherence to experimental control (Ahnert, 1980) or even true and quasi
experiments (De Ploey and Gabriels, 1980) may prove to be too restrictive. However,
the strict conditions of a geomorphic experiment outlined by Church (1984) enable
unequivocal evidence of change. One of the best examples from an erosion plot study
in West Africa was that provided by Hudson (1957). He used 1/100 acre plots
(approx. 1.45 by 27.43 m) and three different covers: permanent grass cover,
completely bare and completely bare with mosquito gauze above. The soil loss from
the bare plot was 120 times that of the bare plot with gauze. Since the total amount
of rainfall was the same in both cases, the only difference was the kinetic energy of
the falling rain. It showed that the most important factor in the erosion process is
raindrop splash and that crop cover is therefore a very impdttant factor in
combatting erosion. Without experimental control, plot studies cannot identify
change (Church, 1984; Bryan, 1991). However, studies of this type remain essential
for maintaining links with the landscape and the magnitude and complexity of its
processes and resulting landforms. Improvements should.be based on developing
hierarchical experimental designs using plots, hillsides and catchments
simultaneously (Slaymaker, 1972), enabling a better understanding of sediment

transfers in the landscape because of large scale-related changes (Church, 1984).
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2.3. Soil erosion models and qualitative estimates.
2.3.1. Qualitative regional surveys of soil erosion.

A qualitative method commonly used in semi-detailed surveys (ca. 1:50,000) is the
mapping of erosion and sedimentation features in order to identify the dominant
processes and factors responsible (Stromquist et al., 1986). According to Bergsma
(1983, p. 166) there are three major groups of erosion maps which overlap to an
extent. The first group shows erosion features and reflects to some extent the present
rate of the erosion processes. The second group takes into account past rates of
erosion by studies of soil profile changes, whilst the third group are maps illustrating
possible erosion hazards (Stocking and Elwell, 1973; Millington et al., 1984). In most
studies a relationship is derived for controlling variables and the propensity to erode
(Morgan, 1980, 1985; Bergsma, 1983). A fourth type of map proposed by Strémquist
et al. (1986) is based on sediment yield of rivers mostly produced at global or
regional scale (Walling, 1984).

Since these erosion risk estimates are based on a subjective rating procedure using
interrelated factors, the results are questionable. Furthermore, predicted rates of soil .
loss are only as accurate as the data used to develop the relationship from such
classifications. Direct measurements of soil loss for each land unit are necessary to
assess the accuracy or establish more reliable relationships (Walling and Quine,
1991). Samples have to be numerous to avoid misclassifications of the erosion
processes which operate over a range of scales. Pickup and Chewings (1988) used a
soil stability index derived from Landsat MSS data to predict structures of
degradation and recovery of the landscape. This regional erosion hazard approach
overcomes problems with sampling, although the approach suffers from the lack of

direct measurements of soil flux data.

2.3.2. Regional soil erosion models.

The Ijniversal Soil Loss Equation (USLE) has provided many useful results for soil
erosion control (Wischmeier and Smith, 1978). The USLE is an empirical model

which combines several factors identified for their importance in predicting soil
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erosion. For example, several authors have reported the influence of slope steepness
on soil loss (Fournier, 1967; Roose, 1975). That soil loss increases exponentially with
slope is generally accepted (Roose, 1977), but slope length effects on soil loss are less
well defined (Lal, 1982). The empirical nature of the USLE and the absence of clear
linkage with physical processes has greatly limited its applicability in other countries
(Rose, 1988). However, despite serious reservations about its reliability, the USLE
was applied throughout West Africa using climatic and soil data collected during the
past three decades (Bishop and Allen, 1989).

The Modified USLE (Williams, 1975) is designed to estimate soil loss on a regional
scale, but requires estimates of runoff volume and peak flow rates, neither of which
can be readily derived from data usually available. Data are also too sparse to permit
use of two soil loss estimation models which were developed for southern Niger, by
Heusch (1980) and Viullaume (1982). More recent research in other countries has
been established to develop comparable data which can be used to adapt the USLE
approach. In Africa, early work (Hudson, 1957) generated a different soil erosion
prediction model (Elwell, 1977) from which the Soil Loss-Estimation Model for
Southern Africa (SLEMSA) was developed by Elwell and Stocking (1982). SLEMSA
has only three input parameters but requires data for rates of erosion on bare soil,

over a representative range of environmental conditions.

Bishop and Allen (1989) consider the USLE a compromise solution for at least two
reasons: the USLE is designed for the study of small field plots, not for regional
surveys, even though its validity in the tropics, despite three decades of study is still
a matter of controversy. Its application to small field plots is a more critical issue
since the USLE ignores soil deposition. When considering that only 10% of the
sediment eroded in any period may reach a major river (Walling, 1984), it becomes
clear that soil deposition must be significant. As for the applicability of the USLE
in the tropics Roose (1977) found the equation a reliable predictor of soil loss for the
majority of cultivated lands in West Africa, especially for the gentle slopes and iron-
rich soils typical of Mali. The most important caveat for soil loss estimation stems
from the lack of published data on soil erosion in that nation. It is thus impossible
to verify estimates of soil loss except, roughly, by reference to field measurements
carried out in neighbouring countries (Bishop and Allen, 1989). The universal

applicability of the USLE is questionable on the basis that any model based solely
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on collected data is a captive of the extent of that data set.

The USLE takes no account of wind erosion, probably because actual measurements
of wind erosion over large areas are scarce. The annual dust load from the Sahara
is estimated to be 60 million to 200 million tons (Fryrear, 1990). Since less than 1%
of the total wind-eroded material is transported in the earth’s atmosphere (Gillette,
1977), the quantity of material moving from one location to another at the soil’s

surface is very large.

2.3.3. Meso-scale soil erosion models.

Predictive models have improved over the years (Foster, 1990) presumably in
response to a greater awareness of the limitations of direct measurements and
earlier models of soil flux. Recent work with isokinetic samplers has shown that the
transport rate close to the bed is considerably larger than predicted by extrapolating
down to the bed the log-linear transport rate profile. Recent developments in
modelling has taken place as a result of the use of the USDA aeolian samplers.
These samplers enable the profile of mass flux to be obtained at a given location
using an empirical power equation. Integration of the relationship for one location
and a single event revealed that of the 243 kg m™ of soil moving between heights of
5 and 200 cm, only 6% (15 kg m™) was moving above 65 cm (Vories and Fryrear,
1991). Of that 243 kg m™, 33% (80 kg m™) moved in suspension and 67% (163 kg m™)
moved in saltation. Once the total mass moving in a vertical plane at each sampling
cluster location has been modelled, the horizontal distribution across an eroding
surface can be determined (Fryrear et al., 1991) and the spatial variability of the
composition and quantity of aeolian mass flux can eventually be estimated.
Extending this procedure for a number of events should enable a temporal

perspective to be gained (Fryrear et al., 1991).

An alternative approach has been developed in an attempt better to understand the
interaction between wind and surface characteristics. For a given strength of wind
the spatial and temporal variability of aeolian transport is controlled by surface
properties. The Agricultural Research Service in the United States Department of
Agriculture (USDA) developed an equation to account for this variability and provide
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