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Stellingen 

1. A minimum of tillage is needed on hardsetting and crusting soils of the semi-
arid tropics. No-tillage on such soils is only feasible in higher rainfall areas 
with more than 1000 mm rain per year, 

this thesis 

2. In view of the high draught requirements for tillage on hardsetting and 
crusting soils in West Africa, and the problems associated with the use of 
animal draught, motorization of tillage would be the best solution for 
agricultural intensification. Yet this development has a lorig way to go. 

this thesis 

Investments in tillage in semi-arid West Africa should always be accompanied 
by investments in fertilizer. 
- ""Mokwunye, A. U., A. de Jager, and E.M.A. Smaling (Eds.), 1996. Restoring and 

Maintaining the Productivity of West African Soils: Key to Sustainable Development, 
Miscellaneous Fertilizer Studies, IFDC Africa, No. 14., 94 p. 

Models containing functional and mechanistic components are best suited for 
simulating the effects of tillage on sealing or crusting of soils and on crop 
production, 

this thesis 

In sealing, crusting and hardsetting soils, all agronomic measures (including 
tillage) to attain sustainable crop production should be aimed at an increase 
in soil organic matter. 

this thesis 
NN, 1997. Management of carbon in tropical soils under global change: science, 
practice and policy. Geoderma (special issue) 79 (1-4): 1-277. 

The soils in Parana, Brazil are examples of soils on which no-tillage is 
technically the best farming option. 

this thesis 
Derpsch, R., C.H. Roth, N. Sidiras and U. Kopke, 1988. Erosionsbekampfung in Parana, 
Brasilien: Mulchsysteme, Direktsaat und konservierende Bodenbearbeitung. 
Schriftenreihe der GTZ nr. 205, 266 p. 
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ABSTRACT 

Hoogmoed, W.B., 1999. Tillage for soil and water conservation in the semi-arid 
tropics. Doctoral Thesis. Wageningen University, the Netherlands, (xii + 184 pp.) 
With ref. - With summary in Dutch, ISBN 90-5808-026-9 

Soil tillage plays an important role in crop production in the semi-arid tropics (SAT). A 
large percentage of the soils found in these regions is light, contains non-swelling or 
shrinking clay minerals and has a low soil organic matter content. As a result, soils 
have a low structural stability and can be characterized as 'sealing, crusting and 
hardsetting'. The formation of seals, crusts and hardset layers is aggravated by the 
aggressive and unpredictable nature of the rainfall, which is also typical for the SAT. 
Important problems are the large losses of rainwater due to runoff from the sealed 
and crusted surfaces, the poor emergence from crusted seedbeds, and the very high 
energy requirements for tilling (breaking up) the hardset and crusted soils. 
In this thesis, research is reported from West Africa and Brazil. A quantification of the 
rainfall characteristics supports the calculation and design of tillage systems causing 
an optimum surface configuration in terms of water infiltration and emergence. In the 
West African Sahel area most fields are gently sloping (1-3%) and runoff is a 
widespread phenomenon; on the average 25% of the rain (mainly in the form of a 
few large storms during the rainy season) is lost by runoff. It was found that fine 
sandy soils from Mali, are very sensitive to crust formation. Sealed soils showed a 
very low infiltration capacity. On untilled soils the presence of a crust is a permanent 
feature. Tillage destroys the crust and increases the surface storage for rainwater. 
The crust-breaking effect will last for only a few rainshowers, but the increase of 
surface storage is more permanent. A coarser sandy soil from Niger had less sealing 
problems, but showed a mechanical behaviour which is extremely dependent on the 
moisture content at the time of soil handling. Dry spells frequently cause wind 
erosion damage to seedlings. The traditional planting method (in hills) was found to 
be the best approach to reduce wind erosion damage. In view of the poor water 
holding capacity of these soils, the number of days available for planting millet is 
extremely small. Tillage (ploughing or ridging) resulted in better crop stands but may 
reduce the number of plantable days. Ridging without other tillage would, in view of 
timeliness and energy savings (animal traction), be the best approach. 
In situations where energy is not limiting and heavy machinery is applied, risks of 
compaction and loss of favourable soil structure are high. No-tillage cannot always 
be applied because of economical reasons, loosening of compacted layers under 
conventional tillage remains necessary. The possibilities for the use of chisel ploughs 
on wheat stubble in a wheat-soybean rotation on sloping, erosion-susceptible red 
soils in the Brazilian State of Parana were investigated. 
Compared to conventional tillage systems with disc implements, chisel ploughing left 
more plant residue at the surface, a prerequisite for successful soil and water 
conservation. Fuel consumption for chisel ploughing was significantly lower than disc 
ploughing. Weeds and large amounts of straw, however, may cause considerable 
practical difficulties and require adequately dimensioned chisel ploughs and suitable 
sowing equipment. 
Although hardly any specific simulation models for tillage are available, models in the 
discipline of tillage for soil and water conservation offer a useful support in research. 
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By combining simulation models for plant production and soil water movement 
(developed and adapted for application in the SAT), various scenarios of tillage for 
soil and water conservation were evaluated. It was found that water conserving 
tillage on poor soils as such has a very small yield-conserving effect because of the 
limitations set by the nutrient status. Elimination by tillage of the competition by 
weeds had a larger effect on the grain yield of a millet crop. 
Seal/crust formation as measured by rainfall simulator experiments proved to provide 
a good input variable for modelling effects on infiltration. 
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PREFACE 

This thesis is about tillage and its role in soil and water conservation. The 
need to till the soil in order to produce food is commonly accepted and very 
often information about agriculture is illustrated by a picture of a farmer 
ploughing his land. Yet, because of the fact that tillage is performed since the 
beginning of arable farming, it has often been considered much more an art 
rather than a science. Tilling or cultivating the soil is hard work: often 
considered too much of a burden for all the men and women who have to 
break and turn the hard or sticky soil. Efforts for alleviating the job were made 
first of all by using animal traction, and early evidence of this was found in 
rock carvings in Sweden, on clay tablets of Sumerian times and e.g. on 
pictures in ancient Egyptian tombs. In all situations, the ard, the predecessor 
or 'prototype' of the mouldboard plough, pulled by animals was depicted. 
Much later, with the development of steam and fossil-fuel engines, tractors 
took over the job in the developing regions of Europe and the USA. 

The dangers of indiscriminate application of tractors to open up new land 
were not recognised until the famous or notorious 'dust bowl' in the Mid-west 
of the USA in the late 30ies opened the eyes of many farmers and scientists. 
The "Plowman's folly" (Faulkner, 1943) can be considered as a landmark in 
the attitude towards mechanised production methods and resource 
conservation. Although there is an increasing awareness of the risks involved, 
this does not mean that everywhere agricultural production at acceptable 
levels can be achieved without manipulation of the soil. The needs for tillage 
remain in many situations, particularly in the tropical areas, where soils are 
poor in structure and fertility, where the climate is aggressive, and where 
unfortunately the means for the farmer to answer these needs are limited. 

Some of abovementioned aspects of tillage in the semi-arid tropics are 
addressed to in this thesis. It is the result of my research activities carried out 
within the framework of the Tillage Laboratory, in various cooperative projects. 
First of all in a project with both the Faculty of Agriculture of the Hebrew 
University in Rehovot, Israel and the PPS project (Production Primaire au 
Sahel, Wageningen Agricultural University). Various aspects of tillage and its 
role in the water balance were studied in field experiments in Mali and Israel. 
Secondly, research was done at ICRISAT's Sahelian Center in Niger, where 
emphasis was given to agronomic aspects. Research on some other aspects 
of tillage was done in a project GTZ (Deutsche Gesellschaft fur Technische 
Zusammenarbeit) in Brazil, where attention was given to implements to be 
used in soil and water conservation. 
The research activities in Israel and in the Sahel were funded by DGIS (Dutch 
Ministry of Development Cooperation). 
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1. INTRODUCTION 

Soil tillage, defined as 'the manipulation, generally mechanical, of soil 
properties to modify soil conditions for crop production' (SSSA, 1987) has, 
through the ages, been applied in farming systems where natural vegetation is 
replaced by arable crops. Obviously, the basic action in growing a plant is to 
place seeds in the soil, so always some minimal form of soil disturbance is 
required and presumably agriculture began as a system where a pointed stick 
was used to place seed in the soil. However, farmers1 found that manipulation 
of the soil other than making a planthole could improve the growth and 
development of their crop. The positive effect of a good soil 'tilth'2, as a result 
of tillage, was recognized. 

1.1. The main functions of soil tillage 

Today, research has given us a much better insight in, and an explanation of 
the effects of soil tillage, although definitively not all processes are well 
understood. We do know that tillage, as an activity modifying the structure of 
the top layer of the soil, has many direct and indirect effects and generally, we 
may distinguish a number of reasons why tillage could be done: 

• To facilitate the production of a crop (preparing the arable layer to form an 
environment allowing an optimum germination, emergence and 
development of a plant), 

• To control weeds (elimination of competition), 
• To shape the topsoil in order to allow irrigation or an easier harvest of the 

underground parts of the crop 
• To bury or incorporate organic material, fertilizer, pesticides etc. 

The above reasons are rather obvious and straightforward. They guide the 
day-to-day decisions a farmer has to make during a cropping season. Crop 
production, however, is a process utilizing an important natural resource, the 
soil. Thus, in order to ascertain that the production system is sustainable3, the 
quality and potential of this resource should not decrease. 

1 In this text the farmer is referred to as 'he', but it is recognized that a large percentage of 
farmers world-wide (and particularly in tropical developing countries) are women. 

2 Tilth can be described as the physical condition of soil as related to its ease of tillage, fitness 
as a seedbed and its impedance for seedling emergence and root penetration (SSSA, 1987). 

3 The description of sustainable agriculture by the Technical Advisory Committee of the 
Consultative Group of International Agricultural Research: 'Management of resources for agriculture 
to satisfy changing human needs, while maintaining or enhancing the quality of the environment and 
conserving the natural resources' (TAC/CGIAR, 1988). 

1 



This leads to some additional objectives that always should act as guiding 
principles in choosing tillage systems: 

• Maintaining soil fertility (both chemical as well as physical) 
>• Protecting the soil against external factors leading to degradation 

These objectives are particularly important in tropical situations, where climatic 
conditions such as high temperatures, extended dry periods and intensive wet 
periods with aggressive rainfall constitute increased risk factors. 

Tillage operations are part of a crop production system and therefore this 
production system is the main determining factor. In making the choice for a 
certain tillage operation or system4, the farmer may be well aware of the most 
important objectives, but he is usually facing many practical limitations and 
restrictions to what he actually can do. 

1.2. Tillage issues 

In this thesis, a number of issues concerning soil tillage and its relation to soil 
and water conservation (SWC) are treated. The most important ones are: 

>- short term and long term effects: not all manipulations of the soil which 
are positive in their immediate effect will also be positive over the years, 
slowly progressing structural deterioration may have to be corrected after 
longer intervals, 

• agronomic versus SWC requirements: the ideal soil tilth for optimum crop 
growth usually is sensitive to aggressive weather forces, whereas a well-
protected soil surface forms a poor environment for crop development, 

• costs and benefits: the costs of tillage (expressed as money, time or 
energy and labour) are relatively high in low external input situations, and 
benefits (which may be expressed in terms of money, food, conservation 
of resources) are difficult to measure due to the complexity of the farming 
system, 

• the diversity in tillage systems: a large number of factors have an 
influence on how tillage is done, guiding principles or requirements are 
balanced with restrictions due to limiting equipment, time, knowledge etc. 

Abovementioned points will briefly be discussed here, they form part of the 
topics dealt with later in this thesis. 

Tillage action: the specific form or forms of soil manipulation performed by the application of 
mechanical forces to the soil with a tillage tool, such as cutting, shattering, inversion or mixing. 
Tillage operation: Act of applying one or more tillage actions in a distinct mechanical application of 
force to all or part of the soil mass. Tillage system: The chain or sequence of tillage operations 
performed over a cropping cycle. 



1.2.1. Short term vs long-term effects 

The majority of individual tillage operations is carried out because of a direct 
need, which usually is to modify (improve) the growing conditions of the crop. 
The effects of this intervention are typically short-term (visible in hours or days, 
e.g. seedbed preparation, weeding, ridging). Other operations, such as 
ploughing, may be applied with a purpose which is further away in time (weeks, 
months). Sometimes the effect is supposed to last for a longer period (e.g. 
subsoiling for breaking up disturbing layers, or tillage during fallow periods for 
water conservation). These effects may last for periods of more than one or 
two years. 

On the other hand, long term effects may become visible when we consider a 
tillage system comprising of sequences or combinations of tillage operations. 
Examples of desired long-term effects are the shaping of the field surface (e.g. 
'broad beds' for superficial drainage, terracing), improvement of soil structure 
through increase of organic matter content etc. Undesired long-term effects are 
the formation of plough pans, subsoil compaction, exhaustion of soil organic 
matter (SOM) in the soil leading to deterioration of the structure of the soil, 
increase of draught requirements for tillage, reduction of the workable period 
etc. 

1.2.2. Agronomic vs SWC requirements 

Manipulation of the toplayer of the soil by tillage has a strong effect on the 
structure. Tillage directly changes bulk density, strength and homogeneity of 
the soil. These changes influence a.o. hydraulic characteristics and stability 
characteristics (important for soil and water conservation), but also the 
behaviour of the soil with respect to water, air, temperature and mechanical 
resistance, factors important for the growth of the plant, as is shown 
schematically in Figure 1. 

The farmer is often faced with a conflict between agronomic and SWC-
requirements. On the one hand, an optimum environment should be created 
for the germination, establishment and growth of crops. Although requirements 
differ per crop, in practice this means a fine, smooth, uniform and weed-free 
toplayer or seedbed, particularly for small-grained crops. On the other hand, 
soil and water conservation is generally best achieved by the creation of a 
stable soil surface, resistant to the destructive and erosive forces of water and 
wind. Though depending on soil type and climatic conditions, the best effects in 
arable cropping are achieved with a coarse, uneven soil surface, made up from 
large, stable clods, preferably supported by the presence of crop residues such 
as standing stubble or partly incorporated straw, or live vegetation. 
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Fig. 1. Tillage and its influence on soil structure. 

1.2.3. Costs and benefits 

General remarks 

Obtaining a high yield is a very important objective in agriculture but it should 
not be reached at all costs. In fact a farmer will try to obtain the highest 
possible profit; in general the difference between the money he gets for his 
crop, and the money he has spent in producing that crop. It is not essential to 
use the term money; if the crop is not sold but used by the farmer and his 
family, he will nevertheless justify the efforts to be made in producing the crop 
by evaluating the appreciation of the expected yield. 
Tillage costs are only a part of all the costs of field operations, and apart from 
these, there are general production costs. The return side of the balance 
depends on the short-term only on the yield obtained, but on the longer term 
also on the quality of the resource base. In a high input farming system run on 
an economic base, costs of tillage often are a much smaller quantity than the 
value of the yield and thus a small yield increase would be sufficient to 
compensate the higher tillage costs. This often applies in temperate climates 
where erosion risk is negligible. On the other hand, when (in situations with an 
elevated risk for erosion) crop production can be accomplished with an 
alternative tillage system such as conservation tillage or no-tillage causing no 
or acceptable yield reductions, there will be an economic gain. An example is 
the success of the application of no-tillage in the southern states of Brazil 
(Derpsch et al., 1988). 
In a low input farming system, the economic principles are often completely 
overruled by the practical constraints, where e.g. changes in a tillage system 
may imply the shift from manual labour to animal traction, and the required 



capital investment for draught animals and a plough maybe in the order of a 
year's income. 

Soil and water conservation 

Where it is very difficult in a non-market situation to talk about costs and 
benefits with respect to crops, it is even more difficult to talk about the 
economics of soil and water conservation. Effects of SWC are very difficult to 
measure and quantify, since the effects on crop yields are caused by improved 
water availability and possibly absence or reduction of seed and nutrient losses 
when runoff and erosion are decreased. Also, they may become visible after a 
number of years only, and benefits are not exclusively on the field or farm 
level, but also on e.g. the downstream area of the watershed where the 
measures took place. 
At the costs side, a number of measures (such as terracing, stone or earth 
bunds etc.) is too large and too expensive to be taken on by just the farmer 
alone, so it is a matter of local community or government. As the effects of 
these measures are to last over many years, it is not easy to calculate costs on 
annual basis. An adapted type of tillage (system) in that respect is easier to 
express in terms of money. De Graaff (1997) has treated this subject in detail 
with examples from semi-arid regions in developing countries. 

Energy 

Crop production is one of the few processes whereby solar energy is collected 
and conserved in the form of organic material for use as food, fuel or building 
material. In the semi-arid and subhumid tropics more than adequate quantities 
of solar energy are usually available, although actual crop yields are lower than 
the yields which could maximally be obtained under such levels of solar 
radiation (due to deficiencies in water, nutrients, suboptimal temperatures, 
weed competition, pests, poor management etc.). 
The agricultural energy balance is a complex subject and lies outside the 
scope of this thesis, but some data are presented here to indicate the position 
of soil tillage within the energy balance. 
In many industrialized countries, energy for agricultural production usually 
accounts for less than 5% of the total (national) energy consumption. This is 
mainly 'commercial' energy (fossil fuels). In developing countries, where 
agriculture generally forms an important part of the economic activities, the 
utilization of commercial energy may be as low as 10% of the total 
consumption, the remainder coming from fuelwood or crop residue. Human 
and animal labour form an important part of the energy input for agricultural 
production. 
The input part of the energy balances for agricultural systems applied in 
developed countries consists mainly of fuel, fertilizer, irrigation, machinery, 
transport, drying and on-farm processing. In these systems using conventional 



tillage methods, tillage accounts for approximately 5% for irrigated and up to 
15% for dryland systems (all factors are expressed in energy units). Fertilizers, 
mechanization and irrigation are the greatest energy consumers. 
On the other hand, the energy input of subsistence farming or small-holders in 
developing countries is mainly associated with human and animal labour and 
only a very small proportion is expended on fertilizers, machinery, fuel and 
chemicals. 

The absolute output (in terms of energy of the agricultural product) from the 
high-input system is much greater per unit area, but the output:input ratio is 
generally much lower than for low-input systems. 
Pimentel and Heichel (1991) gave the following examples based on maize 
production in Mexico and the USA: for slash-and-burn (shifting cultivation) 
maize production with human labour only: output/input ratio 12.9, same 
conditions using draught animals: o/i ratio 6.3, highly mechanized 
(conventional) maize production: o/i ratio 3.3. In the human-labour system, 
labour accounts for 92% of the total input of 2.7 GJ ha1. In the animal draught 
system, human labour is 12% and animal draught 83% of the total input of 3.2 
GJ ha1. In the mechanized system, labour input is in the order of 0.1%, 
machinery plus fuel is 25%, fertilizers and seed 43% and pesticides 7%, of a 
total input of 29 GJ ha1. Above figures do not take into account the solar 
energy5. It was observed that the human-labour system would be sustainable6 

for one person with 10 ha (fallow is needed), for the animal draught system 4 
ha (using N-fixing green manure). The mechanized system is not sustainable, 
but results in a yield which is at least 3 times higher than the one produced 
under the other systems. 

1.2.4. The diversity in strategies, systems, and tools 

Worldwide, there is an enormous diversity in the way tillage is performed. In 
addition to the very wide range of soils, climate, and crops, leading to specific 
requirements, tillage as a core activity for the farmer has traditionally had a 
non-universal, site-specific application. Tools were made locally by farmer or 
blacksmith, techniques were applied as they were typical for a village or region. 
Even presently, many manufacturers of tillage equipment in the modern 
western society, only cater for regional demands. 

Desired situations, such as optimum crop growing conditions, but also the best 
soil and water conservation can in principle be translated into ideal soil surface 

5 The energy input from the sun is many orders of magnitude larger than the input from farming 
activities: assuming 0.1% of photosynthetically active solar energy to be captured by growing plants, 
this leads to 60 GJ ha"1 annually. 

A sustainable system for producing food and fuels: persistent and renewable without detri­
mental environmental effects (according to Pimentel and Heichel, 1991). 



conditions to be described as 'a fine and smooth seedbed' or 'a rough and 
cloddy surface with partial incorporation of crop residue'. (Sequences of) tillage 
operations can offer the technical solution in reaching these situations. 

On the highest level of decision making, strategies may be developed 
addressing global, national or regional problems or problem-based objectives. 
Table 1 shows a number of these objectives and the general strategies of soil 
management which can be followed: 

Table 1. Objectives and derived strategies for soil management (source: Pierce 
and Lai, 1991). 

• objective strategy 

a reducing risks of global warming - conservation of organic C in the soil, thus 
reducing C02 production 

- preserving or enhancing soil quality 

b reducing risks of water pollution - farming by soil (precision farming) 
- soil erosion control 

c preventing soil degradation - conservation tillage 
- appropriate land use 
- soil-enhancing cropping systems 

d maximizing profit - sustainable agriculture 
- farming by soil (precision farming) 

Many variations and modifications of these strategies can be produced, but the 
ones listed in the table are specifically important for the semi-arid tropics. 
Clearly, the strategies under objectives a and b are quite far away from the 
daily worries of the small farmer in the developing countries, but c and d 
constitute recognizable objectives. 

Strategies have to be given a concrete form by following a crop production 
system which adheres to the principles set forward in those strategies. The 
translation of strategies into tillage operations or systems follows a number of 
levels, each one determined by certain boundary conditions. These levels are 
shown in Table 2. Only decisions on the lowest level (3) are within reach of 
most of the farmers, level 2 decisions require major investments, while the 
choices on level 1 can only be made with interference or support from e.g. 
(local) governments, thereby implying (longer term) changes. 



Table 2. Tillage: levels of decisions (adapted from Kuipers, 1985). 

determinant description 

1 resource quality The choice of a tillage system under a farming strategy as 
allowed by the nature of the resource base and the 
technical and socio-economical conditions. 

2 crop production, The choice of a certain chain of tillage operations to reach 
SWC requirement specific goals within a crop production system. 

3 tools and power The choice and use of implements and power sources 
availability; (e.g. plough, cultivator; tractor, animals, human labour). 
soil behaviour 

1.3. Semi-arid tropics (SAT) 

Approximately one-fourth of the world's population lives in arid and semi-arid 
areas; 1.6 billion people live in developing countries and regions affected by 
insufficient rainfall. Half of the workforce in these countries earns its living in 
and from agriculture (CGIAR, 1997). Rural people here are among the poorest 
in the world. The Green Revolution, successful because of the grain yield 
increases in situations with irrigated agriculture, or there where rainfall was not 
limiting, did not bring improvement for the farmers in the (semi-)arid dryland 
regions. 

Desertification7 is mentioned as a very serious degradation threat to drylands 
(Hurni et al., 1996). This is mainly caused by three factors: overgrazing, 
excessive use of wood (fuel) and inappropriate agricultural practices. The last 
factor is most prominent in dryland cropping areas, especially through 
inappropriate management of rainwater and loss of soil fertility. Estimations are 
that around 4400 million ha of rangeland are desertified, and 400 to 500 million 
ha rainfed cropland, of which one-third severely (Pimentel, 1993). 

Extension of the irrigated area is not a feasible solution, so answers for 
improvement must be sought in developing more productive and sustainable 
farming practices. This is not an easy task in view of the very poor physical and 
chemical characteristics of the majority of the soils found in these areas, and 
the aggressiveness and harshness of the climate. Further in this thesis, some 
aspects of the approaches towards improving these farming practices, 
(particularly the tillage) will be treated. 

7 Desertification as defined at the UN conference on Environment and Development in 1992: 
'degradation of land resources in arid, semi-arid and dry sub-humid areas, caused by different factors 
including climatic variations and human activities' 
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1.4. Soil and water conservation 

The term 'Soil and water conservation' comprises two components who are 
very closely related, but who are not necessarily always linked. In case of 
rainfall erosion, an important aspect of soil conservation is indeed the 
conservation of water. With respect to protection of soil against wind erosion, 
water conservation plays an insignificant role. On the other hand, in the semi-
arid tropics, water conservation as such is a very important objective in dryland 
or rainfed agriculture, also under conditions where there is no risk for soil 
erosion. 

Soil conservation as a science was hardly known before the beginning of the 
20th century. Yet natural erosion by wind and water is tens of thousands of 
years old, and the ground of many regions is simply the result of deposition of 
soil material eroded elsewhere. The recognition of the importance of erosion 
induced or accelerated by man came only recently. Hudson (1985) quotes 
references to erosion problems in Lesotho back in 1874 due to 'overpopulation 
and too much ploughing'. 

The problems sketched above indicate that for non-temperate climatic 
situations the importance of tillage with respect to minimization the risk for soil 
degradation through soil and water conservation is at least equal to (but often 
higher) than the importance with respect to crop production. 
Tillage constitutes the strongest and most readily available tool for the farmer, 
which he can use as a measure to avoid soil and land degradation. 

The most obvious indicator of soil degradation is erosion. Erosion8 as the 
detachment and removal of soil parts is a physical process, whereas the 
depletion of plant nutrients and organic material because of nonsustainable 
cropping and farming practices, sometimes is called 'chemical erosion' 
(Kayombo and Mrema, 1994). The deterioration of the nutrient status is 
generally the first phase of the degradation process. 

Development or introduction of sustainable or ecologically sound farming does 
not necessarily mean that use of chemical fertilizers is to be avoided. On the 
contrary, in most of the semi-arid climates, soils have already undergone 
periods with chemical erosion, where crops are produced with very low inputs 
of nutrients and complete removal of all biomass produced. Here, the soil is 
mined and depleted of minerals such as N, P and K. In these situations, 
improvement of the condition of the soil is simply not possible without additions 

8 'Soil erosion is a two-phase process consisting of the detachment of individual particles from 
the soil mass and their transport by erosive agents such as running water and wind. When sufficient 
energy is no longer available to transport the particles a third phase, deposition, occurs.' This is the 
description of the physical process, as given by Morgan (1995). 



of fertilizer. This is particularly valid when rainfall is low or unreliable and when 
crop residues are not used as green manure. The west African Sahel and 
Savanna region is a typical example of such a situation (Penning de Vries and 
Djiteye, 1982). 

1.5. The nature of tillage research 

In agricultural research in Europe early in the 20th century it was recognized 
that tillage operations change the structure of the soil and kill or damage weed 
plants. The changed soil structure apparently was better for crop growth, but it 
was difficult to prove in what way. It was also observed that control of weeds 
increased crop yields. This gave rise to two different schools of tillage 
research: the English school with much emphasis on weed control as a clear 
effect of tillage and the German school where soil structure was studied 
intensively. 

During the first half of the 20th century, research started to investigate effects 
of changes in soil structure by studying the underlying processes of soil 
physics and the status of water in the soil. Soil chemistry and its effect on plant 
nutrition was also investigated in detail. 

The development of both contact- and selective herbicides minimizing the need 
for mechanical weed control was an important support to the research into crop 
production systems with a minimization of tillage activities: reduced and no-
tillage systems. This research started in the 1940s in the UK and USA. 

Agronomic research was primarily focussed on increasing crop yields, so 
producing more food per unit area. In more recent years (the 1980s in 
particular) there was a shift in attention (for Western, high input situations) 
towards an optimisation of profit per unit area. Energy flows and conservation 
of energy use in agriculture was an important topic during the oil crisis of the 
1970s, but this was not continued after the crisis eased in the 1980s. The last 
decade is characterized by the concern for the environment, where agriculture 
was blamed for polluting ground and surface water through excessive fertilizer 
and pesticide applications. Agriculture is also believed to contribute 
significantly to global warming as a result of increased C02 production from 
agricultural fields (Lai and Kimble, 1997). The focus on these topics is reflected 
e.g. in the themes of conferences of ISTRO (the International Soil Tillage 
Research Organization; ISTRO 1988,1991,1994,1997). 

The interest in sustainable agriculture is strongly related to this concern. It is 
recognized that application of ecological principles to agricultural production 
systems is a logical approach to follow. Agroecosystems, however, are quite 
different from natural ecosystems and research faces a challenge in guiding 
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the evolution from an industrialised production system towards a system based 
on ecological principles. 'Land husbandry' or 'stewardship' as a careful 
management and improvement of the land resources is a term now being used 
by those concerned about the future of the land. Tillage is likely to plaf an 
important role in this shift in approach because of the huge consumption of 
(fossil) energy and/or human and animal labour, plus the fact that tillage has a 
strong impact on the surface condition of the soil and the vegetation present at 
this surface. 

Although the changes in research focus towards ecologically sound farming 
were triggered by excessive application of power, fertilizer and other 
chemicals, this thought is also used as a guiding principle in agricultural 
research for low-input farming in developing countries in the tropics. Clearly, 
the current production levels are still very low and an increase of food 
production is the major goal, but numerous examples of depletion and 
degradation of the natural-resource base of agriculture by intensifying 
production for short-term yield increases can be given. 

So although a clear shift in focus of tillage research can be seen, the nature of 
research has been mainly empirical. Only few attempts to linkages with e.g. 
modelling have been undertaken. 

1.6. Modelling tillage and soil and water conservation 

The advances in research of plant and soil have led to considerable in-depth 
knowledge of mechanisms and processes of movement of water in the soil, 
energy balances, nutrient movement and uptake and the growth, development 
and distribution of photosynthetic products in the plant as a result of 
development phase and environmental conditions. 

The major processes could be thus be expressed in mathematical models and 
with the development of powerful computers, it became possible to calculate 
crop production based on for various soil, crop and climatic conditions, by 
simulating these processes in computer models. 

These models proved to be valuable tools for the study of complex, weather-
related processes and interactions. Compared to expensive and time-
consuming field experiments, large numbers of different treatments or 
'scenarios' can quickly be studied. Of course, simulation studies can never 
replace all field experiments, but they can indicate gaps in the knowledge of 
certain processes or shortcomings in the understanding of complex 
phenomena. Thus simulation can fine-tune the design of necessary field 
experiments and indicate which treatments to be included and which 
parameters to measure (e.g. de Wit and van Keulen, 1975; Penning de Vries 
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and van Laar, 1982; van Keulen and Wolff, 1986). 

For agronomy and soil management research in developing countries in the 
tropics, use of simulation models has another two very important advantages: 
1. Results from agricultural field research are very few if at all available, and 

it is even more expensive and difficult than in the western world to initiate 
and carry out field experiments, 

2. The climate is usually unpredictable, particularly with respect to rainfall, so 
field experiments will rarely yield results under the type of weather 
conditions allowing acceptable conclusions to be drawn. When climatic 
data are available, simulation modelling allows calculation of the effects of 
certain treatments or measures over a wide range of weather situations. 

Models are developed to simulate almost any process in varying degrees of 
detail (scale). Tillage has an impact on different scales: it has a direct and 
strong effect on the structure of the soil ('tillage action' and 'operation'), but 
other parameters such as water movement, erosion, weed control, and crop 
development and yields are influenced primarily at 'tillage operation' and 
'tillage system' level. Even when processes can be modelled well on one scale, 
the use of modelling results from a particular scale in a higher or lower one 
(up- or downscaling) is very difficult (de Ridder, 1997). 

For the application of models within the context of this thesis where the effect 
of tillage on agronomic as well as on SWC aspects is assessed, there are a 
number of principles that should be adhered to: 
a. Any model used should incorporate or be linked to a module of biomass 

production (a crop, pasture or natural vegetation) to see a translation of 
tillage effects in production under varying climatic conditions. 

b. Input for the models should be relatively simple, in view of the limited 
availability of data and the usefulness for spatial and temporal 
extrapolation. 

Although continuing progress is reported in model development, tillage with its 
direct but especially indirect effects on many parameters in the crop production 
mechanism, has proven to be difficult to simulate. Approaches to this subject 
therefore receive special attention in this thesis. 
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1.7. Thesis layout 

In this thesis, a number of the issues and problems that were mentioned earlier 
are discussed. Attention is given to soils and climate the SAT, to the role of 
tillage with respect to SWC in these areas, and to the development and use of 
models in this discipline. In each of the following chapters, background and 
theory on above topics are treated and followed by two case studies. 

In the first place, the characteristic situation of the presence of 'sealing, 
crusting and hardsetting' (SCH) soils under an aggressive climate with their 
effect on crop production and SWC is discussed. The processes underlying 
SCH are described. Knowledge of these processes is necessary for 
design/development of tillage systems. These aspects are treated in detail for 
two locations in West Africa: Mali (case 1) and Niger (case 2). 

Secondly, a critical review (based on research findings) is given of available 
tillage implements and systems. Guidelines are presented for the choice of 
tillage operations or systems for specific situations. Methodologies on how to 
assess the effects of tillage of SCH soils are discussed. This is based on 
studies on alternative tillage systems in Brazil and on crop production effects 
from tillage in Niger. They are treated in cases 3 and 4 respectively. 

Thirdly, the use of (computer) models as a tool for selecting tillage implements 
and systems or for aiding the design of new technology for specific purposes 
and conditions is evaluated. An overview of models representing the state-of-
the-art in this field is given, including approaches of how to model tillage for 
SWC. 
A study on the development and application of a simulation model to evaluate 
tillage options in the SAT is presented in case 5. In case 6, the effect of tillage 
on the water balance in a typical SAT situation (Mali) is assessed and 
evaluated using a simple model. 

Finally, thoughts are given about the development of appropriate tillage 
systems in the SAT. 
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2. THE SAT: PROBLEM SOILS AND A DIFFICULT CLIMATE 

2.1. Sealing, crusting and hardsetting soils in the semi-arid tropics 

Soils in the semi-arid tropics can often be characterised as problem soils, i.e. 
soils causing problems for many types of land use, but in particular for crop 
production. The main phenomena which play a role here are: structural 
instability, poor nutrient status, poor workability. Tillage may therefore form an 
important factor in the management of these soils. 
The most important processes (changes in structure under the influence of 
manipulation by the farmer or by effects of the weather or other natural 
causes) of these soils are sealing, crusting and hardsetting (SCH). An 
indication of the geographical distribution is given, followed by a more detailed 
treatment of these processes. 

2.1.1. Global importance; geographical distribution 

Africa: Van der Watt and Valentin (1992) report on a large number of research 
activities from West, East and South Africa. In West Africa, light soils 
(Alfisols), covering an important part of the agricultural production areas show 
severe crusting and sealing activity (Valentin, 1994; cases 1 and 2). The most 
dominant light soils in marginal rainfall areas of Eastern Africa are Luvisols 
and Acrisols, both with strong surface sealing and crusting properties (Biamah 
et al., 1993; Zake, 1993). In southern Africa, crusting, sealing Alfisols and 
hardsetting soils (Ultisols / Cambisols) are found extensively, e.g. in Botswana 
(Sinclair, 1987; Willcocks, 1981, 1984). 
Latin America: Roth (1992) reports that problems in the SAT (northeast Brazil, 
Bolivia) are light. Although the actual semi-arid tropical zone of Brazil is 
confined to the northeast, a very large area with light 'cerrado' soils is found in 
the sub-humid zone. These soils generally do not have serious crusting 
problems. Silty soils (Alfisols and Ultisols) with sealing and crusting properties 
occupy important areas of semi-arid Bolivia (Gerold, 1987). Soils in the wetter 
parts of tropical South America are mainly Oxisols and some Ultisols. 
India: According to Abrol and Katyal (1995), approx. 30% of the soils in India 
are red soils (Alfisols, Ultisols, Oxisols; all in association with Entisols and 
Inceptisols) and lateritic soils (Oxisols and Ultisols). These soils generally 
have a loamy sand texture, with kaolinite as the dominant clay mineral. 
Crusting and sealing is severe on these inert soils and the topsoil becomes 
very hard after a wetting-drying cycle. 
Australia: Chartres (1992) and Isbell (1995) indicate that crusting problems in 
Australia are due to: (a) low surface organic matter contents; about 75% of 
the Australian soils have a median organic carbon contents of less than 1%, 
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and (b) sodicity; 25-30% of Australia has sodic soils (though mainly in the 
more temperate South, and though often only the B-horizons are sodic). 
Overgrazing or intensive cultivation of the soils with a combination of low 
organic matter and sodicity or susceptibility to dispersion due to low 
electrolyte concentrations leads to a considerable soil crusting problem. 
Table 3 shows the areas occupied by the different soil orders. 

Table 3. Distribution of main tropical soil orders (based on Swindale, 1982). 

soil order 

Alfisols 
Aridisols 
Entisols 
Inceptisols 
Mollisols 
Oxisols 
Ultisols 
Vertisols 
Others 

Total 

Africa Latin 
America 

% of total (100% = 

22.3 
21.0 
12.2 

1.8 
-
9.0 
1.1 
2.4 
-

69.8 

5.1 
1.6 
0.8 
-
3.7 
-
0.4 
-
3.3 

14.9 

Asia Total 

21.000.000 km2) 

5.8 
2.2 
-
1.3 
-
-
1.0 
3.8 
1.1 

15.2 

33.2 
24.8 
13.0 
3.1 
3.7 
9.0 
2.5 
6.2 
4.4 

100.0 

Above information indicates that the diversity of soils in semi-arid and sub-
humid tropical regions is immense (Hudson, 1987; Eswaran et al., 1992) and, 
although the conclusion may be drawn that a large number of the tropical soils 
show SCH phenomena, the currently applied soil classification systems only 
broadly refer to the problems associated with these soils. The SCH 
phenomena are a function of soil physical and chemical characteristics, and 
these characteristics may be widely different within the same soil (sub)groups 
or (sub)orders; on the other hand, soils that are classified differently may 
show almost similar SCH behaviour. 

On a world scale, the SCH soils cover a large area. Based on the map of soil 
degradation by ISRIC (Oldeman et al., 1990) these soils would be falling in 
class Pc (physical deterioration; compaction, sealing and crusting). However, 
the erosion due to the runoff from the SCH soils leads to a general 
classification in Wt or Wd (water erosion, loss of topsoil and terrain 
deformation resp.) Comparing the degradation map (Fig. 2) with the SAT 
(Fig. 3), it is clear that the majority of the soils in the SAT is prone to water 
and wind erosion. 
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S3 stable 
^ wind erosion 
63 water erosion 

Fig. 2. Soil degradation in the tropics (after ISRIC, Oldeman et al (1990)) 

'i? 
^ 

^C^br 

Fig. 3. The SAT (shaded areas) according to ICRISAT (1986) 
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2.1.2. Processes and factors in SCH formation 

Definitions 

The following descriptions are generally accepted, as a result of an exhaustive 
treatment of this subject in conferences held in Gent, Belgium (Callebaut et 
al., 1986), Athens, USA (Sumner and Stewart, 1992) and Brisbane, Australia 
(So et al., 1995) and in other special publications (such as Cary and Evans, 
1974) 

Sealing: Seals are very thin (less than 2 mm) layers of soil material which are 
characterised by a greater density, finer pores and lower saturated hydraulic 
conductivity than the underlying soil. This layer may be formed by aggregate 
breakdown at the surface, deposition of clay after suspension by (rain)water 
etc. In all cases, the seal is wet. 
Crusting: Crusts are superficial soil layers (up to 5 cm thick), characterised by 
few large pores, a high bulk density, but also by stratification, platiness, and 
orientation of the different sized materials. A crust is dry, and as such, it is 
hard (high shear strength) and therefore difficult to penetrate (e.g. by 
seedlings). 
Hardsetting: A process found in 'Structurally unstable soils which lose 
strength and see a collapse of macropores during wetting. When the whole 
(A.,) horizon is affected, these soils set to a hard, structureless mass during 
drying and are thereafter difficult or impossible to cultivate until the profile is 
rewetted' (Mullins et al., 1990). The hardset soil shows a high degree of 
mechanical impedance to roots, there is a lack of structural units, the soil 
does not develop structural cracks on drying (Young et al., 1991; Young, 
1992). This soil type shows a narrow range of friability and workability9. 

Formation 

Sealing and crusting are indicators of processes which to a large extent are 
similar or at least comparable: slaking, aggregate destruction, formation of 
disrupted, low-porosity layers etc. 
Sealing is considered to be a physical process where raindrops cause a 
'disruption' of the structure of the soil immediately at the surface. Following 
this description, a seal is a very thin layer at the soil surface or at a depth of 
not more than equalling the diameter of one aggregate in an aggregated soil, 
or the size of sandgrains in a sandy, non-structured soil. 

Friability: the ease of crumbling of soils. Workability (or tillability): the degree or ease by 
which a soil may be manipulated for a specific purpose. 
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A seal is formed by the kinetic energy of a falling water drop. On fine sandy 
soils, the impact of the raindrop separates clay and silt particles from the 
larger sand grains. Clay and silt particles are then transported by the 
infiltrating water and during this process, they clog the pores. This clogging of 
the (small) pores may very effectively reduce the infiltration of water through 
this layer. It implies that the actual, effective thickness may be a few times the 
size of the silt particles. 
When the seal is formed on an aggregated soil, the thickness of the layer 
reducing the infiltration will be thicker because of the larger pores between 
particles. This process may end up in a situation where a seal is overlying a 
thicker crust. 

Thus, for light soils, so with a clay content of less than approx. 10%, the 
difference in sealing tendency is most likely explained by the textural 
difference; as an example data from a soil survey in Northwestern Nigeria 
(Sombroek and Zonneveld, 1971) were used to relate sealing with particle 
size distribution. Characteristics of a number of comparable soils are given in 
Table 4. Strongly sealing soils show a relatively high percentage of silt and 
very fine sand and are only moderately sorted, whereas the non-sealing soils 
are better sorted and contain less silt or very fine sand. 

Table 4. Texture vs. sealing characteristics (based on Sombroek and Zonneveld, 
1971). 

soil 

Sangiwa*** 
Zurmi 
Sokota 
lllela 
Mali 
(case 1, 6) 

Niger 
(case 2, 4) 

clay* 

(%) 
8 
9 

10 
6 
5 

3 

silt 

(%) 
6 
5 
3 
1 

13 

5 

very 
fine 
(%) 

15 
24 
10 
7 

34 

15 

fine 
sand 
(%) 

37 
43 
43 
44 
25 

34 

medium 
sand 
(%) 

24 
12 
28 
34 
19 

33 

coarse 
sand 
(%) 

10 
7 
6 
8 
4 

10 

sorting 
** 

66 
74 
79 
83 
62 

69 

sealing 

severe 
yes, less than S 
no 
no 
severe 

some 

Clay: <0.002 mm; silt(loam) 0.002-0.05 mm, very fine sand 0.05-0.1 mm, 
fine sand 0.1-0.25 mm, medium sand 0.25-0.5 mm, coarse sand > 0.5 mm 
The two highest (adjacent) sand fractions as percentage of all particles > .002 mm 
The first four soils are from Nigeria 

In soils with a finer texture (clay percentage roughly between 12 and 20%), 
the nature of the clay minerals plays an important role in seal formation. Non-
swelling and shrinking clay minerals (such as kaolinite) cause compact soils 
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and thus may initiate sealing, but the presence of smectite in kaolinitic soils 
apparently is able to trigger a strong dispersion and thus to a more serious 
seal formation (Stern et al., 1991). 

Crusting: In addition to aforementioned conference proceedings, causes and 
formation mechanisms of various types of crusts and their effects have been 
investigated and reported by authors as Goyal (1982) and Casenave and 
Valentin (1989). 
In crust formation, the mechanical mechanisms (slaking, structural collapse) 
and chemical mechanisms are complementary. Due to wetting, raindrop 
action, tillage or traffic, there will be a breakdown of aggregates and stirring of 
soil particles. The stirring of soil particles enhances the rate of chemical 
dispersion (Shainberg, 1992). 
Seal formation on a freshly cultivated soil begins with the breakdown of 
surface clods and aggregates by both physical and chemical dispersive forces 
(Sumner, 1994). The physical processes are controlled by the magnitude of 
mechanical forces produced by raindrop impact and by air escaping from the 
aggregates in relation to the internal resistance of the aggregates. Problems 
with crusting are often more severe when rain falls on a dry soil compared to 
the situation when rain falls on a wet soil. The slaking as a result of sudden 
wetting of dry aggregates is more intensive due to air explosion. 
The extent of chemical dispersion is determined by the chemistry of the pore 
water and eroding fluid. (Bradford and Huang, 1992). 
Sumner (1994) distinguishes four types of crusts, found in various locations of 
the world: 
(a) Chemical crusts composed of salt encrustations commonly found in arid 

soils and capable of reducing infiltration, 
(b) Structural crusts formed by raindrop impact and clay dispersion occurring 

over wide ranges of soil type, 
(c) Depositional or sedimentary crusts, formed by transport and deposition 

of suspended material, and 
(d) Cryptogamic crusts formed by organisms such as algae, mosses and 

lichens growing on the soil surface. 

The structural crusts and depositional or sedimentary crusts are largest in 
area as well as in agronomic importance. Casenave and Valentin (1989) have 
published a detailed report on these two types of crusts as found in West 
Africa. 

West et al. (1992) have proposed a simple model for surface crust 
development, assuming an aggregated surface soil which is subjected to 
rainfall. Raindrop impact and slaking will cause breakdown of aggregates and 
particle rearrangement. A 'disruptional' layer is formed with reduced porosity 
compared to the underlying soil. The kind of processes in a following stage 
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depend on the dispersibility of the soil material. A high dispersibility will lead to 
more particle disjunction and this fine material will form a washed-in layer, 
further clogging up the disruptional layer. This process does not occur with 
low dispersibility. Here the disruptional layer becomes thicker and fine 
material is removed by runoff. A final stage shows removal of fine 'washed-
out' material from the top of the disruptional layer by runoff water. So in the 
end the low-porosity layers are exposed to the surface, where for the low 
dispersible clays the layer is thicker but consisting of more 'undisturbed' 
aggregates and for the high dispersible clays a thinner (smoother) layer which 
has a lower porosity. 

Dispersibility of the clay fraction apparently is an important factor. In well 
aggregated soils, organic matter and sesquioxides bind clay and other 
particles into water stable configurations which resist the energy of impacting 
raindrops. When the binding elements are lost, which is particularly the case 
with a decrease of organic matter content as a result of farming in the SAT, 
the aggregates are more vulnerable to the applied energy. So and Cook 
(1993) showed that the degree of crust formation may be predicted by 
determination of the amount of dispersed clay after slaking, which is a 
function of clay content and the amount of exchangeable sodium (ESP). 

In aggregated soils, clods (>20mm) present at the soil surface do not act as 
cover units such as crop residue etc., but do delay the development of a crust. 
Clods provide a source of finer aggregates for the development of a crust. 
Under these conditions, Freebairn et al. (1991) state that loss of aggregate 
strength and raindrop detachment act as a built-in feedback: where crust 
formation occurs, splash erosion is decreased, producing a more stable 
surface. 
Depressions (such as those made by basin tillage) have little influence on 
total infiltration. A possible increase in infiltration rate (due to a larger hydraulic 
head of the ponding water) is generally offset by a thicker depositional crust at 
the bottom of the basins. 

Summarizing, crust formation thus is different from seal formation on two 
important points: 
(a) a seal can be formed even on very light soils with small amounts of clay 

and silt, with the dispersibility of the clay playing a less important role 
since seal formation is a physical process 

(b) the energy of the rainfall is crucial: a certain minimum energy is needed 
to arrive at the actual separation of clay/silt from the larger grains or 
structural units 

Hardsetting: Mullins et al. (1990) have indicated the range of textures in which 
soils may be expected to show hardsetting behaviour. A wide range of 

21 



textures from loamy sand up to (sandy) clay may fall in this category, with the 
condition that the clay minerals should not be swelling and shrinking types. So 
this listing excludes the very sandy soils and heavier (cracking) clays. 
Soils with a high amount of cementing agents like iron- and aluminum oxides, 
like lateritic type soils, may also show hardsetting behaviour, even when these 
oxides are found in sandy soils as is the case in West Africa. Organic matter 
content is always low in hardsetting soils. This is particularly so for soils under 
(continuous) cultivation in the semi-arid tropics. 
The major processes initiating hardsetting are slaking or slumping (the 
disintegration of aggregates during wetting) and the subsequent compaction 
without the application of an external load. The more abrupt and intense the 
wetting process, the higher the degree of slumping or loss of porosity. Wetting 
of aggregates under tension will cause a smaller loss of porosity than wetting 
at saturation. Air-dry aggregates will disintegrate easier (air-explosion) than 
moist aggregates. 
In the first stages of drying after the wetting process, uniaxial shrinkage may 
occur. During the entire drying process, there is a sharp increase in the 
strength of the hardsetting soil. 
The depth of the layer of the soil where hard setting occurs, is at least that of 
the tilled layer. Usually, however, the soil under the tilled layer has been 
subjected to many more drying and wetting cycles without seasonal 
loosening, so the phenomena of reduced porosity and high strength will be 
found in deeper layers as well. 

Surface densification. as described by Bedaiwy and Rolston (1993) can be 
considered as an intermediate form between hardsetting and crusting. This is 
an extension (in depth) of a consolidated layer, below a crust formed under 
intensive rainfall. The depth of this layer was found to be strongly related to 
rainfall duration, in experiments done on a loam soil. 

Clay bands may be found below a washed-out layer in light (sandy) soils 
(Bielders and Baveye, 1995): through the occurrence of shear strain in the 
first mm of a crust during rainfall, there is a temporary change in pore size 
allowing preferential downward movement of finer grains. This process does 
not result in a hardset layer, but the clay bands may reduce vertical water 
movement. 

2.1.3. Properties of seals, crusts and hardset soils that influence 
agricultural production. 

Reduction of (rain)water infiltration and generation of runoff 

The actual reduction of the infiltration rate through sealed and crusted 
surfaces may be enormous: final infiltration rates may decrease in one rain 
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