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SUMMARY
In 1998 an exceptionally dry year occurred in the zone maritime in Togo, West Africa. In this
year it was observed that fields where prior to the current maize (Zea mais) crop a leguminous
green-manure crop (Mucuna pruriens) had been grown, had higher maize yields.It was
suspected that this was due to the increased water holding capacity as a result of the higher
Soil Organic matter (SOM) contents after the application of the mucuna to the soil.

A first objective of this research thesis was to see if this was the case or if there was another
reason for this observed phenomenon. This was done with the help of a crop growth model
(DSSAT), a literature study and with hand calculations made of changes in soil dynamics. A
second objective was to asses if the DSSAT model would be fit to describe soil organic matter
changes in combination with water and nutrient dynamics in order to decrease future research
costs.
Two important conclusions were made. First, it seemed that the amounts of mucuna applied to
the soil were not capable of changing the SOM and water holding capacity in such a way as to
increase the amounts of water available to the maize crop. It seemed that the yield increases of
the maize yields following the mucuna where due to extra nutrients available to the maize
crop, especially nitrogen and possible other side effects of this rotational system like the
suppression of weeds and the lowering of soil peak temperatures. The second conclusion was
that the DSSAT was not yet fit to describe dynamic SOM, P, K and Ca balances and thus was
not yet fit to replace field trials.
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1 INTRODUCTION
Over the last three decades agricultural yields in Sub-Saharan Africa (SSA) have almost
continuously dropped. One reason for this is soil depletion. Stoorvogel and Smaling (1990)
calculated that an average of 660 kg N, 75 kg P and 450 kg K per hectare has been lost during
the last three decades from about 200 million hectare of cultivated land in 37 African
countries, excluding South Africa. These figures represent the balance between nutrient inputs
as fertilizers, manure, atmospheric deposition, biological N 2 fixation (BNF) and
sedimentation, and nutrient outputs as harvested product, crop residue removals, leaching,
gaseous losses, surface runoff and erosion. These values are the result of a wide variety of
land use systems, crops and agro-ecological zones in each country (Stoorvogel and Smaling
1990).
Soil nutrient depletion by smallholder farmers is an important cause for declining food
production in SSA and soil-fertility replenishment should therefore be considered as an
investment in natural resource capital. Increasing pressure on agricultural land has resulted in
much more nutrient outflow and the subsequent breakdown of many traditional soil-fertility
maintenance strategies, such as fallowing land, intercropping cereals with legume crops,
mixed crop-livestock farming, and opening new lands. Such strategies have not been replaced
by an effective fertilizer supply and distribution system (Sanders et al. 1996). Of course
nutrient depletion rates vary with soil properties. The proportion of nutrients lost is normally
greater in sandy soils, but the total nutrient loss can be greater in clayey soils. This is largely
because SOM particles are less protected from microbial decomposition in sandy soils than in
loamy or clayey ones (Sanches, 1976; Sanchez, 1997). The final result is that soils have
defoliated significantly in terms ofN, P and soil organic matter (SOM).
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Fig. 1. Maize grain yield as affected by mucuna rotation and P fertilizer application on
a P-fixing soil in the highlands of Cameroon
(Y amoah et al. 1996).
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For some time, the research community has recognized Nand P deficiencies to be the major
biophysical constraints affecting agriculture in SSA. Combinations of mineral and organic
fertilizers are used to restore soil fertility. In the case ofN depletion, replenishment strategies
are mainly biologically based with some mineral fertilizer supplementation. Figure 1 shows a
rotational system in which a season of maize is followed by a season of Mucuna pruriens, a
leguminous species that is left on the field afterward in combination with a P fertiliser.
Especially in southern Togo and the Benin Republic, afterwards referred to as the zone
maritime, recently more and more farmers have adopted a maize-mucuna rotational system in
which mucuna, a herbaceous leguminous cover crop, is grown instead of another maize crop
or a natural fallow period. This increase in popularity is mainly because, in the exceptionally
dry year of 1998 yield increased for farmers using this system and they claimed it be due to
this maize-mucuna rotational system. Researchers as well as farmers thought it might help to
increase maize yields on a yearly base. The question is if this always will be the case, and if
so, what brought these yield increases about? Is it because of the more favourable conditions
for plant growth created by a higher organic matter content of the soil or because of the higher
N availability to the crop or is it simply because a dense cover crop of mucuna is capable of
suppressing weeds (e.g. Imperata cilindrica) and parasitic weeds (e.g. Striga spp.)? One way
to gain more insight into the quantitative aspects of this rotation system is the use of cropgrowth simulation models.
The objective of this study was to assess differences in yield returns as a result of changing
soil environmental conditions after the application of green manure. The main subject was to
see if this application might in some way alter the water-balance of the soil and thus increase
yields. This all with special reference to the extreme dry year of 1998 and the higher yields
that were observed in the fields in this year, after rotation with mucuna. This was done with
the help of a crop growth model (DSSAT35) that can calculate different yield returns for
different inputs using actual environmental data. A second, minor, goal was to look at the
possibilities and limitations of the the DSSAT model in describing and predicting water-,
nitrogen- and organic matter balances in the soil and the usefulness of this model as a tool in
optimising yield returns. As a start, a literature study on the different subjects was conducted.
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2 ORGANIC FERTILIZERS
2.1 Introduction
Soil organic matter (SOM) is one of the most important properties affecting chemical
reactions and the availability of nutrients to plants. Chemically it is a complex mixture of
plant, animal and microbial residues, fresh and at all stages of decomposition, and the
relatively resistant soil humus. Used as mulch, organic material helps to lower soil
temperatures and hence may increase soil fauna and lower relative decomposition rates of
SOM. The effect of organic matter in the soil is twofold:
1.
The release of nutrients to the plants. This is achieved by the decomposition of organic
material in the soil.
11.
Increased organic matter content in the soil, resulting in more favourable soil physical
and chemical properties (e.g. cation exchange capacity and base saturation).
With the combined effect of mineral and organic fertilizers a so-called residual effect has
often been noticed. This means that yield increases are higher than could be expected by the
increasing availability of nutrients only to the plant. This has often been referred to as the
"magical effect of organic matter". There are different explanations for this observed effect.
One is that the organic matter increases soil physical qualities and that it stimulates biological
activity, and hence improves water-holding capacity, drainage of the soil and permeability of
the soil by plant roots and therefore favours plant growth. Higher yields could also be
explained by the slower release of nutrients following mineralization and possibly better
timing of nutrient supply to the crop. Another theory is that upon breakdown, organic
materials excrete growth-accelerating exudates, such as for example plant hormones.
Continuous application of mineral fertilizer can in the long run result in decreasing basesaturation and acidification of the soil. Increasing K deficiency and occurrence of Al toxicity
characterize these phenomena. Application of organic materials may help counteract these
negative effects. Organic fertilizers have another important advantage over mineral fertilizers
with regard to fertility replenishment; they provide a source of C for microbial use. According
to Palm (1995), the recovery by the crop ofN supplied by leguminous plants incorporated
into the soil (10-30%) is generally lower than the recovery from N fertilizers (20-50%). Much
of the remaining 70 to 90% of the applied organic N, that is not absorbed by the crop or
leached, is incorporated into labile pools of soil organic N and C. Soil micro organisms
require C substrate for growth and use the N from organic inputs to form soil N capital. Part
of the N bound in more recalcitrant fractions in the organic inputs also will increase soil
organic N. Mineral fertilizers do not contain such N sources, and therefore much of the
fertilizer N not used by crops is subject to leaching and denitrification losses in the absence of
crop residue returns (Sanchez et al. 1997).
2.2 Organic fertilizers as a source of plant nutrients
Mineral fertilizers in SSA are only used in mechanized agriculture and for export/trade crops
(Smaling, 1993). A large number of smallholder farmers often are not able to use mineral
fertilizers at the proper rate and time, because of high prices and delays in delivery due to
poor infrastructure. Application of cattle manure is often not sufficient to meet crop nutrient
requirements and to prevent decrease in SOM contents. The use of green manure cover crops
(possibly N-fixing) or agroforestry trees can help to overcome these problems by building up
SOM, biological nitrogen fixation (BNF) and deep nitrate capture. Organic materials
influence nutrient availability in different ways (Palm et. al., 1997):
1) By nutrients added
2) Through mineralization-immobilization patterns
3) As an energy source for microbial activity
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4) As precursors to SOM
5) By reducing P-sorption of the soil
The effect of green manure on nutrient availability strongly depends on the type of quality of
the material used. High C:N ratios may even result in temporary decreasing N availability due
toN-immobilization. In general one can state that after incorporation of a green manure
legume with aN concentration lower than 20 g kg- 1, there will be more immobilization than
mineralization (Fox et al., 1990).

2.3 Effects of organic fertilizers on soil chemical properties
Most soils in SSA are deficient in nitrogen. However, replenishing N stocks would require
very large amounts of organic N. For example, an increase in soil organic N concentration
from 0.1 to 0.3% N (1-3 g N ki 1) in the topsoil (0.2 m deep with a bulk density of 1000 kg m1
1
3) is equivalent to an application of about 160 t ha- of dry biomass (2.5% Nor 25 g N kg- ).
Such large applications are not realistic as these quantities are generally not available. In the
short to medium term, increasing soil N will depend on regular applications of mineral N.
However, building up N stock is a worthwhile objective, to provide buffering against
uncertainty in the farmers ability to supply N inputs to every crop (Sanchez et al., 1997).
Figure 2 shows that the nitrogen cycle is a complex system and that a lot of different factors
can influence the direct availability ofN to the plant.
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Fig. 2. The nitrogen cycle (Loomis and Connor, 1992).
Cation exchange capacity (CEC) is a very important feature in chemical soil fertility. It
determines the amounts of cations that the soil can exchange and thus the amount that is
available for the crop. Soils may differ in quality of organic matter with respect to the CEC.
Low-quality organic matter is usually characterized by a low C:N ratio and a low CEC per
unit organic matter, this may be due to a low pH or a shortage of nitrogen in the humification
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process so resulting in a small microbial population consisting mainly of fungi (Janssen,
1999).
CEC refers to the value determined by BaCh-triethanolamine extraction, buffered at pH 8.2.
Permanent CEC is the sum of cation extracted by unbuffered salts such as normal KCl at the
actual pH of the soil. This is normally referred to as "effective CEC." The difference between
CEC estimated at pH 8.2 and effective CEC is considered the variable or pH dependent
charge.
The principal clay minerals occurring in the tropics can be divided in two major groups:
Those with mainly permanent charge and;
u.
those with mainly variable charge.
1.

The permanent charge minerals are the 2: 1 layer silicates (montmorillonite, vermiculite,
illite); the 2:2layer silicates (chlorites), and to a lesser extent the 1:1layer silicates (kaolinite,
halloysite).
The variable charge minerals are the intergrade minerals (mixtures of 2:1 minerals with iron
and aluminum oxides), several species of iron and aluminum oxides and hydroxides and
allophane. Most of the CEC of2:1layer silicate minerals is "permanent" The 1:1 minerals
show both permanent charge due to isomorphous substitution and variable charge due to edge
effects and broken lattices. In sharp contrast the iron and aluminum hydroxides, allophane and
peat (e.g. organic material) have predominantly variable charge (Sanchez, 1976). The amount
of CEC for the different clay types are given in table 1.
Table 1. Cation Exchange Capacity (meq g- 1) of different clay types (Mehlich and Theisen,
unpublished).
Permanent
Variable
Total
Montmorillonite
112
118
6
Vermiculite
85
0
85
Illite
11
8
19
Halloysite
12
18
6
Kaolinite
1
3
4
Peat
38
98
136
Source: Sanchez, 1976.
Of course, clay minerals do not occur alone in soils. They interact with each other and with
organic matter. Soil organic matter is very effective in cation exchange per unit mass, even
more than clay minerals. Metal cations exchange readily with protons of the amino (-NH2),
carboxyl (-COOH), and hydroxyl (-OH) groups of SOM. Representative CEC values for clay
range from 3 to 100 meq/g while humus may be as great as 300 meq/g. Although humus
usually constitutes only 2 to 5% of the weight of agricultural soils, it makes a significant
contribution to the CEC.
To be able to make any recommendations for agronomic practices, it is important to know the
effect of changing organic C content of the soil, by the application of (green) manure or
cultivation, on the total CEC of the soil. De Ridder and van Keulen (1990) found a significant
correlation. A difference of 1 g kg- 1of organic C results in a difference of 4.3 mmol kg- 1 in
CEC (at pH 7). This is within the range (3.64-5.46) as presented by Bolt et al. (1976). But the
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amount of organic material needed to increase the organic C content of a soil is very large
(see for example, annex 1).

2.3.1 C:N ratios
When the C:N ratio of the organic fertilizers is high than there is a great change that N will
get immobilized after application. Carbon is used in the soil as an energy source to build up
the microbial biomass. In this process, nitrogen will be incorporated. In well-drained soils,
some immobilization may occur with residues having C:N ratios as low as 25 (i.e. 1.8% N in
dry matter) but a ratio of 45 (1% N) or more is needed for a substantial effect. This tie-up of
mineral nitrogen may interfere with the availability to the subsequent crops. As much as 200
kg ha- 1 may become temporarily unavailable. In some experiments it has been proven that it
may take many years, for the incorporated N to mineralise again, or it may not even
mineralise within a measurable time. It is possible that the nitrogen is incorporated into the
stable humus, among others via non-biological processes. On the other hand, a speed up of the
mineralization rate has frequently been observed after application of mineral N. This is the socalled "priming effect of" mineral fertilizer. Microbial growth gets stimulated after which
decomposition of resistant organic matter will increase (Janssen, 1999).
All these different interactions make it very difficult to anticipate the timing and amounts of
mineralization and immobilization that occurs after incorporation of fresh organic materials.
One option is to incorporate the material before a fallow period so that it has time to
decompose before the sequencing crop is planted, another is to store it in pits in the ground
and allow it time to decay. Sometimes mineral fertilizers are added to the fresh material to
overcome these immobilization problems e.g. to feed the decomposer population. Of course,
the higher the immobilization, the higher the amounts of mineral nitrogen that need to be
added. An additional benefit of the application of organic matter to the soil could be the
addition (recycling in the case of residue) of probably limiting nutrients, like K, Ca, Mg. or
Mo to the following crop, although the concentrations of these nutrients in organic material
are generally low.

2.3.2 Base saturation
To characterize soils with respect to the composition of the absorbed ions, the sum of the
adsorbed Ca, Mg and Na (in meq/100 g soil) expressed as a fraction of the total exchange
capacity of the soil, is defined as the soils "base saturation.". A low base saturation (i.e. less
than 0.4) is typical for most cultivated soils in the tropics. The remainder of the exchange
complex is occupied by such ions as hydrogen, aluminum, potassium, iron etc.
2.3.3 pH
There is also a possible effect of the application of organic matter and the following formation
of SOM on the soil pH (defined as -log (concentration H+ ions)). Soils acidify naturally to a
pH of around 4,5 to 5 under vegetation and the process is accelerated in pastures and fields
used for agriculture. The carbon cycle is involved with soil pH through the accumulation of
biomass by the plant. Plants accumulate more base-cations than anions from soil; within the
plant, the difference is balanced electrochemically with organic anions. One consequence of
this cation-anion imbalance in biomass however is a surplus of anions relative to cations in
the soil: for each organic anion created in plant metabolism, one H+ accumulates in the soil.
When the cation-anion imbalances are exported in harvested crops, H+ ions remain behind in
the soil. Harvest of vegetative material results in considerably more soil acidification than
does the harvest of grain. Using ash alkalinity data from Helyar and Porter (1989), removal of
10 t legume forage ha- 1 adds 10 kmol H+ ha- 1 to soils whereas 10 t grain ha- 1 adds only 0.5
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kmol H+ ha- 1 (Loomis and Connor, 1992). So in terms of soil pH, producing green-manure
legumes on one field to supply on another, different fields is not an option since the net result
will be a decrease in soil pH. At higher CEC values, the buffering capacity for cations such as
K, Mg and Ca is higher. Exchanges of cations with Aland H+ lowers base saturation, but also
counteracts decreasing pH. Hence CEC serves as a buffer for pH changes. Application of
organic matter also supplies K, Mg and Ca, which contribute at maintaining base saturation at
a high level. The positive relation between pH and base saturation has, among others, been
illustrated by Pichot (1971).

2.4 Effects of organic fertilizers on soil physical properties
Physical soil fertility can be defined as the ability of the soil to act as a medium for the plant
rooting and the capacity to supply plants with water and with oxygen. It depends mainly on
soil structure i.e. the spatial arrangement of primary and secondary soil particles. The
secondary soil particles consist of primary soil particles connected with each other and are
called aggregates. Large aggregates can be composed of smaller aggregates (Baver, 1968).
SOM affects the physical properties of the soil in three ways:
1.
It affects the stability of the aggregates, formed by the clay and loam particles.
11.
Through the degree of aggregation it affects pore volume and pore size distribution and
hence infiltration capacity and soil moisture characteristics.
111.
Crop residues applied at a rate of 2 t ha- 1 may lead to a decrease in peak surface soil
temperatures (at 1 em depth) from 48.5 to 39.3 C, which is likely to reduce the
temperature stress for seedlings as research at ICRISAT in the in Niger in the Sahel
showed (Bationo et al1993).
2.4.1 Aggregate stability
Between and in the aggregates are holes; the inter- and intra- aggregate pores respectively. At
field capacity (pF2.0), the pores <30 mu are filled with water and the pores >30 mu are filled
with air. The pore volume filled with air at field capacity is used as an aeration index and thus
as an indicator for the quality of the soil structure. If this volume is < 10% most of the crops
will show growth reduction. The bigger the aggregates, the bigger both the inter- and intraaggregate pores. These pores can only exist if aggregates are stable. This stability depends on
the kind and amount of cations, clay, sesquioxides and organic matter. The positive effect of
organic matter is brought about by:
1.
Mechanically keeping together of soil particles by hyphae of fungi and actinomycetes.
11.
The stickiness of excreted metabolism products by microorganisms, mainly
polysaccharides.
111.
The binding between clay and stable SOM molecules (humus).
IV.
Stimulation of root development.
v.
Stimulation of the development of the earthworm population.
Fungi contribute the most to aggregate stability. Hyphae and polysaccharides, however,
decompose themselves. The effects are short. It is necessary for structural stability to supply
regularly new organic matter. In this respect green manuring is very effective but its influence
is noticeable only for a couple of months.
Although the amount of earhworms in the zone maritime is not very high, they can play an
important role. Earthworms have two different effects on soil structure:
A. Increase in ·porosity, due to formation of burrows.
B. Manufacturing of aggregates in the shape of excrements. These excrements have a
high stability.
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The better earthworms are supplied with organic matter, the more stable their excrements are.

2.4.2 Water holding capacity
The percentages of moisture at field capacity (pF 2.0) and at wilting point (pF 4.2) are
positively correlated with the SOM content. This principle is shown in figure 3. Therefore, the
increase in "available water" i.e. the difference between those two, is less than the increase in
the percentage of moisture at field capacity is suggesting. On sandy soils however, a clear
increase in available water can be noticed. This is because total pore space, that is the fraction
of the soil volume not occupied by the solid phase, increases with an increase of the organic
matter content. Important is that in sandy soils, the pores get emptied at once while in soils
with high organic matter contents the water extraction is gradually. That is why such soils are
less drought- sensitive than soils with low organic matter content.
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Fig. 3. pF curves of two Dutch soils.
1. Dune sand (Westland),
2. Peat soil (Boskoop)
(Koorevaar, 1976)
Also the rate of infiltration is higher in soils with a high organic matter content. Hence, runoff is less and a higher fraction of the rainwater seeps into the soil profile. Because organic
matter stimulates root development, rooting volume will increase and hence the crop will use
a higher portion of the available soil moisture (After: Janssen, 1999)
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Fig. 4. Influence of soil organic matter content on the water holding capacity of sandy
soils.
(Boekel, 1986)
From figure 4 it can be deducted that to raise the pore volume by 5%, the organic matter
content of a sandy soil has to be raised with at least 1% (that is 10 g kg- 1). Total pore volume
is directly related to the availability of a soil to store water. However, Cisse and Vachaud
(1987) in Senegal reported that soil hydraulic properties such as infiltration capacity and soil
moisture retention curve were not affected by an increase of soil organic carbon from 0.15 to
0.30 g kg- 1, this is probably due to the still very low SOM contents. These results seem to be
supported by a long-term crop residue (CR) management experiment on a sandy Sahelian soil
(Bationo et al., 1993) where the addition of CR had no effect on soil water use or waterholding capacity. Although CR is reported to increase water-infiltration rates and reduce
runoff losses, this was not the case in these sandy soils and will probably not be the case in
the zone maritime.
More pronounced differences in organic C might not substantially affect moisture availability
for a crop. The differences in available soil moisture between forest soils, that have very high
SOM contents, and soils long under cultivation, that have very low SOM contents (as shown
in table 3) is only some tenths cm-3 per cm-3 .
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Table 3. Plant available soil moisture in a forest soil (cm-3 cm-3) and after different years of
cultivation (Siband, 1974).
LENGTH OF PERIOD UNDER CULTIVATION
0
3
12
46
90
pF2.5:
0-10 em
11.4
10.4
9.7
7.5
7.2
10-20 em
9.7
9.7
9.8
9.7
8.9
7.5
5.9
6.0
4.6
pF4.2
0-10 em
3.9
5.4
5.2
6.6
6.5
10-20 em
4.8
pF 2.5-4.2 0-10 em
3.9
4.5
3.7
2.9
3.3
4.1
10-20 em
4.3
4.5
3.2
3.2
The differences in the total available water are probably also related to the lower clay and
loam contents in the upper layer of the soils under cultivation, as a result of clay migration to
deeper layers (de Ridder and van Keulen, 1990).
As will be illustrated in chapter 4, supplied with ample levels of nutrients, average total
biomass accumulation will probably be in the range of 4-6.0 tons per hectare (Muhr, 1997 and
Tian, unpublished).
2.5 Building up SOM
2.5.1 SOM dynamics
To predict SOM dynamics, and thus the amount of SOM resulting after one or more
applications of mucuna and crop residues, a set of mathematical formulas has been developed.
The amount of organic matter is a function of decomposition and accumulation.
The change in the amount of organic C, in terms of first-order kinetics is:

dY/dt=-k

*Y

Upon integration this yields:
Yt =Yo * e-kt

(2.1)

(2.2)

Where:
Y 0 and Yt are the quantities of C at t=O and t respectively in kg.
k =relative mineralization rate in kg i 1
(After Renin and Dupuis, 1945).
The formula used for accumulation is:
(2.3)
k
Where:
Xdt is the amount of organic material supplied per time unit dt (kg y- 1) and h the fraction of X
that is converted into SOM at one year after application(-).

A combination of these two yields:
(2.4)
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this means that as t approaches infinite rates, Y attains an equilibrium (minimum or
maximum).
(after: Renin and Dupuis, 1945; Kortleven, 1963; and Kolenbrander, 1974).
However, the above postulated is not correct in the light of Jenkinsion's (1977) findings for
the decomposition of labelled fresh plant material and unlabeled (native) SOM. The bulk of
the SOM and the carbon and the nitrogen it contains, mineralises slower than the labile pool
of freshly added plant residues and their humified turnover products. This also holds for soils
cleared for cultivation after a long fallow period under natural forest or grassland. After
estimating k values as an average over longer periods, significantly lower values are found
than when calculations are made over one or two years. These figures may show that the rate
at which the "old" soil decomposes is only one tenth to that of "young" soil. There are two
possible solutions to this problem, one is the use of so-called, multi-component models. These
are models based on two assumptions, that organic substrates can be partitioned into several
components according to their resistance to mineralization, and that each component
undergoes an first-order reaction with a characteristic rate constant. The general expression
for such models is:
Y t = y 1 * e(-k 1*t)+ y2 * e(-k2 *t)+

....

+ yn * e(-kn *t)

(2.5)

Where Yt is the total quantity of a substrate at t; y 1, y2 and Yn are the original quantities of
components 1, 2 and n, and k 1, k 2 and kn, the corresponding rate constants
Another solution is to use a mono-component model with a time-dependent relative
mineralization rate. The characteristic of this model is that a substrate is treated as a whole,
and its relative mineralization rate is not constant but changes over time. Two sets of
equations are used for these kind of model, the first is from Kolenbrander (1969, 1970) based
on literature data on substrate like plant materials, manure and peat:

_ -[n+p/ (t+1)]*t
Y tN o- e

(2.6)

comparison with equation 2.2 yields:
K= n+p I (t+1)

(2.7)

where p (dimensionless) and n (dimension f 1) are two constant parameters, K is the average
relative mineralization rate during the period between times 0 and t.
Janssen (1984,1986), working with the same set of data proposed the following equation:
k = 2.82* f(a+f*trl. 6

(2.8 a)

or,
log(k) = 0.45 - 1.6 * log(a+f*t)

(2.8 b)

in which:
k is the actual relative mineralization rate at t;
a is the so-called 'apparent initial age', an index for the resistance of a substrate to
mineralization;
f is a temperature correction factor.
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Substitution of Equation 2.8 in Equation 2.1 and subsequent integration yields:
Yt =Yo* exp. { 4.7 * [(a+ f * tr0 ·6 - a-0 ·6]}

(2.9)

The essence of this model is the use of one general relationship between log(k) and log(t) for
all organic materials. The difference in resistance is accounted for by assigning different
'apparent initial ages' (a) to different substrates.
(after: Yang, 1996 and Janssen, 1999).
2.5.2 N mineralization
Until recently a relatively simple method has been used to calculate nitrogen mineralization
from applied organic material (manure, green manure etc.) and from SOM. Sluijsman and
Kolenbrander (1977) divide the nitrogen in three fractions:
1.
Nm =mineral nitrogen
11.
Ne =nitrogen in easily decomposable organic matter
111.
Nr =nitrogen in organic matter difficult to decompose;
r stands for resistant or residual.
Ne corresponds with the mnount of organic matter that is decomposed in the first year, thus
with (1 - h), in which h is the humification coefficient e.g. the amount of organic matter that is
converted into SOM in one year. Nr is directly correlated with h.
The efficiency index (e.i.) during the first year of application (after a single application) can
be calculated as follows:

Where:
a= the amount ofNm lost by leaching, volatilisation, etc.
z = efficiency index ofNe, this is the part of mineralised N that crops can dispose of during
their growing season.
Next it can be cakltlated how much N will annually benefit the crop, when a condition of
steady state has been reached, between continuous (e.g. yearly) application of fresh green
manure and decomposition of the existing SOM. In steady state situation this holds:
kY=hX andhX=Nr
In the steady state situation, the amount ofN annually released equals Nr.
In an average rotation, only part of it (b) can be used by the crops.
The N that is mineralised after the crop has been harvested, can partly be taken up during the
next year (c).

c * (1 -b) CNe + Nr) = c * (1 -b) org. N
All factors, influencing the decomposition rate of organic material are influencing the
nitrogen mineralization as well. Nitrogen mineralization is always the resultant of
mineralization and immobilization processes, occurring at the same time and in opposite
directions:
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In daily agricultural practice, it is impossible to take into account the many factors involved in
the composition of organic matter, the decomposition rates and nitrogen effects of the various
organic matter fractions. What is required are nitrogen availability indices that are more easy
to determine. A first rough estimation is derived by assuming that the relative mineralization
rate of nitrogen equals the relative decomposition rate of organic matter. It follows that:
The amount of nitrogen that can be released ha- 1 yeaf 1 =decomposition rate (k) *fraction of
org. N * absolute amount of organic matter in the soil.

2.5.3 P mineralization
Plants withdraw P from the mineral P in the soil. That is why under natural conditions the
share of organic P in total P is increasing and why the topsoil is richer in organic phosphorus
than the subsoil. In general, 30-70% of soil Pis present as organic P. By theory, a net
mineralization ofP can be expected when the C:P ratio of the substrate is less than 300. In
practice, however, it appears that in the beginning of the decomposition process, P is also
immobilized, even if C:P = 100. When possible, microorganisms take up more P than strictly
necessary (luxury consumption). Whether and to what extend P will be immobilized depends
also on the availability of other nutrients. If the development of the microorganisms is slowed
down by, for example, N shortage, less P will be immobilized than when there is enough
nitrogen (Enwezor, 1967; Dalal, 1977). The reverse can happen as well. According to
Enwezor (1967), the ratio organic P:total Pis more suited than the C:P ratio to predict
whether net P mineralization will take place. If organic P is about 60% of total P, P
mineralization becomes important. It is not yet completely clear, whether plants can take up
organic P. Most researchers think organic P has to be mineralised first. An extra complication
is that organic P is not divided equally over the organic matter. That is why there is weak
relation between C and P mineralization. Most of the time, the relative mineralization rate of
P stays behind the relative mineralization rate of C, especially at low temperatures. Not until
35 °C, P mineralization seems to start well. When organic matter is build up, organic P
increase relatively more than organic C and organic N, which has to be explained wholly or
partly by immobilization of fertilizer P (Janssen, 1999). On the other hand, some authors
mention that application of fertilizer P stimulates the mineralization of organic P. This is
explained, among other things, by the fact that the presence of mineral P would benefit the
solubility of certain organic P compounds, hereafter these compounds are mineralised more
easily (Dalal, 1977).
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3 THE MAIZE-MUCUNA SYSTEM: A CASE STUDY
3.1 Introduction
In the zone maritime in southern Togo, Nigeria and Benin population pressure is high and the
need for agricultural intensification is increasing. This means that soil nutrient depletion is
high. Mineral fertilizers are, especially in Togo, due to socio-economic constrains, hard to
come by. Manure is unavailable because this is the area of the Tsetse fly and therefore cattle
are scarce. One of the last possibilities is the use of so-called green manure. These are crops
that are specially grown to improve quantity and quality of the SOM status. They are
incorporated into the soil or left on the field to supply nutrients to the following crop and
improve physical soil characteristics by supplying organic material to the soil. These crops are
mostly leguminous, because of their ability to biologically fix nitrogen. A common used
species is Mucuna pruriens. In Togo, Nigeria and the Benin Republic, lately more and more
farmers have adopted a maize-mucuna rotational system in which mucuna is grown instead of
another maize crop or a natural fallow period.
3.2 The traditional system
Traditionally in the zone maritime in the first season maize is grown intercropped with
cassava (Manihot esculenta) or cowpea (Cajanus cajan) and in the north with yams
(Dioscorea spp). In the second season, which is not very reliable, they plant another crop of
maize, groundnuts (Arachis hypogaea) or, if the farmer has more land so he can wait for the
crop to mature after the next wet season, they plant another crop of cassava.
3.3 Cultivating maize and mucuna in the zone maritime
There are two ways of intercropping maize with mucuna. The first one is recommended by
the International Fertilizer Development Center Africa (IFDC-Afrique) whereas the second
one is commonly practised by the farmers. In both cases planting of maize in the second
season takes place around March 15 when the conditions are favourable. This of course
depends on the rains.

The maize is planted at an in-row distance of0.25 mandan inter-row distance of0.75 m,
resulting in 53,333 plants ha- 1. In the case that farmers follow the recommendation made by
the IFDC-Afrique, the fertilizer is given in split doses. The first one 20 days after sowing (50
kg) and the second one at flowering (50 kg). Most farmers however only apply a single dose
of 50 kg 15-15-15 NPK-fertilizer between 30-40 days after sowing. This is done because they
lack funds to buy more fertilizer and because they say they lack time to apply the mineral
fertilizer more than ones. In both cases, a hole is made at the foot of each plant where the
fertilizer is applied. Fourthy days later, the maize is intercropped with mucuna. The mucuna is
planted in a quadrangular pattern with distances of 0.75 * 1.0 meter. After the harvest of the
maize, the mucuna is left on the field and thus covers the field so that planting another crop in
the second rainy season is not possible.
3.3.1 Advantages
· The (possible) advantages of the system can be divided in two sorts.
A. The first one is the quantitative effect on the soil. This means, more N that comes from
biological fixation is added to the soil and there is less loss of other nutrients by leaching
because the nutrients are incorporated into the crop.
B. The second effect is the qualitative effect. This means, possible soil improvement, e.g.
higher water-holding capacity in the soil, better rootabillity, higher CEC, higher pH,
higher base-saturation, lower peak temperatures and fewer weeds.
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3.3.2 Disadvantages
Most of the disadvantages are associated with risks. Before the introduction of the maizemucuna system farmers used to inter-crop their maize crop with cassava or cowpea. This
means that if one crop failed due to pests, diseases or drought, there was a great chance that
the other crop would compensate this loss. Since the mucuna seeds are not edible, now it is
impossible to spread their risks. It has become an all or nothing game. Also the second season
(which is not regular and therefore also a risk, but one worth taking) is now lost for direct
crop production since the mucuna is still on the field in this period, as can be seen in figure 5.
These disadvantages of the system are also related to the management skills of the farmer.
The risks can be reduced if the farmer, for example, follows the recommended doses and
timing of fertilizer. If the season is exceptionally dry, the young mucuna plants might
compete with the maize plants for water. Another possible extra risk is fire. The dry mucuna
that is left on the field in the dry period is highly inflammable.
Fig. 5. Different cropping calendars for the zone maritime.
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4 ABOUT MUCUNA
4.1 Description
The taxonomy of Mucuna spp. is confusing. In the past; several varieties of mucuna were
treated as different species. Today, the most widely used species are M deeringiana and M
pruriens. Wilmot-Dear (1984) classified M. aterrimum, M cochinchinensis, M hassjoo, M
nivea, and M uti/is as varieties of M pruriens (var. aterrima, cochinchinensis, hassjoo, nivea
and uti/is, respectively). The main distinguishing features of the mucuna varieties are flower
colour (purple or white), seed colour (black, white, beige, brown, grey and mottled),
pubescence on the pod (long and erect or silky and ad pressed), leaf size and phenology
(especially time to flower and maturity). Mucuna varietal characteristics are usually
recognized only locally, not universally (Carsky et al. 1998).
Mucuna is a creeping/climbing, herbaceous plant. Time to flowering and maturity differs
between varieties, from 100 to 260 days to flowering, and 130 to 165 days to maturity (forM
pruriens var. cochinchinensis and M pruriens var. uti!is respectively). Mucuna is an annual,
and its main advantages in rotational systems are its vigorous growth habit, its ability to
biologically fix nitrogen and to suppress weeds. In order to achieve these benefits, it does not
need to fully complete its reproduction cycle. So, even in areas with a short supply of
moisture, mucuna can be grown when no seed production is required. Of course, dry matter
production also depends on availability of water. Minimum requirement of water for a good
production is usually set at 650 mm yea{ 1, whereas more than 3000 mm year- 1 is also
regarded as unfavourable. Though mucuna is reported to be sensitive to waterlogging, the
latter is probably related to secondary problems associated with excess humidity, such as acid
soil conditions and disease pressure. Because of this susceptibility to waterlogging, growth
may be hindered in heavy clay soils. The preferred texture is sandy to sandy-clay.
Temperature range for growth is 15 to 35 °C, with optimum growth at around 25 °C. Mucuna
is a short-day plant but flowering may set in early because of cool nights.
Mucuna yields are as with every other crop dependent on the soil water and nutrient balance.
In the sub-humid, bimodal rainfall area in the zone maritime with a rainfall variation between
700 and 1100 mm year- 1, limiting Nand P levels will mainly hamper production. It is well
known that legumes require P for growth and N fixation. Critical levels of soil P for mucuna
growth are approximately 5 mg kg- 1• Even though Becker and Johnson (1998) found soil P to
be an important factor in biomass accumulation; because the bulk of the P is used for grain
production and this is not fit for human consumption, it is difficult to say ifP fertilizing is
economically justified. This is probably only the case with levels below the critical level of 5
mg kg- 1.
High levels of available soil N will reduce nodulation and effective N fixation in legumes.
The amount ofN fixed from the air will be reduced and therefore, N fertilization is not
recommended. With N applications above the amount that the plant itself can fix, mucuna will
respond to applied N just like any other non-leguminous plant, that is, production will
increase up to a certain maximum with rising levels N taken up. Supplied with ample levels of
nutrients, average total biomass accumulation in the zone maritime will probably be in the
range of 4-6.0 tons of fresh material per hectare. As is the case in areas with comparable
climate and soil (Muhr, 1997 and Tian, unp.).
4.2 Benefits
One other very important feature of mucuna is its ability to control weeds, as is shown in
figure 6, especially spear grass (Imperata cilindrica). This is probably done by its physical
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presence (e.g. competition for light with seed and seedlings). According to Manyong et al.
(1996), this may be one of the more important reasons for farmers in Benin to adopt mucuna
as a cover crop.
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Fig. 6. Effect of mucuna on weed density
(Akobundu and Udensi 1995).
Allelopathy may also be one of the means by which mucuna inhibits growth of weeds. In the
residues ofmucuna, L-3, 4-dihydroxyphenylalanine (L-DOPA) has been found. This
substance is also present in the leaves and roots ofmucuna. Fudjii et al. (1992) and Hepperly
et al. (1992) found that L-DOPA had a suppressive effect on broad-leaved weeds but not on
grass weeds. These results however were found in laboratory experiments and may have little
relevance for field conditions, where because of rain, biological activity and absorption by
organic matter root exudates normally do not play an important role.
During its growing period, because of its dense ground cover, mucuna might help to protect
the soil from raindrop impact and consequently reduce erosion. This is only a benefit as
compared to a bare fallow period, as another crop grown in the same period might do the
same.
Another possible benefit of mucuna is the possible increase of SOM, when the residue is
incorporated after the growing season. However, rates of decomposition are positively
correlated toN concentrations and negatively correlated to lignin and polyphenol
concentrations of the fresh organic matter (FOM) (Tian et al1995; Janzen et al1988). N
concentrations were found to be very high in mucuna between 3.5 and 6% (TSBF database;
Tian et al. 1992). C/N ratios were as low as 12 to 21 and lignin values were between 8.6 and

20

16.8% (Tian et al., 1992). These values suggest that mucuna decomposition will be very
rapid and that it would not be expected to contribute substantially to build up of SOM (see
also chapter 2.1 for more general effects of SOM on soil properties).
Based on an maximum production of 5 tons ha- 1 as reported by Becker and Johnson (in press)
in a comparable climate, the total amount ofN in mucuna would range between 175 and 300
kg ha- 1 this would make it a very good source ofN to subsequent crops in rotation. These
estimates are mostly on station trials and therefore probably a little too optimistic to be
extrapolated directly to the field. Estimates are that about 80% of mucuna N is available for
the subsequent crop. The fertilizer replacement values range from 10 to 150 kg N ha- 1,
depending on the growth of mucuna, control treatment and management of residues. In
another experiment, Versteeg and Koudokpon (1990; 1993) reported mean maize grain yield
gains of 500 kg ha- 1 (local variety) and 800 kg ha- 1 (improved variety), following a rainy
season fallow of mucuna in many farmer-managed trials in southern Benin. This corresponds
to at least 20 kg ha- 1 of additional N in the maize crop, which might be made possible by the
application of about 50 kg N ha- 1 as urea. This is slightly higher than in cases where mucuna
was left on the surface as mulch.

4.3 Biological Nitrogen Fixation
Reductive fixation ofN2 to NH3 is the principal route by which new nitrogen enters the
agricultural system. This is accomplished biologically by several groups of microorganisms.
Nitrogen fixing microorganisms divide broadly into those found as free-living organisms and
those found in symbiotic associations. Most employ the enzyme nitrogenase in nitrogen
fixation. The enzyme is composed of two Fe-S proteins, one of which carries a Mo-Fe center.
In the absence of molybdenum, some microorganisms generate an alternative protein without
Mo but, for practical purposes, Mo is considered as an essential micronutrient for nitrogen
fixation. Nitrogenase is inactivated by 0 2 and fixation occurs only under anaerobe conditions,
or in organisms with protective systems against oxygen. Another common property of these
microorganisms is that their ability to fix nitrogen is repressed in the presence of nitrate or
ammonium ions and they than live on mineral nitrogen rather than expending energy and
reductant in fixation. Of all the different natural symbiotic systems, associations of legumes
with Rhizobium are agriculturally the most important. The latter group consists of the fastgrowing Rhizobium group and the slow-growing Bradyrhizobium group. The associations are
facultative since rhizobia survive in soils as free-living bacteria and legumes flourish on
mineral nitrogen. The symbiotic phase can be recognized from nodules that form on fine roots
of the host plants and by the superior performance of those plants in nitrogen poor
environments. Individual species of Rhizobium are distinguished by their association with
specific hosts. Different species of Rhizobia that belong to different plants are shown in table
4.
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Table 4. Cross-inoculation groups of the legume-rhizobia symbiosis.
Group
Host plants
Rhizobium spp.
Alfalfa
Medicago spp., Melilotus
R. meliloti
clovers
Clover
R. trifolii
Trifolium clovers
Pea & vetch
Peas (Pisum Lathyris spp.) R. leguminosarum
and Vicia spp. (vetch and
broad bean) and lntils
(Lens)
Cowpea (Vigna),
Cowpea
Several species
Lespedeza spp., Crotalaria
spp., peanut (Arachis), and
lima bean (Phaseolus)
Bean
Common bean (Phaseolus R. phaseoli
vulgaris)
Lupin
Lupinus spp.
R. lupini
Soybean
(Glycine max), trefoil
R. japonicum
(Lotus spp.), garbanzo bean
( Cicer arietinum)
4.3.1 Estimates of fixation
There is no satisfactory method for determining amounts of 15N fixed by legume crops despite
efforts with a range of ingenious approaches (LaRue and Patterson, 1981; Herridge and
Bergersen, 1988). Measurements of changes in soil nitrogen content are conceptually simple
but experimentally difficult because even a large addition of nitrogen is very small relative to
the total nitrogen content of most soils. Changes can be detected only in long-term
experiments.
Nitrogen accumulation in legume biomass is a poor index of apparent fixation because the
proportion acquired from the soil is unknown. Legumes always acquire some mineral nitrogen
and they are completely dependent on it during the time required for nodule formation on new
seedlings. Still, on soils that have a poor capacity to supply mineral N it may be the most
practical method for estimating N 2 - fixation.
Comparisons of nitrogen accumulation between legume and non-legume crops and between
nodulated and non-nodulated legumes also encounter problems because the crops may differ
in rooting habits, total nitrogen requirement, and seasonal patterns of demand.
Some methods of distinguishing a legume's source of nitrogen rely on differences in the ratios
of natural isotopes of nitrogen in air and soil as is explained in figure 7. Denitrifying
organisms discriminate against 15N. Also, as the 15N isotope is heavier than 14N, compounds
containing 15N tend to react more slowly, particularly in reactions that lead to gaseous losses
ofN from the soil. Soils therefore are slightly enriched in that isotope relative to 14N. This is
not always the case. The 15N content of the soil has shown to vary greatly in some cases
(Shearer and Kohl, 1986). But in general, mineral nitrogen taken up by the plant is also
enriched in 15N. One problem with this method is that denitrification, and thus the isotopic
ratio varies with soil depth. Addition of 15N labelled background fertilizer can be helpful in
establishing the proportion of legume's nitrogen that came from mineral sources providing its
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distribution within a profile can be matched with the distribution of mineralization and root
activity.
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Fig. 7. Measurements of symbiotic N 2 fixation by a 15N isotope-dilution technique:
Despite the many pitfalls, isotope-based methods provide the best approach for integrated
measurements of the amount ofN2 -fixation in plants, provided that care is taken that the
assumptions of the methods are fulfilled (Giller and Wilson, 1991). However, LaRue and
Pettersons conclusion that "There is not a single legume crop for which we have valid
estimates of theN fixed in agriculture" was reaffirmed by Herridge and Bergersen (In:
Loomis and Connor, 1992). Estimations of amount of nitrogen accumulated by green manure
legumes, including Mucuna, are given in Table 5.
Table 5. Amounts of nitrogen accumulated by green manure legumes.
Species
N accumulated (kg Country
Period of growth
ha- 1)
(days)
Aeschynomene
170
USA
120
Americana
108
Brazil
150
Canavalia
ensiform is
190-250
150
USA
Cajanus cajan
Crotalaria juncea
23
Brazil
150
198
90
Indonesia
India
99
C. spectabilis
160
USA
120
106
USA
70
220
150
Indigofera hirsuta
USA
Lablab purpureus
78
USA
70
86
Mucuna attemina
Brazil
150
120
190
M deeringiana
USA
M pruriens var.
71
Indonesia
90
Uti! is
110
Nigeria
98
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Psophocarpus
palustris
Sesbania spp.
S. sesban
Vigna radiata

81-106

Nigeria

42
24-106
39-85
120
40

Nigeria
India
India
India
USA

98
57
100
200
120
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5 ABOUT DSSAT35
A. The authors of the DSSAT35 model describe it as: a so-called "decision support
system", which enables the user to match the biological requirements of crops to the
physical characteristics of land so that objectives specified by the user may be
obtained. The decision support software consists of:
B. A Data Base Management System (DBMS) to enter, store and retrieve the "minimum
data set" needed to validate, list and use the crop models for solving problems.
C. A set of validated crop models for simulating processes and outcomes of genotype by
environment interactions; and
D. An application program for analysing and displaying outcomes of long-term simulated
agronomic experiments. This decision support system is designed to answer, "what is"
questions frequently asked by policy makers and farmers concerned with sustaining an
economically sound and environmentally safe agriculture.
DSSAT35 consists of two parts, the DSSAT part, which has the sequence driver and the
CERES part, which has the crop-growth models. The CERES crop-growth model is integrated
with the DSSAT part that has a sequence driver to answer "what if' questions over a longer
period of time, for the past or the future. It is used to calculate the maximum attainable yield
in a specific season in a specific situation using the actual weather and soil data where the
weather characteristics were measured every day..
This means that with the DSSAT35 model, it is possible to input different variables like
weather, crop species and cultivar, N application, P application, tillage activities, etc. and use
these variables to calculate the maximum attainable yield under these conditions. In this way
it is possible to predict the impact of a single activity and/or a combination of activities on the
yield and thus help farmers, specialists and policymakers make a rational decision on what
activities should be carried out and amounts of inputs should be used.
One problem with working with the model is that most of the build-in features like P, K and
organic matter routines are not (yet) operative. The only working options are simulation of the
different dates in combination with different nitrogen and water applications and the use of
different (actual) soil and weather files. This off course makes the usage of the model quit
limited.
Another problem with working with both the DSSAT and the CERES model is that they are
so-called "black-box models". This means that it is not possible to see the different variables,
formulas, constraitns, etcetera, used to define the program and thus it is not always clear how
the specific outcome was reached or how this outcome can be changed in a certain direction.
One example is the timing of residue application. The interaction between climate (e.g.
rainfall and temperature), mobilization/immobilization patterns and the turnover rate of the
applied organic matter is not clear. So, in order to reach a valid recommendation, trial and
error methods have to be used to find the optimum date for residue application. Furthermore,
there is no difference in outcome of the simulations between incorporation and nonincorporation of the green manure and the fact that tillage implications do not work either,
severely limit the usability of the DSSAT35 model in this situation.
It turns out that the model does not include differences in water holding capacity in relation to
different organic matter contents of the soil. It regards organic matter applications solely as a
source of nutrients (so far only N because other nutrient-features are not functional yet).
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No additional positive or negative effects of SOM formation, like the augmentation of the
CEC or pH are taken into account in the model, although they are not expected to make a
great difference one by one, in combination, they can form an important difference in crop
production in the field.
One problem is that in the DSSAT35 sequence program, a fixed amount of crop residues has
to be filled in, this means that the amount of residue returned to the soil in a certain year is
independent of the amount of maize produced in the last year. Thus if yields increase in one
year then the amount of crop residue that is left on the field following that year does not
increase. The consequence is that also nutrient cycling is non-dynamic.
All and all, this means that the model is not (yet) fit for describing organic matter balances in
the soil, that the water balance is severely hampered and that it is thus impossible to try to
approach and simulate a field situation, and thus to simulate possible outcomes.
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6 MATERIALS AND METHODS
The study consists of two parts. The first part is the literature study and the second the, mostly
trial and error, simulations done with the DSSAT35 model. For the literature study, literature
from the library of the IFDC-Afrique was used.
For the simulations, the CERES crop growth model is used to simulate the growth of maize
and the changes in the soil as a result of organic matter application and turnover, N absorption
and water uptake by the plant. In case of a well working model, different inputs will generate
different outputs in terms of plant-extractable water, available N, rootability, bulk density, and
organic C content of the soil. By using the actual weather data of the last ten years, the
differences in output can be observed for relatively dry years and for average years. By giving
special attention to these "extreme" years and combining these with different N applications
to the maize crop, we hopefully will be able to see the effects of combined use of organic and
mineral fertilizer. This enables us to evaluate the use of mucuna as a organic fertilizer and the
use of a sole mineral fertilizer in terms of changes in soil physical- and soil chemical
conditions.

Weather data
Actual weather data of the years 1996, 1997 and 1998 were used; the weather in 1999 was
simulated using data ofthe last 10 years with a time resolution of one day using the build-in
weather simulator of the model.
Organic material
For both the model as well as the hand calculations, there were four different amounts of
mucuna applied per hectare per year: 3, 5, 7 and 25 tons ha- 1• The nitrogen content ofmucuna
was set at 3.5%, the P content at 0.2% and the K content at 0.7%.
Planting date
For planting date, the first of May was chosen as Singh et al. (1999), reported that yields were
highest after planting dates in May and that planting before May would result in increased
risk, associated with lower mean yields and increased variance. Because the custom is to plant
around half march, also March 15 was chosen as a planting date.
N-applications
Also, 9 different amounts of fertilizer N (urea) were applied each year. The amounts ranged
from 0 to 450 kg ha- 1, with applications of 50 kilograms.
Cultivar
The maize cultivar Ikene (EV 8449) was chosen in the model because this is one of the most
commonly grown genotypes in southern Togo.
This cultivar embodies the following determinants:
• Thermal time from seedling emergence to the end of the juvenile phase (expressed in days
above a base temperature of 8 °C) during which the plant is not responsive to changes in
photoperiod is 250.
• The extent to which development (expressed in days) is delayed for each hour increase in
photoperiod above the longest photoperiod at which development proceeds at a maximum
rate (which is considered to be 12.5 hours) is 0.6.
• Thermal time from silking to physiological maturity (expressed in degree days above a
base temperature of 8 °C) is 850.
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The maximum possible number of kernels per plant is 850.
Kernel filling rate during the linear grain filling stage and under optimum conditions is 8.5
mgperday.
The phylochron interval; the interval in thermal time (degree-days) between successive
leaf tip appearances is 50.
The maximum rooting depth is around 90 em.

Planting density

A density of 5.3 plants per m-2 was chosen. This is almost the same as was found in the field
2
e.g. 0.25 * 0.75 m (e.g .5.33 plants per m- )

CEC
For calculations of the relation between CEC and green-manure application, formulas from
Driessen (1986) and estimations from de Ridder and van Keulen (1990) were used (see annex
1, 2 and 3).

Cultivation
In order to evaluate the effect of cropping and tillage activities on the SOM content the
following variations were made:
A. With and without tillage (hoe, 1 day before planting).
B. With and without the incorporation of the green manure (20 em depth).
Incorporation dates of the different amounts of green manure applied was set for exactly one
week before the planting date.

Soil
The soil that was used in the data files is named a fine, kaolinitic, isohyperthermic rhodic
kandiustalf. It contained the properties shown in table 6 and 7
Table 6. Soil properties at different depths.

0-18
18-50
50-84
84-120
120-165
165-200

Horizon

Clay
L T -.002

Silt
.002-.05

Sand
.05-2

Org. C
pet.

OrgN
(kg kg-1)

AP
BTl
BT2
BT3
BT4
BTS

10.7
22.6
37.4
38.7
39.9
43.2

9.2
7.6
6.8
5.5
6.0
6.1

80.1
69.8
55.8
55.8
54.1
50.7

0.74
0.33
0.26
0.19
0.14
0.11

0.058
0.034
0.039

Table 7. Soil properties at different depths.

0-18
18-50
50-84
84-120
120-165
165-200

Water
content (15
BAR}

CEC (cmol
kg-1)

4.0
7.2
11.6
11.5
12.2
12.1

0.45
0.41
0.44
0.36
0.39
0.41

AI Sat

3
5
19
23

pH H20

Weight per
unit
volume

5.2
5.5
5.1
4.9
5.0
4.9

1.45
1.45
1.45
1.45
1.45
1.45
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Water limitations and Soil Water Content
Because it is impossible in the model to tum of the water routines, that is to tum of the effect
of water, while the nitrogen routines are on, for potential, non-water-limiting yields, the
model was set to automatically irrigate the field with 100 mm of water when required.
In the model, the measured water-holding capacity of the soil is used to distribute the different
amounts of water over the different layers, as can be seen in table 8. So for example, when the
soil contains 50% of the total amount of water that can be stored in the soil. Then the first
layer contains 11.2%, the second 19.2%, the third 25.8% and so on (see the figures marked
with*).
Table 8. Estimates of the fraction of water in the soil relative to
the different layers.
Relative SWLL
25°/o
37°/o
50°/o
67o/o
amount (0°/o)
water
0.132
0.053
0.083
0.097 *0.112
0-18
0.165
0.178 *0.192
0.211
0.137
18-50
0.243 *0.258
0.277
0.23
50-84
0.202
0.62
0.392
0.478
0.518
0.562
Total of
rootable
layers
0.522
0.38
0.671
0.482
0.438
84-200
1
1
1
1
1
Total
SWLL= Soil Water Lower Limit (pF= 4.2)
SWUL= Soil Water Upper Limit (pF 2.0)

its water-holding capacity for
75o/o

87°/o SWUL
(100°/o)

0.141
0.22
0.286
0.647

0.156
0.234
0.299
0.689

0.171
0.248
0.314
0.733

0.353
1

0.311
1

0.267
1
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7RESULTS
All the runs were made in a mode were there were no pests and diseases and where
phosphorous and potassium were set to be not limiting. In the first simulations, only water
and nitrogen were limiting. Simulated yields are shown in table 9. The difference between the
different years is striking. In 1998, which was an exceptionally dry year, the yield dropped
sharply. For the other years, the most remarkable differences are between the zero nitrogen
and 100 kg N applied. Clearly, with the exception of 1998, the NUB of mineral fertilizers
between 0 and 100 kg N ha- 1 are very large as shown in table 10, except for the year 1998 this
is probably because of water shortage during the growing season.
Table 9. Maximum obtainable yields under water-limited and non-water-limited conditions (N
is not limiting).

1996

1997

Non7588
5770
Irrigated
(rain fed)*
7588
Irrigated**
5770
*Actual measured weather data.
** Automatically, 100 mm when required

1998

1999

1893

4348

6138

4348

Table 10. Nitrogen Use Efficiencies of mineral fertilizer (in kg maize yield per kg nitrogen
applied).

1996

1997

NUE (water80
74
limited*)
NUE
80
74
(Irrigated**)
* Actual measured weather data.
** Automatically, 100 mm when required.

1998

1999

31

58

77

58

In the second trial, the same files were used to estimate the impact of limiting water. Because
it is impossible to tum of the water routines while the nitrogen routines are on, the field was
irrigated with 100 mm of water, automatically, when required.
In the years '96, '97 and '99 is not the amount of available water but nitrogen limiting for
maximum obtainable yield; as is demonstrated with the differences with the non-water-limited
yields and the differences in maximum obtainable yields. Maximum yield in 1996 was
reached with 200 kg of mineral nitrogen application, with 100 kg of mineral nitrogen plus 3
tons of mucuna or with 50 kg of mineral fertilizer plus 5 tons of mucuna.

In the year 1998, there was a clear water shortage. The maximum obtainable yield in 1998
was 1893 kg ha- 1• This is still almost twice as high as the amounts actually obtained in the
field by the farmers. Thus, comparison of the different amounts of green manure or mineral
fertiliser applied showed that up to the point where yields were lower than 1893 kg ha- 1, N
was the limiting factor and after that water became the heaviest constraint. This might indicate
that, in the field, water was not the limiting factor for yield in 1998, according to the model.
Beyond this point, higher amounts of mucuna applied did not have any additional effect on
the yields, N was no longer the limiting.
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N effect on yield in 1998 (rainfall is 236
m m)
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The effects of additional Non yield in 1998 is graphically shown in figure 9.
Figure 9.

7.1 Organic matter build-up
It was concluded that in the model, there is hardly any build-up of soil organic C. Although
the amounts of remaining dry organic matter in the soil, as predicted by the model, would
suggest otherwise, especially at high levels ofmucuna applications. For example, in 1998
with a mineral fertilizer application of 50 kg Nand 3 tons of green manure a year, the
remaining amount of organic dry matter was predicted to be 1096 kg organic C ha- 1 as is
shown in table 11. With the application of 5 tons of mucuna and the same settings this amount
was 1634 kg ha- 1 and with 7 tons ofmucuna 2278 kg organic C ha- 1• These figures suggests
that there is a build-up of SOM and thus soil organic C. However, the model predicts the
following amounts of soil organic C in layer one (18 em) over the same period and settings:
5921, 5948 and 6031 kg ha- 1 for 3, 5 and 7 tons ofmucuna ha- 1 applied, respectively. They
stay low. Thus, applications of high amounts of organic matter (e.g. organic C) seem to make
little difference in the amounts of soil organic C. These figures will probably be even lower
because in the period following cultivation breakdown of organic matter will continue.

Table 11. Amounts of organic C remaining after one year and amount of soil organic C after
one year, as predicted by the model after different amounts ofmucuna applied.
3tons
5tons
7tons

Org. C remaining
Soil org. C

1096
5921

1634
5948

2278
6031

Although it is difficult to see how valid these figures are, they seem to agree with the findings
of Geiger et al. (1988) in their experiment in Niger. After a four-year experiment they found
no significant differences in organic-C levels between fields with high crop residue
applications and fields without crop residue applications. They suggested that the relatively
low organic matter levels found in the sandy soils of the Sahel probably reflect the
equilibrium level attained within that climatic zone.

7.2 Water-holding capacity
Since the water-holding capacity of a soil directly depends on the pore space of the soil, and
this in its tum, for a given soil varies directly with the amount of SOM, equations supplied by
Driessen were used to calculate the specific density and the total pore space of the soil. They
were calculated for different amounts of SOM.
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The results showed that the differences in total pore space and thus water-holding capacity
with the different applications of green-manure are negligible, despite the apparent build-up
of organic matter in the soil (see Table 18 Annex 2) as calculated by the model simulations.
Even in the case with the highest application, the percentage of organic matter in the soil
barely reaches 0.5%. Using the most optimistic approach, the difference in total porosity
between 0 and 5 tons ofmucuna ha- 1 application means in 50 em of soil an extra pore space of
25 m 3 ha- 1 . Even if this space was completely filled with water, this would amount to a total of
2.5 mm of extra water ha- 1 that can be stored at the beginning of the rainy season. This is even
before brake-down of the applied organic matter begins.
The amount of organic C in the soil after application was calculated. After this, the extra pore
space and the extra amount of water that could be stored in the soil was put into the model as
additional available water. The maximum yield in the most water-limited year (1998) did not
change, e.g. remained around 995 kg ha- 1 (notice that no extra N was applied via the mucuna).
It seemed that there was no additional effect of the mucuna on the maize yield other than the
effect ofN application via the green-manuring with the mucuna.
Even if it would be possible to build up SOM, which is very difficult with the high turnover
rates associated with the climate in the zone maritime (see also annex 1) and even if total
water-holding capacity would be the limiting factor, in practice, the contribution to the total
pore space and thus to plant available water would be minimal simply because the relative
amount of SOM is and would be too small.
Furthermore, when we look at the distribution of the rainfall in the year 1998 in table 12
(1998 had the lowest amount of rainfall in the last ten years) and bearing in mind that the
average transpiration of a fully grown maize crop under the conditions of the zone maritime,
is around 120 mm month- 1 (around 4 mm day- 1) and that the total storage capacity of the soil
in the upper 90 em is 235 mm (table 13), then it seems that the pores were never filled up to
their maximum e.g. soil water upper limit and that therefore pore space was not the limiting
factor.
Table 12. Rainfall distribution in 1998.
Rainfall (mm)
Day
Planting
074 (=March 15)
1.5
085
29.5
086
2
102
111
1
120
15
124
13
125
13
126
26
127
4
143
42
154
43
155
4
156
26
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Table 13. Amounts ofwater that can be stored in the soil.
Percentage filled
Storage
capacity at
rooting
depth (=90
em) (mm)
Total
storage
capacity
(0-200 em)
(mm)

Oo/o

12°/o

25o/o

lOOo/o

134

147

160

171

185

202

210

222

235

373

401

429

454

484

522

540

565

594

75o/o

7.3 CEC
In the calculations for the extra CEC after green-manure applications, values are used that
were taken from literature. The initial amount of soil organic carbon used was measured in the
field.
When calculated with the value from de Ridder and van Keulen (1990), the extra CEC that
1
was brought about by the addition ofmucuna was 0.055, 0.092, 0.129 and 0.461 cmol ki (at
pH 7) for applications of3, 5, 7 and 25 tons respectively. From the calculations in annex 1 it
can be deducted that the amount ofmucuna needed to raise the organic C content in the soil
with 1 g kg- 1 and thus the CEC with 4.3 mmol kg- 1, lies around 12-13 tons. This all means that
with an application of 25 tons of mucuna, CEC has almost doubled. This amount, however is
not realistic as it is practical impossible to gather such an amount and apply it to the field.
Furthermore, this is only the amount of organic C that is applied. The amount that remains
after a year and will become a part of the SOM is many times smaller. Thus, bearing in mind
the high turnover rate for mucuna in the Davie climate, the eventual CEC after several years
of maximum mucuna application (around 6 to7 tons per hectare as was stated before) will
probably be not much higher than the initial CEC of the soil (30% increase with a 7 ton
application after one year; see annex 3).
7.4 Evaporation
However, as was said before, crop residues left on the surface of the field do seem to decrease
the evaporation of the topsoil and may be able to improve the soil water status for the plant in
that way. Surface residues and mulching of organic matter affects evaporation in two ways.
The first one is that they lower the temperatures in the topsoil because radiation does not
reach the soil layer. The second one is that they protect the soil from turbulent transfer, e.g.
there is no contact between the wind and the water-filled capillaries so the drying effect of the
wind is severely decreased. Although the differences were not calculated; when the amount of
residue of mucuna that was left on the field and is still there the next season is compared with
the higher leaf area index of the total maize crop, by substituting the mucuna for maize
(another 13.333 plants ha- 1), than it is more likely that the latter will have a greater effect on
the soil temperature and hence soil evaporation then the former. But this is very hard to
compare since the maize plants are in seedling stage when the mucuna is on the field.
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Moreover, mucuna is planted at a distance of 0.75 * 1.0 meters. This yields a total of 13.333
vigorously growing plants ha- 1 that all need to transpirate water.

7.5 Effect on soil pH
Although there is no simple way of calculating the relationship between the amount of
organic matter in the soil and the pH, there is a strong relationship between the amount of K,
Ca, and Mg added to the soil with the application of green-manure and the base saturation and
hence the pH. Bationo et al. (1993) showed in a 4-year experiment in Niger, with data in table
14, that there was a significantly higher pH, percent base saturation and lower aluminum
saturation in the fields that had received organic material in the form of crop residue than did
the control or fertilizer only treatment.
Table 14. Changes in soil pH and organic matter with different treatments (Bationo et al..
1993)
pH (KCl)
Organic matter ( 0/o)
Control
4.11
0.24
4.37
Crop residue only
0.29
Fertilizer only
4.11
0.26
Crop residue plus 4.42
0.34
fertilizer
Geiger et al. (1992) also found that the application of crop residue significantly increased the
pH although the measured amount of organic C did not substantially differ. In these plots, the
addition of organic material resulted in higher exchangeable-base contents. The higher pH and
reduction in AI saturation would have improved the soil environment for root growth and thus
improved yields. However, in both cases, the positive effects of organic matter were only
found in the top 10-20 em of the soil and no significant differences between treatments were
found at lower depths in later years. This will probably also be the case in with mucuna
applications in the one maritime when the mulch is not worked into the soil
7.6 Effect of planting date of maize
The planting date May 8 scored better in the years 1996 and 1998 and planting the maize crop
March 15 scored better for the years 1997 and 1999. Singh et al. 1999 already found that yield
were highest after planting dates in May and that planting before May would result in
increased risk (as can be seen in figure 8), associated with lower mean yields and increased
variance. This conclusion was confirmed in our own simulation experiments (results not
shown).
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Fig. 8. Mean-variance for monthly planting dates at Davie (A) and relative grain yield under
rainfed yield potential conditions and nutrient limited conditions (farmers conditions) at Davie
(B) (Singh et al. in prep.)

7.7 Effect of incorporation date of mucuna
To estimate the impact of the incorporation date, in all four years, the applied amount of
green manure was incorporated on different days before planting. Starting from 16 days
before till 5 days after planting. There turned out to be almost no difference between the
different dates, starting from 14 days before planting when the turnover process obviously
began and nitrogen was released.
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7.8 Nitrogen
According to the model, the effect of green manure on yield, even in the extremely dry year
1998, is probably the consequence of the extra nitrogen application as long as the water
values are in the right upper comer of the table 15 and mineral N application is below 300 kg
1
ha- . As was already said before, Versteeg and Koudokpon (1990; 1993), reported mean
maize grain yield gains of 500 kg ha- 1 (local variety) and 800 kg ha- 1 (improved variety),
following a rainy season fallow of mucuna in many farmer-managed trials in southern Benin.
These increases were mainly due to the extra nitrogen added to the crop by the mucuna.
As was stated before, rates of decomposition are positively correlated to N concentrations and
negatively correlated to lignin and polyphenol concentrations of the fresh organic matter
(FOM) (Tian et al1995; Janzen et al1988). N concentrations were found to be very high in
mucuna between 3.5 and 6% (TSBF database; Tian et al. 1992). Bearing in mind that
maximum yields in a comparable climate are between 4 and 6 tons ha- 1; this yields 140-210
kg ofN ha- 1• This of course is a very optimistic estimation. Normally, the fertilizer
replacement values range from 10 to 150 kg N ha-\ depending on the growth ofmucuna,
control treatment and management of residues (Versteeg and Koudokpon, 1990; 1993).
Table 15. Simulated yield related toN application and available water in 1998.
N
SWLL
25°/o
50o/o
37°/o
67o/o
75%
87o/o SWUL
application (0°/o)
(100o/o)
1
{kg ha- }
839
1289
821
906
955 1789*
961
842
0
2520
2153
2878*
3124
2289
2289
955
2444
50
2154
100
955
3031
3537
2647
2649
3258
3463
3032
3671*
2380
2965
2156
2302
2863
150
955
955
2157
3033
3674
2339
2247
2780
2850
200
250
955
2157
3034
3677
2936*
2582
3459*
3134
955
2158
2968
300
3035
3679
2968*
3398*
3459
955
2158
3036
3681
2794
2814
3245
350
3393
2158
3037
3683
2796
2697
3176
3236
400
955
2755
2652
3233
955
2158
3038
3684
3173
450
Figures marked with * show where maximum yields start.
From the comparison of yield simulation in the non-water-limited years and the water-limited
yield, and as can be seen from the figures of maximum storage capacity of the soil, in
combination with the N limited simulations, it seemed that in general in Davie, soil water is
not the primary limiting factor but low soil fertility.
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8 DISCUSSION
Concluding from all this, N (and possibly other nutrients after this as well, see Liebich's law)
seems to be the most limiting factor on growth of maize in the zone maritime and that it
therefore seems a good option to concentrate on making a good fertilizer recommendation for
the traditionally used rotational and intercropping systems. This might be organic, mineral or,
even better, a combination of both.
The amounts needed to increase SOM, and hence improve water-holding capacity of the soil,
are enormous and clearly not practical. Furthermore, from the calculated numbers, it seems
that the amount of rainfall and possibly the distribution of rainfall over the growing season
limits growth of maize more than the water-holding capacity of the soil. In 1998, all the water
stored in the soil was used but even then there was a clear distinction between maize yields
without fertilizer application and maize yields with additional fertilizer application (up to 100
kg ofN per hectare application). In the other years, maximum yields were clearly only limited
by nitrogen.

In cases were nitrogen is limited and mineral fertilizers are hard to get or in cases where fields
are severely infested with imperata, it might be a good option to come to a better fertilizer
recommendation for both the maize and the mucuna in order to conserve the other possible
benefits of a mucuna rotation system on the field as well.
A good understanding of the processes involved might also help to overcome problems like
the inverse relation that exists between application of mineral fertilizer and biological
nitrogen fixation of leguminous species as mucuna.
Another possibility is to look at other combinations like maize with another legume with the
same growing habit (and hence weed-suppressing abilities) as mucuna, but one that produces
edible beans. One problem here of course is that in that case a large proportion of the
biologically fixed nitrogen will be in the pods and therefore not be available for the maize
crop.
Again, solutions for the problem of low yields probably do not lie in the area of trying to
obtain a higher SOM level but more along the ways of applying a correct amount of the right
fertilizer in combination with other agronomic measures that will improve other growing
conditions, like reduction of weeds, prevention of erosion, etc. Some features about the
maize-mucuna system, like the actual amount of nutrients available to the plants and changes
in soil biological activity after mucuna applications, have not yet been studied well enough.
These might help us to gain more insight on why the system worked so remarkably well,
especially in the 1998 season. Although these advantages probably are of minor importance
relative to theN effect. Their effect on yield increase probably lies in the combination of
multiple factors some of which are:
• The fact that leaving mucuna on the field as mulch may help to lower the peak
temperature and hence help decrease evaporation losses and damage to seedlings. In
addition, organic material applied on the field as mulch might also help reduce runoff
losses in the peak period of the rainy season and damage to seedlings by wind erosion.
• A dense cover may help to get rid of imperata, especially in seriously infested fields this
may help improve yield and even reclaim formerly abandoned fields. This might also be
the case with other ground-covering crops.
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Using a green manure has the advantage over mineral fertilizer that it releases its nutrients
slowly thereby reducing leaching losses as a whole and being better available for the crop.
So, N release patterns of decaying mucuna have to be studied. Also, the release of scarce
micronutrients can in the long run become an important factor.
Organic matter application may help increase the CEC, soil base saturation and pH,
which in its tum will alter application-uptake relations in favour of the crop.

For all these points it is important that the decomposition of mucuna in the present climate
should be studied more closely, in order to be able to predict the effects of mulching with
mucuna and the amount and timing of nutrient release.
In the end, the choice for organic fertilizers, mineral fertilizers or a combination of both
comes mainly down to an economic (read: prices) problem. If the extra amount of N available
to the maize after mucuna will be high enough to increase the production to such an extend,
that taking the extra risk by not intercropping with cassava or cowpea, is a good option (this
all in combination with favorable prices for com and high fertilizer prices or even the
unavailability of fertilizer) than using the maize-mucuna system might be the best option. But
when fertilizer prices are low and with different forms of fertilizer readily available, then it all
comes down to the highest demand and thus prices for the different crops and thus to the
balance between the amount of money invested and the amount of output. In both cases it is
important that all parts of the cropping systems are well understood as well as the decision
making process of the farmers in order to achieve the highest possible yields with the lowest
possible risks.
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ANNEX 1. Examples calculations organic C build-up
(After: de Ridder en van Keulen, 1990)
An approximate calculation is presented of the amounts of organic material necessary to
increase the organic carbon content in the top 20 (table 16) (50 em; table 17) em of a soil with
a bulk density of 1.4 g cm-3 (= 1400 kg m-3), which is the same as measured in the Davie soil,
in one growing season by one g kg- 1• This is again shown in table 16 and 17. In the
calculations it is assumed that the relative rate of decomposition of SOMis 0.06 year- 1•
Hence, if the original carbon content is 3 g kg- 1 then (0.2*100*100*1400)*0.003*0.6 = 500
(1260) kg C ha- 1 is required to maintain organic carbon at that level. To increase the carbon
content by 1 g ki 1 an additional 2800 (7056) kg ha- 1 of C is required. The rate of
decomposition of organic material added to the soil depends on its quality as shown by Van
Duivenbooden and Cisse (1989), who established losses of 0.4 and 0.6 kg C kg- 1 over a 90
day period in the growing season, for millet straw and animal manure respectively. Feller and
Ganry (1982), following decomposition of compost in a rainy season of 120 days found a loss
of 0.8 kg kg- 1• In the calculations of Table 1 relative decomposition rates of 0.3, 0.5 and 0.8
kg kg- 1 during a 120-day rainy season have been used for straw, animal manure and compost
respectively. The amounts of these materials required to increase the organic carbon content
by 1 g kg- 1 are then 24.4, 18.9 and 13.8 t ha- 1, assuming carbon contents of 0.45, 0.35 (Cisse
and van Duivenbooden, in prep.) and 0.3 g kg- 1 (Feller and Ganry, 1982) respectively. To
maintain these higher carbon contents (0.2*100*100*1400*0.004*0.6 = 672 kg Closs ha- 1yr1
1) in subsequent years, annual applications of (672/0.3)/0.45 = 5000 kg ha- of straw,
1
(672/0.5)/0.35 = 3840 kg ha- animal manure or (672/0.8)/0.3 = 2800 kg ha- 1 compost are
needed.
Table 16. Examples calculations for the top 20 em of the soil after de Ridder and van Keulen
(1990).
500
Closs from
existing organic
material (kg ha-1
yr-1)
2800
Required C for
increasing carbon
content by 1 g kg- 1
(kg ha- 1)
Total C required
3300
(kg ha-1)

Relative rate of
decomposition of
organic material
(kg kg- 1 yr-1)

Straw
Animal manure
Compost

0.3
0.5
0.8

C content (kg kg- 1)

Straw
Animal manure
Compost

0.45
0.35
0.30

Organic material
required (t ha-1)

Straw
Animal manure
Compost

24.4
18.9
13.8
45

Table 17. Examples calculations for the top
Keulen (1990).
C loss from
existing organic
material (kg ha-1
yr-1)
Required C for
increasing carbon
content by 1 g kg-1
(kg ha- 1)
Total C required
(kg ha-1)
Relative rate of
decomposition of
organic material
(kg kg-1 yr- 1)
Straw
Animal manure
Compost
C content (kg kg- 1)
in
Straw
Animal manure
Compost
Organic material
required (t ha-1)
Straw
Animal manure
Compost

50 em of the soil free after de Ridder and van
1260

7056

8316

0.3
0.5
0.8

0.45
0.35
0.30

61.6
47.5
34.7
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ANNEX 2. Calculations total pore space
For the following section, the formulas used for the calculation of the specific density and the
total pore space, are taken from Driessen (1986). The calculations for different amounts of
mucuna applied are made in the same way as the following example; values are shown in
table 18.and figure 9.
0 organic matter application:
Initial total amount of organic C in the upper 50 em soil = 5,882 + 11,757 = 17,638 kg
Amount of SOM = 17,638 I 0.55 = 32,069.1 kg
Total amount of soil= 100 * 100 * 0.5 * 1,400 = 7,000,000 kg (With a bulk density of 1400
kg m-3 )
Amount of organic carbon= 17,638 I 7,000,000 = 2.52 * 10-3 kg kg- 1 = 2.52 g kg- 1
Specific density= 1 I (0.38 + 0.57 *Om)+ 1 I (0.38 + 0.57 * 2.52 * 10-3) = 2621.7 kg m-3 .
Total pore space= 1 - BD/SD = 1 - (1.4 I 2.6213) = 0.4660 cm-3 cm-3 .

Another way to calculate differences in total porosity is by the next formula:
Total porosity (volume o/o) = (1 -dry bulk density/particle density) * 100
The particle density in most soils is normally assumed to be 2.65 g cm-3 .
Table 18. Amount of organic carbon in the soil, specific density, average bulk density, total
pore space and total porosity with 0, 3, 5, 7 and 25 tons ofmucuna ha- 1 applied.
25
0
3
5
7
2.52
2.73
2.65
2.82
3.59
Amount of
organic carbon (g
kg-1)
2.6211
2.6205
2.6175
2.6217
2.6208
Specific density
3
(g cm- )
1338
1400
1392
1387
1382
Average bulk
density
(kg m-3)
0.4888
0.4660
0.4689
0.4708
0.4726
Total pore space
(cm-3 cm-3)
(Driessen method)
49.5
47.2
47.7
47.9
47.5
Total porosity
(cm-3 cm-3)
(particle density
method}

47

Fraction of the soil volume not
occupied by the solid phase {SM)
0.49
0.485
0.48
~

U)

0.475
0.47
0.465
0.46
0

5

10

15

20

25

30

amount of mucuna applied (t/ha)
Figure 9.
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ANNEX 3. Contribution of organic matter to the
CEC (calculations)
For the calculations of CEC, the value of 4.3 mmol g- 1 is taken from de Ridder and
van Keulen, 1990. The calculations for different amounts ofmucuna applied are made
in the same way as the following examples; values are shown in table 19.

0 organic matter application:
Total amount of soil= 100 * 100 * 0.5 * 1,400 = 7,000,000 kg (With a bulk density of
1400 kg m-3 )
Amount of organic carbon= 17,638 I 7,000,000 = 2.52 10-3 kg kg- 1= 2.52 g kg- 1

3 tons organic matter application:
Amount of organic carbon= Cm = 17,639 + (3,000 * 0.3) I 7,000,000 = 2.6482 10-3 g
-1

g

Difference in CEC = (2.65 - 2.52) * 4.3 = +0.055 cmol kg- 1
Table 19. Amount of organic carbon, difference in CEC and difference in CEC as a
percentage in the soil direct after the application ofO 3, 5, 7 and 25 tons ofmucuna
ha-1 .
25
0
3
5
7

Amount
of
organic
carbon (g g- 1)
Difference in
CEC (cmol kg-

2.52*10-3 2.6482* 1o-3 2.7341 *10-3 2.8198*10-3

3.5913*10-3

0

0.055

0.092

0.129

0.461

0

13%

22%

30%

110%

1)

Difference in
CEC as a
percentage of
the soil CEC
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