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Abstract

Abstract

The area of Walungu is very unproductive due to general soil fertility constraints. Population
pressure is high, chemical fertilization absent and the use of animal manure is rare. In the past,
little research effort was invested to improve the soil productivity in the area. The exact nature
of the soil constraints is therefore not known.
In 2005, the Consortium for Improving Agriculture-based Livelihoods in Central-Africa
(CIALCA) was founded, which joint the activities of 3 different projects operating largely in
the same regions of the Democratic Republic of Congo, Rwanda and Burundi. One of these 3
projects, led by TSBF-CIAT, aims at enhancing the resilience of agro-ecosystems in the
region through the implementation of a number of project activities concerning improved
germplasm and natural resource management. In 2005, this project also started to operate in
the Walungu area. It became rapidly clear that in the area of Walungu soil fertility constraints
cause high yield losses and that soil fertility problems are more severe than in other areas in
which the project was operating. Therefore, in 2007 a field trial was established to identify the
type of inputs which are necessary to raise the soils’ fertility status. This thesis is based on
this field trial and aimed at identifying more specifically the nature of the nutrient deficiencies
in the soils of Walungu through the implementation of 2 missing nutrient greenhouse trials.
The results of the field trial demonstrated that the application of chemical fertilizers or
organic materials is highly necessary to raise yields, and that soil fertility constraints are
complicated and related to deficiencies of a number of nutrients. However, it was clearly
shown from the missing nutrient greenhouse trials, that from these deficiencies, the
occurrence of P deficiency forms the most severe fertility restriction. High P adsorption
capacity of the soils allows for the short P supply and the soils therefore need high application
rates of P in order to improve plant growth. However, although less important, other nutrient
deficiencies were observed too, but their relative importance still needs to be determined.
It was demonstrated that these problems are widespread across the Walungu area and that the
results on these nutrient limitations can be readily extended to farmers’ fields. More research
is needed to determine the rate of P application in the field necessary to raise yields to an
adequate level.
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Introduction

Introduction
CIALCA – Consortium for Improving Agriculture-based Livelihoods in CentralAfrica: TSBF Project activities and the need for the assessment of nutrient
deficiencies in soils of Walungu

In 2005, three projects operating largely in the same regions of Rwanda, Burundi, and the
Democratic Republic of the Congo, joint efforts, resulting in the foundation of a consortium
called the Consortium for Improving Agriculture-based Livelihoods in Central-Africa
(CIALCA), which aims to enhance research synergies, while avoiding needless duplication of
research activities. All three projects are supported by the Directorate General for Development
Cooperation (DGDC - Belgium):
-

Sustainable and Profitable Banana-based Systems for the African Great Lakes Region
(led by IITA).

-

Enhancing the resilience of agro-ecosystems in Central-Africa: a strategy to revitalize
agriculture through the integration of natural resource management coupled to resilient
germplasm and marketing approaches (led by TSBF-CIAT).

-

Building Impact Pathways for Improving Livelihoods in Musa-based Systems in
central-Africa (led by Bioversity International).

The consortium chose 10 geographical areas, called ‘mandate areas’, spread across the 3
countries which represented the region’s diversity in agro-ecological and demographic
characteristics, and access to markets. In these mandate areas, bananas and legumes form an
integral part of the farming systems. A number of potential action sites were then identified,
and these sites were characterised by a ‘Participatory Rural Assessment (PRA)’, by which
variables concerning farming systems, markets, strengths of local organisations and
representativeness within the mandate area were surveyed.
In the Democratic Republic of the Congo, 3 mandate areas were determined: Bas-Congo,
Nord-Kivu montagneux and Sud-Kivu montagneux. In the mandate area of mountainous
South-Kivu, 8 locations were selected for a PRA (figure 1).
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Figure 1: Sud-Kivu montagneux mandate area showing PRA sites: 5. Luhihi Centre; 6. Bugobe Centre;
7. Kabumba; 8. Kabamba; 9. Kashenyi; 10. Lurhala Centre; 11. Kishoke II; and 12. Mwegerera (Farrow
et al., 2006).

For developing their project activities in this mandate area, the 3 projects (see above) carried
out a ‘Baseline survey’, aiming to gather more information about the potential action sites
which was needed to select action sites for actual project implementation. For this purpose, 50100 households were interviewed about general characteristics of their farming activities in
each potential action site. Around Walungu, 2 sites, Burhale (Mwegerera) and Lurhala
(Lurhala Centre), were selected as adequate action sites for the implementation of the project
activities, as they are representative for the whole Walungu region. At these action sites, a
‘Final characterization’ survey was carried out by the TSBF-CIAT-led project, for which in
each site 18 households were subjected to a detailed interview concerning family, health,
nutrition, farm characteristics, agricultural practices, market possibilities and links with local
organisations, with specific focus on legume production, consumption and marketing. In each
of these households, all plots used for legume cultivation were mapped. Subsequently, for each
of these fields a general field information chart was drawn up, containing information about
location characteristics, history, cultures, management, inputs, constraints and legume
production.

2
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Project activities in Burhale and Lurhala were started up in collaboration with 6 farmer
associations, 2 present in Lurhala (Cinamula and Alemalu) and 4 present in Burhale (Apacov,
Bololoke, Abagwasinye and Rhucihangane). Fields for project trials were provided by the
associations, which were in certain cases common fields belonging to the association itself and
in other cases private farmer fields of association members. Trials concerning legume
germplasm testing, multiplication of improved legume varieties, and systems involving
intercropping, rotation and erosion control were established in these fields. In future project
phases, trial results and improved legume seeds will be extended to surrounding sites (‘satellite
sites’) and villages which should result in a widespread adaptation of farmers to new practices
and legume varieties.
However, in contrast to other project regions in mountainous South-Kivu, in the Walungu area
production seemed to be seriously constrained by low soil fertility and nutrient deficiency
problems. Therefore, a first assessment of the soil fertility status and the possibilities for soil
fertility amendment was carried out by implementing a soil fertility amendment field trial,
which was called the FER-1 trial (see further). The first results obtained from this trial
instigated a greenhouse pot trail study to identify specific nutrient deficiencies in the region.
Two greenhouse nutrient omission pot trials were conducted at the research station of INERA
(Institut National pour l’Etude et la Recherche Agronomique) in Mulungu during the period
September to November 2007. During the first greenhouse pot trial, soil originating from the
field trial was used to set up a nutrient omission experiment. For the second pot trial, soil
sampled from both project fields used for multiplication and testing of germplasm as well as
soil from farmers’ fields included in the Final Characterization survey was used for the same
type of experiment. These greenhouse pot trials in combination with and as a complement to
the FER-1 field trial results comprise the subject of this thesis.
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1. Walungu, a territory in South-Kivu: literature study
1.1. Location
South-Kivu is the province in the east of the Democratic Republic of Congo (DRC), adjacent
to Rwanda, Burundi and Tanzania. The borders consist mainly of Lake Kivu and, more
southwards, Lake Tanganyika. The surface of South-Kivu is 65130 km2, subdivided in 8
territories and the city of Bukavu. One of these territories is Walungu, having an area of 1800
km2. Walungu can further be subdivided in two zones, Ngwese and Kaziba (Mateso, 1998).

1.2. Relief
The province of South-Kivu is mainly mountainous, with summits exceeding 3000 m.a.s.l.
(Hecq, 1961). Further, also a more gentle relief can be found, like the plains of the Rusizivalley, with altitudes lower than 1000 m.a.s.l. However, the major part of the area of SouthKivu belongs to the first type and is characterised by the north-south chain of the Mitumba
mountains, which dominate the eastern shores of Lake Kivu. The Walungu area is part of this
mountain range (Mateso, 1998). Lake Kivu itself is situated at 1460 m.a.s.l., while Lake
Tanganyka lies at 778 m.a.s.l. The mountain ridge determining the topography of South-Kivu
is crossed by the peneplain of Ngwese (Hecq, 1961).

1.3. Climate
Hecq (1961) described the climate of mountainous Kivu as a series of climates very difficult to
distinguish because of the complex orography, but with important consequences for
agricultural activities. Following the classification of Köppen, two climate types, A and C, can
be found. Bultot (1950) indicated the climate around Walungu as an Am climate (tropical
monsoon climate). However, according to Hecq (1961), not enough detailed data are available,
necessary to properly define the climate based on the Köppen classification.
The climate of South-Kivu is characterized by a long rainy season, from September to May,
which is interrupted in January by a short dry period of about 15 days (Mateso, 1998). The
mean annual rainfall depth for Kivu is 1400mm (PRAGMA, 1987). Mean annual rainfall
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depths for Walungu fall between 1200 mm and 1800 mm, increasing from East to West
(Vandenput, 1981).
The mean temperature of Kivu is approximately 18.8°C (PRAGMA, 1987). Temperatures are
negatively correlated with altitude. The isotherm of 24°C approximately falls together with an
altitude of 1000 m.a.s.l., the isotherm of 16.5°C with an altitude of 2000 m.a.s.l. (Hecq, 1961).

1.4. Geology
In 1939, Asselberghs divided the substrate of Kivu into two groups. Firstly, the group of the
sedimentary rocks was defined. These rocks are strongly metamorphosised rocks and belong
mostly to the formations of Ruzizi and Burundi. Secondly, Asselberghs described the group of
the eruptive rocks, mainly basaltic rocks and intrusive granitic massifs.
Figure 2 shows the major geological structures in South-Kivu (Lepersonne, 1974). The map
indicates that in the area of Walungu two structures dominate: the Burundian formation and the
basic lavas.
The Burundian formation is composed of a series of sediments (PRAGMA, 1987). These
deposits were formed between 2.1 and 1.3 billions of years ago. In eastern Congo the
stratification of the layers of the Burundian is still unclear, but can probably be compared to the
succession of the Burundian layers in Rwanda and Burundi. This latter is well-known to be
composed of several alternations of schist, quartzite and layers of (quartzo-)phyllade
(Lepersonne, 1974).
In South-Kivu, the eruptive formation covers a substantial area of 5500 km2. The field can be
estimated to originate from the Pliocene or the Pleistocene, but comprises three parts of slightly
different age. The part of Ngwese - Kalehe - Haute-Ruzizi, to which the Walungu area belongs,
seems to be the oldest, but encloses at certain locations also younger rock formations. The parts
of Lugulu and Mwenga-Kamtuga are most recent. All parts however are composed of basalts
with olivine (Pecrot, 1960). The lavas of South-Kivu were examined by Kazmitcheff (1936),
Saffianikoff (1950) and Sorotchinsky (1934). These authors found following major minerals
constituting them: basic feldspar, augite, olivine, hornblende, corundum, magnetite and zirkon.
Xenoliths can be present existing mainly of quartz. In some places stones can have a doleritic
character (Van Wambeke, 1958).
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Figure 2: Geological structures in South-Kivu (Geological map of Zaïre, Lepersonne, 1974).

1.5. Soils
Soil types in South-Kivu are diverse, and mainly determined by their geological substrate.
Based on the substrate, the soils of South-Kivu can be subdivided into four major groups.
Firstly, a group of soils can be defined which were recently formed on volcanic substrate.
Secondly, large areas of soil developed on old volcanic substrate, mainly basaltic. Thirdly,
soils formed on old sedimentary and metamorphic rocks cover extensive areas. Lastly, alluvial
soils and lacustrin and fluviatile deposits of the plains of Rusizi are distinguished (Mateso,
1998).
The two dominating geological structures in the area of Walungu result in different parent
materials influencing soil formation. Parent material originating from the Burundian formation
is diverse, but consists mainly of yellowish clays, heavy clays or heavy loams. Also sandy or
loamy clays and loamy or clayey sand can be found. The eruptive basic formation resulted in a
reddish very heavy clay parent material. On the oldest volcanic substrates the clayey stratum
can be as thick as 10m. In superficial soils the clay can be stony (Pecrot, 1960).
6
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The soil map of Belgian Congo and Ruanda-Urundi, Dorsale de Kivu (Pecrot, 1960), based on
the classification system of I.N.E.A.C. (Institut national pour l’étude agronomique du Congo
Belge), shows the soil associations present in the Walungu area (figure 3). Soil associations are
composed of different related soil series, the series being groupings of soils having similar
features in profile development and parent material. A soil association in this case is
determined as a collection of soil series covering a cartographic unit in which the proportion of
each series is well-defined.

Figure 3: Soil map of the Walungu area (Dorsale de Kivu, Pecrot, 1960). Research action sites Lurhala
and Burhale (see further) are indicated in yellow.

Around Walungu, 5 different soil associations are important. In 1960, Pecrot described these
soil associations as follows:
1. Fop/ô/v:
Ochre-red (hue 5Y, value/chroma > 4/4) Ferrisols, and related lithosolic and hydromorphic forms, with
pronounced (colour darker then 3/2 and content of carbon > 2 %) or burnt (enriched with charcoal

7

Literature study
debris) A1 horizon, on (very) heavy clay (more then 80% in 0-20µm fraction), originating from
weathering of basaltic rocks, on long slopes of 10 to 20 %.

The soil is of medium fertility, and precautions against erosion by using rotations and
contour crops are necessary. Permeability is rather low which results in high
susceptibility to erosion by water flow. When the A1 horizon is removed, fertility
strongly declines. Regeneration of the A1 layer is, even with adapted practices, very
difficult.
2. Fbp/ô/v
Brown-red (hue 5Y or 2.5 YR, value/chroma < 4/4) and brown (hue 10Y or 7.5 YR, value/chroma < 4/4)
Ferrisols and related lithosolic and hydromorphic forms, with pronounced A1 horizon, on (very) heavy
clay originating from weathering of basaltic rocks, on long slopes of 10 to 20 %.

Fertility is high and permits intensive agricultural use. However, precautions against
erosion, like contour cropping or terrace formation, have to be taken. This soil
association is common on high altitudes.
3. Fjb/o/a
Yellow (hue 10YR or 7.5YR, value/chroma > 4/4) and ochre-red Ferrisols and related lithosolic forms,
with burnt A1 horizon, on clay (50 to 70% in 0-20µm fraction and less then 10% in 250-2500µm fraction)
and rocky products originating from weathering of a schisto-quartzite complex, on long slopes of 20 to
25%.

These soils are under savannah and strongly eroded, with medium to low fertility. The
use is highly limited by the hilly character of the topography.
4. Fjp/o/a
Yellow Ferrisols and related lithosolic forms, with pronounced A1 horizon, on clay originating from
weathering of a schisto-quartzite complex, on long slopes of 20 to 25%.

Fertility is medium to low and use is highly limited by the hilly character of the
topography. Because of the steep slopes present, it is recommended to let these terrains
under forest.
5. C/t/p
Hydromorphic and organic soils on flat topography.

This soil type is of minor importance for the subject studied.
In general, the soils of Walungu can in this way be classified as Ferrisols, according to the
classification system of I.N.E.A.C. Ferrisols are characterised by the presence of a structural B
horizon, possessing a well-developed polyhedral structure, in which at least half of the surface
of the aggregates is covered with clay coatings. The characteristics of the A1 horizon are
determined by altitude (Pecrot, 1960). Ferrisols are part of the general weathering sequence of
8
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tropical soils, which can be described as an evolution from recently formed soils to brown
soils, further passing the stage of Ferrisols and finally evolving to Ferralsols (Sys, 1972).
Sys (1972) mentions that Ferrisols correspond most often to Nitisols and Acrisols in the FAO
classification and to Paleudults following the Soil Taxonomy classification system. Young
(1977) specifies Ferrisols as correlated with Dystric Nitisols in the FAO classification, and as
Ustalf soils according to Soil Taxonomy. Further, Deckers (2003) indicates that Ferrisols were
taken up as Nitisols in the World Reference Base and as Kandiudults in Soil Taxonomy.
Simplified, the Ferrisols of Walungu can be split up in two big entities: first, one can
distinguish the Ferrisols on basaltic rocks, having a high agricultural value, but being very
susceptible to degradation caused by erosion, and second, the Ferrisols on old sedimentary and
metamorphic rocks, having a much lower natural fertility (Hecq, 1961). The former have a pH
higher than 4.5 exceeding the value of 5 in less developed soils. The Ferrisols of the second
group are more acid, with a pH in the range of 4 to 4.5 (Berce, 1961).

1.6. Agriculture and soil conservation problems
The most important food crops of South-Kivu are (with decreasing importance): cassava,
bananas, beans, sorghum, groundnuts, maize, rice, sweet potato and potato (PRAGMA, 1987).
In South-Kivu, two industrial crops can be considered as important: quinquina and palm oil
(PNE, 1998). The zone of Walungu is one of the most productive zones, being the second
biggest producer in the region of Kivu of sorghum, the fourth of beans and the fifth of sweet
potato (PRAGMA, 1987). Big plantations of tea, coffee and quinquina can be found (Mateso,
1998). In general, mixed cropping is common for the cultivation of all food crops in SouthKivu, with the exception of the cultivation of sweet potato. Also rotations are very common, a
sequence of sweet potato, beans, maize and manioc being the most widespread. (PNE, 1998).
Stock breeding in South-Kivu is done in a traditional way for 90%. Modern breeding is almost
absent. Traditional stock comprises cattle, sheep, goats, chicken and pigs. The biggest animal
production in South-Kivu is located in the plain of Uvira. In Walungu, on the other hand,
numbers of cattle are strongly reduced because of overpopulation resulting in decreasing
grazing space (Mateso, 1998).
Agriculture in Kivu is carried out manually by family members in a traditional way, with little
use of inputs (PNE, 1998). The use of mineral fertilizer, pesticides, and plant cuttings or seeds
from improved varieties is barely known, mainly due to high prices caused by the absence of a
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structured market (PRAGMA, 1987). Recently however, the research station of INERA
Mulungu (Institut national pour l’étude et la récherche agronomique, Mulungu) started some
satisfactory projects in order to distribute improved varieties in the region, mainly for cassava
and beans (Mateso, 1998).
In 1996, South-Kivu counted a population of 2830033 inhabitants, with a density of 43.5
inhabitants/km2. In 1996, the population density in the territory of Walungu was 265
inhabitants/km2, being much higher then the (already high) average value for South-Kivu
(Mateso, 1998). Population density keeps rising, as the total population in 2005 was estimated
to be 3500000 inhabitants (DSRP, 2005). Population densities are highest in high-altitude areas
(PNE, 1998). The high population density in Kivu can partly be explained by the good agroecological conditions of the region relative to other regions in the Democratic Republic of
Congo. Nevertheless, the yearly rise in agricultural production in Kivu is as low as 2%
compared to a demographic rise of 3.3%. About 70% of the population lives from agriculture
(CATALIST, 2007).
Overpopulation causes the soils in South-Kivu to become impoverished through erosion and a
decrease in space for livestock resulting in a reduction in the number of animals able to provide
the farmers with manure (DSRP, 2005). Between altitudes of 1600 and 2000m, a mean period
of 10.5 years of cultivation is followed by a fallow period of only 2.8 years. The fallow period
decreases even more with increasing altitude (PRAGMA, 1987). In addition, the fertilizer use
in Kivu – being one of the most populated regions worldwide- is only one 8th of the average
fertilizer use in the world. In this way, every year an estimated amount of 80 kg/ha of N, P and
K nutrients is lost from the soil. Fertilizer use is indispensable to maintain soil fertility, and
should be applied in combination with agro forestry and cattle breeding. At present however, it
is almost impossible to obtain mineral fertilizers in the region, and the few fertilizers available
are extremely expensive (CATALIST, 2007). Because of this, the nutrient budget of the soils
remains highly negative (PNE, 1998).
Hecq (1961) mentioned some simple methods of soil conservation used in mountainous Kivu.
A system with banana belts following the contours of hills was introduced in 1946, and widely
applied in the most populated regions to combat erosion. Further, rotations are important for
the maintenance of soil fertility. These systems are common, but seem to change profoundly in
the most populated regions. On the other hand, improved fallows do not seem to be
economically appealing, and are not well-accepted by the local farmers.
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2. Common nutrient deficiencies and toxicities in highly
weathered soils of tropical Africa: literature study
2.1. Introduction
Mineral nutrients which are important for plant growth can be split up in different ways. When
we classify plant nutrients according to the extent of the requirement for optimal plant growth,
we can refer to them as either macronutrients or micronutrients (Marschner, 1986). Doing so
N, P, S, Ca, Mg, K and Cl can be classified as macronutrients, occurring at concentrations
above 1000 mg/kg of plant dry matter. Similarly, Fe, Mn, Zn, Cu, Bo, Ni and Mo can be
termed micronutrients, with concentrations which are generally lower than 100 mg/kg plant dry
matter (White, 2006). In practice, however, it is more important to ascertain whether a certain
nutrient is of economic relevance to a producer or not. Bennett (1993) indicated that N, P, K,
Ca, Mg and S are macronutrients of potential economic interest, together with the
micronutrients Fe, Zn, Mn, Cu, and B. These nutrients constitute the range of nutrients
mentioned by Marschner (1986) as essential nutrients for plant growth, together with the
nutrients Mo and Cl, which are also gaining importance in crop production (Bennett, 1993
Examples in tropical Africa in which there is no response to any fertilizer treatment are rare.
This indicates that deficiencies of one of the three primary nutrients (N, P and K) are
widespread. Deficiencies of the other macronutrients and micronutrients also occur, although
less generally. Among them, S deficiency is the most widespread (Richardson, 1968). Nutrient
depletion of originally fertile soils in the tropics has been caused by decades of continuous
cropping with few external inputs. This has in turn resulted in stagnant or declining yields in
many areas (Smithson, 2001). Fertility problems associated with acidity affects more then 40%
of all tropical soils (Smithson, 2002). These problematic acid soils are found wherever rainfall
is high and the loss of bases by leaching is pronounced (Davies, 1997). Further, since intense
weathering and leaching processes in these areas lead to a reduced presence of weathering
minerals and a reduced cation exchange capacity (CEC), the nutrient content and CEC of most
tropical soils is much more concentrated in the organic complex than is the case with temperate
soils. The importance of organic matter maintenance is therefore even more pronounced in
tropical areas (Young, 1976).
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Three soils groups which are common in the tropics are Acrisols, Nitisols and Ferralsols.
Baligar (2001) mentioned N, P, Ca and most other nutrients as potential deficient nutrients in
Acrisols, and Al, Mn and Fe as potential toxic nutrients. For Nitisols he stated that P is the
major limiting element, and Mn the most probable of causing toxicity problems. Further, he
reported that nutrient deficiencies in Ferralsols are most probably caused by limited supply of
P, Ca, Mg and Mo, and toxicities by excessive concentrations of Al, Mn and Fe.
However, care should be taken not to lapse into generalizations, since the diversity of soils in
tropical areas is greater then anywhere else (Davies, 1997).

2.2. Macronutrient deficiencies
2.2.1. Nitrogen
N is most frequently the limiting nutrient in the tropics (Young, 1976). Although responses to
nitrogenous fertilizers may be small because of the influence of other limitations, N is almost
universally deficient in the soils of tropical Africa (Richardson, 1968). Most soil N is derived
from mineralization of organic matter. Since continuous cultivation in the tropics causes a
strong decline of the latter, deficiencies become widespread. In addition, when N is
mineralized to the very soluble nitrate, it is readily lost by leaching (Young, 1976).
N may accumulate in the topsoil indirectly during the dry season. Since most of the water
movement is upwards in that period, nitrates previously present or recently mineralized in the
subsoil may move up to the topsoil. Furthermore, at the start of the rainy season, short flushes
of N mineralization are found. However, as the rainy season progresses, the inorganic nutrient
supply is strongly reduced by plant uptake, leaching and denitrification. Therefore, plant
growth may become seriously limited (Sanchez, 1976).
From all forms of external inputs of N to the soil (rain, dust, asymbiotic and symbiotic fixation,
and animal and human wastes), symbiotic fixation is the most important (Sanchez, 1976).
However, the soil acidity of many tropical soils has a negative effect on the symbiotic
relationship between N-fixing bacteria and legumes. Nodulation can therefore be suboptimal
under these circumstances (Andrew, 1978).
Because of the large extent of leaching in tropical soils, fertilizers added will be subject to
unwanted losses, particularly in the case of N (Vanlauwe and Giller, 2006). Applied fertilizers
will only have a substantial effect during the first year after application (Young, 1976).
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2.2.2. Phosphorus
P is generally the most limiting nutrient in tropical Africa, second to N (Ssali, 1986). In most
cases, P deficiency in tropical soils is related to P fixation and accompanied by Al toxicity
(Smithson, 2001).
P is present in the soil solution mainly under the form of the phosphate ion H2PO4-. It is taken
up by plants through the relatively slow process of diffusion (Marschner, 1986). However,
since its concentration is low and rapidly depleted by plant growth, it must be continuously
replaced (Young, 1976). For this supply, different kinds of P stocks are present in the soil.
Organic P normally accounts for 20 to 50 percent of the total top-soil P. In more weathered
soils it often represents 60 to 80 percent of the total soil P. Inorganic soil P is present in three
solid active fractions: Ca-bound phosphates, Al-bound phosphates and Fe-bound phosphates.
Ca phosphates are the most soluble, Fe phosphates the less, and their proportion decreases and
increases respectively with increased weathering. In highly weathered soils however, most of
the inorganic P occurs in an inactive solid form, because of the formation of Fe and Al oxide
coatings around solid P compounds (Sanchez, 1976).
Fe and Al oxides in the soil are capable of adsorbing P onto their surfaces, making it not
readily available for plant use. The weathering stage of a soil is therefore important for its P
availability, since highly weathered acid soils contain much of these sesquioxides (Haynes,
2001). In addition, highly weathered, acid soils also contain high amounts of exchangeable Al
which may coprecipitate with phosphate ions (Sanchez, 1976).
The desorbability of adsorbed P on sequioxide surfaces steadily declines with time, and P
bounded in Fe, Al and Ca compounds slowly revert to more stable, insoluble forms (see
above). This process of diminishing desorbability is called P fixation (White, 2006). In general,
the low P status of highly weathered, acid soils is mainly due to the strong P fixation
capabilities of these soils (Haynes, 2001).
In the process of P fixation, the mineralogy of the clay fraction plays an important role.
Fixation is most intense in the presence of amorphous oxides like allophane (Sanchez, 1976).
Soils which are well known for their extremely high P fixation capacity are fine-textured,
highly oxidic Ultisols, Oxisols and Andosols derived mainly from volcanic materials and other
basic rocks (Juo, 1981).
Phosphate ions necessary for plant growth are thus mainly added to the soil solution by slow
release of adsorbed P and by mineralization of organic P. The optimum P concentration in the
soil solution ranges between 0.07 mg P L-1 in clayey soils and 0.2 mg P L-1 in sandy soils
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(Sanchez, 1976). Beckwith (1964) suggested a value of 0.2 mg P L-1 as one at which most
plants attain near maximum growth.
The relation between the amount of P added to the soil and the equilibrium concentration of P
in the soil solution can be expressed by determining P sorption isotherms (Sanchez, 1976). The
P buffering capacity (PBC) of a soil can be determined from these sorption isotherms and is a
measure for the amount of P adsorbed as the P concentration in solution increases (van Raij,
1998).

2.2.3. Sulphur
Deficiency of S is likely to be widespread in Africa, especially in the savannah regions.
However, in the past, S deficiency has received relatively little attention by soil fertility
researchers (Weil and Mughogho, 2000). This can be explained by the fact that S deficiencies
have long been unconsciously corrected by the use of S-bearing fertilizers such as ammonium
sulphate and single superphoshate (Sanchez, 1976).
In general, S-deficient soils are either high in allophane or oxides, low in organic matter,
sandy, or a combination of those properties. S deficiency is further induced by annual burning
since S is volatized by fire (Sanchez, 1976).
Soil sulphate is mainly derived from the mineralization of organic matter (Young, 1976). It is
highly mobile in soils with low S retention capacity and can be rapidly leached (Biswas, 2003).
However, in highly weathered acid soils, sulphate is adsorbed by sesquioxidic surfaces (Chang
and Thomas, 1963). The sorption of S is similar to those of P but adsorbed S is held much less
tightly. Moreover, both sorption phenomena interact since adsorbed S can be replaced by P
(Sanchez, 1976).
Adsorbed SO4-S becomes readily available for crops when the pH is raised. However, through
the mechanism of adsorption, soil acidity protects inorganic S against leaching. Since adsorbed
S is not held too tightly, this can be advantageous for plant growth (Sumner et al, 1991).

2.2.4. Other
All exchangeable bases (Ca2+, Mg2+, Na+ and K+) are highly soluble in acid tropical soils and
readily lost by leaching under moderate rainfall (Young, 1976). However, since soils with
variable charge preferentially hold monovalent cations, polyvalent cations like Ca2+ and Mg2+
are most prone to leaching (Ssali, 1986). In acid soils, Ca and Mg deficiencies are therefore
widespread (Sanchez, 1976). In very acid soils, Ca deficiency can also be caused by a reduced
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uptake as a result of high levels of soluble Al. Further, Mg is a poor competitor with Al and Ca
for exchange sites, and is therefore often lost from the topsoil when the soil becomes more and
more acid (Sumner, 1991).
Most tropical soils have adequate K levels. Under continuous cropping however, sources may
become depleted and K needs to be added by applying manure or chemical fertilizers (Ssali,
1986). K interacts with a lot of plant nutrients and affects in this way the crop yield and
quality. Mg and Ca deficiency can occur in acid soils after K fertilization or in acid soils with a
high amount of exchangeable K. Further, high levels of K have been reported to increase the
severity of P-induced Zn deficiency and the incidence of boron deficiency (Daliparty, 1994).
However, also the reverse can be true, since excessive quantities of Ca and Mg can create
imbalances with respect to K leading to problems of availability and uptake (Sumner, 1991).

2.3. Micronutrient deficiencies
Most micronutrients are more available at low soil pH (Ssali, 1986). Still, deficiencies of B,
Cu, Zn and Mo are prevalent throughout the region of tropical Africa. Deficiencies of Fe and
Mn are rare but may be of local importance (Kang, 1985). However, in contrast to temperate
regions, systematic information on micronutrient deficiencies in tropical soils is rare (Davies,
1997).
Since micronutrients are present in extremely small quantities in plant material, much depends
on the micronutrient content of the seeds. Seeds usually contain enough Mo to allow the plant
to grow until maturity. Cu and Zn are present in lower quantities in seeds but the amount is
usually adequate to delay deficiency symptoms in case of low supply of available nutrients in
the soil. However, the reserves of B, Mn and Fe in seeds are so small that deficiency symptoms
occur very soon after germination (Kanwar and Youngdahl, 1985).
Zn activity increases with decreasing pH. Therefore, Zn nutritional problems are seldom
encountered in acid soils, provided the soil contains sufficient Zn, (Sumner, 1991). However,
Kanwar and Youngdahl (1985) reported that Zn deficiency is the most serious micronutrient
problem in tropical areas and might become as important as macronutrient deficiencies like N,
P, K, S and Ca deficiency. In certain cases, Zn deficiency can be induced by high
concentrations of phosphorus. Several mechanisms of this P-induced Zn deficiency have been
described in literature (Marschner, 1986).
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B is strongly absorbed by sequioxides, organic matter and soluble Al at high pH, but in acid
soils B becomes soluble as the uncharged H3BO3 molecule. Problems with its availability are
therefore seldom encountered in acid soils (Sumner, 1991). However, highly weathered soils
prone to strong leaching processes are often inherently low in B concentrations (Shorrocks,
1997).
Cu is strongly complexed by organic matter which may reduce its availability in organic soils
to very low levels. In non-organic acid soils, Cu deficiency is rare, except for sandy soils were
leaching losses may be high (Sumner, 1991). However, in 1982, Sillanpaa reported that Cu
problems are common in all African countries.
Mo is highly insoluble in acid soils, but, as stated above, deficiency problems in crops can
often be prevented by the use of seeds grown on soils with adequate Mo supply (Sumner,
1991). Mo deficiencies are widespread in tropical acid soils, especially in Africa (Sillanpaa,
1982), and can be problematic especially for leguminous crops, since small quantities of
molybdenum are needed by both free-living and symbiotic N-fixing bacteria to function
efficiently (Young, 1976).
Except for soils containing extremely low levels of Mn, Mn deficiency is rare in acid soils,
since increased acidity implies increased levels of soluble Mn. However, Mn levels are much
more dependent on the redox potential of soils then on the pH (Sumner, 1991). The pattern of
Fe solubility is similar to that of Mn, but its dependence of pH and redox potential is less
strongly expressed. Roots often have strategies to increase solubility of Fe in their rhizosphere
in case of limiting supply, and nutritional problems of Fe are therefore rare in acid soils
(Sumner, 1991). In general, toxicities of Fe and Mn in tropical soils of Africa are more
important then the occurrence of their deficiencies (Kang, 1985).

2.4. Toxicities
Infertility in acid soils is most often caused by Al and Mn toxicity (Ssali, 1986). Al3+ becomes
the predominant exchangeable cation in leached soils with a pH lower then 5. Therefore,
because of the leaching intensity in the tropics, Al toxicity is a common problem (Davies,
1997). Further, below the pH of 6, levels of soluble Mn can raise until toxic quantities, which
can seriously restrict crop production. In many soils, Mn toxicity can be more important then
Al toxicity, particularly in acid soils with a low redox potential (Sumner, 1991).
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The problem of Al and Mn toxicity problem can be overcome by liming. However, overliming
may induce micronutrient deficiencies and can also cause certain imbalances of other nutrients
like S. Some plants have overcome the problem of Al toxicity by accumulating Al in their
tissue, which can be called Al tolerance (Davies, 1997).
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3. Diagnosis of mineral nutrient deficiencies: literature study
3.1. Visible deficiency symptoms
In general, deficiency symptoms become visible only when a deficiency is acute and when
growth rate and yield are severely depressed. Symptoms appear on either older or younger
leaves, depending on the potential retranslocation of the mineral nutrient (Marschner, 1986).
Deficiency of mobile nutrients is shown first and more severely in the older leaves. Deficiency
of immobile nutrients, on the other hand, occurs on the youngest leaves, while the older leaves
appear normal (Bennett, 1993). This can be explained by the fact that mobile nutrients are
related to metabolic processes, and an appreciable part of them can be found in the cell sap.
Immobile nutrients on the other hand are mainly the constituents of organic compounds which
are not closely connected with metabolism. Nutrients which have characteristics of both
immobile and mobile types can cause deficiency symptoms appearing with almost equal
severity in both old and new leaves (Ishizuka, 1971). Examples of mobile nutrients that cause
deficiency symptoms in old leaves are N, P, K and Mg. Examples of highly immobile nutrients
causing visible symptoms in young leaves are B and Ca. Further, nutrients of variable mobility
include Cu and S (Marschner, 1986).
Visible deficiency symptoms are often misleading because most of them can be caused by any
one of several nutrients or by conditions other than nutrient deficiencies (Bennett, 1993).
However, deficiency symptoms always have a typical symmetrical pattern. Leaves of the same
or similar position (physiological age) on a plant show nearly identical patterns of symptoms,
and there is a marked gradation in the severity of the symptoms from old to young leaves
(Marschner, 1986).
Common deficiency symptoms are chlorosis, interveinal chlorosis, necrosis, stunting and
abnormal coloration due to the pigment anthocyanin. However, visual deficiency symptoms are
often quite specific (Bennett, 1993). Symptoms can even differ between varieties of the same
species, there are symptoms that are related to all crops and to the deficiency of a specific
nutrient (Ishizuka, 1971).
In most cases a visible diagnosis is an insufficient basis for fertilizer recommendations, but
offers the possibility of focusing further chemical and biochemical plant analyses on selected
mineral nutrients (Marschner, 1986).
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3.2. Deficiency diagnosis by plant analysis
The plant nutrient content has been found to correlate significantly with soil nutrient content,
crop yield and several crop factors. Therefore, the results of plant testing are used to determine
the nutrient status in both soils and plants (Tan, 2005).

3.2.1. Nutrient content of plant material
The relation between the nutrient concentration of plant dry matter and plant growth generally
results in a response curve (figure 4). All nutrient response curves have in common an
ascending portion where yield increases sharply with the plant nutrient concentration, and a
relatively level portion where yield is not limited by the specific nutrient (Bates, 1971).

Figure 4: Growth rate in function of nutrient concentration in dry matter (redrawn from Havlin et al
(1999)).

Central to an interpretation of the diagnosis of nutritional disorders by plant analysis are the
critical deficiency and toxicity levels of each mineral nutrient in the plant tissue. These set the
limits between which growth is maximal. Yet, critical levels are not fixed values
(concentrations), but rather represent a range of values (Marschner, 1986). The critical level
can be defined as that concentration of a given nutrient within a specified plant part at which
plant growth begins to decline. In practice, the critical concentration can be associated with a
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growth rate of 5 to 10% below the optimum (Ulrich and Hills, 1967). The portion of the curve
between the two critical levels is called the sufficiency range (Tan, 2005).
3.2.2.

Variability of nutrient content
3.2.2.1. Piper-Steenbjerg effect

The relation between plant yield and plant nutrient content is in some cases found to be
negative, a phenomenon referred to as the Piper-Steenbjerg effect. This effect may occur when
the fast growth of plants grown in an initially higher nutrient medium eventually leads to a
more rapid depletion of external nutrients than the slow growth of plants grown in an initially
lower nutrient medium. The fast growth of plants combined with a rapid decrease of nutrient
uptake leads to a fall in plant nutrient concentration. Another possible explanation is that the
nutrient studied is not the limiting one (Wikström, 1994). In this situation, the crop is
responding to the limiting element. When applying the deficient nutrient to the plant, dry
matter production increases. If uptake of some other element proceeds more slowly then dry
matter accumulation, concentration of this other nutrient will decrease. Both of these processes
can be referred to as the ‘dilution effect’ (Jarrell and Beverly, 1981).
The Piper-Steenbjerg effect results in a C-shaped form of the nutrient response curve. Among
others, this is one reason why plant analysis has limited value for diagnostic purposes, unless
the C-shaped curve can be avoided (Bates, 1971).

3.2.2.2. Synergism and antagonism
Synergism of cation and anion uptake is often observed and is mainly a reflection of the
necessity of maintaining charge balance within the cells (Marschner, 1986). Antagonisms
between nutrients can occur during ion uptake, during translocation and accumulation in the
tissue, or in metabolism (Chapman, 1967). An excessive supply of one element may inhibit
plant absorption of another, particularly in the case of exchangeable bases (Young, 1976).
Pseudo-antagonism is another phenomenon which does not involve direct ionic competition.
When, for example, two elements are deficient but different in severity, the deficiency of the
less deficient element is masked by the more deficient element. This is often referred to as
Liebich’s ‘Law of the Minimum’. In addition, one nutrient may affect not only the
concentration of another nutrient but also its critical concentration, which further complicates
the interpretation of plant analysis results. For example, there is evidence for maize (Zea Mays
L.) and other plants that the optimal nitrogen concentration is influenced by phosphorus
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concentration and vice versa (Chapman, 1967). Nutrient interactions are most important when
concentrations are near the deficiency level (Bates, 1971).

3.2.2.3. Physiological age and remobilization
Next to the supply of elements, the physiological age of a plant tissue is probably the most
important factor affecting the mineral composition of a plant (Smith, 1962). Any plant analysis
program must therefore take into account the large changes in nutrient content with age if it is
to be useful in predicting the need for nutrients. In order to be comparable, the physiological
age of the tissue must be the same for each plant, field or plot sampled. A common sampling
technique is to sample the last fully expanded leaf. Further, the nutrient concentration in a plant
sample can only be interpreted if the growth stage of the whole plant is defined. For best
interpretation a series of samples should be taken over a considerable portion of the growing
season (Bates, 1971). The sharper the drop in nutrient concentration and the earlier in the
season it occurs, the larger the degree of deficiency (Ulrich and Hills, 1967). With regard to
foliar analysis, concentrations of N, P, K and S generally tend to decrease during aging, while
Ca and Mg concentrations tend to increase (Walworth and Sumner, 1987).
To improve the usefulness of diagnostic tests in plant nutrition, an understanding of the factors
influencing the remobilization of mineral nutrients within plants is essential (Hill, 1980).
Remobilization of mineral nutrients is important during the ontogenesis of a plant in the
following stages: seed germination, periods of insufficient supply to the roots during vegetative
growth, and reproduction. As stated above, the extent to which remobilization occurs as a
response to insufficient supply of nutrients is reflected in the distribution of visible deficiency
symptoms in plants (Marschner, 1986). Hill (1980) described the remobilization of nutrients
from leaves. The balance between import and export of nutrients from leaves changes during
the lifespan of the leaf. The content of mobile nutrients shows a pattern of rise and fall, while
immobile nutrients continue to accumulate during the life of a leaf. The pattern of
remobilization of nutrients of variable mobility varies extensively and is strongly influenced by
the treatment of the plant. Deficiency of a nutrient of variable mobility often does not induce
old leaves to senesce and cannot be alleviated by remobilization of the nutrient from old leaves
until the old leave senesces from some other cause.
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3.2.2.4. Environmental factors
Bates (1971) mentions temperature, soil moisture and relative humidity of the atmosphere as
potential factors affecting plant nutrient concentrations.

3.2.3.

Interpretation of plant analysis
3.2.3.1. Critical levels and sufficiency range approach

In plant tests it is customary to interpret the analytical results in terms of critical values,
threshold values or critical nutrient ranges (Tan, 2005). However, the diagnosis of nutrient
deficiency by comparing the results of plant analysis with published critical values and
sufficiency ranges requires that the composition of the plant tissue under diagnosis be
compared with the critical value determined at the same stage of growth, which limits to a
certain extent its use for correct diagnosis (Sumner, 1979). Further, critical concentrations can
vary with local climatic and soil and cultural conditions and the cultivar. Therefore, local
calibration of critical concentrations may be necessary to improve diagnostic accuracy (Escano,
1981).

3.2.3.2. Diagnosis and Recommendation Integrated System (DRIS)
The DRIS was developed by Beaufils (1973), and uses the ratios of the concentrations of all
possible pairs of nutrients as an indicator for nutrient deficiency. The sample ratios are
compared with norm ratios for high-yielding crops by calculating the nutrient indices using
standardization formulas, in this case for the hypothetical nutrients A through N:

A index =
B index =

N index =

[ f ( A / B) +

[−

f ( A / C ) + f ( A / D ) K + f ( A / N )]
z

f ( A / B ) + f ( B / C ) + f ( B / D ) K + f ( B / N )]
Z

[− f ( A / N ) +

f ( B / N ) + f (C / N ) K + f ( M / N )]
Z

where,
 A/ B
 1000
f ( A / B) = 
− 1
 a /b
 CV

or

when A/B ≥ a/b or when A/B < a/b, respectively.
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in which A/B is the ratio of the concentrations of nutrients A and B in the sample tissue, a/b is
the norm value for that ratio, and CV is the coefficient of variation associated with that norm
Standard scores for each nutrient are averaged to obtain one index per nutrient (Baldock and
Schulte, 1996). An increasingly negative index value implies an increased requirement for that
nutrient (Sumner, 1979). When all nutrients are available at normal concentrations, the DRIS
index for each nutrient equals 0 (Elwali, 1985).
Norm values for each nutrient ratio were determined from large datasets in which the nutrient
ratio of a high-yielding subgroup was averaged. For each 2 nutrients however, 3 possible forms
of expression are possible. For example, N and P can be related as N/P, P/N or N x P.
Therefore, the variance of each possible norm expression within the low-yielding subgroup is
compared with its variance within the high-yielding subgroup. The form of expression selected
for use within the DRIS calculations is that with the largest variance ratio, since a smaller
variance within the high-yielding subgroup and a larger variance within the low-yielding
subgroup leads to increasing diagnostic sensitivity (Walworth and Sumner, 1987).
The DRIS indices make it possible to classify yield factors in order of limiting importance, and
thus incorporates the concept of balance into the system. Further, the DRIS approach allows
simultaneous consideration of as many yield determining factors as are capable of quantitative
or qualitative expression in diagnosing nutrient deficiencies (Sumner, 1979). The primary
advantage of DRIS, however, probably resides in the fact that diagnosis is less affected by
tissue age and the plant part analysed then it does in the critical level approach. While absolute
concentrations can decrease or increase during aging, their ratios remain fairly constant.
However, the DRIS indices reveal only the relative abundance of the nutrients in plant
material. A measure of the total nutritional balance in a plant may be indicated by the sum of
the nutrient indices irrespective of sign, as yield generally decreases with an increase of this
sum of indices (Walworth and Sumner, 1987).
However, several authors reported about the shortcomings of the DRIS approach in diagnosing
deficiencies. Escano (1981) indicated that local calibration of the DRIS norms was necessary
for accurate diagnosis of N and P fertilizer responses on Hydric Dystrandepts. Elwali and
Gascho (1988) stated that both the critical nutrient level norms and the DRIS norms are needed
for accurate interpretation of foliar analysis. Soltanpour (1995) found that for identifying
nutrient deficiencies for maize grown in Colorado, the sufficiency range approach performed
much better then the DRIS approach. Hallmark and Beverly (1991) proposed to include the
single nutrient concentration or dry matter as a variable in calculating DRIS indices. Reis
(2002) compared 4 DRIS norms in corn crops established by different authors and concluded,
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since these were significantly different, that the universal application of these norms should not
be recommended. He stated that, in the absence of locally calibrated DRIS norms, norms
developed under one set of conditions only should be applied to another if the nutrient
concentrations of high-yielding plants from these different set of conditions are similar.

3.2.3.3. Plant Analysis with Standardized Scores (PASS)
Baldock and Shulte (1996) claimed that the sufficiency range system and the DRIS are
complementary rather than competitive. They proposed a new plant analysis system that
combines the best features of the DRIS and sufficiency range system, called Plant Analysis
with Standardized Scores (PASS). They found that the PASS system had a significantly larger
proportion of correct diagnoses of deficient nutrients than the DRIS and a significantly larger
proportion of correct diagnoses of sufficient nutrients than the sufficiency range system.
The PASS system has two sections, one based on an independent nutrient index approach, as in
the sufficiency range system, and the other based on a dependent nutrient index approach. It
uses one simple formula to put the nutrient indices in both sections on the same scale that the
DRIS uses. The more negative the index, the more likely the nutrient is limiting. Before
interpreting the indices, nutrients are divided into two groups, depending on how common
yield responses are for each nutrient. Further, the overall PASS yield index can be calculated,
which was found to be significantly correlated with relative maize grain yield (Baldock and
Shulte, 1996). Urricariet (2004) found that PASS system indices were more related to maize
yield than the DRIS balance index.

3.2.4.

Sampling techniques for maize and bean

The plant part and the time of sampling must correspond to the optimal relationship existing
between nutrient element concentration and physical appearance of the plant or yield can be
obtained (Jones, 1967). For annual plants, recently fully developed leaves are generally
considered to meet this requirement (Tan, 2005).
Jones (1971) suggested 3 sampling procedures for maize (Zea mays L.). Firstly, in the seedling
stage (less than 30 cm), the entire above ground portion should be sampled. Secondly, prior to
tasseling, the entire leaf fully developed below the whorl can serve as a good sample. Lastly,
from tasseling and shooting to silking, the best sample is the entire leaf at the ear node (or
immediately above or below it). Most authors agree that the best sampling times are as the
tassel begins to emerge and at the beginning of silking (Davidescu, 1982).
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Jones (1971) proposed two sampling procedures for common beans (Phaseolus vulgaris L.): in
the seedling stage (less than 30cm) all the above ground portion should be sampled, or, prior to
or during initial flowering, two or three fully developed leaves at the top of the plant constitute
the best parts to sample.

3.3. Deficiency diagnosis by chemical soil testing
Methods of chemical soil analysis aim to establish the quantities of nutritive substances which
are available to the plant in an accessible form. They detect only a part of the total quantities,
and do not indicate what per cent of the total reserves they present. Further, different extracting
procedures can give different results (Davidescu, 1982).
Chemical procedures are designed to approximate to soil/plant relations. However, the natural
soil environment is to a greater or lesser extent altered in the course of analysis (Young, 1976).
As is the case for plant analysis, chemical soil testing is only useful for fertilizer
recommendations when the relationship is known between the test results and actual yields in
the field (Marschner, 1986). In order to obtain correct data, sampling procedures are very
important as well as the way in which the samples are prepared and preserved (Davidescu,
1982). In 1972, Sillanpaa reported that, since the amounts of micronutrients in the soil are so
small, they can not be detected adequately from soil analysis.
Since soil analysis only gives information about the potential nutrient supply, and plant
analysis only informs about the actual nutrient supply, it can be concluded that both techniques
are complementary and should go hand in hand when making fertilizer recommendations for
certain soils and crops (Marschner, 1986).

3.4. Nutrient omission trials
In the study of soil fertility, chemical analysis of plants and chemical analysis of soil, represent
just a part of the techniques available for diagnosis of nutrient deficiencies in crops. Although
chemical analysis is rapid and low in costs, its usefulness depends on the knowledge of the
relationships between the chemical data and the responses of crops to fertilizers. Field trials
more closely approximate to agricultural practice, but have the disadvantage of high costs of
labour, time and land, and the large variability of the results because of external conditions as
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weather, pests and diseases. Pot trials take an intermediate position between field trials and
chemical analysis (Janssen, 1974).
Pot trials can be advantageous in places where chemical analysis is impossible by lack of a
laboratory, and field trials are difficult to implement by lack of available land (Janssen, 1974).
Janssen (1974) developed a pot experiment technique for rapid identification of the nutrients
which are short in supply in the soil. His method was based on the use of a ‘double pot’ and
was later called the ‘Bouma-Janssen method’ by Muller (1974). The double pot technique
makes use of a pot which contains a soil department above a nutrient solution department from
which one or more nutrients can be omitted. However, in pot trials, the fertilization is most
often directly added to the soil. Test plants are grown on a soil to which a complete fertilization
is added and a series of treatments to which one nutrient is not added (Houngnandan, 2001). In
doing so, the determination of the nutrient addition rates for the ‘complete’ treatment is crucial
and has to be carefully considered (Sanchez, 1976). This method is called the ‘nutrient
omission technique’ (Hougnandan, 2001) or, similarly, the ‘missing nutrient technique’
(Martini, 1969). Martini (1969) found the missing nutrient technique to be an adequate method
since the plant dry weights and the visual deficiency symptoms observed correlated well with
soil analysis.
However, the missing nutrient technique is not limited to pot trials but can also serve as a basis
for field trials. Pot experiments following this technique can indeed provide information about
which elements are deficient and the relative importance of these deficiencies. But, two big
disadvantages of missing nutrient pot trials are that only early growth data are obtained, and
that nutrient deficiencies may be exaggerated because of the small volume of soil. Further, it is
often not possible to include a large number of soils in the experiment. Therefore, missing
nutrient pot trials are most important for preliminary screening in research projects, in
particular when soil tests correlate poorly with yield results. Field trials normally follow the pot
experiments to serve as a basis for fertilizer recommendations (Sanchez, 1976). Nutrient
omission trials in the field have the major advantage that the soil supply is expressed in a unit
that can be directly used in calculating fertilizer requirements. Furthermore, nutrient omission
trials make the fertilizer techniques ‘visible’ for the farmers, and can in this way serve as an
excellent demonstration tool, leading to improved understanding of, and collaboration with the
farmers involved. Also, it is a rapid technique, since it takes only one season to obtain a
practical estimate of the nutrient supply of the soil (Witt, 2004). However, nutrient omission
trials in the field also have disadvantages. Costs are high and errors associated with sampling,
sample processing and analysis are ample (Dobermann, 2003).
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4. Hypotheses

This thesis work aimed at answering following questions concerning the region of Walungu:
-

What are the major soil fertility constraints?

-

Which nutrients are limiting and to which extent do specific deficiencies reduce yield?

-

Which types of amendments are essential to overcome soil fertility constraints?

-

Is the soil fertility status of the project field trial sites inherently different compared to
common farmers’ soils?

-

Do field characteristics such as location, history and fertility appreciation relate to the
fields’ fertility status?

-

Can soil nutrient deficiencies in the area be identified by a combination of the DRIS
methodology and the missing element technique?

While considering these research questions, some hypotheses were formulated:
-

Agricultural productivity in farmers’ fields is low due to the existence of deficiencies
other then the common nitrogen limitation.

-

Fertilizers are indispensable for restoring and maintaining soil fertility, but need to be
applied in combination with organic materials.

-

Soil sampled from fields identified for the project’s demonstration trials is comparable
to soils from farmers’ fields commonly used for legume cultivation. Results on nutrient
limitations are therefore representative and can be extended to the wider area.

-

The soil fertility status of a field can be related to field characteristics like e.g. the
fertility appreciation by the farmer.

-

Although no locally calibrated DRIS norms are available and no previous research was
conducted in this area using this technique, DRIS is capable of identifying specific
nutrient deficiencies in combination with missing nutrient trials.
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5. Field trial: Identification of inputs required for soil fertility
amendment
5.1. Objectives
As part of the various activities of the CIALCA project in South-Kivu, a field trial (called
‘FER-1’) was installed in February 2007 at 8 locations across the area of Walungu. The
objectives of the field trial were (i) to identify yield-limiting soil constraints for maize (Zea
mays L.) and bean (Phaseolus vulgaris L.) and (ii) to evaluate several amendments to improve
soil fertility and crop production.
In the context of this thesis work, the field trial can be called its precursor, as the greenhouse
missing nutrient trials (see below) complement the results of the field trial. The combination of
a field trial, representing realistic environmental conditions, and controlled greenhouse trials,
following a more theoretical approach, should result in a comprehensive appraisal of the
fertility status of the soils in the area. Yield and plant analysis data of the field trial will be
related to the results of the missing nutrient trials.

5.2. Materials and methods
5.2.1. Trial sites
At each of the two action sites in the region of Walungu (Burhale and Lurhala), 4 fields were
selected by farmer groups. In Lurhala, 2 were of relatively moderate fertility and 2 were of
relatively low fertility, according to the farmers’ appreciation. In Burhale, 3 fields were
selected which were of low fertility according to farmers’ appreciation, and 1 field which was
of moderate to high fertility. The location of the trial fields is shown in figure 5. The soils of
these locations are classified as Ferrisols according to the Soil map of Belgian Congo and
Ruanda-Urundi, Dorsale de Kivu (Pecrot, 1960). Ferrisols on basaltic as well as schistoquartzite substrates can be found in both Lurhala and Burhale, affecting the Ferrisols’
agricultural possibilities (see above).
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Figure 5: Location of the trial fields in the Walungu area; in Lurhala: Cinamula Isimbo, Cinamula
Football, Alemalu Ibuye and Alemalu Birhendezi; in Burhale: Apacov, Bololoke, Rhucihangane and
Abagwasinye (adapted from Google Earth).

Soil samples were taken from the 0-20 cm top layer, air-dried and passed through a 2mm sieve.
Selected physico-chemical characteristics of the trial fields are presented in table 1 (see
appendix 4 for analysis descriptions). Furthermore, a limited series of general background data
of the trial fields was collected by visiting the fields and interrogating the association’s
delegates and previous owners of the fields. The structure of the questionnaire is presented in
appendix 1. A summary of the results is described in table 2. The altitude of the 8 trial sites
ranges between 1600 m.a.s.l. and 2050 m.a.s.l. All trials were either located on a slope or a
plateau. All but one field were under fallow during the last season before the trial was
established. No external inputs were recently applied, except in one case. None of the fields
were taken under cultivation more recently than 4 years before trial establishment, and some
fields were already being cultivated for 50 years or longer. Low soil fertility was mentioned for
5 of the 8 fields as a major constraint for crop production.
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Table 1: Selected physico-chemical properties of the trial fields in Lurhala and Burhale
Lurhala
Cinamula

Alemalu

Cinamula

Alemalu

Isimbo

Birhendezi

Football

Ibuye

FER1_2

FER1_3

FER1_4

low

moderate

moderate

4,19

4,22

4,44

4,01

4,25

4,33

5,02

FER1_1

Fertility appreciation low

pH(CaCl2)a

Burhale

4,07

Apacov

Abagwasinye

Bololoke

Rhuchihangane

FER1_5

FER1_6

FER1_7

FER1_8

low

low

low

moderate

b

0.15

0.2

0.31

0.19

0.19

0.26

0.12

0.21

Total C (%)b

1.98

3.03

3.7

2.43

2.84

3.55

1.72

2.65

C/N ratio

13.2

15.2

11.9

12.8

14.9

13.7

14.3

12.6

Olsen P (mg kg-1)c

5.29

4.25

4.41

3.28

2.49

4.84

2.01

4.43

Total N (%)

-1 d

ECEC (cmolc kg )

4.6

6.85

6.78

6.67

5.27

5.53

5.89

9.92

Al3+ (cmolc kg-1)d

2.03

2.97

2.8

0.97

3.17

2.26

1.11

0.02

Al saturation (%)

44

43

41

15

60

41

19

0

Mn2+ (cmolc kg-1)d

0.09

0.07

0.25

0.13

0.27

0.13

0.28

0.52

Mn saturation (%)

2

1

4

2

5

2

5

5

K+ (cmolc kg-1)c

0.64

0.31

0.44

0.77

0.45

0.13

0.37

0.19

Ca2+ (cmolc kg-1)d

1.00

0.89

1.84

2.43

0.21

0.98

1.52

5.55

Mg2+ (cmolc kg-1)d

0.50

0.34

0.61

1.24

0.13

0.27

0.69

1.93

Base saturation (%)

48

23

44

67

16

25

44

77

Clay (%)e

33

23

17

21

21

17

35

27

35

50

53

53

59

63

39

44

25

19

19

25

29

e

Sand (%)

Silt (%)e
31
27
29
a
pH determined in a 1:2.5 0.01m CaCl2 soil suspension
b
c
d
e

Total N and C determined by the Dumas combustion method
Olsen P and exchangeable K determined by modified Olsen extraction
ECEC and exchangeable Al, Mn, Ca and Mg determined by the silver-thiourea method (Pleysier and Juo, 1980).
Particle size analysis by the hydrometer method (Day, 1965). These particle size analysis results are improbable for the soils

investigated and likely erroneous.
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Table 2: Background data on setting and field history of trial fields in Lurhala and Burhale
Lurhala
Cinamula Isimbo

Altitude of center of field (m.a.s.l.)

Alemalu Birhendezi

Cinamula Football

Alemalu Ibuye

2011

1978

2011

2006

2°22’18.6’’S

2°37’9.5’’S

2°37’19.9’’S

2°37'52.1''S

GPS coordinates of center of field

28°27’0.6’’E

28°45'44.8''E

28°45'5.1''E

28°45'20.1''E

Position in landscape

Plateau

Plateau

Plateau

Mid-slope

Local name of soil type

Civu (terre noire)

Civu (terre noire)

Civu (terre noire)

Kalonko (terre rouge)

Fallow

Fallow

Fallow

Fallow

None

None

None

None

1993

2003

1999

1988

Low soil fertility

Low soil fertility

Low soil fertility

Low soil fertility

Crop grown in last farmer-managed
season
Inputs applied in last farmer-managed
season

Year of first cultivation activity

Major constraint for crop production

Burhale
Apacov

Abagwasinye

Bololoke

Rhucihangane

1668

1728

1642

1669

2°41’6.3’’S

2°41'32.4''S

2°41’41.3’’S

2°41’38.9’’S

28°38'52.1''E

28°39'3.9''E

28°38'32.6''E

28°38'44.1''E

Position in landscape

Mid-slope

Plateau

Mid-slope

Plateau

Local name of soil type

Kalonko (terre rouge)

Civu (terre noire)

Kalonko (terre rouge)

Civu (terre noire)

Crop grown in last farmer-managed

Fallow

Cassava, Sweet

Fallow

Fallow

Altitude of center of field

GPS coordinates of center of field

season

Potato
Tithonia, herbs,

Inputs applied in last farmer-managed

None

None

season
Year of first cultivation activity
Major constraint for crop production

banana truncs, manure None
of goats and cows

Before 1950
Drought
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2002

1984

Before 1950

Weeds, pests and

Erosion, low soil

Weeds, pests and

diseases

fertility

diseases
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5.2.2. Trial establishment
A trial was established in 8 replicate locations (not replicated within each location), with two
test crops (maize and climbing beans) as main plots and 10 treatments as subplots. Varieties
used were Katumani for maize and AND10 for beans. The plot size of each subplot in the main
plot of maize was 13.5 m2 (4.5 m x 3 m). In each subplot plants were sown in 6 rows, with a
distance 0.75 m between the rows of and a distance of 0.25 m between the plants. The plot size
of each subplot in the main plot of beans was 9 m2 (3 m x 3 m), and plants were sown in 6
rows, with a distance of 0.50 m between the rows and a distance of 0.10 m between plants.
Planting on the 8 trial sites was conducted at the beginning of the first rainy season of 2007,
between 14/02/2007 and 04/03/2007. Following treatments were applied:
1. Control;
2. NPK (17:17:17) fertilizer at 20 kg P ha-1;
3. Mavuno planting fertilizer1 at 20 kg P ha-1;
4. Farmyard manure (FYM) at 5 t dry matter (DM) ha-1;
5. FYM at 5 t DM ha-1 + NPK fertilizer at 20 kg P ha-1;
6. FYM at 5 t DM ha-1 + mavuno planting fertilizer at 20 kg P ha-1;
7. Lime at 4 t ha-1 (collected from a local lime deposit near Kavumu);
8. Lime at 4 t ha-1 + NPK fertilizer at 20 kg P ha-1;
9. Lime at 4 t ha-1 + mavuno planting fertilizer at 20 kg P ha-1;
10. Tithonia leaf residues at 5 t DM ha-1 (collected from roadside hedgerows near the
trial site).
Fertilizers were applied banded in the planting line, while lime, FYM and Tithonia (Tithonia
diversifolia (Hemsl. A.) Gray) leaf residues were broadcasted and incorporated in the top 10
cm soil using a hoe. A complete description of the protocol used for establishing this field trial
is given in appendix 2.
For each field, plot and treatment, the percentage of germinated seeds was recorded between 2
to 4 weeks after germination.

1

Mavuno is a fertilizer blend produced by Athi River Mining Ltd., Kenya (ARM). The ‘planting’ blend contains

10% N, 11% P, 8% K, 4% S, 7% Ca, 3% Mg and small quantities of B, Zn, Mn, Mo and Cu. It is packaged in 1kg
bags and marketed in Kenya to encourage farmers to experiment with fertilizer in an affordable way.
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5.2.3. Sampling procedures and analysis
5.2.3.1. Soil sampling at 4 weeks after planting (WAP)
For each treatment and each species, soil samples were collected at 4 WAP from the 0-15 cm
top layer, air-dried and passed through a 2 mm sieve.
The soil samples at 4 WAP were analysed for pH(H20), and treatment effects on soil pH were
analysed by dividing the treatments in 4 treatment groups: treatments with lime (lime(+)),
treatments with FYM (FYM(+)), the Tithonia treatment, and other treatments (control(+)).
Average pH values for this treatment groups were then compared.

5.2.3.2. Maize and bean plant sampling
Maize plants were sampled for each treatment at 3 stages during growth. Around 7-10 WAP,
the youngest fully-developed leaf was sampled from 2 representative plants randomly selected
per subplot. At tasseling, 4 representative and randomly selected plants were harvested in each
subplot and leaves, stem and tassel, ear leaves and the immature kernel, silk and cob were
separated. At maturity, the maize was harvested and total grain yield was determined. For each
field and each treatment, a sample of 100 randomly selected maize grains was preserved. All
samples were sun-dried in closed paper bags.
At the stage of 50% flowering of the bean plants, 4 representative plants were randomly
selected and harvested in each subplot. The youngest fully developed leaves were cut from
each growing tip and stored separately. At the stage of 50% podding, plants were cut within a
50cm section. Simultaneously, 3 maize plants were harvested in each subplot. At maturity,
beans were harvested and total grain yield was determined. For each field and each treatment, a
sample of 20 randomly selected bean grains was preserved. All samples were sun-dried in
closed paper bags.
When sampling plant parts, care was taken to avoid micronutrient contamination by soil or
dust. A complete description of the procedures which were prescribed for sampling during the
field trial is given in appendix 3.
Plant samples were oven-dried at 65°C, weighed and manually ground using an agate mortar
and pestle when analysed for micro- and macronutrients. Samples analysed for macronutrients
only were ground using a mechanical grinder. Plant samples were digested in concentrated
nitric acid and analysed by Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES, Optima 3300 DV, Perkin Elmer, Norwalk, USA) (see appendix 4 for complete method
description). Macro- and micronutrients were determined for maize leaf samples sampled at 733
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10 WAP, maize leaf samples and ear leaf samples sampled at tasseling, bean leaf samples
sampled at 50% flowering and bean grain samples. Macronutrients were determined for maize
biomass samples sampled at 50% podding of beans and for maize grain samples.
N concentration was determined for the ear leaf samples sampled at tasseling by the Dumas
combustion method, using Vario MAX CN (Americas Inc., Mt. Laurel, USA).

5.2.3.3. Sufficiency range interpretation and critical levels
Until now, no locally calibrated sufficiency ranges were determined for the region studied.
Therefore, plant analysis data were compared to universal sufficiency range norms published in
literature, however, only when available for the appropriate species, plant part and sampling
time. Nutrient concentrations in bean leaves sampled at 50% flowering were compared to
sufficiency ranges published by Maynard and Hochmuth (1997) for the most recently mature
trifoliate leaf at first bloom. Maize grain nutrient compositions were compared to sufficiency
ranges published by Jones and Eck (1973). Ear leaf nutrient concentrations were compared to
ranges published by Bennett (1993).
The critical toxicity level of Mn in plant material (in general) of 300 mg kg-1, published by
Bennett (1993), was used to evaluate the possibility of Mn toxicity.

5.2.4.

Statistical analysis

Statistical analysis of the field trial data was carried out using the SAS software (SAS 9.0, SAS
Institute Inc., Cary, NC, USA, 2002).
First of all, normality of data was verified, and if not normally distributed, data were
transformed as such. A natural logarithmic transformation was necessary for maize grain yield
data and several nutrient concentrations in maize and bean samples. A square root
transformation was used to analyze seed emergence data and, as before, a number of nutrient
concentrations in maize and bean samples.
Subsequently, data were fitted by an ANOVA (ANalysis Of VAriance) mixed model with
appropriate factors and parameters according to the different datasets. Seed germination data
were analyzed using a mixed model with site, crop, fertility appreciation and treatment as fixed
factors and association and field as random parameters. pH values from samples taken at 4
WAP were analyzed using a mixed model with crop, fertility appreciation and treatment group
as fixed factors and field as random parameter. Yield, biomass and nutrient content data were
analyzed using a mixed model with site, fertility appreciation and treatment as fixed factors
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and field and association as random parameters. Differences between means were assessed by
calculating standard errors of differences (SEDs) between means and compared at P < 0.05.

5.3. Results
5.3.1. Seed germination
Seed germination was generally above 80%, but slightly influenced by the treatment and
generally smaller for maize than for beans. Lime and mavuno fertilizer application negatively
affected germination, particularly when combined. Tithonia also negatively influenced seed
germination. Germination in the treatment with lime and mavuno, which was 81% and 88% for
maize and beans respectively, and germination in the Tithonia treatment, which was 84% and
85% for maize and beans respectively, were slightly but significantly lower compared to all
other treatments. Germination was highest for the treatment with FYM and mavuno (90%) and
the treatment with FYM and NPK (98%), respectively for maize and beans respectively.

5.3.2. pH at 4 WAP
When comparing pH values at 4 WAP across all treatments for the different fertility
appreciation levels of the fields, it becomes clear that inherent fertility appreciation accounts
for a significant difference in soil pH. Average pH values across all treatments were 5.5 for
fields with moderate to high fertility appreciation, and 5.0 for fields with low fertility
appreciation. However, across all fields, lime application increased pH values at 4 WAP by 0.4
– 0.5 units compared to the other treatments, across fertility classes. Differences between other
treatments were not significant.

5.3.3. Grain yield
Maize failed to produce in all treatments on the fields of Abagwasinye, Apacov and Bololoke
(all 3 located in Burhale), most likely caused by a drought spell shortly after planting. These
fields were excluded from the yield analysis for maize. Yield results are presented in figure 6.
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Figure 6: Average bean and maize grain yield for different treatments. Error bar represents standard
error of difference.

Both for beans and maize, the control treatment resulted in significantly lower yields compared
to all treatments, except for the lime treatment. In particular for beans, the treatments with
FYM and the NPK treatment resulted in higher yields compared to other treatments, and all
treatments with lime, the treatment with mavuno fertilizer and the Tithonia treatment resulted
in lower yields. For maize, these treatment effects were less significant but trends were
generally similar, except for the mavuno treatment which did not result in significantly lower
yields for maize, and the Tithonia treatment, which resulted in significantly lower maize yields
than the treatments with lime and chemical fertilizers combined, which was not the case for
beans. For both maize and beans, yields were highest for the treatment with FYM and NPK,
but the difference between this treatment and the treatment with FYM only, NPK only, or
FYM and mavuno was not significant.
Fertility appreciation seemed to influence grain and biomass yield significantly in Burhale.
However in Lurhala, differences were rather small.
The field in Rhucihangane resulted in yields which were much higher compared to other fields,
both for maize and for beans. When excluding this field from calculation, average yields are
35-50% and 8-18% lower then presented in figure 6, for maize and beans respectively. By
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doing this, average bean yields for the control treatment (which resulted in lowest yields) and
the treatment with FYM and NPK (which resulted in highest yields) were 480 kg ha-1 and 987
kg ha-1 respectively, and average maize yields for these treatments were 354 kg ha-1 and 811 kg
ha-1 respectively.
The bean grain weight of 20 randomly selected grains was significantly lower for the control
treatment and the treatment with lime compared to other treatments, with exception of the
treatments with lime and mavuno and with lime and NPK for which the difference with the
lime treatment was only close to significant. For the maize grain weight of 100 randomly
selected grains no significant differences were found.

5.3.4. Nutrient uptake
Nutrient concentrations of the bean leaves sampled at 50% flowering were compared to the
sufficiency ranges published by Maynard and Hochmuth (1997), as presented in table 3. P
concentrations were in the range of 0.12-0.18% and thus fall far below the sufficiency range in
all treatments. Also Zn concentrations were low for all treatments. S concentrations were low
but fall just within the acceptable range for most treatments. Mg, Ca and Mn concentrations
were high compared to sufficiency range values. For all treatments, Fe concentrations rose far
above the sufficiency range. Other nutrient concentrations fell within the sufficiency ranges.

Table 3: Observed nutrient concentration ranges across treatments and locations in bean leaves sampled
at 50% flowering, as compared to sufficiency ranges.
Nutrient

Observed range

Sufficiency range*

(%)

(%)

Nutrient*

Observed range Sufficiency range*

P

0.12-0.18

0.25-0.45

Cu

7-11

5-10

K

1.95-2.97

2-3

Fe

379-2059

25-200
20-100

(mg kg-1)

(mg kg-1)

S

0.20-0.26

0.21-0.4

Mn

99-230

Mg

0.41-0.53

0.26-0.45

Zn

16-21

20-40

Ca

1.53-2.20

0.8-1.5

B

19-25

15-40

*Maynhard and Hochmuth (1997)

When comparing nutrient concentrations in the maize grains to sufficiency ranges published by
Jones and Eck (1973) (table 4), again too low P concentrations are found in all treatments In
contrast to bean leaf data, Ca and Mg concentrations in maize grains were low in all treatments.
Mn levels did not exceed the sufficiency range. B and Cu concentrations were excluded from
analysis since ICP-OES measurement was not precise for these elements.
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Table 4: Observed nutrient concentration ranges across treatments and locations in maize grains, as
compared to sufficiency ranges.
Nutrient

Observed range Sufficiency range*
(%)

(%)

P

0.16-0.20

0.2-0.6

K

0.27-0.30

0.2-0.4

S

0.12

-

Mg

0.08-0.10

0.09-0.20

Ca

0.01

0.01-0.02

Nutrient**

Observed range Sufficiency range*
(mg kg-1)

(mg kg-1)

Fe

42-75

30-50

Mn

6-8

5-15

Zn

19-41

-

* Jones and Eck (1973)
** Maize grain samples were machine-ground and micronutrient concentrations might have been influenced.

As presented in table 5, nutrient concentrations in ear leaves were compared to sufficiency
ranges for maize ear leaves published by Bennett (1993). Compared to these ranges, all
macronutrient concentrations were too low for all treatments. All macronutrient concentrations
even fall below the critical nutrient levels for general nutrient concentrations in plants
published by Bennett (1993).

Table 5: Observed nutrient concentration ranges across treatments and locations in maize ear leaves, as
compared to sufficiency ranges.
Nutrient

Observed range

Sufficiency range*

Nutrient*

Observed range

Sufficiency range*

(%)

(%)

(mg kg-1)

(mg kg-1)

N

0.92-1.34

2.7-3.5

Cu

3-4

6-20

P

0.08-0.12

0.2-0.4

Fe

169-310

21-250

K

0.57-0.89

1.7-2.5

Mn

18-23

20-150

S

0.06-0.10

0.1-0.3

Zn

14-20

20-70

Mg

0.08-0.10

0.2-0.6

Ca

0.04-0.06

0.2-1.0

* Bennett (1993)

With regard to micronutrient concentrations, Cu and Zn concentrations fall below the
sufficiency ranges. Fe and Mn concentrations were in the adequate range for some treatments
and too high or too low for some other treatments for Fe and Mn concentrations respectively. B
concentrations were not measured precisely by ICP-OES and are thus not presented. Although
nutrient concentrations did differ to a certain extent between treatments, clear treatment effects
on nutrient concentrations in the ear leaves could not be shown. Ear leaf samples could only be
sampled in 5 of the 8 locations.
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The combined application of FYM and NPK increased P concentrations in bean grains.
Furthermore, P concentrations were significantly higher in the treatments with mavuno
compared to the control, FYM, lime and Tithonia treatment and the treatment with lime and
NPK in bean leaves sampled at 50% flowering (although still all treatments had P
concentrations below the sufficiency range). For these leaves, P concentrations in the treatment
with FYM and NPK took an intermediate position, with significantly higher concentrations
compared to the control and lime treatment but significantly lower concentrations compared to
the mavuno treatment. The NPK treatment also accounted for elevated P concentrations but
differences were not shown to be significant. In maize samples (leaves at 6 WAP, leaves at
tasseling, ear leaves, biomass at 50% podding of beans, and maize grains), no significant
differences in plant P concentrations could be shown between the different treatments.
S concentrations were significantly higher for treatments with lime and NPK or lime and
mavuno compared to treatments with FYM and NPK, or FYM and mavuno for the maize
biomass samples sampled at 50% podding of beans.
Tithonia had a highly significant positive effect on K concentrations in bean leaves sampled at
50% flowering. In maize leaves sampled at 7-10 WAP, the Tithonia treatment resulted in
higher Zn concentrations.
For the maize biomass samples sampled at 50% podding of beans, a positive effect of lime
application on plant Ca concentrations was observed.
Fertility appreciation was shown to have an effect on a number of plant nutrient concentrations,
particularly in Burhale, where one field with a relatively high fertility was used for the trial,
next to 3 fields of low fertility appreciation (see above). In Burhale, Mn concentrations in bean
leaves sampled at 50% flowering, in bean grains and in maize leaves sampled at 7-10 WAP,
were lower for the field with high fertility appreciation. Similarly, Fe concentrations in maize
leaves were lower for this field compared to the 3 fields with low fertility appreciation. P
concentrations were higher for this field in maize leaves sampled at 7-10 WAP, maize leaves
sampled at tasseling, and maize biomass samples sampled at 50% podding of beans. In
addition, Mg concentrations were higher for this field in maize leaves sampled at tasseling and
maize biomass samples sampled at 50% podding of beans.
Although Mn concentrations were observed to exceed the sufficiency range in bean leaves
sampled at 50% flowering, concentrations were lower than the critical toxicity level of 300 mg
kg-1 (Bennett, 1993) for all analyzed maize and bean samples.
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5.4. Discussion
Compared to the control treatment, all treatments were shown to raise yields for both beans and
maize, except for the lime treatment. Particularly the treatments with chemical fertilizers and/or
FYM were shown to raise yields. The increase in yield was lower for the treatments in which
chemical fertilizers were combined with lime than for the treatments in which chemical
fertilizers were applied solely (or in combination with FYM). This result is surprising since it
was shown from the analysis of soil samples sampled at 4 WAP that the application of lime
significantly increased the low pH of the soils. The low effectiveness of the treatments with
lime compared to other treatments might be due to soil nutrient imbalances sometimes caused
by liming. Moreover, as described by Kamprath (1972), liming might have reduced P
availability since precipitation of CaPO4 may occur, in particular when the concentration of P
in the soil solution is low and when Ca is not held tightly by the exchange complex.
However, although yields did improve considerably by amendments like the addition of FYM
and chemical fertilizers, yields remained low compared to yield potentials determined for
tropical areas, in particular when the field of Rhucihangane was excluded from calculation. In
2000, the average maize yield in the Democratic Republic of Congo was 779 kg ha-1 (FAO,
2008). This already low value is, when yields in Rhucihangane are excluded, still more then
twice as high as the average maize yield obtained in the control treatment in this trial and only
just below the maximum maize yield obtained in this trial after application of FYM and NPK.
This indicates that yield potentials are low in the Walungu area, even after raising soil fertility
by applying fertilizers and/or FYM. When no amendment is made, yields are extremely low.
As demonstrated by sufficiency range analysis of P concentrations in bean leaves, maize
grains, and ear leaves, P concentrations were too low for all treatments. Although some
differential results indicated that the treatments with mavuno or the treatment with FYM and
NPK had a positive effect on plant P concentrations, no treatment resulted in completely
eliminating the P constraints of the soil. This suggests that plant growth was limited by P
deficiency even in the relatively higher-producing treatments.
Sufficiency range analysis for nutrient concentrations in the ear leaf samples revealed more
nutrient deficiencies. Since concentrations were too low for most nutrients in all treatments, the
appropriateness of these sufficiency ranges for local use can be questioned. However, since the
macronutrient concentrations also fell below the critical levels for nutrient concentrations in
plants in general (Bennett, 1993), it seems unlikely that these nutrients were not limiting to a
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certain extent. This is an important conclusion, since it indicates that fertility constraints of the
soils studied are far more severe and complicated than the occurrence of classical deficiencies
of nutrients like N and P.
The positive effect of lime on S nutrition of maize can be explained by a raise in pH, making
adsorbed S more available for plants. Moreover, the applied lime might have contained little
amounts of CaSO4 and MgSO4. However, since no serious S deficiency was shown from plant
analysis, and since this raise in S concentration was observed only in the maize biomass
samples sampled at 50% podding of beans, this effect can be considered as not important.
Although Mn concentrations in the plant samples were high and shown to exceed the
sufficiency range in certain cases, the critical toxicity level for plant material in general was
never exceeded. However, the possibility that high Mn concentrations restricted crop
production to a certain extent should not be excluded.
Generally stated, chemical fertilizers seem to be effective as well as FYM for raising yields,
since yields were increased up to 200% compared to the control treatment. However, the
combination of both was not shown to be more effective than their application separately. At
the small rates applied, combined application does not increase yields, likely because the rate
of nutrients applied remains insufficient to eliminate deficiencies, and because other constraints
limit crop production like drought and Al toxicity. Yields of both crops remained much below
the physiological potential, and P concentrations in the plant materials remained below
sufficiency ranges, which suggests that none of the treatments were able to eliminate P
deficiency. In addition, FYM application did not significantly affect soil pH (measured 4
weeks after application), soils were acid with high Al saturation, and crops contained high
levels of Mn (although below toxicity levels). This suggests that Al toxicity may remain a
constraint in the treatment with combined FYM and chemical fertilizer application.
Application of mavuno fertilizer did not result in higher yields compared to yields obtained
after the classical application of NPK. Moreover, mavuno was shown to have a negative effect
on bean yield compared to yields in the NPK treatment. However, as stated above, other
constraints might have limited crop production in both treatments, and thus more research is
needed to determine whether the application of mavuno fertilizer can be preferable to the
application of NPK for raising crop production levels in the area.
In the absence of chemical fertilizers or FYM, a good alternative for raising yields might be the
application of Tithonia residues. Tithonia, a wild shrub which grows vigorously in the
Walungu area and is rightly accessible to the local farmers, was shown to raise yields with
160% and 140% for maize and beans respectively. This alternative can be of considerable
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importance for the Walungu area, since chemical fertilizers are poorly accessible and FYM is
scarce. At the moment, the use of Tithonia leaf residues for soil fertility enhancement is not
known by local farmers. Research on Tithonia in Kenya, however, has shown that the
technology involves high labour costs, and cannot be a practical and sustainable solution on a
larger scale (George et al., 2001).
The observation that yields were influenced by fertility appreciation together with a range of
nutrient concentrations only in Burhale is not surprising: in Burhale farmers indicated only one
field as being of moderate fertility (Rhucihangane), and, when looking at soil analysis data and
comparing to other fields, this field can even be indicated as relatively high in fertility. In
Lurhala the difference between fields indicated as low or moderate in fertility was less distinct.
The higher production capacity of the field in Rhucihangane compared to the other fields is
therefore clear but is not necessarily important for the analysis of the general fertility problem
in the area studied by the trial.
The low number of treatment effects on the occurrence of nutrient deficiencies shown by plant
analysis, can be explained in 2 ways. Firstly, a high number of missing values must be taken
into account, caused by different factors. For the associations Apacov, Abagwasinye and
Bololoke maize yields were 0 for all treatments and also plant biomass sampling was not
always possible for all treatments due to low plant stands in some treatments. Particularly for
the control treatment, a high number of values are missing which decreases the possibilities of
proving treatment differences by statistical analysis. At the same time, this indicates the low
inherent fertility of the trial fields, since without any amendment, represented by the control
treatment, production is very low or even close to 0. A second possible reason for the low
number of effects proved by analysis is the principle of the Law of the Minimum. If a treatment
does not succeed in completely compensate for the most deficient nutrient, diagnosis of other
nutrient deficiencies is less probable since plants were in first place limited by this former
nutrient. Since biomass production was highly limited for some treatments, plants might not
have reached the state in which plant analysis is possible to indicate deficiencies.
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6.

Missing nutrient trial I
6.1. Objectives

As stated above, a greenhouse nutrient trial was established in order to complement the results
of the field trial. While the field trial aimed at testing various amendments to improve crop
production in situ, the greenhouse missing nutrient trial aimed at identifying specific macroand micronutrient deficiencies and their effect on plant growth in a controlled environment.

6.2. Materials and methods
6.2.1. Soils
At each of the 8 locations of the field trials (see previous chapter), 60 kg of soil was sampled
from the 0-20cm layer. Soils were then sun-dried, sieved to pass 4mm and homogenized.
Selected physicochemical properties and background data on field location and history were
presented in previous chapter.

6.2.2. Trial establishment
A greenhouse pot trial was established following the missing nutrient technique. This
technique is based on a reference treatment which represents a complete fertilization of the
soils investigated. The complete fertilization includes all nutrients at optimal rates calculated
based on the needs of the test crop. Next to this optimal treatment, several other treatments are
included, each treatment being the optimal fertilization with one element omitted, in order to
test the plant’s response to these missing nutrients. In this way, nutrient deficiencies as well as
their relative importance can be determined.
For this missing nutrient trial, the reference treatment ensured an optimal fertilization of N, P,
K, Ca, Mg, S, Zn, Cu, Fe, Mn, Mo and B. Maize (Zea mays L., cv. Katumani) was chosen as
test crop. The optimal doses were calculated based on an optimal tissue concentration of the
respective nutrients in maize crops, with an expected final standing biomass of 30g DM; 150%
of these required rates were then added to each pot. Each pot contained 2.5 kg of dry soil. The
applied rates amounted to 540 mg N kg-1 soil, 54 mg P kg-1 soil, 450 mg K kg-1 soil, 225 mg Ca
kg-1 soil, 99 mg Mg kg-1 soil, 36 mg S kg-1 soil, 3.2 mg Fe kg-1 soil, 3.2 mg Mn kg-1 soil, 2.0 mg
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Zn kg-1 soil, 2.0 mg Cu kg-1 soil, 0.6 mg B kg-1 soil and 0.6 mg Mo kg-1 soil. Six missing
nutrient treatments included omissions of K, P, S, Mg, Zn and B. Response to N was already
observed during previous field trials and therefore not tested. A final treatment included
addition of N, P and K only, in order to compare the response to a complete fertilization with a
classic NPK application.
The nutrients for each treatment were added to each pot by mixing the soil with appropriate
nutrient solutions. Following salts were used for preparation of the nutrient solutions: KH2PO4,
NH4H2PO4, Mg(NO3)2.6H2O, NH4NO3, KNO3, Ca(NO3)2.4H2O, MgSO4.7H2O, (NH4)2S04,
ZnCl2, CuCl2.2H2O, FeCl3, MnCl2.4H2O, (NH4)6Mo7O24.4H2O, and Na2B4O7.10H2O. To avoid
precipitation before application to the soils, solutions with reactive salts were prepared and
added to the soils separately. After each addition of a volume of solution the soil was
thoroughly mixed. The total volume of solutions added during mixing was 350 ml/pot.
Nitrogen was split applied: 75% of the total rate was applied at planting and 25% at 3 WAP.
After mixing the soil of each pot with the appropriate nutrient solutions, the pots were placed
on tables following a randomized complete block design with 3 replicates, and rotated daily.
The soil in each pot was brought to approximately 80% of field capacity (16% w/w) using
distilled water. In each pot, 3 maize seeds of comparable size were planted, and thinned to 1
plant per pot (of comparable size) at 8 days after planting (DAP). The following morning, the
moisture content was increased to 20% w/w and maintained throughout the growth period by
watering daily during the first 3 weeks, and twice daily thereafter. Watering was carried out
with distilled water. The average daily minimum and maximum temperature in the greenhouse
during crop growth equalled 15.5°C and 43.0°C, respectively. During crop growth, plant
heights (distance between the plant basis and the tip of the youngest fully developed leaf) were
measured at 8, 15, 20, 24, 28, 31 and 35 DAP. Plants were harvested at 37 DAP. The youngest
fully developed leaf was cut and stored separately in a paper bag. Subsequently, the standing
biomass was cut and stored in another paper bag. The samples were oven-dried at 65°C and
stored.

6.2.3. Statistical analysis
Height data were analyzed statistically using SAS software (SAS 9.0, SAS Institute Inc., Cary,
NC, USA, 2002). Firstly, normality of data was verified. Subsequently, a repeated measure
analysis of the plant heights was carried out by fitting an ANOVA mixed model to the data,
with site, association, fertility appreciation, crop, treatment and time as fixed factors, and field
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as random parameter. Differences between means were assessed by calculating standard errors
of differences (SEDs) between means and compared at P < 0.05.

6.3. Results
No significant differences in plant height between treatments and soils were observed (figure
7). Five WAP, all plants had a similar height as low as 45cm. However, across all soils and
treatments, plants showed severe visual symptoms of P deficiency (see pictures).
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Figure 7: Average growth curve of maize plants for different treatments.
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6.4. Discussion
The low plant heights and visual stress symptoms demonstrate that plant growth was seriously
restricted by low soil fertility across all treatments. The reference treatment, meant to represent
optimal soil fertilization, did not succeed to overcome these constraints. However, since
supposedly adequate amounts of nutrients were added to the soils, it can be concluded that
plant nutrition was limited by low nutrient availability rather then low total nutrient content.
This fact together with the visual symptoms of P deficiency encourage the hypothesis that soil
fertility of the trial soils is particularly restricted by low P availability and high P adsorption
capacity. Other deficiencies might however be present in the soils but could not be
demonstrated since plant growth was in first place limited by the former constraint.
Although the trial did lead to an important hypothesis about soil fertility constraints in the trial
soils, the missing element technique was not effective in this pot trial, since the treatment
which was considered to ensure complete fertilization was not capable of overcoming at least a
part of the soil fertility constraints, and thus no conclusions could be made about possible
nutrient deficiencies which were to be tested for in this trial. It can be concluded that, to raise
the effectiveness of the missing element technique, it is necessary to know some basic physicochemical characteristics of the soils before calculating nutrient addition rates and setting up
trials. This is particularly the case for tropical soils, were high adsorption capacities play an
important role in the nutrient balance of the soil. However, since infrastructure to carry out
simple soil analyses is scarce or even completely absent in the region of South-Kivu, rapid soil
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testing is not always possible. Nevertheless, although trials like this missing element trial give
immediate and reliable results which can be directly applied in the field, it was shown that the
importance of carrying out basic and even specialized soil analyses before setting up trials
cannot be underestimated.
The results of this trial put forward 3 questions. Firstly, can it be proven that low P availability
indeed constitutes the primary fertility restriction? Secondly, is this limitation a widespread
problem in the Walungu area? And thirdly, does raising P levels to an adequate level for plant
growth suffice to overcome the low soil fertility, or are the soils deficient in other nutrients as
well (as was already suggested in previous chapter)? These research questions are investigated
in the next chapter.
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7. Missing nutrient trial II
7.1. Objectives
In previous chapter, a hypothesis was formulated which stated that soil fertility in the Walungu
area is in first place restricted by low soil P availability. A second missing nutrient trial was set
up to test for this hypothesis. Further, this trial also aimed at identifying possible nutrient
deficiencies other than P, by examining their occurrence under adequate levels of P. The trial
was set up with a wider range of soils than was done in previous trial, in order to obtain a more
general view on the soil nutritional status in the area.

7.2. Materials and methods
7.2.1. Soils
For this trial, 15kg of soil was sampled from the 0-20cm layer in 30 locations across both
action sites Lurhala and Burhale. Firstly, 15 soils were sampled in fields previously used for
legume germplasm evaluation and multiplication trials as part of the CIALCA project
activities. These soils were presented by farmer associations and of variable fertility according
to the association’s ability to meet the expenses of providing land, and are referred to as
‘project soils’. Secondly, 15 randomly selected soils were collected from farmers’ fields
sampled during the Final characterization survey carried out by the CIALCA project (see
above). As the selection of households during this characterization study was performed
randomly, these ‘final characterization soils’ constitute a representative set of soils from the
action sites. The sampled soil was sun-dried, sieved to pass 4 mm and homogenized. Selected
physico-chemical properties are presented in table 6 (see appendix 4 for analysis descriptions).
Background data on field location, history and fertility appreciation of the ‘final
characterization soils’ are presented in table 7 (these date were collected during the ‘Final
characterization survey’ conducted by the CIALCA project in 2007).………………………..
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Table 6: Selected physico-chemical properties of ‘project soils’ and ‘final characterization soils’ sampled for missing nutrient trial II.
pH
(CaCl2)

Total N
a

(%)

b

Total C
(%)

C/N

b

Olsen P
c

Al3+

ECEC

(mg/kg)

(cmolc/kg)

d

Al saturation
d

(cmolc/kg)

(%)

Mn2+
(cmolc/kg)

Mn saturation
d

(%)

K+
(cmolc/kg)

Ca2+
c

d

(cmolc/kg)

Mg2+

Base saturation

Clay

Sand

Silt

(cmolc/kg)d

(cmolc/kg)d

(%)e

(%)e

(%)e

Project soils
PS1

4.76

0.18

2.27

12.61

4.02

5.93

0.12

2

0.25

4

0.28

2.73

1.15

70

25

49

25

PS2

4.33

0.26

3.32

12.77

5.82

5.48

1.81

33

0.13

2

0.15

1.30

0.39

34

19

64

17

PS3

4.55

0.12

1.57

13.08

1.94

5.84

0.71

12

0.23

4

0.55

1.69

0.76

52

33

43

23

PS4

4.11

0.26

3.52

13.54

3.56

6.36

3.53

55

0.06

1

0.29

0.56

0.20

17

23

51

25

PS5

4.95

0.15

1.85

12.33

4.11

6.06

0.06

1

0.20

3

0.16

2.99

1.30

74

27

50

23

PS6

5.10

0.22

2.51

11.41

3.20

8.36

0.03

0

0.39

5

0.28

4.81

1.85

83

29

39

31

PS7

4.26

0.23

3.00

13.04

4.45

4.80

2.02

42

0.46

10

0.10

1.24

0.45

38

21

57

21

PS8

4.70

0.41

4.43

10.80

7.28

8.31

1.05

13

0.16

2

0.33

4.88

1.06

76

13

51

35

PS9

4.47

0.22

2.62

11.91

3.09

5.42

1.14

21

0.11

2

0.37

2.30

1.15

71

21

52

27

PS10

4.32

0.21

2.57

12.24

4.41

6.43

1.36

21

0.86

13

0.54

1.43

0.50

39

15

55

29

PS11

4.16

0.31

2.41

7.78

.

10.18

0.01

0

0.27

3

.

5.59

1.53

.

.

.

.

PS12

4.31

0.26

3.53

13.45

.

7.52

2.52

34

0.07

1

.

1.33

0.46

.

.

.

.

PS13

5.09

0.19

3.88

20.96

.

6.83

3.19

47

0.59

9

.

0.31

0.07

.

.

.

.

PS14

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

PS15

Final characterisation soils
FCS1

4.34

0.24

2.81

11.71

3.23

6.76

1.18

17

0.60

9

0.16

2.45

0.64

48

21

55

24

FCS2

4.24

0.15

1.77

11.80

4.26

6.08

1.29

21

0.31

5

0.32

1.54

0.51

39

17

67

16

FCS3

4.26

0.25

3.03

12.12

2.74

5.21

1.82

35

0.49

9

0.36

0.81

0.22

27

15

59

26

FCS4

4.02

0.15

1.76

11.73

5.04

7.49

2.14

29

0.63

8

0.81

1.31

0.55

36

27

43

30

FCS5

3.96

0.27

3.36

12.44

6.44

7.34

4.17

57

0.54

7

0.21

0.75

0.23

16

23

53

24

FCS6

5.30

0.20

2.36

11.80

4.49

8.67

0.04

0

0.40

5

0.89

3.82

1.21

69

19

53

28

FCS7

4.34

0.16

1.91

11.94

3.69

6.27

1.50

24

0.18

3

0.47

1.70

0.64

45

11

63

26
30

FCS8

4.43

0.33

3.85

11.67

10.76

6.96

1.26

18

0.53

8

0.37

2.77

0.66

55

21

49

FCS9

4.59

0.19

2.09

11.00

2.88

5.97

0.51

9

0.49

8

0.40

1.85

0.65

49

17

59

24

FCS10

4.09

0.15

1.72

11.47

2.66

5.21

2.05

39

0.29

6

0.42

1.00

0.25

33

27

47

26

FCS11

5.54

0.16

1.87

11.69

6.18

9.12

0.04

0

0.09

1

0.27

5.57

2.14

87

35

29

36

FCS12

4.22

0.35

4.88

13.94

4.85

6.14

3.24

53

0.11

2

0.37

1.13

0.24

28

21

47

32

FCS13

4.37

0.19

2.48

13.05

4.22

6.77

0.73

11

0.38

6

0.26

2.51

0.84

53

29

37

34

FCS14

4.52

0.13

1.69

13.00

4.50

5.98

0.59

10

0.22

4

0.50

2.00

0.85

56

17

59

24

FCS15

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.
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a
b
c
d
e

pH determined in a 1:2.5 0.01m CaCl2 soil suspension
Total N and C determined by the Dumas combustion method
Olsen-P and exchangeable K determined by modified Olsen extraction
ECEC and exchangeable Al, Mn, Ca and Mg determined by the silver-thiourea method (Pleysier and Juo, 1980).
Particle size analysis by the hydrometer method (Day, 1965). These particle size analysis results are improbable for the soils

investigated and likely erroneous.

Table 7: Background data on location, history and fertility appreciation of the ‘final characterization soils’.
Field ID

Position in

Slope

landscape

FCS1
FCS2
FCS3
FCS4
FCS5
FCS6
FCS7
FCS8
FCS9
FCS10
FCS11
FCS12
FCS13
FCS14
FCS15

Legumes in

Fertility appreciation

Local soil type name

previous season?

Mid hill

5-10%

Yes

Low

Kalonko

Valley

0%

Yes

Moderate

Civu

Low hill

0-5%

Yes

Low

Civu

Plateau

0-5%

Yes

Moderate

Civu

Low hill

5-10%

No

Low

Civu

Mid hill

0-5%

Yes

Moderate

Kalonko

Plateau

5-10%

Yes

Low

Kalonko

Mid hill

5-10%

Yes

Low

Civu

Mid hill

10-20%

No

Low

Kalonko

Mid hill

0-5%

Yes

Moderate

Civu

Top hill

0-5%

Yes

Moderate

Kalonko

Mid hill

0-5%

Yes

Low

Civu

Mid hill

5-10%

No

Low

Kalonko

Mid hill

5-10%

Yes

Low

Kalonko

Top hill

20-40%

No

Moderate

Kalonko

7.2.2. Trial establishment
Six treatments were imposed on the selection of 30 soils following the missing nutrient
technique. The set of treatments included one treatment without any fertilization, one reference
treatment with optimal fertilization, a treatment with N, P and K-application only, and three
missing nutrient treatments with P, K and N omitted respectively. The phosphorus level in the
optimal fertilization, the NPK-fertilization and the two missing nutrient treatments without P
omitted, received a P-dose tenfold higher than the plant’s need (in stead of 150% of the plant’s
need in former missing nutrient trial). Contrary to former trial, in this case a response to N
fertilization was tested separately in a missing nutrient treatment. This was done in order to
compare the response of high P addition to the response of N addition, already determined as
highly necessary. As before, applied doses of nutrients for optimal fertilization were based upon
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optimal nutrient concentrations in maize plants with an expected final standing biomass of 30g
DM. However, doses were slightly different compared to previous trial, in order to ensure a
balanced nutrition next to the high P-addition, and amounted to 396 mg N kg-1 soil, 360 mg P kg-1
soil, 360 mg K kg-1 soil, 210 mg Ca kg-1 soil, 92 mg Mg kg-1 soil, 42 mg S kg-1 soil, 1.9 mg Zn kg1

soil, 1.9 mg Cu kg-1 soil, 2.9 mg Mn kg-1 soil, 0.6 mg Mo kg-1 soil and 0.6 mg B kg-1 soil (as

before, each pot contained 2.5 kg of soil). Fe addition was omitted, as, because of the nature of
these soils, they are not expected to be in short supply of this nutrient. In contrast to previous pot
trial, all N was applied during mixing. The procedures for preparing the nutrient solutions and
mixing them with the soils were similar to previous trial. The total solution volume for mixing
was set at 400ml/pot.
After mixing the soils with the nutrient solutions, the pots were placed on the greenhouse tables
in a completely randomized design with one replicate.
Planting and harvest procedures and procedures during growth were similar to the previous trial.
Height measurements were conducted at 11, 18, 21, 25, 28, 32, 35 and 38 DAP. The mean
minimum and maximum temperature in the greenhouse was 15.6°C and 45.6°C respectively.
Plants were harvested at 38 DAP.
The oven-dry biomass and leaf samples were weighed and analysed for macro-and micronutrient
concentrations by ICP-OES. N concentration was determined for the biomass and leaf samples of
the reference treatment, the NPK treatment and the treatment without N. This was done by the
Dumas combustion method, using Vario Max CN (see appendix 4 for complete method
descriptions).

7.2.3. Sufficiency range analysis
Nutrient concentrations in the whole plants’ biomass were compared to sufficiency ranges
published by Lockman (1969). Lockman established these sufficiency ranges for whole corn
plants 30 to 45 days after emergence. Therefore, these norms are appropriate for the samples of
this trial.

7.2.4. DRIS analysis
As described in previous chapter, the Diagnosis and Recommendation Integrated System (DRIS)
is an excellent tool in diagnosing nutrient deficiencies in plant material. For this purpose, it is
important to make use of correct nutrient ratio norms, which are appropriate for the plant part
sampled and the region and environment in which the study was conducted.
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For the region studied, no locally calibrated DRIS norms are available. However, norms
published in literature can be used for DRIS diagnosis if it can be demonstrated that nutrient
concentrations and their ratios in locally high-yielding plants are similar to these norms (Reis,
2002). Since the reference treatment of this trial represented optimal fertilization and since the
trial was carried out in a controlled environment where stress factors as drought were absent, the
plants of this treatment can be considered as representing high-yielding plants. Therefore, nutrient
concentrations in the leaf samples of this treatment were compared to norms published in
literature for corn leaves. The norms to which nutrient ratios were compared, were those
established by Escano et al. (1981), Elwali et al. (1985) and Dara et al. (1992).

7.2.5. Statistical analysis
Height, biomass and nutrient concentration data were analyzed statistically using SAS software
(SAS 9.0, SAS Institute Inc., Cary, NC, USA, 2002).
Normality of the data was first verified, and if not normally distributed, transformations were
performed on the data until normality was reached. For some nutrient concentrations, a natural
logarithmic transformation or square root transformation was necessary to ensure normality.
A repeated measure analysis of the plant heights was carried out by fitting an ANOVA mixed
model to the data, with site, soil group, treatment and time as fixed factors, and field as random
parameter.
To relate plant height results and nutrient concentrations to field characteristics of the ‘final
characterization soils’, height and nutrient concentration data were fitted to a model with factors
as position in the landscape, slope of the field, local soil type name, fertility appreciation by
farmers and legume production in previous season (together with the factor time for plant height
data). The relationship between plant heights for the different treatments and different times of
measurement, with the soil’s exchangeable Al and Mn was verified using the PROC REG
procedure.
Biomass and nutrient concentration were analyzed by a mixed model with site, soil group and
treatment as fixed factors and field as random parameter. Differences between means were
assessed by calculating standard errors of differences (SEDs) between means and compared at P
< 0.05.
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7.3. Results
7.3.1. Plant growth
Figure 8 shows mean heights of maize plants for the different treatments in function of time. The
ANOVA mixed model indicated a significant interaction effect between time and treatment.
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Figure 8: Average growth curve of maize plants for different treatments. Error bars represent standard
errors of differences.

Across time, the control treatment and the treatment without P resulted in significantly lower
plant heights compared to any other treatment. At 38 DAP, heights for the control treatment and
the treatment without P were similar and as low as 50 cm. Visual signs of P deficiency were
observed in these 2 treatments, and were very pronounced in all 30 soils. In contrast, an average
height of 97 cm was observed in the reference treatment. No significant differences between
other treatments were observed. Treatment differences became clear between the 2nd and 3rd
WAP and that the gap between growth for the different treatments became wider in course of the
experiment.
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However, plant heights in the control treatment were also significantly smaller than in the
treatment with P omitted. This is further illustrated by figure 9, in which the height loss observed
for these 2 treatments in percentage of the ‘optimal’ height, represented by the reference
treatment, is plotted in function of time.
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Figure 9: Height deprivation across time in percentage of ‘optimal’ height represented by the reference
treatment. Error bars represent standard errors of differences.

At 11 DAP, average heights of plants from the control treatment were already 20% lower than
average heights of plants from the reference treatment, and this growth deprivation rose until
49% at 38 DAP. However, plant growth of plants from the treatment without P was not retarded
yet at 11 DAP. For this treatment, growth deprivation started only between the 11th and the 18th
DAP, as shown in figure 9. Growth deprivation then rose in similar way as for the control
treatment. However, differences between the 2 treatments became smaller in course of the
experiment, and from 32 DAP onwards, differences were only close to significant (P <0.1).
Most soils followed trends as observed in the example (see picture, from left to right: control, N
omitted, P omitted, K omitted, NPK only, and reference treatment). No differences between the
‘project soils’ and ‘final characterization soils’, or between sites were detected. The similarity of
soil properties between soil groups and sites was confirmed by soil analysis, as shown in table 9
and 10.
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Table 9: Comparison of soil physico-chemical properties of both soil groups (‘project soils’ and ‘final
characterization soils’). For each soil property the standard error of difference is presented.
pH(CaCl2)

Total N

Total C

Olsen P

Exch Al

ECEC

Exch K

%

%

%

cmolc/kg

cmolc/kg

cmolc/kg

Project soils

4.54

0.23

2.88

4.19

1.35

6.73

0.30

Final characterization soils

4.44

0.21

2.54

4.71

1.47

6.71

0.42

SED

0.17

0.03

0.38

0.78

0.47

0.48

0.08

Table 10: Comparison of soil physico-chemical properties of both sites (Lurhala and Burhale). For each soil property
the standard error of difference is presented.
pH(CaCl2) Total N
%

Total C

Olsen P

Exch Al

ECEC

Exch K

%

%

cmolc/kg

cmolc/kg

cmolc/kg

Burhale

4.56

0.22

2.78

4.48

1.35

6.56

0.34

Lurhala

4.40

0.22

2.60

4.51

1.51

6.96

0.42

SED

0.17

0.03

0.38

0.78

0.46

0.48

0.08

Plant heights for the ‘final characterization soils’, which represent common farmers’ soils, were
shown to depend upon the local soil classification made by the farmers. Two local soil type
names could be distinguished for the soils used in this experiment: ‘kalonko’, also called ‘terre
rouge’, and ‘civu’, also called ‘terre noire’. Soils which were given the name ‘civu’ were
significantly higher in exchangeable Al, lower in pH and lower in base saturation for FC soils.
For all treatments, heights were larger for the soils which were given the name kalonko than soils
which were given the name civu, although these differences could not be shown to be significant
for the reference treatment and the treatment without K. Plant heights could not be shown to be
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related to other field characteristics like position in landscape, slope, fertility appreciation or the
fact if legumes had been cultivated during the last season before the trial.
For the reference treatment, the treatment without N and the NPK treatment, plant heights were
shown to be negatively correlated with the amount of exchangeable Al in the soil. For other
treatments, this correlation was not observed. Plant heights were not shown to be related to the
amount of the soil’s exchangeable Mn.

7.3.2. Plant biomass
Compared to plant height data, plant biomass data show similar results (figure 10). The control
treatment and the treatment without P resulted in a significantly lower plant biomass compared to
all other treatments. However, the former 2 treatments did not differ in plant biomass. For both,
biomass was generally as low as 15-20% of the biomass obtained for the reference treatment. As
height deprivation amounted to 40%, the effect on biomass was even more severe then the effect

8

FC

9

Project

upon height.

Plant biomass (g)

7
6
5

Final characterization soils
Project soils

4
3
2
1
0
Control

All

All-P

All-N

All-K

NPK

Figure 10: Average plant biomass according to different treatments for ‘Final characterization’ and
‘Project’ soils.

The effect of the treatment without K depended on the soil group. For the ‘Final characterization’
soils, the treatment without K resulted in significantly lower plant biomass than the reference
treatment, the NPK treatment and the treatment without N. The average plant biomass was 24%
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lower for the treatment without K compared to the reference treatment. No such differences were
found for the ‘Project’ soils.
No effect of the site on plant biomass was observed.
7.3.3. Nutrient uptake
Average nutrient concentrations according to the different missing nutrient treatments are
presented in table 11.
N concentrations were determined only for the samples of the reference treatment, the NPK
treatment and the treatment without N. The average N concentration for the treatment without N
falls below the sufficiency range, and is significantly lower than the N concentration in the
reference treatment and the NPK treatment. This treatment effect was shown to depend on the
soil group: N concentrations in the treatment without N were significantly lower in ‘final
characterization soils’ than in ‘Project soils’. This was not observed for other treatments.
P concentrations fall far below the sufficiency range for all treatments. Moreover, P
concentrations were significantly lower for the control treatment and the treatment without P. All
average P concentrations even fall below the critical level of 0.2% published by Bennett (1993)
for plants in general.
K concentrations are in the adequate range for all treatments. Treatment effects are differential
and seem of no direct importance. K concentrations were significantly higher in the treatment
without P and significantly lower in the NPK treatment.

Table 11: Average whole-plant nutrient concentrations for different treatments.

Sufficiency
range*
Control

N

P

K

S

Mg

Ca

Cu

Fe

Mn

Zn

B

(%)

(%)

(%)

(%)

(%)

(%)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

(mg kg-1)

3.5-5.0

0.4-0.8

3.0-5.0

0.2-0.3

0.3-0.8

0.9-1.6

7-20

50-300

50-160

20-50

7-25
8.2

.

0.07

3.44

0.14

0.21

0.46

6.1

502

323.1

22.4

NPK

4.22

0.13

3.14

0.18

0.13

0.33

7.9

324.8

369.7

21.6

8.0

All

4.16

0.13

3.52

0.21

0.18

0.34

8.0

291.9

382.1

28.4

10.9

All-N

2.55

0.13

3.45

0.15

0.16

0.37

6.1

357.2

321.8

27.0

11.8

All-P

.

0.07

3.78

0.16

0.23

0.36

8.5

414.8

381.9

30.0

13.5

All-K

.

0.13

3.23

0.2

0.18

0.35

9.1

439.7

422.4

28.6

10.7

* Lockman (1969)
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S concentrations were low and all treatments resulted in concentrations below the sufficiency
range, except for the reference treatment and the treatment without K, whose concentrations were
significantly higher. Concentrations were lowest in the control treatment.
Mg and Ca concentrations fall below the sufficiency ranges for all treatments. For Ca,
concentrations were significantly higher in the control treatment. For Mg this was the case for the
treatment without P. Although the control treatment showed relatively high Mg concentrations,
differences were not as significant.
When looking at micronutrient concentrations, particularly Mn and Fe concentrations are
striking, which are almost invariably higher than sufficiency ranges. Mn concentrations are all
higher than 300 mg kg-1, the general critical toxicity level for plants published by Bennett (1993).
No clear treatment effects on these concentrations were observed.
Cu concentrations were significantly lower for the control treatment and the treatment without N,
and concentrations in these 2 treatments fall below the sufficiency range. Zn and B
concentrations were in de adequate range for all treatments. However, both for Zn and B,
concentrations were significantly lower for the control and NPK treatment compared to all other
treatments. Zn concentrations were higher for soils from Burhala than for soils from Lurhala, in
particular for the ‘final characterization soils’. For B, the difference in concentration between the
reference treatment and the NPK treatment was more significant in Lurhala than in Burhale.
The local soil name given by the farmers was shown to have some effects on nutrient
concentrations in plants grown on ‘final characterisation soils’, although these effects were very
differential. However, a significant effect on Mn concentration was shown across all treatments,
with higher Mn concentrations in plants grown on soils which were called ‘civu’. The average
Mn concentration for plants grown on ‘kalonko’ soils was 269 mg kg-1, which is lower than the
critical toxicity level (300 mg kg-1, Bennett, 1993), but, however, still well above the sufficiency
range. In contrast, average Mn concentrations for plants grown on ‘civu’ soils were 493 mg kg-1,
an average which is much higher than the toxicity level. No significant effects on nutrient
concentrations of fertility appreciation by the farmer, the kind of inputs applied and the fact if
legumes had been cultivated in the season before the trial were shown.

7.3.4. DRIS analysis
Nutrient concentrations in the leaf samples of the reference treatment were used to calculate
nutrient ratios. These ratios were then compared to norms published in literature in order to verify
the applicability of these norms, as described above.
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When compared to the norms published by Escano (1981), only 4 of the 35 ratios fell within 1
standard deviation (SD) of the norm ratio, and only 7 of the 35 ratios fell within 2 SD’s. For the
norms published by Elwali (1985), 17 of 55 norms fell within 1 SD, and 18 within 2 SD’s. Ratios
fell within 1 SD of the norms of Dara (1992) for 11 of 36 norms, and within 2 SD’s also for 11 of
36 norms. The deviation of the norm ratios was largest for the N/P ratio, with an observed ratio of
32.4 compared to norms from above mentioned authors in the range of 9.0-10.0. However, ratios
involving nearly all nutrients were shown to deviate. Deviations of the norm ratios were therefore
considered too large to correctly use any of these norms for DRIS analysis. Observed ratios and
norm ratios are presented in appendix 5.

7.4. Discussion
The effect of P deficiency on plant growth was shown clearly from plant height and biomass data,
since the control treatment and the treatment with supply of all nutrients except for P resulted in
significantly lower plant heights and plant biomass. The occurrence of serious P deficiency was
further affirmed by plant analysis. However, although P concentrations in plant samples were
lower for former 2 treatments compared to other treatments, they did not rise until adequate levels
for these other treatments either, but stayed below the critical level for all treatments. This
suggests that, even with very high levels of P applied (tenfold the plant’s need), these treatments
likely did not completely eliminate P deficiency. Although the improvement made by this
application rate was obvious, these soils might need even more P for optimal production.
However, although differences were small, plant growth for the control treatment was even more
reduced than in the treatment without P. When looking more closely at these height differences, it
can be concluded that the height deprivation of the control treatment compared to the treatment
without P manifested in the early stages of plant growth. However, nutrient deficiencies other
than P could not be identified by height differences of plants of other treatments. It is therefore
not possible to draw conclusions about the specific reasons of this early growth deprivation.
Although plant heights did not differ among the reference treatment and the missing nutrient
treatments with N, K and micronutrients omitted respectively, other nutrient deficiencies than P,
which were already suggested by the results of the field trial, became clear by plant analysis.
When no N was applied, N concentrations were below the sufficiency range and N can therefore
be considered as limiting. Moreover, N deficiency most likely would have become more
pronounced at later plant stages. Similarly, S was clearly shown to be in short supply. Ca and Mg
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were present in too low levels, but were highest in the low-producing treatments (control
treatment and treatment without P for Ca and Mg respectively). Higher concentrations in lowproducing treatments can be explained by the dilution effect (see before). However, since low
levels were observed even for the reference treatment, and since these nutrients are highly mobile
in soil, the validity of the sufficiency ranges used for these nutrients in this trial can be
questioned. Concerning micronutrients, only Cu was shown to be in short supply, although severe
deficiency seems unlikely. Nevertheless, these deficiencies can become more pronounced at later
growth stages. The growth period of 5 weeks may have been insufficient to clearly identify
micronutrient deficiencies.
Biomass data indicated that K is a limiting nutrient for plant growth in common farmers’ fields in
the area. However, the effect of limited supply of K on biomass was far less severe than the effect
of limited P supply, and the occurrence of K deficiency in ‘final characterisation soils’ was not
confirmed by analysis of height data, soil characteristics or nutrient concentration data.
Therefore, a general K deficiency problem seems unlikely.
The reason why other deficiencies than P did not result in different plant heights may reside in
the fact that even for these treatments P supply was not completely adequate and P deficiency
therefore still might have dominated over other deficiencies. This statement however is
hypothetical, but could have been verified by DRIS analysis, which is capable of ranking
deficiencies in order of their importance. However, DRIS analysis was not possible because the
reliability of norms published in literature could not be demonstrated for this area.
Mn concentrations exceeded the toxicity level in all treatments. However, no relationship was
found between plant heights and the amount of the soil’s exchangeable Mn. Moreover, Mn
toxicity was not observed in the field trial, since, although Mn concentrations in samples from the
field trial were high, they did not exceed the critical toxicity level. Mn concentrations in the
samples from this pot trial were significantly higher for soils called ‘kalonko’ than soils called
‘civu’, and did largely exceed the toxicity level in the former soils, while concentrations did not
exceed the toxicity level in the last soils. This indicates that the occurrence of Mn toxicity might
be highly variable in the area, and is related in certain extent to local soil type classification.
However, the toxicity level of 300 mg kg-1 as mentioned above is the critical level published by
Bennet (1993) for plant nutrient concentrations in general. Levels of nutrients in certain crops can
range to higher levels without toxicities (Bennett, 1993)). In 1985, Macnicol reported a critical
Mn level of 7000 mg kg-1 in the leaves of mature maize plants, which indicates maize can support
much higher values of Mn in its tissue than the critical level of Bennett. It can be concluded that
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high levels of Mn may limit plant growth in the region to a certain extent, but likely its effect was
more severely expressed in the artificial environment of the greenhouse trials. Therefore, the
importance of these alarming Mn concentrations must be taken serious but not overestimated.
In contrast to the soil’s exchangeable Mn, the soil’s exchangeable Al was shown to be related to
plant heights in the reference treatment, but not in the low-productive control treatment and the
treatment without P. This relationship can be explained by the influence of exchangeable Al
content on P adsorption in soils, and by the possible occurrence of Al toxicity. In the control
treatment and treatment without P, P levels were too low for all soils. In the reference treatment,
P levels were raised but the extent to which these levels were raised, and to which the reference
treatment succeeded in overcoming the low P status of the soil, was related to the soil’s
exchangeable Al.
For the ‘final characterization soils’, it was shown that plant height data were clearly related to
the local soil type name and that local soil type names were correlated with soil physico-chemical
characteristics and Mn concentrations in plant samples. Therefore, it can be concluded that local
soil type names classify in certain ways the soils of the area into fertility classes, with a higher
fertility for the soils called ‘kalonko’ than the soils called ‘civu’. However, plant heights of this
soil group were not related to direct fertility appreciation by the farmers. This demonstrates that
the strategy of asking farmers to estimate the relative fertility of their field is less valuable for soil
fertility assessment in the region than the use of local soil type names.
No important differences between the nutrient status of both sites (Burhale and Lurhala), and
both soil groups (‘final characterization soils’ and ‘project soils’) were observed. This result has 2
implications. Firstly, the fact that observed nutrient deficiencies and there severity were similar in
both sites suggests that the results of this trial are valid for similar soil types in the whole
Walungu area. Secondly, since the nutrient status of ‘project soils’ was shown to be similar to
that of the ‘final characterization soils’, which represent common farmer’s soils used for legume
production, results on nutrient limitations obtained from project trials can be directly extended to
the wider area.
For this trial, the missing element technique was more effective than for previous trial and did
result in clear answers. However, the problem of determining the nutrient application rates
necessary to ensure an optimal fertilization in soils with strong adsorption characteristics was still
prevalent. DRIS analysis was not possible because norms published in literature did not seem to
be adequate for the region and soils studied. This can also been explained by the observation that
the reference treatment did not completely succeed in overcoming nutrient limitations, and thus
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might not have represented the ‘optimal’ situation. However, local calibration of norms seems
highly necessary in order to adequately identify nutrient deficiencies. This is also the case for
sufficiency ranges and the validity of the sufficiency ranges used for this particular trial can be
questioned as well.
Beside these considerations, it is possible to answer the questions posed on the end of the
previous chapter. Plant height and biomass data did indeed prove that low P availability is the
most severe fertility restriction in the soils investigated. This was tested for 30 soils belonging to
2 soil groups and originating from 2 sites and, since results for these soils, soil groups and sites
were comparable, it can be concluded that this fertility problem is widespread in the Walungu
area. Lastly, it was questioned if, under an adequate supply of P, other deficiencies have their
effect on plant growth too. This question could not be completely answered since plant heights
did not identify the occurrence of other nutrient deficiencies, and since P supply still might not
have been completely adequate. Although plant analysis clearly revealed some other deficiencies,
mostly of macronutrients like N and S, the (relative) importance of these deficiencies could not
be determined and is still questioned.
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8. Assessment of P adsorption capacity
8.1. Objectives
In order to obtain a quantitative measurement of the soil phosphorus adsorption characteristics
of the soils of the Walungu area, a P sorption capacity experiment was carried out in which P
retention curves for 10 selected soils were determined, as well as the single point P adsorption
capacity of 24 other soils used in previous experiments. The goal in determining the
phosphorus retention curves was to quantify phosphorus adsorption in the soils in question,
rather than to obtain representative results for the whole region studied. This was followed up
by a single point P adsorption experiment carried out on the remainder of soils in order to
obtain a more general view on the P sorption status of the soils of Walungu.

8.2. Materials and methods
8.2.1. Assessment of phosphorus retention curves
The determination of P retention curves is based on the quantity/intensity ratio of P in soils.
Its goal is to visualise the balance between the quantity factor, which is the labile fraction of
solid P able to replenish P in the soil solution (Van Raij, 1998), and the intensity factor,
namely the actual P concentration in the soil solution. For this purpose, the soil is equilibrated
with a solution containing a certain amount of orthosphosphate. Subsequently, the amount of
P remaining in the solution is measured. When repeating this procedure for a range of P
concentrations, a phosphorus retention curve can be determined by plotting the amount of
adsorbed P in function of the amount of P remaining in solution.
10 soils were selected from the complete set of soils previously used for the pot trials. This set
of soils included some soils which gave contrasting results during pot trials and soil analyses,
as well as a number of soils which gave approximately average results. The 10 soils selected
comprised 2 soils from ‘FER-1 trial’ sites, 4 ‘project soils’, and 4 soils from ‘Final
characterization’ sites (ID’s: FER1_3, FER1_7, PS3, PS4, PS8, PS10, FCS5, FCS8, FCS10
and FCS11).
3 g of oven-dried and sieved soil was weighed in a centrifuge tube. For each soil, centrifuge
tubes were prepared for 8 treatments, namely an application of 0, 30, 100, 300, 500, 700, 900
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and 1000 mg P kg-1 soil. To each centrifuge tube, 3ml of a CaCl2 0.1M solution was added.
Various amounts of P stock solutions were then added according to the different treatments,
and the final volume was brought to 30 ml with milli-Q water. Subsequently, the samples
were placed on an end-over-end shaker during 16 hours, centrifuged during 15 minutes at
3500 rpm, and filtered (MF-millipore, 0.45µm). The P concentration in the filtrate was
determined using the malachite green method of Van Veldhoven and Mannaerts (1987) (see
appendix 4 for method description). The quantity of adsorbed P for each treatment was
calculated based on the original and remaining P concentration in solution, and was then
plotted against the remaining P concentration for each soil. Finally, the plots were fitted with
a curve described by following equation:
y=kxb,
where y represents amount of adsorbed P (mg P kg-1), x the remaining P concentration in
solution (mg P L-1), and k and b are coefficients. This equation is called a Freundlich
equation, which gives, over a limited range of values, often a good description of adsorption
processes (Barrow and Shaw, 1975).

8.2.2. Assessment of P buffering capacity
The P buffering capacity (PBC) of each soil was determined by the method of Ozanne and
Shaw (1968). With this method, the increase in the amount of adsorbed P is calculated when
the P concentration in solution is raised from 0.25 mg P L-1 to 0.35 mg P L-1, by using
following equation:
PBC = k(0.35b – 0.25b)
where k and b were obtained from the fitted Freundlich equations.

8.2.3. Assessment of single point phosphorus adsorption capacity
The fitted Freundlich equations were used for calculating the approximate amount of added P
necessary to obtain a remaining concentration of 0.2 mg P L-1 in the soil solution.
Subsequently, its average value for the set of 10 soils was determined. The other soils used in
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former pot trials were then analysed for their single point adsorption capacity at an addition
rate of P approximating this average value.
From the 10 soils used to determine Freundlich adsorption equations, the average amount of
added P necessary to obtain a remaining concentration of 0.2 mg P L-1 was calculated as
approximately 625 mg P kg-1 soil. The single dose of 625 mg P kg-1 soil (addition rates ranged
from 623 mg P kg-1 to 626 mg P kg-1) was then added to the other pot trial soils and the
remaining P concentration in the filtrate was measured, following the same procedure as
described above.
In order to compare results of the single point P adsorption capacity with results of the P
retention curves, the P concentration in solution was derived from each Freundlich fit for
which the amount of adsorbed P equalled 622 mg P kg-1 (which approximates well the
situation after an addition of 625 mg P kg-1).

8.2.4. Correlation between P adsorption and soil physicochemical
characteristics
Pearson correlation coefficients were calculated for relating the P concentration in solution
after addition of 625 mg P kg-1 with some known physico-chemical soil characteristics. Soil
FSC11, which differed in its P adsorption capacity, was excluded from the calculation.
Probabilities associated with the Pearson correlation coefficients were determined by SAS
software (SAS 9.0, SAS Institute Inc., Cary, NC, USA, 2002), using the CORR procedure.

8.3. Results
8.3.1. Phosphorus retention curves

Figure 11 presents phosphorus retention curves for the 10 soils selected. The soils differed in
P adsorption characteristics, but in general showed high P adsorption capacity. The soil
FSC11 shows a different behaviour with a remarkable lower P adsorption capacity compared
to other soils. However, compared to the other soils this soil is also strikingly different when
looking at soil analysis data, with a higher pH, lower exchangeable Al, higher ECEC and
higher base saturation. From all 10 soils, the soil PS4 shows the highest P adsorption capacity.
This soil also differs from other soils in its value of exchangeable aluminium (3.53 cmolc kg1

), with the highest value of all soils used in former pot trials.
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Except for soil FSC11, Freundlich fits fitted to all measurement values were not satisfactory.
R2-values were in the range of 0.74-0.91, most of them lower than 0.80. As described by
Barrow (1978), poor fits of the Freundlich equation to P adsorption curves can be explained in
2 ways. Firstly, much weight is given to the values of low concentration in determining the
Freundlich parameters, while these low values may often be of poor precision. Further, the
amount of adsorbed P already present in the soil is not taken into account while plotting the
curve, a fact which influences in particular the low values of the curve. This can be overcome
by adapting the equation with a factor which accounts for this. However, it is not easy to
accurately estimate this factor. In this study, preference was given to exclude the first 2 levels
of P addition from the Freundlich fit (except for soil FCS11), as it was clear that these values
were of large variability and incorrectly influenced Freundlich fits and estimates of P
buffering capacity. After exclusion of these values, R2-values of Freundlich fits were in the
more acceptable range of 0.89-0.99.

8.3.2. P buffering capacity
PBC values for the soils used for the determination of P retention curves are presented in table
12. Values of the amount of adsorbed P (Pads) at a concentration of 0.2 mg P L-1 in solution
(Psol) are presented as well. PBC values are high and of considerable variability. FSC11,
with the lowest P adsorption, and PS4, with the highest P adsorption, as described above,
show the lowest and the highest PBC value respectively. The soils require P additions
between 556 and 930 mg P kg-1 soil to obtain 0.2 mg P L-1 in solution, except for soil FSC11,
which only needs 100 mg P kg-1 soil.

Table 12: P adsorption indexes derived from P retention curves
Soil

PBCa

y(0.2)b

(mg P kg-1) (mg P kg-1)

a
b

FER1_3

127

773

FER1_7

57

559

PS3

70

576

PS4

214

930

PS8

111

738

PS10

59

663

FCS5

83

739

FCS8

68

605

FCS10

76

556

FCS11

15

100

P buffering capacity (Ozanne and Shaw, 1968)

Pads for 0.2 mg Psol L-1 derived from Freundlich equations
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FER1_7

FER1_3
1200.000

0.2; 773
800.000
600.000

y = 1506.6x 0.4148
R2 = 0.9968

400.000
200.000
0.000
0.000

Pads (mg kg-1)

Pads (mg kg-1)

1000.000

0.100

0.200

0.300

0.400

1000.000
800.000

0.2; 559
400.000
200.000

800.000

y = 963.76x0.3203
R2 = 0.9976

0.2; 576

400.000
200.000

0.400

0.600

0.800

1.000

1.200

800.000

400.000

1.600

0.050

0.100

0.150

0.200

0.250

0.300

Psol (mg L-1)

PS10
1200.000

1200.000
1000.000

Pads (mg kg-1)

Pads (mg kg-1)

1.400

200.000
0.000
0.000

1.400

1.200

y = 2252.7x0.5497
R2 = 0.9712

600.000

PS8

0.2; 738

800.000

y = 1373x0.3859
R2 = 0.9971

600.000
400.000
200.000
0.000
0.000

0.100

0.200

0.300

0.400

1000.000
800.000

0.2; 663
400.000
200.000
0.000
0.000

0.500

y = 973.91x0.2393
R2 = 0.9731

600.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

Psol (mg L-1)

Psol (mg L-1)

FCS8

FCS5
1200.000

1200.000

1000.000

Pads (mg kg-1)

-1

1.000

0.2; 930

Psol (mg L-1)

Pads (mg kg )

0.800

PS4

1000.000

0.2; 739

800.000

y = 1193.4x0.2979
R2 = 0.8903

600.000
400.000
200.000
0.000
0.000

0.600

PS3
1200.000

0.200

0.400

Psol (mg L-1)

1000.000

0.000
0.000

0.200

Psol (m g L-1)

1200.000

600.000

y = 867.13x0.2733
R2 = 0.9771

600.000

0.000
0.000

0.500

Pads (mg kg-1)

Pads (mg kg-1)

1200.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

1000.000
800.000
600.000

0.2; 605
400.000

y = 978.56x0.2986
R2 = 0.9247

200.000
0.000
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

0.450

Psol (mg L-1)

Psol (mg L-1)
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FCS11

FCS10
300.000

Pads (mg kg-1)

Pads (mg kg-1)

1200.000
1000.000
800.000
600.000

y = 980.19x0.3527
R2 = 0.9950

0.2; 556

400.000
200.000
0.000
0.000

250.000
200.000

y = 183.75x0.3786
R 2 = 0.9779

150.000
100.000

0.2; 100

50.000
0.000

0.200

0.400

0.600

0.800

1.000

0.000

1.200

0.500

1.000

1.500

2.000

2.500

3.000

3.500

Psol (mg L-1)

Psol (mg L-1)

Figure 11: Phosphorus retention curves for 10 selected soils: 2 FER-1 soils (FER1_3, FER1_7), 4
Project soils (PS3, PS4, PS8, PS10) and 4 Final characterization soils (FCS5, FSC8, FSC10, FSC11).
Curves represent Freundlich adsorption fits.

8.3.3. Single point phosphorus adsorption capacity
Figure 12 presents equilibriums between adsorbed P and P in solution after addition of 625
mg kg-1 soil. For soil FCS11, the P concentration in solution for this amount of added P was
25 mg P L-1, and this soil is not included in figure 12. For 21 out of 34 soils, a concentration
in soil solution between 0.1 and 0.3 mg P L-1 was obtained. In 13 soils, a higher P
concentration was recorded, with 5 soils having P concentrations between 1.0 and 1.6 mg P Land thus a relatively smaller P sorption capacity.

1.800
1.600
1.400
1.200
-1

Psol (mg L )

1.000
0.800
0.600
0.400
0.200

Figure 12: Remaining P concentration in solution (mg L-1) for each soil after an addition of 625 mg P
kg-1 soil. Dark bars indicate soils for which P retention curves were determined.
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PS13

PS12

PS11

PS9

PS10

PS8

PS7

PS5

PS4

PS3

PS2

PS1

FCS14

FCS13

FCS12

FCS9

FCS10

FCS8

FCS7

FCS6

FCS5

FCS4

FCS3

FCS2

FCS1

FER1_8

FER1_7

FER1_6

FER1_5

FER1_4

FER1_3

FER1_2

0.000
FER1_1
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With the exception of soil FCS11, soil FER1_8 shows the lowest P adsorption capacity of all
soils tested. The relatively high fertility of this soil (located in Rhucihangane) was already
noticed from yield and plant nutrient concentration data from the field trial.

8.3.4. Correlation between P adsorption and soil physico-chemical
characteristics
Table 13 presents the Pearson correlation coefficients between the P concentration in solution
after addition of 625 mg P kg-1, and some soil physico-chemical characteristics.
Table 13: Pearson correlation coefficients between a P adsorption index and soil physico-chemical
characteristics.
pH(CaCl2)

Psola
a

Olsen P

Al3+

Mn2+

K+

Ca2+

Mg2+

ECEC

Base saturation

(mg/kg)

(cmolc/kg)

(cmolc/kg)

(cmolc/kg)

(cmolc/kg)

(cmolc/kg)

(cmolc/kg)

(%)

-0.069

-0.679***

-0.018

-0.104

0.671***

0.788***

0.387*

0.654***

0.350*

P concentration in solution after addition of 625 mg P kg-1

* significant at < 0.05
*** significant at ≤ 0.001

The P concentration in solution after an addition of 625 mg P kg-1 was shown to be negatively
correlated with the amount of exchangeable Al in the soil, and positively correlated with the
base saturation, the amount of exchangeable Ca and Mg, the ECEC and the pH of the soil.
Figure 13(a) and 13(b) show how the remaining P concentration decreases with decreasing
soil pH and increasing exchangeable Al in the soil respectively. As indicated, the relationship
between the P concentration in solution and the amount of exchangeable Al3+ in the soil is not
linear.
(b)

(a)
2.0

1.5

Psol (mg L-1)

-1

Psol (mg L )

2.0
y = 0.4363x - 1.3915
2
R = 0.1046

1.0
0.5
0.0
3.75

4.25

4.75

5.25

1.5

0.5
0.0
0.00

5.75

pH

y = -0.222ln(x) + 0.4899
R2 = 0.5539

1.0

1.00

2.00
3+

3.00

4.00

-1

Al (cmol kg )

Figure 13: Remaining equilibrium P concentration in solution (mg L-1) after an addition of 625 mg P
kg-1 soil in function of (a) soil pH and (b) soil exchangeable Al3+ (cmolc kg-1).
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8.4. Discussion
Although it was already concluded in previous chapter that P adsorption in the soils of the
Walungu area is high, the P adsorption capacity experiment made it possible to quantify this P
adsorption capacity. For 21 out of 34 soils it was shown that an addition of 625 mg P kg-1 soil
approximated well the soil’s P need to obtain an adequate P concentration in solution. For 13
other soils this P addition rate was shown to exceed the soil’s P needs. The P concentration
remaining in solution was shown to be correlated with a number of soil physico-chemical
characteristics. This makes it possible to roughly estimate P fertilizer needs in the area based
on the results of simple soil analyses, which can be important since a considerable variation in
P sorption capacity of the soils was observed. However, these relationships were not strong
enough to be useful in drawing conclusions about P adsorption capacities and should only be
used for preliminary screening.
However, more then 60% of the soils needed an addition rate of 625 mg P kg-1 or more. Since
addition rates of P in the second missing nutrient trial amounted to 360 mg P kg-1 soil, this
conclusion supports the hypothesis that plant growth in the reference treatment of the second
nutrient trial was still limited to a certain extent by short P supply.
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9. Conclusion
9.1. Hypotheses
At the start of this thesis work, some research questions and hypotheses concerning soil
fertility in the Walungu area were formulated. The validity of these hypotheses is discussed
below.

Hypothesis: agricultural productivity in farmers’ fields is low due to the existence of
deficiencies other then the common nitrogen limitation.
The yield results of the field trial clearly demonstrated the low inherent productivity of the
trial fields, since without any amendment maize yields amounted merely to half of the
average maize yield for the Democratic Republic of Congo. Further, results of the field trial
suggested that not only short supply of N limited plant growth, but also short supply of other
nutrients like P, K, S, Mg, Ca, Cu and Zn. The occurrence of nutrient deficiencies in the area
was tested more specifically through the implementation of 2 missing nutrient pot trials.
Results from these trials clearly indicated that P is the nutrient which is most limiting in the
area investigated. Deficiencies caused by short supply of P were shown to be much more
distinct than deficiencies caused by short supply of N or other nutrients. Therefore,
application of other nutrients without application of P is not effective, since plant growth is in
first place restricted by the short supply of P. It was shown that the low P status of the soils is
due to high P adsorption capacity. Up to 625 mg P kg-1 soil and more was needed to raise the
P concentration in solution to adequate levels for plant growth.

Hypothesis: fertilizers are indispensable for restoring and maintaining soil fertility, but need
to be applied in combination with organic materials.
It was shown from yield results of the field trial that fertilizers and organic materials were
both capable of raising yields to a similar extent. However, their combination did not result in
a significantly larger yield improvement than their application separately, which either
suggests that nutrient application rates were sub-optimal, or that other constraints were
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present. However, at the relatively low rates applied in the field study, organic materials and
chemical fertilizers have a similar capacity for increasing crop yields. Further investigation is
required to understand constraints for crop production in the region and the capacities of both
chemical fertilizers and FYM to increase crop yields.

Hypothesis: soil sampled from fields identified for the project’s demonstration trials is
comparable to soils from farmers’ fields commonly used for legume cultivation. Results on
nutrient limitations are therefore representative and can be extended to the wider area.
For the second missing nutrient pot trial, both ‘project’ soils and soils from farmers’ fields
commonly used for legume production were tested simultaneously for their nutrient
limitations. Since plant height, biomass and nutrient concentration results were similar for
both soil groups, and since the similarity of soil groups was confirmed by soil analysis, it can
be stated that soils from both groups are comparable in their fertility status. Moreover, no
differences in any of these results were found between both the sites Lurhala and Burhala. It
can thus be concluded that results on nutrient limitations from this missing nutrient pot trial
can readily be extended to similar soil types in the whole Walungu area.

Hypothesis: the soil fertility status of a field can be related to field characteristics like e.g. the
fertility appreciation by the farmer.
A clear relationship was found between plant growth and the local soil type name given by
the farmers. In general, the fertility of the soils which are called ‘kalonko’ is higher than the
fertility of the soils which are called ‘civu’. No obvious relation between crop performance
and other field characteristics was found.

Hypothesis: although no locally calibrated DRIS norms are available and no previous
research was conducted in this area using this technique, DRIS is capable of identifying
specific nutrient deficiencies in combination with missing nutrient trials.
The appropriateness of DRIS norms published in literature for the soils investigated in this
study could not be shown, and DRIS analysis was therefore not possible. DRIS analysis of
maize plants can be useful for nutrient deficiency diagnosis in the region, but for this purpose,
data from a local high-yielding maize population should be collected to determine the
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appropriate DRIS norms. In contrast to DRIS, the missing nutrient technique was useful for
this study, although the determination of adequate application rates to ensure optimal
reference fertilization was difficult because of the high P adsorption capacity of the soils in
the area.

9.2. Perspectives
Since it was shown that low P availability and high P adsorption capacity constitute the
predominant limitation in the soils in the Walungu area, the primary concern in overcoming
these fertility problems is now to determine appropriate P application strategies and rates in
the field. Results from the field trials suggested that a rate of 20 kg P ha-1 is insufficient to
eliminate P deficiency in crops. Crop response to different levels of P application rates should
be tested in a wide range of fields of different fertility classes and across different positions in
the landscape. Likely, combinations with amendments such as the application of lime and
FYM are essential to overcome other constraints and P application rates, and should be tested
in combination with these. The determination of the different levels of P application rates for
this trial can be based on the results of the P adsorption experiment of this study. Results of
the trial can then be extended to farmers’ fields in collaboration with farmers’ associations in
the area. For this purpose it will be necessary to raise the accessibility of farmers to P
fertilizers. Since fertilizers are practically absent in South-Kivu, this will require efforts
involving policy makers and dealers in the production supply chain. Simultaneously, more
research is required concerning the occurrence and the relative importance of other nutrient
deficiencies than P.
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Inleiding
De bodems in het gebied van Walungu zijn zeer onproductief omwille van verregaande
bodemvruchtbaarheidsproblemen. De bevolkingsdruk is hoog, het gebruik van chemische
meststoffen zo goed als onbestaand en dierlijke mest is schaars. In het verleden is maar
weinig onderzoek verricht naar de bodemvruchtbaarheidsproblemen in de streek en de
mogelijke oplossingen hiervoor. De exacte aard van de bodemvruchtbaarheidbeperkingen is
dan ook nauwelijks gekend.
In 2005 werd het Consortium for Improving Agriculture-based Livelihoods in Central-Africa
(CIALCA) opgericht. Dit consortium bundelt de activiteiten van 3 verschillende projecten die
grotendeels in dezelfde gebieden van de Democratische Republiek Congo, Rwanda en
Burundi opereren. Eén van deze 3 projecten wordt geleid door TSBF-CIAT en heeft als doel
het verbeteren en instandhouden van agro-ecosystemen door de introductie van verbeterde
variëteiten en het instandhouden en verbeteren van de natuurlijke hulpbronnen om
productiviteit te verhogen. In 2005 startte dit project ook activiteiten op in de regio van
Walungu, meerbepaald in 2 ‘action sites’, Lurhala en Burhale. Het werd al snel duidelijk dat
lage bodemvruchtbaarheid in de regio van Walungu tot grote oogstverliezen leidt, en dat de
bodemvruchtbaarheidbeperkingen er groter zijn dan in andere regio’s waar het project
opereert. In 2007 werd daarom gestart met een veldproef die als doel had te bepalen op welke
manier en met welke inputs de bodemvruchtbaarheid kan worden verbeterd. Deze thesis
vertrekt vanuit de resultaten van deze veldproef en heeft als doel om meer specifiek de
nutriëntendeficiënties in de bodems van de regio van Walungu te identificeren. De aard van
deze nutriëntendeficiënties werd onderzocht aan de hand van 2 serre-potproeven.

Walungu, een regio in Zuid-Kivu
Walungu is een grondgebied met een oppervlakte van 1800 km2 gelegen in de OostCongolese provincie Zuid-Kivu. Het reliëf van Zuid-Kivu wordt bepaald door de bergketen
Mitumba. Ook de regio van Walungu maakt hier deel van uit (Mateso, 1998). Bergtoppen
reiken tot 3000 m (Hecq, 1961). Het klimaat van Zuid-Kivu wordt gekenmerkt door een lang
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regenseizoen van september tot mei, dat onderbroken wordt door een korte droogteperiode in
januari (Mateso, 1998). De jaarlijkse gemiddelde regenval bedraagt 1200-1800 mm
(Vandeput, 1981) en de gemiddelde temperatuur 18,8°C (PRAGMA, 1997).
Het geologische substraat van Walungu wordt gedomineerd door 2 formaties: de sedimentaire
Burundi formatie en de basische lava’s (Lepersonne, 1974). Deze substraten bepalen in grote
mate de bodems die erop gevormd zijn. Bodems gevormd op de Burundi formatie zijn
kleibodems, terwijl op de basische lava’s vooral zeer zware kleibodems gevonden worden
(Pecrot, 1960). De bodemkaart van Belgisch Congo en Ruanda-Urundi, Dorsale de Kivu
(Pecrot, 1960) classificeert echter alle bodems in de regio van Walungu volgens het
classificatiesysteem van I.N.E.A.C. (Insititut National pour l’Etude Agronomique du Congo
Belge) als Ferrisols. Ferrisols werden opgenomen in de World Reference Base of Soil
Resources (WRB) als Nitisols (Deckers, 2003).

Veldexperiment
Doel
Het

doel

van

dit

veldexperiment

was

een

breder

beeld

te

krijgen

op

de

bodemvruchtbaarheidbeperkingen van de bodems in de regio van Walungu en het bepalen van
de aard van inputs die nodig zijn om deze bodemvruchtbaarheid te verbeteren. Het
veldexperiment is de voorloper van deze thesis en de resultaten ervan zullen aangevuld
worden aan de hand van de resultaten van 2 potproeven (zie verder).

Materiaal en methoden
In elk van de ‘action sites’ Lurhala en Burhale werden door boerenorganisaties 4 velden
geselecteerd. In Lurhala werden 2 velden aangeduid door de boerenorganisaties als velden
met

een

lage

bodemvruchtbaarheid en 2 velden als

velden met

een matige

bodemvruchtbaarheid. In Burhale werden 3 velden en 1 veld respectievelijk aangeduid als
laag en matig in bodemvruchtbaarheid. Op elk van deze velden werden bodemstalen genomen
uit de toplaag (0-20 cm ). Bovendien werden een aantal veldparameters bepaald via een
interview met de betrokken boeren. De bodemkarakteristieken van deze bodems worden
weergegeven in tabel 1 en 2 (zie p 30, 31).
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Op elk van de 8 locaties werd een veldproef opgezet met 2 testgewassen als hoofdplots, Maïs
(Zea mays L.) en Gewone boon (Phaseolus vulgaris L.), en 10 behandelingen als subplots.
Voor Maïs was elke subplot 13.5 m2 (4.5 m x 3 m) groot, en voor Gewone boon bedroeg de
oppervlakte van elke subplot 9 m2 (3 m x 3 m). Volgende behandelingen werden op de
subplots toegepast:
1. Controle;
2. NPK (17:17:17)-meststof aan 20 kg P ha-1;
3. Mavuno-meststof2 aan 20 kg P ha-1;
4. Geitenmest (GM) aan 5 t droge stof (DS) ha-1;
5. GM aan 5 t DS ha-1 + NPK-meststof aan 20 kg P ha-1;
6. GM aan 5 t DS ha-1 + mavuno-meststof an 20 kg P ha-1;
7. Kalk aan 4 t ha-1;
8. Kalk aan 4 t ha-1 + NPK-meststof aan 20 kg P ha-1;
9. Kalk aan 4 t ha-1 + mavuno-meststof aan 20 kg P ha-1;
10. Tithonia (Tithonia diversifolia (Hemsl. A.) Gray)-bladresten aan 5 t DS ha-1.

De maïs- en boonplanten werden bemonsterd op verschillende tijdstippen in de loop van het
experiment. Tussen 7 en 10 weken na planten werden op elke locatie maïsbladstalen genomen
voor elke behandeling. Wanneer de maïsplanten pluimen vertoonden werden volledige
planten bemonsterd, en de bladeren, stengel en pluim, de kolf en het blad aan de kolf werden
apart bewaard. Op het moment dat de boonplanten ongeveer 50% bloei vertoonden, werden
volledige planten gemonsterd en de jongste bladeren hiervan werden apart bewaard. Verder,
wanneer de planten voor ongeveer 50% peulen vertoonden, werden eveneens volledige
planten bemonsterd en in hun geheel bewaard. Tegelijkertijd met deze laatste staalname
werden ook hele maïsplanten gemonsterd. De volledige oogst van zowel de maïs als de bonen
werd opgemeten en een staal van 100 maïskorrels en 20 bonen werd bewaard voor elke
behandeling.

De

plantstalen

werden

gedroogd,

gemalen

en

geanalyseerd

voor

nutriëntenconcentraties met Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES). De N concentratie in de bladeren aan de kolf werd bepaald met de Dumas
combustion method (Vario max). De nutriëntenconcentraties in de plantstalen werden
vergeleken met in de literatuur gepubliceerde normen voor de welbepaalde plantdelen en

2

Mavuno is een meststofmengeling geproduceerd door Athi River Mining Ltd., Kenya (ARM). De mengeling

bevat 10% N, 11% P, 8% K, 4% S, 7% Ca, 3% Mg en kleine hoeveelheden van B, Zn, Mn, Mo en Cu. Het wordt
verpakt in zakken van 1 kg en vermarkt in Kenya om boeren aan te moedigen te experimenteren met meststoffen
op een betaalbare manier.
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bemonsteringstijden. Statistische analyse van de gegevens werd uitgevoerd met SAS software
(SAS 9.0, SAS Institute Inc., Cary, NC, USA, 2002), waarbij gebruikt werd gemaakt van de
‘PROC Mixed’ procedure.

Resultaten

Oogst
Gemiddelde maïs- en boonoogsten voor de verschillende behandelingen worden weergegeven
in figuur 6 (zie p 36). De maïs- en boonoogst voor de controlebehandeling was lager dan de
oogst voor alle andere behandelingen, behalve de behandeling met enkel kalk. Voor beide
testgewassen leidde de behandeling met GM én NPK tot de grootste oogst, maar de
oogstgewichten voor de behandelingen met enkel GM of NPK, of met GM en mavuno waren
niet significant lager. Het toedienen van chemische meststoffen in combinatie met kalk leidde
tot een minder grote stijging van de oogst dan het toedienen van chemische meststoffen
alleen. Het toedienen van mavuno meststof resulteerde in een significant lagere boonoogst
dan het toedienen van NPK meststof.

Nutrïentenopname
De nutriëntenconcentraties van alle macronutriënten in de maïsbladeren aan de kolf waren
lager dan de concentratienormen gepubliceerd in de literatuur, en dit voor alle behandelingen.
Ook Zn- en Cu-concentraties waren te laag in deze stalen. In de boonbladstalen waren vooral
P- en Zn-concentraties te laag, eveneens voor alle behandelingen. Verder waren Pconcentraties ook te laag in de maïskorrels. Voor de andere stalen werden geen geschikte
normen in de literatuur gevonden. Er werden geen eenduidige effecten van de behandeling op
de nutriëntenconcentraties gevonden. Geen enkele behandeling leidde tot P-concentraties die
voldeden aan de normen.

Discussie
Alle behandelingen zorgden voor een significante stijging van de oogst voor beide
testgewassen, met uitzondering van de behandeling met enkel kalk. Echter, ook de verbeterde
oogstgewichten bleven laag in vergelijking met gemiddelde oogstgewichten voor de
Democratische republiek Congo. Zowel de toediening van chemische meststoffen als de
toediening van dierlijke mest leidde tot goede resultaten. Echter, de combinatie van beide gaf
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geen significante meerwaarde. Dit kan er op wijzen dat de toegevoegde hoeveelheiden
meststoffen of dierlijke mest suboptimaal waren, of dat plantengroei ook werd geremd door
andere beperkingen zoals droogte of aluminiumtoxiciteit. In de afwezigheid van chemische of
dierlijke meststoffen blijkt het toedienen van de gemakkelijk toegankelijke Tithoniabladresten een goed alternatief om gewasproductie te verhogen.
Het voorkomen van verschillende macro- en micronutriëntendeficiënties werd aangehaald.
Hun specifieke effecten op plantengroei en hun relatieve belang worden onderzocht in
volgende paragrafen.

Potproef I
Doel
Het doel van deze potproef was het nagaan van het specifieke voorkomen van bepaalde
macro- en micronutriëntendeficiënties in de bodems van Walungu.

Materiaal en methoden
Het voorkomen van deficiënties van 6 veschillende macro- en micronutriënten in de 8 bodems
gebruikt voor de hierboven besproken veldproef werd getest aan de hand van 8 verschillende
behandelingen in een serre-potproefexperiment. Maïs (Zea mays L., cv. Katumani) werd
gekozen als testgewas. De behandelingen van de bodems werden gebaseerd op de ‘missing
nutrient technique’. Deze techniek voorziet een behandeling die een optimale nutriëntstatus
van de bodems garandeert, naast een aantal andere behandelingen waarin steeds 1 nutriënt uit
de behandeling wordt weggelaten. De referentiebehandeling van deze potproef voorzag in een
optimale bemesting van N, P, K, S, Mg, Ca, Zn, Cu, Mn, Mo, Fe en B. Deze optimale
bemesting werd berekend op basis van een optimale nutriëntconcentratie in maïsplanten en
een staande biomassa van 30g droge stof voor elke plant. 150% van de nodige
nutriëntenhoeveelheden werden dan toegevoegd aan elke pot. De nutriënten werden
toegevoegd door nutriëntenoplossingen handmatig te vermengen met de bodems. Elke pot
bevatte 2,5 kg bodem. In totaal werd 540 mg N kg-1 bodem, 54 mg P kg-1 bodem, 450 mg K
kg-1 bodem, 225 mg Ca kg-1 bodem, 99 mg Mg kg-1 bodem, 36 mg S kg-1 bodem, 3,2 mg Fe
kg-1 bodem, 3,2 mg Mn kg-1 bodem, 2,0 mg Zn kg-1 bodem, 2,0 mg Cu kg-1 bodem, 0,6 mg B
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kg-1 bodem en 0,6 mg Mo kg-1 bodem toegediend. Naast deze referentiebehandeling werd in 6
verschillende behandelingen telkens 1 nutriënt weggelaten, respectievelijk P, K, Mg, S, Zn en
B. Ten slotte werd ook een behandeling toegepast met enkel de nutriënten N, P en K. De
potten werden geplaatst in een gerandomiseerd blokdesign met 3 herhalingen, en dagelijks
een plaats opgeschoven. In elke pot werden 3 maïszaden gezaaid. Na 8 dagen werden de
planten uitgedund tot 1 plant per pot. Gedurende het experiment werden de bodems
(ongeveer) op veldcapaciteit gehouden door het dagelijks toevoegen van gedestilleerd water.
De gemiddelde minimum- en maximumtemperatuur in de serre was respectievelijk 15,5°C en
43°C. Planthoogtes werden gemeten op 8, 15, 20, 24, 28, 31 en 35 dagen na de zaaidatum. Na
37 dagen werden de planten geoogst en gedroogd.

Resultaten en discussie
Vijf weken na de plantdatum konden geen significante verschillen in planthoogte tussen de
verschillende behandelingen vastgesteld worden. Alle planten hadden een vergelijkbare
hoogte van ongeveer 45 cm. Echter, voor alle bodems en alle behandelingen waren ernstige
symptomen van P-deficiëntie zichtbaar op de maïsbladeren.
Het is dus duidelijk dat zelfs de referentiebehandeling er niet in slaagde een optimale
plantenvoeding te verzekeren. Nochtans werden de nodige hoeveelheden nutriënten aan de
bodems toegevoegd. Dit wil zeggen dat plantengroei geremd werd door een lage
beschikbaarheid van deze nutriënten. Deze vaststelling gecombineerd met de visuele
symptomen van P-deficiëntie leidt tot de hypothese dat de vruchtbaarheid van de bodems
onderzocht in deze potproef in de eerste plaats beperkt wordt door een hoge Psorptiecapaciteit en dus een lage beschikbaarheid van de aanwezige P. Deze hypothese wordt
onderzocht in volgende paragraaf.

Potproef II
Doel
Het doel van deze potproef was het staven van de hypothese die geformuleerd werd op het
einde van vorige paragraaf, en dit voor een representatieve set aan bodems uit de regio van
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Walungu. Bovendien werd ook het voorkomen nagegaan van andere nutriëntendeficiënties
onder een voldoende toevoer van P.

Materiaal en methoden
Voor deze potproef werden bodems bemonsterd uit 2 verschillende categorieën. Allereerst
werden 15 bodemmonsters verzameld afkomstig van velden die in het kader van de CIALCAaciviteiten in de regio gebruikt worden voor het testen en het kweken van verbeterd zaaigoed.
Ten tweede werden 15 bodems bemonsterd die willekeurig gekozen werden uit een database
van familiegronden die traditioneel gebruikt worden voor het telen van peulgewassen (deze
database werd in 2007 tot stand gebracht door het TSBF-CIALCA project in het kader van de
karakterisatie van de 2 ‘action sites’ Lurhala en Burhale).
In totaal werden 30 bodemmonsters verzameld. Bodemkarakteristieken van deze bodems
worden weergegeven in tabel 6 (zie p 49). Deze set van 30 bodems werd gebruikt voor het
opzetten van een potproef volgens gelijkaardige principes als hierboven beschreven
(gebaseerd op de ‘missing nutrient technique’). De referentiebehandeling van deze potproef
voorzag echter het tienvoudige van de hoeveelheid P die elke maïsplant (met een staande
biomassa van 30g droge stof) zou nodig hebben. Zoals in de vorige potproef bevatte elke pot
2,5 kg bodem. Voor de referentiebehandeling werd 396 mg N kg-1 bodem, 360 mg P kg-1
bodem, 360 mg K kg-1 bodem, 210 mg Ca kg-1 bodem, 92 mg Mg kg-1 bodem, 42 mg S kg-1
bodem, 1,9 mg Zn kg-1 bodem, 1,9 mg Cu kg-1 bodem, 2,9 mg Mn kg-1 bodem, 0,6 mg Mo kg-1
bodem and 0,6 mg B kg-1 bodem toegevoegd. Daarnaast werden in 3 andere behandelingen
respectievelijk N, P en K weggelaten. Bovendien werd 1 controle behandeling toegepast voor
welke niets werd toegevoegd, en een behandeling met enkel de nutriënten N, P en K. De
potten werden geplaatst in een volledig gerandomiseerd design met 1 herhaling per bodem.
De procedures vóór en tijdens het experiment waren dezelfde als in voorgaande proef. De
minimum- en maximumtemperatuur in de serre was respectievelijk gemiddeld 15,6 en
45,6°C. Planthoogtes werden gemeten op 11, 18, 21, 25, 28, 32, 35 en 38 na zaaidatum. Na 38
dagen werden de planten geoogst, en van elke plant werd het jongste volledig ontwikkelde
blad apart bewaard. De stalen werden gedroogd op 65°C en gewogen. Daaropvolgend werden
de stalen geanalyseerd voor macro- en micronutriëntenconcentraties met ICP-OES. N
concentraties werden bepaald met de Dumas combustion method voor de stalen van de
referentiebehandeling, de behandeling zonder N en de behandeling met enkel N, P en K.
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Nutriëntenconcentraties in de plantstalen werden vergeleken met in de literatuur
gepubliceerde normen.

Resultaten

Plantengroei
De plantengroei voor de verschillende behandelingen is weergegeven in figuur 8 (zie p 53).
De planthoogtes voor de controlebehandeling en de behandeling zonder P waren significant
lager dan de planthoogtes voor de referentiebehandeling, de behandelingen zonder N of K en
de behandeling met enkel N, P en K. Tussen de andere behandelingen werd echter geen
significant verschil vastgesteld.
Er werd geen verschil geobserveerd tussen de planthoogtes voor de beide bodemgroepen
(projectbodems en karakterisatiebodems). Noch werd enig verschil vastgesteld tussen de
planthoogtes voor de bodems uit beide ‘action sites’ (Lurhala en Burhale). De
vergelijkbaarheid van

beide

bodemgroepen

en

bodemsites

werd

bevestigd

door

bodemanalyses.
Een analyse van de drooggewichten van de geoogste planten toonde dezelfde
behandelingseffecten aan als de analyse van de planthoogtes.

Nutriëntenopname
Gemiddelde

nutriëntenconcentraties

voor

de

verschillende

behandelingen

worden

weergegeven in tabel.
N-concentraties waren significant lager voor de behandeling zonder N dan voor de
referentiebehandeling en de behandeling met N, P en K. Voor deze eerste behandeling vielen
de N-concentraties bovendien onder de norm. Echter, P-, Ca- en Mg- concentraties waren te
laag voor

alle

behandelingen.

P-concentraties

waren

significant

lager

voor

de

controlebehandeling en de behandeling zonder P. S-concentraties waren te laag, behalve voor
de referentiebehandeling en de behandeling zonder K, en het allerlaagste in de
controlebehandeling. Fe- en Mn-concentraties waren te hoog, en er kon geen significant effect
van de behandelingen op deze concentraties worden vastgesteld. Zn- en B-concentraties
waren significant lager voor de controlebehandeling en de behandeling met N, P en K, maar
voldeden aan de norm voor alle behandelingen. Cu-concentraties waren te laag voor de
controlebehandeling en de behandeling zonder N.
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Discussie
In

deze

potproef

werd

duidelijk aangetoond

dat

P-deficiëntie

de

belangrijkste

bodemvruchtbaarheidbeperking vormt van de bodems van Walungu. Plantengroei werd
aanzienlijk verbeterd door het toedienen van P. Echter, P-plantconcentraties bleven onder de
norm voor alle behandelingen. Het is dus mogelijk dat, zelfs in de behandeling waarin P werd
toegevoegd, de lage beschikbaarheid van P voor de planten nog steeds een limiterend effect
had op de plantengroei.
Aangezien de resultaten gelijklopend waren voor beide bodemgroepen en –sites, kan besloten
worden dat de het probleem van P-deficiëntie een algemeen en wijdverspreid probleem is in
de regio van Walungu, en dat resultaten verkregen op projectvelden geëxtrapoleerd kunnen
worden naar gelijksoortige bodemtypes in het hele gebied.
Hoewel geen significante verschillen in planthoogtes werden opgemeten tussen de
behandelingen waarin P werd toegevoegd (maar wel andere nutriënten werden weggelaten),
werd het voorkomen van andere nutriëntendeficiënties dan P zoals N- en S-deficiëntie wel
bevestigd door de analyse van de plantstalen. De graad en het relatieve belang van deze
deficiënties kon echter niet worden aangetoond en vraagt verder onderzoek.

Bepaling van de P-sorptie capaciteit
Doel
Een P-sorptie experiment werd uitgevoerd om de P-sorptie van de bodems van Walungu
kwantitatief te bepalen, en zo een ruimer beeld te krijgen op de aard en de graad van het Pdeficiëntie probleem in de regio.

Materiaal en methoden
10 bodems uit de collectie bodems gebruikt in voorgaande experimenten werden geselecteerd
voor de bepaling van P-retentiecurves. Deze bodems werden in evenwicht gebracht met
oplossingen die verschillende hoeveelheden orthofosfaat bevatten. Daaropvolgend werd de
hoeveelheid orthofosfaat nog aanwezig in het filtraat bepaald met de malachietgroenmethode

82

Samenvatting
van Van Veldhoven en Mannaerts (1987), en kon de hoeveelheid geadsorbeerd P berekend
worden. De hoeveelheid geadsorbeerd P (in mg kg-1) bodem werd geplot in functie van de
overblijvende P-concentratie (in mg P L-1), en een Freundlichcurve werd gefit. Een
Freundlichcurve (y=kxb) geeft in de meeste gevallen een goede beschrijving van
adsorptieprocessen (Barrow en Shaw, 1975).
Uit de functievoorschriften van de Freundlichcurves werd de gemiddelde hoeveelheid
geadsorbeerde P berekend waarbij in de oplossing een P-concentratie van 0,2 mg P L-1 werd
bereikt. Dit is de concentratie waarbij optimale plantengroei mogelijk is (Beckwith, 1964). De
overige bodems werden dan, zoals eerder beschreven, in balans gebracht met deze
hoeveelheid P, en de overblijvende concentratie in de oplossing werd op eenzelfde manier
bepaald.

Resultaten en discussie
De P-retentieplots en bijhorende Freundlichcurves worden weergegeven in figuur 12 (p
67,68). De hieruit berekende hoeveelheid geadsorbeerd P bij een P-concentratie in de
oplossing van 0,2 mg P L-1 reikte voor de verschillende bodems van 556 tot 930 mg P kg-1
bodem. Eén bodem echter vertoonde een relatief lage P-sorptiecapaciteit met een waarde van
slechts 100 mg P kg-1 bodem voor deze concentratie in de oplossing. De gemiddelde
hoeveelheid nodig voor deze concentratie bedroeg ongeveer 625 mg P kg-1 bodem. Deze
hoeveelheid P werd aan de andere bodems toegevoegd als hierboven beschreven.
In totaal werd de P-sorptiecapacitiet van 34 bodems getest. Hierbij resulteerde het toevoegen
van 625 mg P kg-1 bodem voor 21 bodems (of ongeveer 60%) in een concentratie in de
oplossing tussen 0,1 en 0,3 mg P L-1. Voor 13 andere bodems lag de concentratie na het
toevoegen van deze hoeveelheid P hoger. Deze laatste bodems hebben dus een relatief lagere
hoeveelheid toegevoegde P nodig voor optimale plantengroei.

Conclusie
De veldproef toont aan dat chemische of dierlijke bemesting onontbeerlijk is voor een
aanvaardbaar productieniveau van de onderzochte bodems. De aanwezigheid van een aantal
nutriëntendeficiënties werd aangehaald. Hierna werd duidelijk aangetoond dat lage
beschikbaarheid van P de belangrijkste bodemvruchtbaarheidbeperking vormt van de
onderzochte bodems. De resultaten maakten verder ook de aanwezigheid van andere
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nutriëntendeficiënties duidelijk. Echter, buiten de vaststelling dat deze deficiënties minder
belangrijk zijn dan de aanwezige P-deficiëntie, kon hun relatieve belang niet kwantitatief
worden bepaald. Aangezien resultaten gelijklopend waren voor beide bodemgroepen en –
sites, kan besloten worden dat het probleem van P-deficiëntie een algemeen voorkomend
probleem is in de regio van Walungu. Een volgende stap in het onderzoek naar
nutriëntendeficiënties in de regio is het bepalen van de hoeveelheid P die nodig is in het veld
om de productie te verhogen naar een aanvaardbaar niveau. Tegelijkertijd is meer onderzoek
vereist naar het relatieve belang van andere nutriëntendeficiënties dan P-deficiëntie.
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Appendix 1
FER-1 field trial: protocol
Adapted from CIALCA, 2007

Objectives
(i) to investigate yield limiting soil constraints for bean and maize and examine yield
improvements by amendments with combinations of lime, manure, NPK and mavuno;
(ii) to explore variability in soil fertility status within the study area;

Sites
8 sites: 2 fields (one of medium and one of poor soil fertility status) at each of the 2
associations at Lurhala (CINAMULA and ALEMALU) and Burhale (APACOV and
ABAGWASINYE).

Treatment structure
Each trial consists of 10 plots (treatments), in 2 separate blocks (blocked per species):
- Main plots: soil amendments
1. control;
Maize

2. NPK only;

Climbing bean

3. mavuno (NPK + micronutrients);
3m

4. FYM only;
5. FYM + NPK;
6. FYM + mavuno;

0.75m

0.5m

7. lime only;
8. lime + NPK;
9. lime + mavuno;
10. Tithonia residues (take subsample per trial, determine fresh and dry weight and
store ground sample).
- Blocks: species (maize, climbing bean);
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Trial management
Plant varieties and spacing:
-

Maize: Variety: Katumani cv.;
Plant spacing: 0.75m between rows, 0.25m between plants within the row;
Plot size: 6 rows of 3m = 4.5m × 3m = 13.5m2.

-

Climbing bean: Variety: AND10;
Plant spacing: 0.50m between rows, 0.10m between plants within the row;
Plot size: 6 rows of 3m = 3m × 3m = 9m2.

Area required per trial = 10 × (9 + 13.5) = 225 m2 ≈ 3 are.

Soil amendments and mode of application:
-

Lime: 4 tonnes ha-1, broadcasted and incorporated;
(=5.4 kg per maize plot of 13.5 m2 and 3.6 kg per climbing bean plot of 9 m2)

-

FYM (from goats): 10 tonnes fresh matter ha-1, broadcasted and incorporated;
(=13.5 kg per maize plot of 13.5 m2 and 9 kg per climbing bean plot of 9 m2)

-

NPK: 20 kg P ha-1, banded application, in the planting line (but deep enough not to
hamper germination);
(=26.5 g per maize row of 3 m and 17.7 g per climbing bean row of 3 m)

-

Mavuno: 20 kg P ha-1, banded application, in the planting line (but deep enough not to
hamper germination);
(=40.9 g per maize row of 3 m and 27.3 g per climbing bean row of 3 m)

-

Tithonia: 5 tonnes DM ha-1, (≈ 25 tonnes fresh matter ha-1), broadcasted and
incorporated;
(=33.75 kg per maize plot of 13.5 m2 and 22.5 kg per climbing bean plot of 9 m2)

For maize, additional urea (top-dressing) is applied 6 weeks after planting at 60 kg N ha-1
(for treatments with NPK or mavuno only);
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Appendix 2
FER-1 field trial: sampling procedures
Adapted from CIALCA, 2007

Observations

DAY 0

Initial soil description and soil fertility evaluation
Per trial, at least 8 soil samples are taken at 0-15cm prior to trial installation and application
of soil amendments, using a ‘W’ design. Soil samples are bulked, air-dried and stored pending
shipment and analysis (in total, 8 soil samples must be collected: 2 action sites × 2
associations × 2 trials per association).

DAY 28 – 32

Soil sampling at 4 weeks after planting
Per treatment and species, 6 soil cores (0-15cm) are collected diagonally across the plot from
between the planting rows and are bulked and air-dried (in total, 160 soil samples must be
collected: 2 action sites × 2 associations × 2 trials per association × 10 treatments × 2
species). A sub sample of 200 g is send to Nairobi for analysis; the remaining soil is stored at
INERA.

Maize leaf sampling at 7-10 WAP
Cut off (using a thoroughly cleaned knife) the youngest fully-developed leaf (i.e. the leaf
collar emerged) from its collar for 1 plant in the 3rd and 1 plant in the 4th line (at least 0.5 m
away from the plot ends). Choose representative plants of average height (not the largest or
the smallest plants). Avoid plants with diseased or damaged leaves, or plants having leaves
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stained with soil. Place the leaves flat into large brown paper bags. Do not fold the leaves – if
the leaves are too long then cut the leaves in half, using a thoroughly cleaned knife. Label the
bags with the trial name (FER-1), date, mandate area (SK), action site (Lurhala or Burhale),
association name, field identification or farmer name, “MAIZE LEAVES at knee height” and
treatment. The bags with samples need to be laid out in the sun and dried as quickly as
possible. Leave samples should not be placed in plastic bags as this may cause “respiration”.
Neither should the leaf samples be laid bare to dry. These leave samples will be analysed for
micronutrient concentration, so all contamination should be avoided. If sun-drying is not
possible, leaf samples can be directly dried in an oven (65ºC) – care should however be taken
and not too many samples should be dried at once, to allow fluid air circulation and swift
drying. At all times the samples need to remain in the closed paper bags and should be kept in
a dry, well-aired place, protected from dust.

DAY 55 – 70

Maize biomass and ear leave sampling at tasseling
At tasseling, once the ear leaf is completely visible (silking to early milk stage, commonly
between 55 and 70 days after planting), 3 maize plants are harvested randomly within the 3rd
row or 4th row (at least 0.5 m away from the plot ends). Avoid plants sampled for leaves at 4
weeks after planting, and damaged, diseased or abnormally developed plants. The plants are
separated in leaves (cut off at the collar), stem + tassel, ear leaves (also called husk leaves)
and the immature kernel + silk + cob. Use a thoroughly cleaned knife for cutting up, to avoid
contamination. Do not fold up any plant parts, but cut up in pieces (keep pieces as large as
possible) to fit the paper bags. Label the bags with the trial name (FER-1), date, mandate area
(SK), action site (Lurhala or Burhale), association name, field identification or farmer name,
plant part (“MAIZE LEAVES at TASSELING”, STEM + TASSEL”, “EAR LEAVES” or
“KERNEL + SILK + COB”) and treatment. The bags with samples need to be laid out in the
sun and dried as quickly as possible. Samples should not be placed in plastic bags as this may
cause “respiration”. Neither should any samples be laid bare to dry. These samples will be
analysed for micronutrient concentration, so all contamination should be avoided. If sundrying is not possible, leaf samples can be directly dried in an oven (65ºC) – care should
however be taken and not too many samples should be dried at once, to allow fluid air
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circulation and swift drying. At all times the samples need to remain in the closed paper bags
and should be kept in a dry, well-aired place, protected from dust.

BEANS AT 50% FLOWERING

Bean biomass and leaf sampling at 50 % flowering
At 50 % flowering, 4 bean plants are harvested: 2 plants in the 3rd row and 2 plants in the 4th
row (at least 0.5 m away from the plot ends). Plants are cut at least 5 cm above the soil
surface to avoid contamination by soil particles. For each of the plants cut, the growing tips
are identified (several per plant) and starting from each growing tip, the youngest fully
developed leaves (tri-foliates) are separated and stored in a separate paper bag. The leave
sample should not be folded, but placed neatly inside the bag. Bags are labelled with the trial
name (FER-1), date, mandate area (SK), action site (Lurhala or Burhale), association name,
field identification or farmer name, plant part (“BEAN LEAVE SAMPLE at 50%
FLOWERING” or “BEAN BIOMASS at 50% FLOWERING”) and treatment. The bags with
samples need to be laid out in the sun and dried as quickly as possible. Samples should not be
placed in plastic bags as this may cause “respiration”. Neither should any samples be laid bare
to dry. These samples will be analysed for micronutrient concentration, so all contamination
should be avoided. If sun-drying is not possible, leaf samples can be directly dried in an oven
(65ºC) – care should however be taken and not too many samples should be dried at once, to
allow fluid air circulation and swift drying. At all times the samples need to remain in the
closed paper bags and should be kept in a dry, well-aired place, protected from dust.

BEANS AT 50% PODDING

Bean biomass sampling at 50 % podding
At 50 % podding, plants within a 50 cm section in the net plot are cut (note the number of
plants cut). Sections missing plants due to sampling at 50 % flowering need to be avoided.
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Maize biomass sampling at 50%podding of beans
At the same time, 3 maize plants per treatment are cut (in the 2nd, 3rd, 4th of 5th row, at least 50
cm away from the plot ends; avoid plants sampled for leaves at 4 weeks after planting). If this
coincides (less than 5 days difference) with the maize biomass sampling at tasseling,
harvesting of these maize plants can be omitted. Biomass samples are air-dried, weighed,
ground and stored pending shipment and analysis.

HARVEST

The total maize grain yield, maize biomass yield, and bean grain yield is harvested. Samples
are air-dried, weighed, ground and stored pending shipment and analysis.
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Questionnaire for background data of FER-1 fields

1 Site

(give name)

2 Association (+ field)

(give name)

3 Altitude center of field

(meters above sealevel)

4 GPS coordinates center of field

(? S, ? E)
P

5 Position in landscape

S

=
=

plateau
mid-slope

V = valley bottom
G
6 Farmer's appreciation of soil fertility

M

=

good

=

medium

P = poor
7 Local name of soil type

(give name)
F

8 Crop grown in last farmer-managed season?

=

fallow

if cropped, specify crop planted
0=none

9 Inputs applied in last farmer-managed season?

fertilizer

F

=

M

=

manure

C

=

compost

R = plant residues
10 If inputs applied, give type

(e.g. NPK, goat manure, tithonia,…)

11 If inputs applied, give amount

(kg applied to the field's surface)

12 When was the field first taken under cultivation?

(give year)
(erosion 1, stoniness 2, low soil fertility

13 Major constraint for crop production

3, weeds 4, pests&diseases 5, drought
6, excessive rainfall 7)
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Detailed description of soil and plant analysis techniques
Soil analysis techniques

Soil pH
The pH(H20) was determined in a suspension with a soil:water ratio of 1:2.5. The suspension
was stirred for 10 minutes, then allowed to settle for 20 minutes and again stirred for 2
minutes. The pH was then measured with a calibrated pH meter.
The pH(CaCl2) was determined likewise in a suspension with a soil:solution ratio of 1:2.5, for
which a CaCl2 0.01M solution was used. The suspension was shaken for 2 hours in an endover-end shaker. A calibrated pH meter was used to measure the pH.

Soil particle size analysis
The percentage of sand, silt and clay particles of each soil was estimated by the hydrometer
soil particle analysis method. This method is based on the differential sedimentation rate of
soil particles, according to their particle size. Practically, soil is dispersed in water and
sedimentation rate is measured in a water column with a hydrometer. The hydrometer
measures the specific gravity of the liquid at a specific time, indicating the amount of soil
particles remaining in suspension. These data can then be recalculated to the amounts of sand,
silt and clay in the soil.
For each soil (standard soil included), 50 g of sieved and oven-dry soil was weighted in a
beaker, and 125ml of distilled water was added. The mixtures were stirred thoroughly and the
beakers were placed in a hot water bath at 85 to 90°C. While gently stirring, 5ml of 30% H202
was added to each beaker in order to destroy organic matter. If necessary, also a few drops of
amyl alcohol were added to minimize foaming. Then, further portions of 5 mL of H202 were
added until no more frothing occurred, indicating that all organic matter was destroyed. The
beakers were then heated for some time until no more bubbles occurred, to ascertain that no
more H202 was present in the solution.
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After cooling, to each beaker 10 mL of 10% sodium hexametaphosphate solution was added
to aid the dispersion of the soil particles. After 10 minutes the mixtures were stirred for two
minutes with a high speed stirrer.
The suspensions were quantitatively transferred into a 1000ml measuring cylinder and the
total volume was brought to 1000ml. A blank cylinder was prepared with 10 mL of 10%
sodium hexametaphosphate solution and distilled water with a total volume of 1000ml. The
measuring cylinders were mixed thoroughly. When mixing was complete, a stopwatch was
started immediately, and quickly some drops of amyl alcohol were added. After 20 seconds
the hydrometer was placed gently into the suspension. A hydrometer measurement was taken
at 40 seconds, in the suspension as well as in the blank cylinder, and the temperature was
measured in the suspension. The cylinders were allowed to stand undisturbed for two hours.
At two hours after mixing, hydrometer and temperature measurements were conducted in
both the suspension and the blank cylinder.
The hydrometer readings were corrected for temperature (influencing sedimentation rate).
Then, the percentages of sand, silt and clay were calculated. Following calculation procedures
were used:
1. Corrected hydrometer reading at 40 seconds (PSH40COR):
(PSH40SAM - PSH40BLK) + [(PST40 - 20) 0.36]
2. Corrected hydrometer reading at 2 hours (PSH2HCOR):
(PSH2HSAM - PSH2HBLK) + [(PST2H - 20) 0.36]
3. Percent clay
% CLAY= (PSH2HCOR) 100
PSSLWT
4. Percent sand
% SAND = 100 - [(PSH40COR) 100]
PSSLWT
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5. Percent silt
% SILT= 100 - %SAND - %CLAY
where PSH40SAM = Hydrometer reading at 40 seconds for sample
PSH40BLK = Hydrometer reading at 40 seconds for blank
PST40 = Temperature at 40 seconds
PSH2HSAM = Hydrometer reading at 2 hours for sample
PSH2HBLK = Hydrometer reading at 2 hours for blank
PST2H = Temperature at 2 hours
PSSLWT = Weight of dry soil (g)

Soil Effective Cation Exchange Capacity (ECEC) and exchangeable Ca, Mg, Na, Mn
and Al
The effective cation exchange capacity and exchangeable Ca, Mg, Na, and Al of the soils was
determined by the silver thiourea method, as described by Pleysier and Juo (1980). This
method is based on the strong affinity of the monovalent silver thiourea complex cation
(AgTU) for negatively charged colloid surfaces, mineral and organic alike. 1g of sieved and
oven-dry soil was extracted with 30ml AgTU extractant (0.01m Ag, 0.1m TU) by shaking for
4 hours in an end-over-end shaker. For each series of samples 4 blanks and 2 standards were
included. The (diluted) extract of each sample was analysed by ICP measurement for the
remaining Ag concentration, as well as for the concentration of Ca, Mg, Na, Mn and Al. CEC
and exchangeable cations were then calculated as follows:

CEC =

( ppm(blank ) − ppm( sample) ) x 30 x 100
Ws x 1000 x 107.87

where: ppm(blank) = mg Ag/L in undiluted blank extract
ppm(sample) = mg Ag/L in undiluted soil extract
Ws= weight of the sample (in g)
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Cationexchangeable =

ppm( sample) x 30 x CCh
x 100 (cmolc/kg soil)
Ws x 1000 x Mw

where: ppm(sample) = mg/L Ca, Mg, Na or Al in undiluted soil extract
CCh = cation charge of Ca, Mg, Na or Al
Ws = weight of sample
Mw = molar weight of Ca, Mg, Na or Al

Soil extractable inorganic P and exchangeable K
Extractable inorganic P and exchangeable K were determined from the same extract by the
modified Olsen method.
2.5 mL of sieved and oven-dry soil was scooped and the weight was recorded. Subsequently,
the soil was extracted with 25ml of the modified Olsen extractant (0.5 M NaHCO3 + 0.01 M
EDTA, pH 8.5) by stirring for 10 minutes. Per 30 soil samples, 2 blanks and 1 standard were
included. The extract was filtered by gravity through Whatman No.5 filter paper.
Working standards of K in NaHCO3 were prepared by pipetting 0, 1.25, 2.5, 3.75, 5, and 6.25
mL of a 2000 mg K/L stock solution into labelled 250 mL volumetric flasks, and making
them to volume with the NaHCO3 extracting solution. Similarly, working standards of P in
NaHCO3 were made by pipetting 0, 1, 2, 4, and 5 mL of the 50 mg P/L solution into labelled
50 mL volumetric flasks and making them to volume with the NaHCO3 extracting solution.
For determination of K, 2 mL of the extract or standard was mixed with 8ml of deionised
water. K concentration was then determined by using a flame photometer. The values read
from the instrument are in me/100 mL of soil. Exchangeable K on soil mass basis was
calculated as follows:
1.

Exchangeable K (soil volume basis):
EXK100M = EXKCONC - EXKBLNK

where

EXK100M = exchangeable K (me/100 mL soil)
EXKCONC = Concentration of K in sample (instrument reading for
sample, in me/100 mL soil)
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EXKBLNK = Concentration of K in blank (instrument reading for
blank, in me/100 mL soil)
2.

Exchangeable K (soil mass basis):
EXK100G = EXK100M (EXKSOLVL)
EXKSOLWT

where

EXK100G = exchangeable K (me/100 g soil)
EXKSOLVL = Volume of extracted soil (mL)

For determination of P, an adjusted molybdate blue colour reagent was used. The molybdate
blue method is based on the formation of a molybdate-P complex in acid environment. The
colour reagent was prepared by adding 1g of antimony potassium tartrate to about 400 mL
deionised water in a 1000mL volumetric flask. While mixing, 165mL concentrated H2SO4
(about 18M) was added to the flask, and allowed to cool. In a separate container, 7.5g
ammonium molybdate was dissolved in about 300mL deionised water. This was then added
to the cooled acid antimony solution in the 1000mL volumetric flask, and made to volume
with deionised water. Just before analysis, 150mL of this concentrated P colour reagent was
added to a 1000mL volumetric flask, and made to volume with deionised water. 1g of
ascorbic acid was then added and dissolved. 2ml of the extract or standard was mixed with
8mL of deionised water and 10ml of the colour reagent. After 1 hour, absorbance was
measured in a spectofotometer at 880nm. P concentrations in the extract were then calculated
based on the linear calibration curve determined by measuring absorbance of the P standards.
The phosphorus concentration in soil was calculated as follows:
EXPMGKG = (EXPCONC - EXPBLNK) (EXPVOL)
EXKSOLWT
where

EXPMGKG = P concentration in soil (mg P/kg)
EXPCONC = P concentration for sample (mg P/L)
EXPBLNK = P concentration for blank (mg P/L)
EXPVOL = Volume of extracting solution (mL)
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EXKSOLWT = Weight of dry soil extracted (g)

Soil Total N and C content
Total N (g kg-1) and C (g kg-1) was measured with the Dumas combustion method, using
Vario MAX CN (Americas Inc., Mt. Laurel, USA). This method is based on the oxidative
digestion of samples under a controlled oxygen supply at high temperatures (approximately
900°C). Ariund 2-3g of sieved and oven-dry soil was weighted and analysed.

Determination of P concentrations in solution for the determination of P retention
curves
For the determination of P retention curves, soils were equilibrated with different amounts of
orthophosphate and subsequently, the remaining P concentration in solution was measured by
the malachite green method of Van Veldhoven and Mannearts (1987). This method is based
on the complex formation of malachite green with phosphomolybdate under acidic conditions,
and is a good method to measure P concentrations in the nanomolar range. Two reagents were
prepared: reagent A, a 3.1M H 2SO4 solution with 1.75% (w/v) (NH 4)6Mo7O24.4H20, and
reagent B, with 0.35% (w/v) polyvinylalcohol and 0.035% (w/v) malachite green. 200µl of
reagent A was then added to 1ml of the filtrate, and after 10min 200µl of reagent B was added
also. After 60min the absorbance was measured with a spectrophotometer at 630nm. Standard
solutions of 0.02 mg P L-1, 0.04 mg P L-1, 0.08 mg P L-1, 0.1 mg P L-1, 0.2 mg P L-1, 0.3 mg P
L-1, 0.4 mg P L-1, 0.5 mg P L-1 were included during measuring to calibrate absorbance values
according to the appropriate P concentrations. The malachite green method is only
appropriate for low P concentrations Therefore, when concentrations rose above 0.5 mg P L-1,
the measurement procedure was repeated after diluting the filtrate.

Plant analysis techniques

Plant digestion and ICP measurements
The digestion of plant samples for ICP-analysis is based on the oxidation of organic matter
when boiling them in nitric acid. Approximately 0.5g of plant dry matter was weighted in
digestion tubes and 10mL of concentrated nitric acid (min. 69%) was added. 2 blanks and 2
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standards were included. Subsequently, the tubes were swirled and allowed to stand
overnight. Next, the tubes were placed in a digestion block and temperature was raised
gradually until 140°C. This temperature was maintained for two hours while occasionally
swirling the tubes. The temperature was then increased to 180°C until the samples were ‘just
not dry’. After cooling, the process was repeated for unclear digestions. Subsequently, the
digests were diluted to 50mL with milli-Q water and homogenized. Nutrient concentrations in
the digests were determined by ICP measurements. Nutrient concentrations based on dry
weight plant material were calculated as follows:

Conc(DM) =

(Conc(Digest) - Conc(Blank)) x V
Ws

where Conc(DM) = Nutrient concentration in dry plant matter (mg/kg)
Conc(Digest) = Nutrient concentration in undiluted digest (mg/L)
Conc(Blank) = Nutrient concentration in undiluted blank (mg/L)
V = digest volume (L)
Ws = sample weight (kg)

Determination of N concentration in plant samples

The N concentration of plant samples was determined by the Dumas combustion method,
using Vario Max CN (Americas Inc., Mt. Laurel, USA). Around 100-300mg of oven-dry
plant material was weighted and analysed.
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Nutrient ratios observed in leaf samples of pot trial II compared to DRIS
norms
Ratio

Norm*

SD of norm

Observed

Ratio

Norm*

SD of norm

Observed

N/P

9.980

1.367

N/K

1.600

0.251

32.353

N/P

9.674

1.277

32.353

1.191

N/K

1.126

0.229

1.191

N/Ca

7.060

1.356

14.855

P/K

0.132

0.023

0.040

N/Mg

13.500

2.957

26.291

Ca/N

0.198

0.053

0.073

N/S

15.200

1.231

19.874

Ca/P

1.933

0.636

2.610

N/Cu

1.870

0.251

5.210

Ca/K

0.250

0.083

0.105

N/Fe

0.260

0.037

0.152

Mg/N

0.104

0.028

0.040

N/Zn

0.639

0.189

1.401

Mg/P

1.012

0.324

1.475

P/K

0.163

0.032

0.040

Mg/K

0.134

0.058

0.055

P/Ca

0.724

0.193

0.443

Mg/Ca

0.561

0.215

0.586
0.052

P/Mg

1.370

0.312

0.822

S/N

0.068

0.016

P/S

1.550

0.287

0.650

S/P

0.658

0.169

1.729

P/Cu

1.910

0.340

0.158

S/K

0.086

0.025

0.061

P/Fe

0.027

0.005

0.005

Ca/S

3.065

1.094

1.660

P/Zn

0.066

0.021

0.048

S/Mg

0.697

0.231

1.289

K/Ca

4.470

0.840

12.271

Mn/N

3.230

1.289

9.609

K/Mg

8.750

2.100

21.671

Mn/P

31.120

12.324

340.224

K/S

9.670

1.451

16.889

Mn/K

4.030

1.628

10.356

K/Cu

1.190

0.349

3.631

Mn/Ca

16.930

6.907

146.060

K/Fe

0.164

0.024

0.122

Mn/Mg

32.250

13.835

219.028

Ca/Mg

0.404

0.102

1.921

S/Mn

0.026

0.017

0.009

Ca/S

1.960

0.494

1.660

N/Zn

1.315

0.330

1.401

Ca/Cu

2.210

0.378

0.476

Zn/P

8.070

2.857

22.188

Ca/Fe

0.038

0.006

0.014

Zn/K

1.050

0.370

93.219

Ca/Zn

0.092

0.030

0.133

Ca/Zn

0.255

0.088

0.133

Mg/S

1.180

0.266

0.872

Mg/Zn

0.138

0.057

0.063

Mg/Cu

0.144

0.029

0.217

S/Zn

0.089

0.031

0.065

Mg/Fe

0.020

0.004

0.007

Mn/Zn

4.320

2.316

9.033

Mg/Zn

0.049

0.016

0.063

Cu/N

0.420

0.120

0.216

S/Cu

0.124

0.017

0.218

Cu/P

4.080

1.302

6.803

S/Fe

0.017

0.002

0.007

Cu/K

0.530

0.180

0.284

S/Zn

0.042

0.012

0.065

Ca/Cu

0.516

0.223

0.476

Fe/Cu

7.290

1.217

26.062

Mg/Cu

0.268

0.104

0.217

Cu/Zn

0.348

0.120

0.325

Cu/S

6.420

2.208

4.813

Fe/Zn

2.490

0.772

8.558

Cu/Mn

0.157

0.089

0.073

Cu/Zn

0.544

0.201

0.325

* Escano (1981)

* Dara (1992)

within 1 SD of norm
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within 2 SDs of norm
Ratio

Norm*

SD of norm

Observed

32.353

100N/Zn

11.797

4.459

140.101

1.191

Zn/100P

0.883

0.420

0.222

0.054

0.040

Zn/100K

0.140

0.068

0.932

0.160

0.057

0.073

100Ca/Zn

1.919

1.087

13.276

Ca/P

1.447

0.612

2.610

100Mg/Zn

0.830

0.505

6.318

Ca/K

0.237

0.122

0.105

100S/Zn

0.952

0.365

6.528

Mg/N

0.071

0.029

0.040

Fe/Zn

4.464

1.837

8.558

Mg/P

0.639

0.330

1.475

Mn/Zn

1.716

1.175

9.033

Mg/K

0.104

0.063

0.055

Cu/100N

0.031

0.013

0.002

Mg/ca

0.465

0.182

0.586

Cu/100P

0.277

0.140

0.068

Ratio

Norm*

SD of norm

Observed

N/P

9.035

2.136

N/K

1.463

0.426

P/K

0.169

Ca/N

S/N

0.084

0.019

0.052

Cu/100K

0.045

0.022

0.003

S/P

0.703

0.225

1.729

100Ca/Cu

6.022

3.511

47.635

S/K

0.114

0.029

0.061

100Mg/Cu

2.768

1.935

21.699

Ca/S

1.978

0.893

1.660

Cu/100S

0.375

0.211

0.048

S/Mg

1.195

0.395

1.289

Cu/Fe

0.079

0.036

0.039

Fe/100N

0.394

0.097

0.082

Cu/Mn

0.260

0.174

0.073

Fe/100P

3.588

1.177

2.469

Cu/Zn

0.356

0.200

0.325

Fe/100K

0.568

0.201

0.094

B/100N

0.024

0.012

0.003

100Ca/Fe

0.410

0.189

1.447

B/100P

0.269

0.135

0.082

100Mg/Fe

0.190

0.098

0.696

B/100K

0.043

0.033

0.003

Fe/100S

4.868

1.419

1.575

B/100Ca

0.153

0.076

0.037

Mn/100N

0.151

0.087

0.096

B/100Mg

0.335

0.152

0.063

Mn/100P

1.416

1.063

3.402

100S/B

3.185

1.039

21.601

Mn/100K

0.218

0.140

0.104

B/fe

0.068

0.036

0.038

Mn/100Ca

1.048

0.676

1.461

B/Mn

0.173

0.150

0.050

Mn/100Mg

2.485

1.780

2.190

B/Zn

0.265

0.134

0.335

100S/Mn

0.648

0.351

0.948

B/Cu

0.950

0.620

1.068

Mn/Fe

0.405

0.249

1.018

* Elwali (1985)

within 1 SD of norm
within 2 SDs of norm
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