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Preface 

A. Stein1, M.K. van Ittersum2 and G.H.J, de Koning3 

1. Dept. of Environmental Sciences, Wageningen Agricultural University, PO Box 37, 
6700 AA Wageningen, The Netherlands, email: alfred.stein@bodlan.beng.wau.nl 

2. Dept. of Theoretical Production Ecology, Wageningen Agricultural University, PO 
Box 430, 6700 AK Wageningen, The Netherlands 

3. Dept. of Agronomy, Wageningen Agricultural University, Haarweg 333, 6709 RZ 
Wageningen 

Methodology is crucial to derive valid conclusions in research. When a research school as the 
CT. de Wit Research School for Production Ecology starts to do new research, it has to put 
active attention into the use and development of methodology. For production ecology, the 
challenges were to find a sound methodology at the edge between competitive production in an 
environmental friendly way. More practical, the methodology should emphasize how to 
formulate new research hypotheses, how to develop and validate models and how to collect and 
organize data. Further, a methodology was needed for a sound quantitative statistical approach, 
and to optimally use information systems. In particular in cross- and inter-disciplinary research 
new and active ways for methodology and methodology development had to be found: the 
methodology is hence active and often determines instead of follows the research. 

In this volume that follows the series of PE-seminars 'Active Methodology', we emphasize 
the role of methodology for sound research on production ecology. The series is a sequel to 
previous series 'Data in Action' (1996) and 'Models in Action' (1997). Again we aim at a 
volume which extends beyond the disciplinary context. We focus on four unifying concepts in 
which various elements of production ecology can be identified: precision farming, integrated 
past and nutrient management, information systems, and decision support systems. Traditional 
disciplines like agronomy, soil science, statistics, information science and others are still clearly 
visible at the background. The volume reflects the contributions of oral presentations. The 
speakers are therefore underlined and their names appear as headers above the papers, even if 
they are not the principal authors. 

At this place we like to thank the CT de Wit Research School of Production Ecology for 
their financial support. Moreover, we are grateful to Ms. Thea van Hummel for preparing the 
typescript of this volume. 

References: 
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Ecology, June 1996 
Stein A, Penning de Vries FWT and Schut JW (1997) Data in Action. Proceedings of seminar 
series 1996/97. Quantitative Approaches in Systems Analysis No. 12, DLO Research Institute for 
Agrobiology and Soil Fertility and CT. de Wit Graduate School for Production Ecology, June 
1997 
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1. The various perspectives for precision farming 
at different scales 

A world-wide view for production ecology 

In this chapter precision farming will be addressed as it is currently applied or applicable. The 
American, the European and the African perspective will be sketched. The basic questions are 
primarily the same: spatial and temporal variability has to be addressed in an efficient and 
cost-effective way. The scales, however, are totally different: in the US large scales prevail, 
Europe takes an intermediate position and in Africa the scale at which management decisions are 
taken is usually rather small. In the US and Europe availability of resources is not a primary 
issue, whereas in the African context resources are scarce. In all situations precise and timely 
application of resources is crucial, both from agronomical, economic and environmental 
perspective. 



1.1 Multi-scale study of nutrient stocks and flows in 
sub-saharan Africa 

E.M.A. Smaling 

Head, DLO North-South Programme, Research Institute for Agrobiology and Soil Fertility (AB-
DLO), P.O. Box 14, 6700 AA Wageningen, The Netherlands; e.m.a.smaling@ab.dlo.nl 

Studies on nutrient stocks, nutrient flows and integrated nutrient management (INM) in sub-
Saharan Africa revealed that, on average, soil fertility is declining. Although this may sound 
and actually is alarming for some regions and farming systems, examples of good and 
sustainable INM (at plot and niche level) are many, and scattered all over the continent. 
Rather than painting a gloomy picture of (average) soil fertility decline, researchers should 
rather zero in on the positive examples and try to understand the driving forces behind 
them. Nonetheless, INM is rapidly gaining attention on the continent, as the poorly 
endowed regions (West Africa in particular) already have very low nutrient stocks and, as a 
consequence, little left to lose. 

1. Introduction 

Over the past two decades, attention in soil fertility research has moved away from agricultural 
production per se towards sustainable production, both in the temperate zones as well as in the 
tropics. During the 1970s and before, the research focus was largely on the increased use and 
efficiency of mineral fertilisers with, in the tropics, FAO's Fertiliser Trials as the most 
conspicuous exponents. Empirical point models were developed to predict crop yields as a 
function of soil chemical properties and fertiliser application, often relating to just one nutrient, 
and not valid for any area apart from the site where the experiment was located. Presently, 
however, the role of different spatial and temporal scales in agricultural and ecological sciences 
has received wider acceptance (Fresco and Kroonenberg, 1992). Soil fertility is no longer 
treated as a mere stock of nutrients, derived from a rather haphazardly taken "representative 
profile", and portrayed by a number of routinely determined soil tests. Advanced soil sampling 
strategies and spatial interpolation techniques have become available which enable us to portray 
soil fertility patterns three-dimensionally and at every spatial scale. 

Soil fertility has also been given a much stronger temporal dimension. Next to nutrient 
stocks, we now address positive and negative nutrient flows, which cause the nutrient stocks at 
ti to be different from the nutrient stocks at to. It is no longer soil fertility per se, but rather 
imbalances between nutrient inputs and outputs over a period of time, and their very different 
environmental consequences that hit the headlines. Examples are the emissions of nutrients to 
the atmosphere and to aquifers in the high-input, West-European agriculture, potassium and 
micronutrient mining in high N-input, irrigated Asian agriculture, and mining of most nutrients 
in low-input, rainfed African agriculture. Studies at macro- and meso-level indicated that 
nutrient depletion was severe in Southern Mali (Van der Pol, 1992), Kenya's Kisii District 
(Smaling et al., 1993), West Africa as a whole (Pieri, 1989), and sub-saharan Africa as a whole 
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(Stoorvogel et al., 1993). At farm and plot level, however, Prudencio (1993), Brouwer et al. 
(1993), Bouma et al. (1995) and De Steenhuijsen Piters (1995) recently showed how risk-averse 
farmers in West Africa cherish and exploit spatial variation in soil fertility. In other words, 
every spatial scale has its own heterogeneity, and where agronomists and soil scientists 
traditionally preferred only to address macro variability, the concern of African farmers 
generally does not go beyond the boundary of their holding. 

It is clear that traditional rate-response research must be replaced by a more holistic approach 
of integrated nutrient management (INM), conceptualised here as the judicious manipulation of 
nutrient stocks and nutrient flows, i.e., the different nutrient inputs and outputs that keep these 
stocks change constantly (Smaling and Fresco, 1993). This chapter provides an overview of 
current knowledge on nutrient stocks and flows and their management in sub-saharan Africa. 

2. Nutrient stocks 

Although spatial variation has been studied for long, the emphasis up to the 1980s has largely 
been on systematic variation (landforms, soil-forming factors) rather than "random" (but in fact 
partly spatially correlated variation) and on macro-variability (visible on air-photos and satellite 
images) rather than micro-variability (Wilding and Drees, 1978). At present, however, different 
sampling designs for geo-statistical interpolation are available that can provide quantitative 
predictions of soil test values at unsampled sites for systems of different levels of aggregation 
(Burrough, 1989; Oliver and Webster, 1991; Stein, 1991; Bregt, 1992). Moormann and Kang 
(1978) stated that "agronomic research, if it is to be realistic and applicable to the practice of far­
ming in tropical areas, has to give more attention to the interplay between micro-variability of 
soil and related factors and the response of crops under different weather conditions". Prudencio 
(1993) for Burkina Faso, Brouwer et al. (1993) for Niger, De Steenhuijsen Piters (1995) for 
Cameroon, and Carter and Murwira (1995) for Zimbabwe recently showed not only how right 
Moormann and Kang were, but also how deliberate risk-averse farmers cherish and exploit 
spatial variation. 

2.1 Macro-level 

The mineral nutrient stocks of West Africa's vast interior plains and plateau's are low because, 
in a geological time horizon, the area is "old". It has undergone various erosion cycles, but 
lacked the volcanic rejuvenation that is typical of East Africa's Rift Valley area. As a 
consequence, soils are often strongly weathered and leached, and often overlie ironstone 
hardpans (Fr: cuirasses), which even feature at the surface in places. Table 1 shows a summary 
of work published in Windmeijer and Andriesse (1993), who collated nutrient stocks of 86 soils 
across the West-African agro-ecological zones. Differences between zones are very marked. 
High rainfall in the Equatorial Forest Zone enhanced weathering and leaching of bases, leading 
to low-pH soils. On the other hand, high biomass production causes the area to possess 
relatively favourable soil organic carbon and N and P contents, as compared to the drier zones. 
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Table 1. Nutrient stocks and other fertility indicators of granitic soils in different agro-ecological zones in West 
Africa (Source: Windmeijer and Andriesse, 1993). 

Agro-ecological 
zone 

Equatorial 
Forest Zone 

Guinea 
Savanna Zone 

Sudan 
Savanna Zone 

Depth 
(cm) 

0-20 
20-50 

0-20 
20-50 

0-20 
20-50 

PH-
H20 

5.3 
5.1 

5.7 
5.5 

6.8 
7.1 

Organic C 
(g/kg) 

24.5 
15.4 

11.7 
6.8 

3.3 
4.3 

Total N 
(g/kg) 

1.60 
1.03 

1.39 
0.79 

0.49 
0.61 

Total P 
(mg/kg) 

628 
644 

392 
390 

287 
285 

Cation 
Exchange 
Capacity 
(mmolTkg) 

88 
86 

63 
56 

93 
87 

Base 
Saturation 
(%) 

21 
16 

60 
42 

93 
90 

In Kenya, fertiliser recommendations used to be of the blanket type, i.e. one bag of 
whatever fertiliser available per acre. These days recommendations have improved much and 
are specific for zones of similar agro-ecology and soil classification order, but still based on 
1:100,000 or smaller scale soil and climate maps (Smaling and Van de Weg, 1990). Data for the 
1990 long rainy season in the Fertiliser User Recommendation Project (FURP) show that diffe­
rences between the response of maize to N and P for a Nitisol, Vertisol and Arenosol are, 
however, already quite striking at this scale (Table 2). Maize on the red, volcanic Nitisol 
responded vigorously to P. Maize on the black Vertisol, however, responded only to N, whereas 
the crop grown on the sandy soil responded only to the combination of N and P. 

2.2 Micro-level 

Nutrient stocks of individual plots within farms and village territories can differ considerably. 
Reasons range from differences in soil texture, land use/fallow history to microclimatic 
differences. Farmers, notably those in the drier AEZs, tend to cherish micro-variability. 

Table 2. Yields and NPK uptake of maize on three Kenyan soils as a function of soil type and 
fertiliser treatment (long rainy season, 1990). 

Soil 

Nitisol 
(red, 
clayey) 

Vertisol 
(black, 
clayey) 

Arenosol 
(brown, 
sandy) 

Treatment 

N0Po 
N50P0 

N0P22 

N0P0 

N50P0 

N0P22 

N0P0 

N50P0 

N0P22 

N50P22 

Yield 
(ton/ha) 

2.1 
2.3 
4.9 

4.5 
6.3 
4.7 

2.5 
2.2 
2.3 
3.7 

Nutrient 

N 

42 
50 
79 

63 
109 
70 

38 
45 
38 
66 

uptake (kg/ha) 

P 

5 
6 

12 

24 
35 
23 

7 
7 

11 
16 

K 

30 
36 
58 

95 
126 
106 

42 
47 
68 
77 
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Heterogeneity at plot level is often seen as an asset by those who are resource-poor, risk-averse, 
and after food security rather than bumper harvests. An example is the use of (abandoned) 
termite mounds, representing spots of relatively high fertility. Another striking example of farm-
level variation is in the ring management systems in semi-arid West Africa (Prudencio, 1993; 
Sédogo, 1993). Of the three subsystems shown in Table 3, the fields around the homestead 
receive substantial amounts of nutrients from animal manure and household wastes. Hence, soil 
productivity remains at a relatively high level. 

Table 3 Nutrient stocks of different subsystems in a typical Upland farm in the Sudan-Savanna 
Zone (after Sédogo, 1993). 

PH-H20 Organic C Total N Available P Exch. K 
(gkg1) (gkg1) (mgkg1) (mmol kg1) 

Homestead fields 6.7-8.3 11-22 0.9-1.8 20-220 4-24 
Village fields 5.7-7.0 5-10 0.5-0.9 13-16 4-11 
Bush fields 5.7-6.2 2-5 0.2-0.5 5-16 0.6-1 

Table 4 shows spatial variation of some FURP experimental sites in Kenya, which were 
researcher-managed, but located on farms. Prior to experimentation, each 0.8 ha rectilinear 
experimental site was divided into four quarters of equal size, from each of which a composite 
soil sample was taken (mixture of six sample points). To study local practices, similar samples 
were taken from eight neighbouring farmers' fields. Unlike the experimental site, plot history 
was not taken into consideration here. From Table 4, one can derive that (i) spatial variation was 
particularly great for available P (modified Olsen) and, to a lesser extent, organic carbon and 
exchangeable potassium, (ii) for the farmers' fields, with different land use and management 
histories, deviation from the mean was considerably greater than for the experimental sites, and 
(iii) differences between average (modified Olsen) P values for experimental sites and farmers' 
fields were great and inconsistent. 

3. Nutrient flows 

3.1 Subcontinental scale 

In the late 1980s, FAO replaced its fertiliser-driven philosophy by an INM approach, which 
amongst others triggered the debate on high versus low external input farming. In this context, 
FAO commissioned a study on nutrient balances in agricultural systems in SSA, with the aim to 
create awareness on not just the state but also the dynamics of soil fertility in the subcontinent. 
The nutrient balance study for 38 SSA countries (Stoorvogel and Smaling, 1990; Stoorvogel et 
al., 1993) involved the partitioning of the continent into rainfed cultivated, irrigated and fallow 
land, for which FAO provided hectarages and yields. Rainfed land was further divided on basis 
of the length of growing period, and the Soil Map of Africa, at a scale of 1 : 5 000 000 
(FAO/UNESCO, 1977). The basic spatial unit was the land use system, for which 5 nutrient 
inputs and 5 nutrient 
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Table 4. Spatial variation of soil and temperature data for fertiliser trials in Kenya (after Smaling and Braun, 
1996)* 

District 

Busia 

Kwale 

Kilifi 

Kakamega 

Lamu 

Nyandarua 

Kisiil 

Kisii 2 

Site+ Properties of unfertilised soil (0-20 cm layer) 

al 
a2 
bl 
b2 
cl 
c2 
dl 
d2 
cl 
c2 
fl 
f2 

gl 
g2 
hi 
h2 

y 
(%) 

65 

10 

6 

56 

28 

38 

54 

43 

rganic C 

(g/kg) 

14.711.7 
14.012.4 
5.110.1 
5.411.8 
4.410.8 
5.411.3 
17.310.7 
13.612.2 
8.910.3 
10.912.6 
33.911.6 
34.914.0 
30.113.3 
30.413.9 
24.110.7 
23.811.5 

Total N 
(g/kg) 

2.110.2 
1.810.3 
0.510.1 
0.510.1 
2.010.3 
0.710.2 
2.3 10.2 
1.810.2 
0.7 10.0 
0.9 1 0.2 
4.110.3 
4.6 10.5 
2.710.8 
2.610.8 
3.010.3 
2.710.1 

mod. P-Olsen Exch.K 
(mg/kg) 

2.110.3 
3.910.9 
4.811.4 
9.115.0 
3.611.5 
2.911.3 
21.0115.2 
6.213.4 
28.011.4 
50.4133.0 
44.3 114.5 
22.41 8.7 
3.711.2 
4.511.9 
6.411.0 
5.611.3 

(mmol/kg) 

8.211.6 
7.711.7 
2.710.5 
3.611.8 
3.210.4 
4.611.5 
5.210.6 
5.2 + 3.3 
5.910.4 
5.711.8 
8.014.8 
8.112.3 
11.813.6 
13.917.4 
6.310.6 
7.912.8 

pH-H20 

6.510.6 
5.510.8 
6.710.2 
6.510.3 
7.510.4 
7.810.1 
6.210.3 
7.210.3 
7.010.4 
7.010.4 
7.310.2 
6.510.4 
6.210.5 
5.9 + 0.6 
5.210.1 
5.510.5 

Temperature 

22.4 

25.4 

24.9 

20.3 

26.1 

11.0 

20.1 

19.2 

Soil Classification 

ferralo-chromic Acrisol 

orthic Acrisol 

cambic Arenosol 

nito-humic Ferrralsol 

chromic Luvisol 

nito-chromic Luvisol 

mollic Nitisol 

humic Nitisol 

sampled in 1985, 1986 or 1987 
the fertiliser trial site is indicated by 1, i.e. a l , b l , etc. and the farmers' field by 2, i.e. a2, b2, etc. 
mean ambient temperature during growing period 

outputs were calculated or estimated (Table 5). For this exercise, many country statistics, maps, 
reports and literature were scrutinised. A detailed account of the information gathered and 
interpreted is annexed to the main document (Stoorvogel and Smaling, 1990). 

Table 5. Nutrient inputs and outputs calculated in continental and district studies. 

- Nutrient inputs 

IN 1 Mineral fertilisers 

IN 2 Organic inputs (manure, feeds, waste) 
IN 3 Atmospheric deposition in rain and dust 
IN 4 Biological nitrogen fixation 
EsT 5 Sedimentation by irrigation and natural flooding 

- Nutrient outputs 

OUT 1 Harvested products 
OUT 2 Crop residue removal 
OUT 3 Solute leaching 
OUT 4 Gaseous losses 
OUT 5 Runoff and erosion 
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The amount of data available to calculate the five inputs (77V1-5) and the five outputs 
(OUT 1-5; Table 5) varied largely between and within countries. As a consequence, much 
available detail had to be dropped and discrete ratings had to be developed for variables that 
normally represent a continuum. Also, average values were used for properties that showed 
wide ranges, such as crop nutrient contents. Quantitative information on atmospheric 
deposition, leaching and gaseous losses was very scarce. Instead of going by educated guesses, 
transfer functions were built (Bouma and Van Lanen, 1987; Wagenet et al., 1991). These are 
regression equations, in which the nutrient flow is explained by parameters that are easy to 
measure. For leaching, for example, the equations represent the best fit for a series of point data 
on leaching which were accompanied by such building blocks as rainfall, soil fertility class, and 
fertiliser and manure use. Soil fertility classes were merely rated low (1), moderate (2), high (3), 
on the basis of soil taxonomy (sub)orders. Mollisols, for example, were ranked 3, whereas 
Psamments were ranked 1. For erosion, quantitative information on soil loss was amply 
available, but its translation into nutrient losses was hardly ever studied. Moreover, the studies 
were often done at miniplot level, the results of which cannot be linearly scaled up to the 
watershed. 

The results can be portrayed per land use system, per agro-ecological zone, per country 
and also per nutrient for the entire continent. The average N, P and K balances for SSA were -
22, -2.5 and -15 kg ha"1 yr"1. Nutrients exported in harvested products, in runoff, and eroding 
sediments were high and caused the balances to be negative. The implication of the figure is that 
on average, soils in SSA have to supply 22 kg N ha"1 each year to balance the ledger, leading to 
a decline of the N stocks. The mountainous and densely populated countries in East and 
Southern Africa have the highest depletion rates. This is caused by high values of nutrients in 
harvested products and erosion, and also by the relatively high inherent fertility of the soils. 

3.2 Subnational scale 

The Subcontinental scale and uneven data availability implicitly brought about a considerable 
amount of generalisation, simplification and aggregation. As a follow-up, similar studies were 
done at subnational scales, i.e., in the 2200 km2 sub-humid Kisii District in Kenya (Smaling et 
al., 1993) and in the 12230 km2 semi-arid region of Southern Mali (Van der Pol, 1992). Primary 
data were available on climate, soils and land use, mineral fertilisers and farmyard manure, crop 
yields and residues and their nutrient content, and to a lesser extent on erosion. Kisii soils are 
predominantly well drained, very deep and rich in nutrients (Nitisols, Phaeozems, Luvisols; 
FAO/UNESCO, 1988), with the exception of P (see also Nitisol in Table 2). Mean annual 
rainfall ranges between 1350 and 2050 mm. Major food crops in the district are maize (Zea 
mays) and beans (Phaseolus vulgaris), often grown in association. Major cash crops include tea 
{Camellia sinensis), coffee (Coffea arabica) and pyrethrum (Chrysanthemum einerariaefolium). 
Most farm holdings in addition comprise small improved pastures for livestock. Less than 5% 
of the land is left fallow during a year. In Southern Mali, millet (Eleusine coracana; 20%), 
sorghum (Sorghum vulgare; 17%) and cotton (Gossipyum hirsitum; 15%) are the major crops of 
the region, which is mainly made up of Ultisols. Smaller portions of maize and groundnuts 
(Arachis hypogea) are grown. An approximate 29% of the arable land is left fallow in a year. 

Calculations revealed that nutrient depletion in the Kisii District was 112 kg N, 2.5 kg P, 
and 70 kg K ha"1 yr"1, whereas in Southern Mali, values of 25 kg N, 0 kg P, and 20 kg K ha"1 yr"1 

were found. In Kisii, removal of nutrients in harvested product was the strongest contributor to 
the negative balance, followed by water erosion and, for N, leaching. Use of mineral fertilisers 
and manure in Mali is much less than in Kenya, but crop production is also lower, reflected in 
lower values of the output of above-ground crop parts (OUT 1). Because of lower rainfall and 
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flatter topography, losses due to leaching, denitrification and erosion were also smaller in Mali. 
At the crop level, conclusions drawn from the Kisii study revealed that pyrethrum is the 

big nutrient miner (-147 kg N, -24 kg P, -96 kg K ha"1 yr"1), whereas tea has the most favourable 
nutrient balance (-67 kg N, +6 kg P, -30 kg K ha"1 yr"1). Pyrethrum receives little mineral or 
organic fertiliser, has a high nutrient content per unit harvested product and protects the surface 
poorly against erosion. Tea, however, receives substantial amounts of mineral fertiliser and 
offers good protection to the topsoil. In Southern Mali, millet is the big nutrient miner (-47 kg 
N, -3 kg P, -37 kg K ha"1), whereas cotton has the most favourable nutrient balance (-21 kg N, 
+7 kg P, -9 kg K ha"1). Millet receives virtually no mineral or organic fertiliser, and has a high 
nutrient content per unit harvested product as compared to sorghum. Cotton, however, receives 
substantial amounts of fertiliser. 

3.3 Farm and field scale 

The Subcontinental and subnational studies revealed that N and P are, on average, moderately to 
strongly mined. In the Kisii District, soils are still rich enough to produce high agricultural 
output. But for how long? And how to tell a farmer not to go for high crop yields when he can 
obtain them? Should the farmer apply N fertiliser when the N balance is as negative as -112 kg 
ha"1? These questions have been posed by many interested parties after publication of the 
Subcontinental and subnational studies, and triggered the development of a proposal for a 
nutrient monitoring programme (NUTMON) at farm scale (Smaling and Fresco, 1993; Smaling 
et al., 1996). 

In 1995, a Rockefeller Foundation-sponsored NUTMON pilot project started in 26 
farms in three agro-ecologically and ethnically different districts in Kenya (Kisii, Kakamega, 
Embu). The initial phase included interpretation of satellite images and identification of more or 
less homogenous land use zones. In each zone, rural appraisals were then held which led to the 
identification of characteristic farm types for each land use zone, and the subsequent selection of 
pilot farms. For each farm, an initial inventory was done on household composition, farm and 
field architecture, agricultural activities and nutrient stocks. This was then followed by monthly 
monitoring of farm management activities related to nutrient flows and related economic factors 
(De Jager et al., 1998a). For this purpose, the nutrient balance of Table 5 had to be extended 
(Table 6). Particularly the inclusion of 'internal flows' (FL 1-5) is important here, as they are a 
reflection of farmers' efforts to recycle nutrients within the farm. At the higher spatial scales, 
these flows are treated as a black box. As much of the produce is eaten on the farm, losses of 
nutrients through urine and faeces also needed to be recognised separately (OUT 6). 

Results so far indicate an average negative N balance of -71 kg ha"1 for the three districts 
(Van den Bosch et al., 1998). It appeared that input through manure derived from communal 
lands where animals graze during daytime is quite an important nutrient input at the farm level. 
These communal lands are virtually absent in densely-populated Kisii, explaining the lower N 
balance value. One major methodological constraint was that a number of flows was actually 
measured, whereas others such as leaching and gaseous losses were estimated. Yet, they 
influence the value of the balance very much. 

Relations have also been established between economic performance indicators, the 
socio-economic environment, farm management practices and the nutrient balances. It was 
found that net farm income shows no relation with the nutrient balance (De Jager et al., 1998b). 
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Table 6. Nutrient inputs and outputs and internal flows at farm level. 

• Nutrient inputs 

IN 1 Mineral fertilisers 
IN 2 Organic inputs, subdivided into: 

IN 2a concentrates for livestock and fish 
IN 2b other organic feeds for livestock and fish 
IN 2c urban and agro-industrial waste 
IN 2d manure obtained from outside the farm 
IN 2e manure from farm livestock grazing outside the farm during part of the day 
IN 2f food for the farm family obtained from outside the farm 

IN 3 Atmospheric deposition in rain and dust 
IN 4 Biological nitrogen fixation in leguminous species (including free-living bacteria and mycorrhiza) 
IN 5 Sedimentation as a result of (i) irrigation, (ii) natural flooding or (iii) partial re-sedimentation of soil materials 

eroded from upper slopes 
IN 6 Subsoil exploitation by trees and other perennial crops 

Nutrient outputs 

OUT 1 Harvested crops, meat, milk, and fish, leaving the farm 
OUT 2 Crop residues and manure leaving the farm 
OUT 3 Leaching below the root zone 
OUT 4 Gaseous losses (including de-nitrification, ammonia volatilisation, and losses as a result of burning) 
OUT 5 Runoff and erosion 
OUT 6 Human faeces ending up in deep pit latrines 

- Internal flows 

FL 1 Crop residues fed to tethered farm animals or applied to certain plots 
FL 2 Biomass from plots under pasture and fallow eaten by roaming farm animals 
FL 3 Animal manure from within the farm applied to certain plots 
FL 4 Crops, milk, meat and fish obtained from the farm, eaten by the farm family 
FL 5 Food remnants and farmyard manure applied to certain plots 

A high degree of market orientation, however, correlated well and negatively with negative N 
and K balance. The market-oriented farms located in the densely populated areas and 
characterised by intensive crop and livestock activities import nutrients through fertilisers and 
animal feeds, but insufficient to compensate the outflow through marketed products, leaching 
and erosion. Subsistence farms in the less populated areas (drier parts of Kakamega and Embu) 
have a relatively successful strategy to concentrate nutrients through grazing of cattle in 
communal lands. Off-farm income also proved very important for households to survive. 
Without this source of income, 54% of the farms in the sample would be below what the World 
Bank considers to be the poverty line. The replacement costs of mined nutrients amounted up to 
35% of the average net farm income. 

3.4 Comparing results at different scales 

The Kisii District study yielded nutrient loss values of -112 kg N and -3 kg P ha"1 yr"1. In the 
Subcontinental study, the extrapolated nutrient balance for Kisii District would have been -75 
kg N and -5 kg P ha"1 yr"1. In the latter study, all soils would have been in fertility class 2 
(moderate), characterised by 1 g N and 0.2 g P kg"1 soil. In reality however, the soils have higher 
N contents, which could be adequately covered in the district study. On crops, pyrethrum turned 
out to be the major nutrient miner in the district study, but it was not included in the 
supranational study due to lack of importance at that scale. Hence, the differences between the 
results of the two studies are differences in resolution. 

In the NUTMON pilot project, farm-determined nutrient balances for Kisii were -102 kg 
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N, -2 kg P and -34 kg K ha"1 yr"1, which compare well with the subnational estimates (Van den 
Bosch et al., 1998). Variation around the mean, however, was considerable. Nutrient stocks 
used in the subnational study were average values for land units on a 1:100,000 scale soil map 
for Kisii District (Smaling et al., 1993). The six farms in Kisii District had total N 
concentrations between 1.5 and 4.6 g kg"1 soil and total P concentrations of 0.9 to 1.3 g kg"1 soil. 

4. Managing stocks and flows 

When Van Keulen and Breman (1990) discussed overexploitation of agricultural land in West 
Africa, they concluded that increased productivity of the land, both in animal husbandry and in 
arable farming will require at least inputs of P from outside the system. They argued that 
recycling of crop residues, manure and household waste, regeneration of degraded rangeland, 
anti-erosion measures, etc., may at best prevent further deterioration of the land resource, but are 
insufficient to improve soil fertility. Against this background, it becomes useful to distinguish 
between nutrient management technologies that: 

save nutrients from being lost from the system, such as erosion control, restitution of 
residues, recycling of household waste and animal manure 
add nutrients to the system, such as the application of mineral fertilisers and 
amendments, concentrates for livestock, organic inputs from outside the farm, and N-
fixation in wetland rice and by leguminous species. 

As the technical options to restore soil fertility eventually have to be adopted by the farm 
household, the farm will be taken as the focal system level. To obtain high and sustainable 
agricultural production in sub-saharan Africa, internal flows of organic materials (FL 1-5), and 
inputs that are free-of-charge (IN3,4,6) should be maximised, non-useful losses (OUT2-6) 
should be minimised, whereas the use of external inputs should be optimised with respect to 
capital and labour (IN 1,2). INM-based technologies that are most relevant to sub-saharan 
Africa and their major characteristics have been listed in Table 7. 

5. Conclusions 

The nutrient balance results obtained for the Subcontinental study paint a rather gloomy picture. 
Soil fertility is really at stake. However, it is risky to draw conclusions from low-resolution, 
aggregated studies. Generally, the largest unit for which soil nutrient balances can be quantified 
is the field, whereas larger spatial scales can only be dealt with through generalisation and 
aggregations (Stoorvogel and Smaling, 1998). For nutrient balances, aggregation is a very 
delicate issue, as the balance itself is made up of at least ten parameters (Table 5 and 6) which 
are in some cases outcomes of regression analysis on again more basic parameters. Also, a 
negative balance not necessarily means that crop production declines instantly as soils may have 
a large buffering stock of nutrients, sufficient to keep production going for many years (Smaling 
et al., 1996). 

Based on this, we suggest that the Subcontinental results should be treated as general 
awareness raisers, i.e., that soil fertility decline in SSA is a threat and needs attention, just 
like nutrient accumulation in parts of Europe needs attention. At the national and subnational 
level, results are meant to alert national and subnational policy makers and other stakeholders. 
Research and development efforts can be better targeted, but again the results do not reveal 
much on differences in farmers' management and strategies. This only becomes visible during 
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Table 7. Some characteristics of INM-based components of farming systems in sub-saharan Africa. 

Mineral (high-reactivity) fertilisers 
- increasing IN 1 and OUT 1, reducing OUT 3-5 
- applying the right type and amount of mineral fertilisers at the right time to the right crop, based on knowledge of inherent 
soil fertility and pH, may considerably raise production per unit area 
- if combined with nutrient-saving techniques such as manuring and erosion control, mineral fertilisers are used more 
efficiently 

Mineral soil amendments 
- increasing IN 1 and OUT 1 
- rock phosphates is a slow-release, but a cheap and perfectly sound alternative to mineral fertilisers, having a lasting residual 
effect, and not acidifying the soil 
- rock phosphates perform best in combination with organic inputs, when applied to leguminous species, in wetland 
cultivation, and in slightly acid conditions 
- lime and dolomites redress acidity, and add Ca and Mg to the soil 

Organic inputs 
- increasing IN 2c,d,e, reducing OUT 2, OUT 6, maximising FL 1-3 and FL 5 
- organic inputs can be from within the farm (saving nutrients) or from without (adding nutrients) 
- wide array of organic materials to be applied/recycled; farmers' perceptions on importance and type of organic inputs differ 
from place to place 

Improved crop-live stock systems 
- increasing IN 2a,b (and OUT 4), reducing OUT 3, OUT 5, maximising FL 3, FL 4 
- cross-bred dairy cattle in East Africa is kept in zero-grazing units and fed farm-grown fodder grasses, and purchased con­
centrates; a large percentage of the nutrients involved is recycled as manure 
- if fodder grasses are planted on contour bunds, water erosion can be strongly reduced; similarly, the absence of free range 
saves nutrients as anti-erosion structures are not damaged, whereas manure does not reach the land in patches 
- kraaling of cattle in West Africa on cropland is more nutrient-efficient and labour-efficient than stalling 

Improved crop-tree systems (trees, rotations, green manures, improved fallowsj 
- increasing IN 4, IN 6, reducing OUT 2, OUT 3, OUT 5 
- trees potentially provide building poles, fuelwood, fodder, fruits, shade, etc.; species such as Calliandra, Sesbania, Leucaena 
(all leguminous species) and Grevillea are highly valued in Kenya 
- legume-cereal rotations generally outyield intercropping systems 

- interactions between tree-crop-grass system components are still poorly quantified (presently one of the key research areas of the International 
Centre for Research on Agro-forestry). 

Soil conservation 
- increasing IN 4, reducing OUT 5 
- government policies and extension service have to play (and have played) a crucial role, as there is no direct socio-economic 
incentive for the farmer 
- few attempts have been made to tum data on annual soil loss per hectare into nutrient and productivity loss; physical data on 
land degradation are of little use to decision-makers unless transformed into units comparable with the cost of soil con­
servation. 

Combined technologies 
- Combination of mineral fertilisers, rock phosphates and organic inputs: because nutrients from organic inputs are 

released slowly, one can minimise losses (OUT 3-5) by synchronising the release of nutrients with momentary crop nutrient demand (Myers et 
al., 1994). Synchronisation tools are the manipulation of rate, quality, timing and placement of organic inputs. When organic inputs are not 
sufficient, mineral fertiliser nutrients can complement nutrients released from organic sources, thus increasing fertiliser use efficiency 

farm-level monitoring activities, as carried out during the NUTMON pilot (Van den Bosch et 
al., 1998), and projects that are currently underway under the NUTMON aegis. Similar work 
going on in several African countries will soon be available in a Special Issue of Agriculture, 
Ecosystems, Environment. This will include cases from Kenya (Shepherd and Soule, 1998), 
Mali (Defoer et al., 1998), Ethiopia (Elias et al., 1998), and Tanzania (Baijukya and De 
Steenhuijsen Piters, 1998). In the recent past, different authors (e.g., Prudencio, 1993; 
Brouwer et al., 1993; Carter and Murwira, 1995; De Steenhuijsen Piters, 1995) have shown 
how risk-averse farmers in West and Southern Africa cherish and exploit spatial variation in 
soil fertility. Analogies in the field of soil and water conservation are also plentiful (Tiffen et 
al., 1994; Rey et al., 1996), and clearly signal a warning to those who tend to only rely on 
averages and smoothness of trends. Apparently, survival strategies of SSA farmers are 

10 



E.M.A. Smaling 

underestimated (Scoones and Toulmin, 1998). Research should therefore be geared towards 
those farmers who are innovative in the field of INM, and who can play a guiding role in 
getting their colleagues to invest in INM. 
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1.2 Precision farming for large farms: The role of 
Measurements and equipment 

John K. Schueller 

University of Florida, Mechanical Engineering, P.O. Box 116300, Gainesville, FL 32611-
6300 USA, schuejk@pine.circa.ufl.edu 

Precision farming, more accurately spatially variable crop production is practised on large 
farms with sophisticated equipment and techniques. The research and commercialisation of 
these equipment and techniques is generally described from both historical and contemporary 
perspectives with an emphasis on field mapping and variable crop input application. Some 
technical considerations are identified. 

1. Introduction 

It has long been recognised that crops and soils are not uniform within a given field. Astute 
farmers have always responded to such variability by taking appropriate actions. But the 
large acreage's and high level of mechanisation of modern, western crop production make 
such actions less frequent than they should be. At the same time, the larger fields and groves 
on such farms make inherent variability greater within any of those larger fields or groves. 
For over a dozen years, there have been technical methods to utilise modern electronics to 
respond to field variability. These methods go by many names, often a two-word 
combination. The first may be such terms as spatially variable, GPS-based, prescription, soil-
specific, site-specific, or precision. The second might be crop production, agriculture, or 
farming. It seems that the correct term should probably be spatially variable crop production 
as that is more accurate and descriptive than precision farming, the most popular term. 

Whatever the technology area is termed, the concept is similar. Variations occur in 
crop or soil properties within a field. These variations are noted, and often mapped. There 
then may or may not be some management action taken as a consequence of the spatial 
variability within the field. A description and taxonomy of some of the types of responses to 
the variability are included in Schueller (1992). Five types are identified as: 

1. Homogeneous 
2. Automatic 
3. Temporally Separate 
4. Multivariate 
5. Historical 

Homogeneous is not responding to the spatial variability and treating the field as a uniform 
entity. It is the default system of most contemporary crop production. Multivariate and 
Historical are enhancements of the Temporally Separate and a discussion of them is beyond 
the scope of this manuscript. Both types involve measurement, accumulation, and use of 
greater amounts of data. 

Automation of field equipment to respond to spatial variation of crops and soils has a 
long history. The self-levelling hillside combine responded to topographic variations. The 
famous Ferguson system varied tractor three-point hitch height to maintain a relatively 
constant load on the tractor in varying soil draft conditions while plowing or performing other 
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tillage operations. But notice the philosophy. The automation is machinery-centred in that it 
counters difficulties the machinery is having in separating the grain under varying yields or 
providing enough power for tough spots. Another example is the sprayer controller which 
varies boom pressure in response to changing forward travel speeds. When advocates of 
spatially variable crop production refer to Automatic control, however, they are referring to 
something that is agronomy-centred. For example, herbicide application to the soil may be 
controlled with input from an organic matter sensor. Or anhydrous ammonia side dressing 
may be guided by real-time sensing of nitrate levels. Another example would be a planter 
who varies planting depth in response to soil moisture. In these situations the machine is 
responding to the agronomic needs, rather than its own deficiencies. 

The automatic response to spatial variability is being widely researched and marketed. 
In fact, a real-time, simple, reliable, accurate nitrate sensor is the most-desired goal of sensor 
research in the U.S.A. Corn Belt. Such a sensor would reduce crop production costs and 
nitrate pollution by allowing the optimum amount of additional nitrogen fertiliser to be 
applied. Development of sensors which are reliable and accurate in the rough and 
heterogeneous agricultural conditions is difficult, but is being widely researched. 

Most discussions of spatially variable crop production or precision farming however 
deal with temporally separate control. One or more quantities such as crop yield or soil 
nutrient levels are measured and mapped. At a later time, some cropping operation is 
controlled based upon the maps or their derivatives. Operations in temporally separate 
spatially variable crop production will therefore be discussed here. 

2. Mapping programs 

Generation of maps of crop or soil properties is the first and most important step in spatially 
variable crop production. These maps allow spatial variability to be understood and provide 
the basis for spatially variable control of current or subsequent crop production. Mapping 
operations can be classified into: 

1. Remote Sensing 
2. Field Operations 
3. Manual 

Based upon how the information used to generate the maps is gathered. 
Remote Sensing measures the visible or non-visible optical properties of a field or groups of 
fields. The most-known procedure is to take images from satellites such as LANDSAT or 
SPOT. These images, if properly ground-truthed, may allow mapping of crop, pest, or soil 
properties within a field. The images may be gathered from a wide variety of platforms, 
including satellites, aeroplanes, remotely piloted vehicles (RPVs), or even bucket trucks. 
Different devices including sensors, film cameras, digital cameras, and video recorders may 
gather them. Gathered images must then be manipulated to correct for errors, such as 
geometric or chromatic distortion. Finally a useful map is generated, assuming that point 
measurements have been taken in the field to ground-truth (verify) the accuracy and 
calibration of the measurement. Remote sensing has existed for many years and is used for 
such large-scale tasks as predicting the crop production for large regions. Many attribute the 
lack of similar commercial success in documenting within-field variabilities to below-needed 
resolutions and slowness in information transfer to the farmers. New one-meter satellites and 
Internet delivery may make remote sensing a commercially successful part of spatially 
variable crop production. 

Measurements may also be taken during normal field operations. The most common 
one is measurement of yield during harvesting. Measuring soil properties during tillage or 

16 



J.K. Schueller 

planting is another example. Since a field operation is already being performed, the costs 
involved in the measurements are reduced. Unfortunately, this requires that measurements 
for mapping be completed under the constraints of the other operation. Usually this implies 
that the operations are performed at specific times and that mapping measurement activities 
cannot adversely affect time-critical field operations. 

Manual measurements may be taken by farm workers or hired service providers 
specifically to gather information. Manual mapping measurements can be taken at the 
particular time and location to provide the most accurate and useful information. The most 
common measurement of this type is taking of a soil sample. Another is scouting of pests. 
Unfortunately, time and financial cost of such activities is often problematic. So the number 
of measurements which can be economically justified is limited. Mapping then demands 
interpolation, which can have accuracy problems given the characteristics of soil variabilities. 

2.1 Grain Yield Mapping 

One of the areas of greatest interest in machinery-centred automatic controls for agricultural 
equipment was the automatic control of grain harvester travel speed. Schueller et al. (1983) 
and van Loo (1977) are examples. The speed of the harvester varies so that a harvester 
encounters a constant flow-rate of material despite spatial variation of yield within the field 
being harvested. This is desirable due to the highly non-linear (exponential) relationship 
between flow-rate and threshing and separation losses (e.g., Huisman, 1977) within the 
harvester. The control of the harvester is rather straightforward. The greater difficulty is to 
accurately measure the flow. So flow-rate sensors have been widely researched. 
These same flow-rate sensors can be used to generate yield maps, although there is a 
difference in that the material floweret most affecting harvesting efficiency is typically the 
material-ofher-than-grain (MOG) while yield mapping requires the flow-rate of just the grain. 
Grain flow-rate and MOG flow-rate tend to be correlated, but not totally. But if the flow-rate 
is divided by the harvester travel speed and multiplied by the effective harvesting width, the 
yield per unit of area is determined. Harvesting width is usually an approximately fixed 
number and width sensors or harvester path post-processing are under development. 
Therefore, the easy measurement of harvester travel speed makes mapping easy once the 
grain flow-rate is accurately measured. 

The most popular method of measuring flow-rate is to direct the stream of clean grain 
on its way from the separating mechanism to the grain tank against some sort of target or 
plate. The force of the grain hitting the plate at a fixed velocity is then proportional to the 
mass of the grain. The force is then measured. This is the basis of the CaselH and John 
Deere sensors, as well as popular after-market sensors, such as Ag-Leader and Micro-Trak. 

The flow-rate may also be measured on a volumetric basis. One such method is to 
measure the amount of time a light beam is intercepted by grain on the clean grain elevator. 
Another volumetric method is to measure the speed of a paddle wheel of fixed displacement 
in the grain stream (Searcy et al., 1989). 

Tests (and theory) have indicated that the most accurate method is to pass the grain 
between a gamma radiation source and a radiation detector. The attenuation of the radiation is 
proportional to the mass of grain. 

There are various other methods to measure the grain flow-rate. Electromagnetic 
methods are useful if the effects of moisture can be removed. 
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2.2 Other Crop Yield Maps 

Yield mapping for other crops has occurred later than for grains and soybeans. The greatest 
research effort in the U.S.A. appears to be in cotton. The impact force method has been less 
successful. Other methods include light interruption and measuring changes in the weight of 
the basket. The light interruption method is used on the two sensors commercially marketed 
in the U.S.A. 

Potato yields have been measured with load cells on the harvester. Sugar beet and 
sugar cane yield has similarly been measured. Peanut combine yield mapping has also been 
demonstrated. In most of these particular systems the mass flow-rate of the separated 
harvested material is measured on some conveyor chain by measuring the weight of the 
travelling loaded chain over some length. Alternatively, the change rate of the weight of the 
storage tank or bin is measured. The difficulty with the latter approach is that a small change 
in a large value must be accurately measured. Both systems require good sensor signal 
processing to avoid the effects of the harvester moving on rough surfaces. 

Crops, which are harvested in discrete, rather than continuous, quantities, can also be 
mapped. Recording the locations of such items as hay bales or full citrus bins does this. This 
is a simple way to generate maps in which the density of dots or spots on a map indicates 
yield. Greater accuracy measures the mass of the item (e.g. Whitney et al. 1998) or the mass 
accumulation rate (e.g. Wild 1998). 

2.3 Pest and Crop Maps 

Locations and relative levels of pests can also be mapped. In fallow fields or young crops, 
presence of weeds can be easily detected by presence of green vegetation. In more mature 
crops, they can only be detected by more sophisticated means, such as vision or sensor 
systems which discriminate on the basis of plant physical characteristics or colour. 

Other pests, as well as nutritional or water problems, can generally only be detected 
by observing health or growth of the crop plants. This observation may occur by operation of 
sensors during other field operations, by remote sensing measurement of light reflectance 
characteristics, or by manual samples. Since many potential causes exist for health or growth 
problems, significant management intervention is necessary for cause determination and 
calibration. 

2.4 Soil Maps 

Soil maps are available for agricultural land in many countries. These however, were 
generally made for purposes other than spatially variable crop production. Accordingly, 
scale, accuracy, and usefulness may be limited. Maps of such quantities as nutrient levels, 
moisture, topography, soil type, and texture have also been made. 

A common simple type of mapping applies an GPS-equipped all-terrain vehicle 
(ATV) to circumnavigate the boundary and thereby generates a map of the boundary of the 
field. But the most common spatially variable soil map is the map of soil characteristics 
(nutrient, pH, cation exchange capacity, organic matter, etc.) based upon individual soil tests. 
It is now common to extract soil cores with a hydraulic or electromechanical device mounted 
on an ATV or pickup truck. Human interaction is however, required to drive to each site and 
to bag the samples. Due to costs for taking samples and processing them, interpolation, 
including geo-statistical methods (kriging) or inverse distance weighting, is often used in map 
generation. 
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