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Abstract

The adagium ‘Don’t put all your eggs in one basket’ does not specify how many and which
baskets should be used and how the eggs should be distributed. Risk management can be
based on controlling external sources of variability, on maintaining a meaningful diversity of
activities and on delaying decisions. Quantitative analysis of risks in crop production and of
the possibilities for these three ways of dealing with them is possible when dynamic crop
growth models are combined with long-term weather records.

Model results are analyzed for risk management options for sorghum production with a
range of N fertilizer rates on three soils of a toposequence in three climatic zones in Burkina
Faso. The three levels of analysis are a) quantifying the probability distribution of physical
and economic yield for a range of fertilizer levels and soil types, b) quantifying the possible
variance reduction by soil heterogeneity or by a combination of soils and N rates, ¢) develop-
ing a procedure for selecting ‘meaningful diversity’ of soil and N fertilizer combinations.

Keywords: toposequence, risk avoiding, meaningful diversity, sorghum, Burkina Faso

Introduction

Agricultural production in many parts of the world takes place in an unpredictable
and highly variable environment. In dealing with this uncertainty three principles are
applied in many fields, ranging from agriculture to economics and politics.: 1) con-
trolling the external sources of variability, 2) maintaining meaningful diversity of ac-

* Based on a paper presented at the FAO-Regional Seminar on Fertilizer Strategies for Sub-
Saharan Africa, Accra, Ghana, 14-18 December 1992
T corresponding author
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tivities, and 3) maintaining flexibility (keeping open as many options as possible) by
delaying decisions as long as possible. In terms of the adagium ‘Don’t put all your
eggs in one basket’ the first principle is based on improving the quality of the bas-
kets and the way in which they are transported, the second on the use of several bas-
kets instead of the best single one, and the third on switching eggs to other baskets
while underway. Agricultural development has been mainly characterized by the first
approach, by improving control over physical growth conditions and by reducing
farmer uncertainty about prices for his/her products. However, the other two ways of
dealing with uncertainty are important as well, especially where, due to erratic rain-
fall regimes, water availability is uncertain and technical control over water supply
(irrigation and drainage) is not economically feasible. In farming systems developed
under uncertain conditions various examples of ‘meaningful diversity’ and ‘delayed
decision-making’ exist. Quantitative analysis of these practices, however, is diffi-
cult: How many baskets are needed and how should the eggs be distributed over the
baskets? How long can decisions be postponed in view of the necessary ‘timeliness’
of field operations?

Agricultural research tends to be confined to analyzing single commodities under
relatively homogeneous conditions, with pre-defined experimental plans during a
few experimental years. Research is usually aimed at identifying the best single so-
lution, rather than optimizing a combination of activities. Conclusions based on such
experiments, especially where they deviate from established farmers’ practices,
should not be directly extrapolated to farmers’ conditions.

Crop growth models, as used here, allow analysis of spatial variability and of tem-
poral interactions among various commodities in search of ‘meaningful diversity’.
They also permit analysis and optimization of schemes for flexible decision-making.
On the basis of long-term weather records, the evaluation may be extended to longer
periods, which may better reflect the probabilities for the coming years than the few
years on which field research is normally based. If this is considered to be relevant, a
correction for trends in annual rainfall can be made, or an artificial ‘rainfall simula-
tor’ can be used. In this paper an outline is given of methods for such analysis, ap-
plied to the implications of fertilizer use in the Sahelian zone with uncertain rainfall.

Concepts
Decision-making in crop production and fertilizer use

Two levels of decision-making may be considered, with partly conflicting objectives,
the government and the farming households. National governments aim at feeding
their urban population and, if possible, earning foreign exchange from agricultural
exports. Farming households aim at food security and cash income. Government de-
cisions affect farmers’ decisions primarily through prices of inputs and products. If
an increase in production can be achieved without incurring increased risk, the inter-
ests of farmers and government coincide. Here we will focus on farmers’ decisions,
in the context of politically determined prices and environmentally induced risks.
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Mokwunye & Hammond (1992) discussed the ‘myth’ that because of risks involved
in the use of fertilizers under rainfed conditions, small farmers in dry areas will not
adopt this practice. Although such risks may not prevent fertilizer use in all situa-
tions, the interaction between uncertain rainfall and fertilizer response should be
studied (Van Keulen & Breman, 1990; Keating et al., 1991).

The simplest approach to risk analysis is based on a yield response curve for an
average year. Fertilizer recommendations are normally based on the point where the
marginal response equals the price ratio of input (fertilizer) and output (yield). This
price ratio can be multiplied with a factor that takes into account the climatic risks of
crop failure (Van Noordwijk & Scholten, 1994). Higher rainfall variability or more
uncertainty about prices thus leads to lower fertilizer use. Such an approach, howev-
er, neglects a number of possible interactions between the actual rainfall pattern in a
given year and the associated N response. It is preferable therefore to calculate the N
response before averaging over the years (De Wit & Van Keulen, 1987).

To stimulate farmers to use more inputs and aim at higher production levels, gov-
ernments may reduce the risks of investment for farmers by implementing a type of
‘rainfall insurance’ that compensates farmers in case of low rainfall. A detailed
analysis of the prospects of such a scheme in India showed, however, that inter-annu-
al variability in grain yield was less and inter-plot variability more than expected ini-
tially; for the area investigated ‘rainfall insurance’ would not meet the targets of in-
creasing productivity and reducing farmers’ risks (Bakker, 1992).

Decisions in crop production can be broadly classified in strategic and tactical de-
cisions, which are taken before and in the course of the growing season, respectively
(Table 1). Strategic decisions are aimed at long-term targets and can only be based
on estimated probability distributions of the sources of variation. Tactical decisions
are aimed at short-term goals and can be based on the current state of the system as
determined by recent values of the environmental variables and on conditional prob-
ability distributions for the near future. Flexibility in tactical decision-making is
generally highest for decisions concerning labor use and other local resources; deci-
sions on the use of external inputs may be constrained by economic conditions and
accessibility of credit. Market conditions may restrict the scope for tactical deci-
sions, e.g. when fertilizer for top dressing has to be bought in advance and cannot be

Table 1. Classification of decisions involved in crop production (modified after Van Keulen & Penning
de Vries, 1993)

Strategic decisions before the growing Tactical decisions at the start and in the
season course of the growing season
Choice of land Planting :cime .
Drainage Crop variety/-ies
Crop rotation Plant density, weeding
Crop variety/-ies Irrigat1oq .
Soil tillage Topdressings of fertilizer
Basic dressings of fertilizer Pest and disease control
Harvesting
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stored to a next year. The choice of crop varieties appears under both headings, as
decisions on which seeds to use can be postponed to planting time, provided that suf-
ficient stock is kept (by the farmer or by commercial suppliers) of different varieties.
A conflict of interests may exist between government and trade planning which
wants to know fertilizer use in the next cropping season well in advance and farmers
who may want to postpone decision-making until the growing season has actually
started. The choice for ‘meaningful diversity’ is mainly a strategic one.

The various tactical decisions each have their own critical periods in the course of
the growing season. Fertilizer top dressings may, in the absence of rain, be unacces-
sible to the crop roots. Plant density cannot be increased halfway the growing sea-
son, but it can be reduced, so starting from a high initial plant density, above the op-
timum for an average year, may increase the scope for tactical decision-making
(Wafula, 1993).

The degree of success of the decision-making process strongly depends on the re-
liability of information about the current situation and the probable course of events
in the near future (Van Keulen & Penning de Vries, 1993). As reliable weather fore-
casts more than a few days in advance are not (yet) possible, statistical analysis us-
ing past weather records may be the best information to rely on.

Risks and meaningful diversity

The concept of risk reduction by diversity (or diversification if one starts at low di-
versity) of activities is widespread, but needs quantification. ‘Risk’ can be defined
as the probability of not meeting one’s targets (Schweigman, 1985). ‘Risk’ thus de-
fined depends on the average yield, the yield target and on the variance of the yields.
For results with a normal probability distribution, the risk can be read from tables of
a standardized normal (z) distribution on the basis of:
uw-"T

=55 0

where T is the target result, {L is the average, and ¢ is the standard deviation. If the
target is higher than the average (T > W), an increase in ¢ helps to reduce risk, but
the risk will always exceed 50% and one may consider the target to be not realistic
and look for other activities. If the target is lower then the average (T < ), the risk
decreases for smaller standard deviations. Given T, a rational choice can be made be-
tween two activities once W and ¢ are known for each activity. An activity with inter-
mediate average | and small standard deviation ¢ may be preferred over an activity
with larger |t and G, or vice versa, depending on T and thus on the g-value for each
activity. The best solution can, however, in certain situations be formed by a combi-
nation of the two activities.

The average yield for a combination of two activities, say the use of two different
crops, crop varieties or soils, equals the weighted sum of the average yield for each
activity, unless a specific combination is chosen with a RYT (Relative Yield Total)
above 1.0 (De Wit, 1960; Trenbath, 1986). RYT values above 1.0 are confined to in-
tercropping practices with some degree of niche differentiation between the crops

g=Plz>|
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(i-e. for the two components different environmental factors limit yields). If RYT is
1.0, u, , is at best equal to the maximum of the pair (L, U,).

The variance of the total yield of a combination of activities is normally less then
the weighted average of the variances of each activity, unless the two activities show
exactly the same response to the source(s) of variation (Schweigman et al., 1988).
Consider two components with an (approximately) normal distribution. If a compo-
nent 1 with standard deviation 6, on fraction f; of the area is combined with compo-
nent 2 with standard deviation G, on fraction 1 - f; of the area, the standard devia-
tion, 0 , of the total yield is:

012 =\fi ot +(1-£)’6} + 2p1, /i1 - ) 010, | @

where p; ; is the correlation coefficient of the yields of components 1 and 2 in the
various years. If p; 5, which by definition is in the range -1 to +1, is less than 1 the
standard deviation of the combination is lower than the weighted average of the two
component standard deviations (Figure 1). If p;, < h, where h is the ratio of the
smallest and largest o, we can always find a value f; for which the standard deviation
of the combination is even smaller than that of the most stable component. In mathe-
matical notation: 6, , <min(Gy, ;). This result can be verified (Schweigman et al.,
1988) by differentiating [2] with respect to f; to find an optimum value f; ,,, which
results in a local minimum for G, , and by requiring this optimum value to be in the
domain (0 < fj o, < 1). Apparently a system based on component 1 with relatively
small G,, can sometimes be stabilized (transformed to a system with even smaller
G1,) by adding a more variable component 2, with Jarge ©,. If 61, < min(c}, Gy),
risks are reduced for some (extreme) values of g, for some combinations of compo-
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Figure 1. Standard deviation o, ; of a sum of two components as a function of the fraction of component
1, f;, and the correlation coefficient py 5. In this example ¢, was taken as 0.75 and ¢, as 1.0.
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nent 1 and component 2, even’ when the most stable component has the largest aver-
age yield. Schweigman et al. (1988) gave equations for the optimum choice of f;, de-
pending on P 5, W/, and the value of X (production is maximized for the worst X
percent of years).

Winterhalder (1990) applied a similar reasoning to risk reduction by hunter-gath-
erer groups, sharing a common pot, and to the number of field plots per family in
pre-industrial age farming systems in England. If components can be found with p; ,
= ~1, risk is minimized by having only two components; if p, , is around 0 there is
scope for the highest diversity (or group size), but beyond 8 components (or group
members) adding new components has little effect. Variance reduction by a combi-
nation of activities is well known in economics as ‘portfolio theory’ (Liliehom &
Reeves, 1991). Babu & Rajasekaran (1991) and Lilieholm & Reeves (1991) applied
‘portfolio’ theory to planning of agroforestry systems. The key in all these studies is
knowledge of the covariance matrix of all possible activities, or the correlation ma-
trix. The correlation matrix can be estimated on the basis of long-term studies, as
they did, or on the basis of crop growth models, as we will show here.

Schweigman et al. (1988) and Van Noordwijk & Van Andel (1988) showed, with
the sorghum model of Van Loo et al. (1990), that a certain combination of early and
late flowering sorghum varieties may meet the p < h criterion for variance reduction.
Such a combination, grown on neighboring fields with the same rainfall regime, will
give a higher yield in the worst X% of the years than the best monoculture. Both the
early and the late variety would probably be discarded in a selection programme

aiming at the ‘most stable’ sorghum variety, without regarding the possibility of crop
diversity.

Rainfall uncertainty and flexible management

In Sub-Saharan Africa rainfall uncertainty, expressed as coefficient of variation,
generally decreases with increasing average rainfall; in the Sudan the standard devi-
ation of annual rainfall increases only slightly from zones with 700 mm to zones
with 1500 mm average rainfall and the coefficient of variation decreases from 100 to
10% (El Tom, 1975); similar effects are found elsewhere in Africa and in other semi-
arid zones (Le Houérou, 1989). Tactical decision-making would be easier if medi-
um-term weather forecasts were available. McCown et al. (1991) and Franquin
(1984) found, for Kenya and Burkina Faso, respectively, that total seasonal rainfall is
correlated with rainfall in the first part of the cropping season. De Leeuw & Snijders
(1987), however, analyzed long-term weather records for four stations in Burkina
Faso (annual rainfall ranging from 600 to 1000 mm; partly the same stations as stud-
ied by Franquin (op. cit.)) and found that this conclusion was misleading: rainfall in
the second part of the growing season (whatever date is chosen for separating ‘first’
and ‘second’ part of the season) is statistically independent of the amount of early
rainfall; the correlation of early and total rainfall follows from the correlation of A
with A + B.

Final yields are determined in a late stage of the growing season. This is illustrat-
ed by the results of an analysis of the prospects for ‘early warning’ (Figure 2;
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Figure 2. Expected sorghum yield and its 95% confidence interval relative to the average over a range of

years, in Ouahigouya (Burkina Faso) based on actual rainfall data for 1979 up to the date on the X-axis,
and the probability of subsequent rains (Snijders, 1988).

Snijders, 1988) based on sorghum yields for a station in Burkina Faso (Ouahigouya)
in a given growing season. Crop development was calculated with a calibrated crop
growth simulation model based on actual rainfall data up to the date on the X axis
and based on the frequency distribution of subsequent rainfall for the remainder of
the season to determine the expected yield and its 95% confidence interval. Large
uncertainties remain until a few weeks before harvest time.

Rainfall in semi-arid regions has a high degree of spatial variability. Daily rainfall
records for stations only 1 km apart may have a correlation coefficient which is as
low as that between stations 200 km apart (Mellaart, pers. comm.; Stroosnijder &
Van Heemst, 1982).

Delayed decision-making reflects tactical risk management, which is best illus-
trated by the ‘response farming’ technique described by Stewart (1991) and Wafula
(1993) for maize production in the Machakos area in Kenya. In this approach, the
decision on planting density and initial fertilizer rate is based on early rainfall, while
the decision on topdressing of fertilizer and possibly reducing plant density by thin-
ning is based on subsequent rainfall. Crop growth modelling may be used to adjust
and optimize the decision criteria (how much biomass or cumulative rainfail at a cer-
tain date is needed for a proper decision, what are the risks involved).

A critical factor for the success of such methods, however, is the correlation be-
tween the best plant density and N rate, and the information available at the last mo-
ment that corrections can be made. The correlation between ‘early’ and ‘late’ rain-
fall may be site-specific. For the rainfall data (and the crop growth model) used for
Figure 2, the scope for tactical decision-making seems to be small.

As the scope for tactical decision-making in fertilizer use seems small for both lo-
gistical and statistical reasons, the choice for ‘meaningful diversity’ as strategy may
be more relevant. In this article a specific crop growth model is used to explore three
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levels of risk management: a) quantifying risk for physical and economic yield for a
range of fertilizer levels and soil types, b) quantifying the variance reduction by soil
heterogeneity or by a combination of soils and N rates, c) developing a procedure for
selecting ‘meaningful diversity’ of soil and N fertilizer combinations. In the future,
the model can also be used for evaluating possibilities for flexible management dur-
ing the growing season.

Materials and methods
Crop growth model

Dynamic crop growth models can be used to predict the N response of a given crop
(variety) on a given soil over a large number of years, provided that long-term weath-
er data are available. As an example results are discussed here for a sorghum produc-
tion model (Van Loo ef al., 1990) developed for Burkina Faso. The model contains a
simplified N and water balance for a compartmentalized soil profile. Under high
rainfall conditions N may be leached beyond the root zone, while N uptake may be
restricted by low soil water contents. The model has not been rigorously validated,
hence it should be used with caution for extrapolation, but as the yield levels calcu-
lated are in the right range and the predicted interactions between rainfall pattern
and N response are plausible, it may be used to illustrate general trends.

Calculations were performed for three climatic zones in Burkina Faso, character-
ized by long-term (30 years: 1956-1985) rainfall data of Quahigouya (13.6' N, 2.5'
W, annual rainfall 600 mm), Ouagadougou (12.4' N, 1.4' W, annual rainfall 800 mm)
and Bobo Dioulasso (11.2' N, 4.3' W, annual rainfall 1000 mm). A long-term average
seasonal trend for Burkina Faso was used as value for daily potential evapotranspira-
tion; other climatic input values were taken from Van Loo ef al. (1990). In each cli-
matic zone three soil types were considered, typical for the toposequences in this
area (Figure 3; Tables 2, 3). For each site simulation runs were made with N fertiliz-
er rates in the range 0-250 kg ha™! (with intervals of 25 kg ha™).

Table 2. Parameter values used for three soils on a toposequence; available soil water storage capacity is
the difference between field capacity and wilting point, integrated over soil depth

A B C
Rooting depth (cm) 50 100 150
Run-off fraction 0.2 0.2 -0.2*
Texture clayey-sand + clayey-sand clay
gravel
Available soil water 45 95 250

storage capacity (mm)

* negative run-off means run-on
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Table 3. Crop parameters used for the three rainfall zones; other parameter values as in Van Loo ef al.
(1990)

Location
Parameters Ouahigouya Ouagadougou Bobo-Dioulasso
Start simulation, DOY" 180 155 135
Day of flowering, DOY 235 235 235
Days between flowering 40 45 50

and maturity

* DOY is Day Of Year (Julian calendar).

Calculations

On the basis of the predicted grain yield for each combination of location, soil, N-

rate and year, a number of summaries were made: '

1. diagrams of N response curves showing average as well as the standard deviation
(for the 30 years) for each soil and location,

2. frequency distributions of the gross margin (grain yields minus fertilizer cost) on
the basis of a price ratio of 6 kg grain per kg N,

3. correlation matrices of physical as well as economic yields for the various soils and

N rates at a single location,
4, a matrix showing whether or not the p; , <h criterion was met by each combination,

5. calculating effects of within-field spat1a1 variability in N supply by applying ‘filters’
- (weighted n-points moving averages) shown in Table 4,

Kamboinse toposequence (schematic)

Plateau Upper slope
Mid slope
~ Lower slope
—_—

Colluvial
o Valley

(1 iaterite
] gravelly soils

[777] dense silt loam

Texture gravels=—==——==>gandy loam =======gilty loam

Depth,m 0 >04 > 0.8 1.2 > 1.2

Runoff  ++ + + +/= -

Crops millet millet  sorghum sorg'hum rice
maize

Figure 3. Schematic presentation of a toposequence common in Burkina Faso (simplified from Stoop,
1987).
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Table 4. Weights used in calculating field level yields as weighted n-point moving average fron} the
simulated N response data for homogeneous units (with an interval of 25 kg N ha™). Four situations,
with no to strong field level spatial variability in N supply were considered for figure 7

x -4 x-3 x-2 x-1 X x+1 x+2 x+3 x+4
No - - - - 1.0 - - - -
Mild - - 0.10 0.20 0.50 0.20 0.10 - -
Medium - 0.05 0.12 0.18 0.30 0.18 0.12 0.05 -
Strong 0.05 0.08 0.12 0.15 0.20 0.15 0.12 0.08 0.05

6. hierarchical cluster analysis of the correlation matrix (rescaled from the interval
{-1,1} to {0,1}). '
All these calculations were made with Genstat-V (Payne et al., 1987).

Results
Variability of yields for each soil and N level

Figure 4 presents the results for the nine soil * climate combinations, for N fertilizer
levels of 0-250 kg ha™! derived from model runs for 30 years. At each N level maxi-
mum, minimum and average yield, |\, as well as the standard deviation, ¢ were deter-
mined. In the graphs p4 - 1.64 ¢ and p - 2.33 o are indicated, which represent the
expected yield in the worst 5 and 1% of the years, respectively, provided that yields
are normally distributed.

For all climatic zones a considerable increase in average yield is predicted with in-
creasing N fertilizer application rate on soils B and C. On soil A, with a very limited
water holding capacity, only at the wettest location, Bobo Dioulasso, average yields
are increased by N fertilization. At the drier sites maximum yields are higher with
increasing fertilizer application, but this is associated with a higher risk of complete
crop failure. Interannual yield variability increases in nearly all cases at higher N
rates. At Ouagadougou and Bobo Dioulasso the minimum yield also increases with
increasing N fertilizer rates on soil C. At Bobo Dioulasso on soil C the N response
curve tends towards a sigmoid shape; according to the model the harvest index is re-
duced at low N availability in this situation. Total aboveground biomass does not
show this sigmoid tendency. On soils C with the highest water holding capacity and
with run-on instead of run-off, average yields, especially at higher N rates, are high-
er than on soils A and B. This effect is most pronounced in the driest zone, repre-
sented by the Ouahigouya rainfall records, as may be expected.

Frequency distributions of economic yields

Figure 5 shows the frequency distribution of gross margin (yield minus fertilizer costs,
assuming a price ratio of 6 kg grain per kg N) based on the model calculations for
Ouagadougou. For the three soils three different patterns emerge: on soil A all lines with
N fertilizer application are to the left of the line without N fertilizer application. This
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Figure 4. N response curves calculated with the model of Van Loo et al. (1990) for three soils (Table 3) in
three climatic zones in Burkina Faso; for each N fertilizer rate the average, |, and the observed maximum
and minimum yields are given for a 30~year period, and the values of i - 1.64 & and |t —2.33 ¢ (0 = calcu-
lated standard deviation), as they represent the expected yield in the worst 5 and 1% of years, respectively.
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Cumulative frequency, %
1004, 1
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Gross margin class center, 100 kg ha ™
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Figure 5. Calculated frequency distribution of gross margin (grain yield minus fertilizer costs, for a
price ratio of 6 kg grain per kg N in fertilizer) at N rates of 0, 75 and 150 kg ha™', for three soils in
Ouagadougou.

means that fertilization always has a negative effect on income when the costs of fertiliz-
er are considered. For soil B the lines cross and here the farmer is better off in about 1
out of 4 years without N fertilizer. For soil C the lines for 75 and 150 kg ha™! N are to the
right of that for 0 N application and fertilizer increases financial yield throughout.

The calculations show large differences in N response and yields among soils,
which are entirely due to differences in water balance, as N mineralization was kept
unchanged in the simulations. The total available soil water storage capacity and its
two components, the available water storage capacity per unit volume of soil, which
depends on texture and soil organic matter content, and the rooting depth are impor-
tant parameters, as the intervals between rain events in the growing season can be
long, even when total rainfall seems to be sufficient. N fertilizer application, or in-
creased N supply from organic sources, on soils with a low available water storage
capacity such as soil A and, because of more dry spells soil B in Quahigouya, is not
advisable, even though in years with favorable rainfall it may lead to a substantial
yield increase. On soils with high available water storage capacity and run-on, such
as soil C, increased N supply to the crop will lead to substantially higher yields on
average, without increasing the risk of crop failure. For intermediate soils, such as
soil B, in a climate such as in Bobo Dioulasso efforts to increase N supply will be re-
warded with higher average yields, although the increased variability, not only ab-
solute (variance) but also relative (coefficient of variation), has consequences which
can not be neglected. One way to reduce the variability for the farming household
might be based on maintaining a ‘meaningful diversity’ of activities.

D12 < h criterion for physical yields
The combinations of soil types and N fertilizer rate that meet the p; ,/h criterion for

260 Netherlands Journal of Agricultural Science 42-4 (1994)



RISK MANAGEMENT IN CROP PRODUCTION

variance reduction are indicated in Table 5 for each climatic zone. At the driest site,
Ouahigouya, combinations of the three soils nearly always lead to variance reduc-
tion, irrespective of the N rate, while combinations of different N rates on the same
soil meet the criterion only once (on soil A for 0 and 50 kg ha™' of N). At
Ouagadougou combinations of soil A with either B or C generally meet the criterion,
but combinations of B and C do not. In Bobo-Dioulasso again most combinations
among soils meet the criterion, but different N rates on the same soil meet the p; , <
h criterion only rarely (notably on soil C).

Figure 6 presents an example for the expected yields of a combination of fields on
soils B and C in Bobo Dioulasso, both at an N rate of 75 kg ha™'. For this combina-
tion p, , was —0.006. Although the average yield on soil C is 24% higher than that on
soil type B, the expected production in the worst 10% of the years is higher for al-
most any combination of B and C, instead of soil C alone. The optimum f; depends
on the target yield, or on the extremity of the years for which production is maxi-
mized.

Effects of spatial heterogeneity

Spatial heterogeneity in N supply in a field could lead to some degree of variance re-
duction. On the basis of Table 5 we expect that such variance reductions will be the

Table 5. Combinations of soil and N fertilizer rate, within each climatic zone, where the p; , <h criteri-
on is met and where a combination has a smaller standard deviation than the most stable single compo-
nent(+); A. Quahigouya, B. Ouagadougou, C. Bobo Dioulasso.

Table 5A. Ouahigouya

TOPOSEQUENCE
A B o
0 50 75 150 250 0 50 75 150 250 0 50 75 150 250
A 0 + + + + o+ 4+ + o+ o+ o+ o+
50 + + + + + o+ + o+ o+ o+ o+
75 + 4+ + + o+ + 4+ o+ o+
150 + + + + + + 4+ 4+ 4+ F
250 + o+ +  + o+ + 4+ + o+ o+
B 0o + + + + + + o+ o+ 4+ F
50 + + + + 0+ + o+ o+ o+
%3 0+ + +  + 0+ + o+ o+ o+
150 + + 4+ + + + o+ +
250 + + + + + + + +
C o + + + + + + . .
50 + + + + + + o+ o+
75 + + + + 4+ + 4+ 4+ o+ o+
150 + + + + + + o+ o+ + o+ .
250 + o+ 4+ + o+ o+ o+ o+ +
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Table 5B. Ouagadougou

TOPOSEQUENCE
A B C
N 0 50 75 150 250 0 50 75 150 250 0 50 75 150 250
A 0 .+ o+ 4+ + o+ + + + o+
50 . + o+ o+ + o+ 4+ + 0+ o+ 0+
75+ + + + o+ + + + o+ o+
150 + + . + + o+ + . + o+ o+ o+
250 + o+ 4+ o+ + 0+ 4+ o+ o+ + o+ o+ + o+
B 0o + + + + 4+ + .
50 + 4+ o+ 4+ 0+ + o+
75 . + 4+ o+ o+ + o+
150 . . . . + . +
250 . . . . +
C 0o . . . . +
50 + 4+ o+ o+ 0+
75+ 4+ 4+ o+ 0+ +
150 + + + + + + o+
250 4+ 4+ 4+ o+ 0+ + 4+ o+ +
Table 5C. Bobo-Dioulasso
TOPOSEQUENCE
A B C
N 0 50 75 150 250 0 50 75 150 250 0 50 75 150 250
A 0 . . + o+ o+, . + o+ o+ 4+ 4+
50 . + . . . + o+ o+ o+ + o+ o+ + +
75 . + . . . + o+ + o+ + 0+ o+ o+
150 + o+ o+ + o+ o+ o+ +
250 + o+ + + o+ o+
B 0o + . . + 4+ o+ o+ o+
50 + o+ o+ + o+ o+ 4+
5+ 4+ + o+ . + o+ 4+ o+
150 + o+ o+ o+ + 4+ o+ o+ o+
250 + 4+ 4+ + + o+ o+
C 0o + + + + + + . . + o+ + o+ o+ o+
50 + 4+ 4+ o+ + o+ 4+ + + + o+ o+
75 0+ 4+ o+ 4+ o+ + o+ o+ o+ + o+
150 + + + + 4+ + o+ o+ 4+ o+ + 4+
250 + o+ o+ o+ 4+ + + o+ 4+ o+ + o+
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Figure 6. Expected relative (physical) yield in the worst 50 (M50), 20 (M80), 10 (M90) or 5 (M95) % of
the years for a combination of soil types B and C (with fractions (1 - f;) and f,, respectively), at 75 kg
ha-! ofl' N each in Bobo Dioulasso. Yield is expressed relative to the average yield on soil type C (1790
kg ha™).

exception rather than the rule. Still, such exceptions may be interesting as they pos-
sibly contradict the conventional wisdom that N should be applied uniformly and
that spatial heterogeneity has a negative effect on yields (Van Noordwijk &
Wadman, 1992). Figure 7 shows results for a model run for Bobo Dioulasso with
run-on and rooting depth as for soil C, but with a 25% higher water holding capacity
of the soil; at low N rates spatial heterogeneity has a yield-stabilizing effect. The
points for the various degrees of heterogeneity are above the line for the homoge-
neous case, for U (Figure 7A) but especially for @ — ¢ (Figure 7B); the effect on W is
due to the sigmoid shape of the yield response curve in this situation, but additional-
ly o is reduced in this case by spatial variability in N supply. At higher N rates het-
erogeneity has a negative effect on average yield, as one may expect, and does not re-
duce o. For the current model runs, effects of spatial variability in N supply on vari-
ance reduction are small; the possibility of such effects, however, cannot be excluded

for other situations.

Procedure for selecting meaningful diversity

The p, , < h criterion allows decisions whether or not a specific combination of ac-
tivities will reduce the variance, but does not by itself allow decisions when more
than two possibilities exist. A decision tree can be constructed, however, on the basis
of similarity dendrograms as used in numerical taxonomy and ecological classifica-
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tion studies. Instead of the usual ‘similarity’ measures, we based the cluster analysis
on the matric of correlation coefficients (of gross margin). Figure 8 shows the re-
sults for three locations. A stepwise decision-making process can now be followed,
starting with the least similar pairs and evaluating the p; ; < h criterion for the two
representatives of each group with the highest average yield. If py , <h, then a com-
parison is made on the next split in the dendrogram. If p; , > h on a particular split,
then the best member of that group should be chosen, rather than a combination.

The dendrogram for the driest site, Ouahigouya, only reflects the three soils (A, B
and C) and no grouping on the basis of N rate. Combinations of the best (average) N
rates for the three soils (0 kg ha~! on soil A, 50 kg ha™! on soil B and 100 kg ha™! on
soil C) will be the best choice for minimizing risk. In Ouagadougou N rates lead to
slightly more differentiation, but the p, , <h criterion is again only met by combina-
tions of the best N rates for each soil (in this case: 0 kg ha™ on A, 100 kg ha™' on B
and 200 kg ha™! on C). In Bobo-Dioulasso the pattern is slightly more complex and
now there may be scope for including soil C with only 50 kg ha™! on N, in combina-
tion with the best treatment of each soil (in this case: 0 kg ha™! on A, 150 kg ha™! on
B and 200 kg ha™! on C).

Grain yield, kg ha 1 Grain yield - sigma, kg ha-1
2500 2500

A B

2000 1 2000 +

16500 ¢ 1500 t

1000 ¥ 1000 ¢

500

+ } + + 500 4 + o +
50 75 100 126 180 175 50 75 100 125 180 175
N rate, kg ha"! N rate, kg ha-t
no mild medium  strong
— L ] = A

Figure 7. Effects of spatial variability in N supply on the average yield, |1, and on i - 6; to simulate spa-
tial variability in N supply, “filters’ described in Table 4 were used as n-point moving average; rainfall
data for Bobo-Dioulasso, soil C with modified (higher) water storage capacity. Four situations with no
to strong field level variability in N supply.
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These results for gross margins depend on the fertilizer:grain price ratio used for
the calculations. With lower price ratios the gross margins are more similar to the
physical yields and there may be slightly more scope for risk reduction by combina-
tions of N rates and soils.

Discussion

Risk analysis as presented here requires a crop growth model sensitive to the yield-
determining variables (in this case: rainfall) and the major management factors (in
this case N supply) with the expected probability distribution of the environmental
variables (in this case long-term actual climatic records). The model should be vali-
dated for a few well-chosen crop experiments; the current model has not been suffi-
ciently tested, so it can only be used to illustrate the method for further analysis.

From such a model the three management options for uncertain environments can be

evaluated:

1. Choosing the best single component, not only on the performance in an average
year but on the expected frequency distribution of yields.

2. Criteria for maintaining meaningful diversity in cropping systems and land units:
risk reduction is based on a combination of components with a low correlation co-
efficient, i.e. components which respond differently to environmental conditions.

3. Options for maintaining flexibility: N fertilizer application may be based on tacti-
cal rather than strategic decision-making, but this requires predictability of envi-
ronmental conditions in the second part of the growing season. We have not yet at-
tempted this approach, as a better knowledge of actual farmer’s options is needed

to do so.

Even under (semi-)arid conditions nutrient deficiency appears a major determinant

for crop yield (Van Keulen, 1975; Penning de Vries & Djitéye, 1982; Keating et al.,

1991). This implies that use of additional (external) nutrients may, on average, lead

to increased crop yields. Van Keulen & Seligman (1992) and the model results pre-

sented here showed, however, that risks of complete crop failure are high at low
available-water holding capacity of the soil, and may be increased by fertilizer use.

Fertilizer use is most effective on soils with the most reliable water supply and for

crops that are most drought-tolerant. This implies high demands on management to

cope with the uncertainty and the risks involved. The risk of not meeting one’s target
generally increases when the production target is closer to the maximum.

In the analysis given here a number of important points could not be taken into ac-
count. These include:

- Risks strongly depend on the level of aggregation of the study: for a farm house-
hold risks may be substantially reduced if it makes use of fields with different
characteristics vis-a-vis the main limiting factor (Brouwer et al., 1993); even to
have fields on two sides of the village rather than a single field, may reduce risks,
as these fields will have a different rainfall pattern, as rainfall is poorly correlated
at a scale of a few km; for production at the village level, however, this aspect of
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Figure 8. Hierarchical cluster diagram of gross margins for three soil types; open circles on an intersec-
tion indicate that the best (average) yielding member of the two groups meet the p; , < h criterion; for
closed circles this criterion is not met and no variance reduction can be expected. Cluster analysis was
based on average-links.

land distribution is not relevant.

- Risks are much more pronounced for grain production than for total biomass
(Seligman et al., 1992), (in pastures consisting of mixed species stands risks are
even lower); specific periods, such as pollination in maize, may be particularly
drought-sensitive and need further attention in model formulation.

- Carry-over effects on soil nutrient and organic matter status in the next cropping
season. For the current model, the same initial conditions were used each year, re-
gardless of previous N rates and production in the previous years. Depending on
climatic conditions part of the N fertilizer applied in one season may be used by a
crop in a subsequent year, especially if the first crop failed; residual effects of N
are most likely when there are no small rain events in the dry season between the
cropping season. N transformations can already occur after small rain events.
Carry-over effects are not restricted to fertilizer N. In the analysis of
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Mediterranean natural vegetation systems by Seligman et al. (1992), it became
clear that a wet year after a dry year always gave higher yields than a wet year af-
ter a wet year.

- Interactions between different nutrients; in the simulation model we assumed that
the supply of P and other nutrients was not limiting; the practical consequences of
this assumption depend on N input and water availability.

- Long-term effects of accelerated soil mining should be considered if short-term
management decisions lead to the use of insufficient and unbalanced nutrient
sources. Data on soil mining due to the prevalence of short-term interests over
long-term interests for the ‘Soudanian’ zone in Mali were given by Breman (1990)
and Van der Pol (1992).

— Risks primarily depend on the targets formulated. As various actors in society will
formulate different targets, e.g. for food crop production, risks will be evaluated
differently even if the average yield and its variability are the same. A further inte-
gration of socio-economic and agro-ecological aspects of risk management is
needed and should be based on proper quantification.
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